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Preface
“During the early periods of cultural development, man’s relationship with water was largely determined
by mythology. Natural manifestations such as storms, thunder, lightning, rain, floods and natural phenomena such as moon, sun, sea and springs were personified by gods and demons who were superior to
man, in whose hands he was and whom he feared, as their behavior was neither understandable nor predictable. Despite this mythological attitude man understood well how to use pragmatically the unpredictable element water for his purposes, compelled to do so in order to ensure and maintain his existence.
The immense water development systems and hydraulic engineering structures from these times are proof
of the excellent engineering achievements in early history. Only in the period of natural philosophy following natural mythology did man begin to explore the laws of nature through philosophical meditation
(reflection, speculation). Natural philosophy inquired into interrelations and tried to find explanations of
the phenomena observed. The aim was to deduce natural processes by rational approaches to the basic
principles. Natural philosophy has its origins in Greek antiquity about 600 B.C. (Thales of Milet). About
300 years later, it reached its apex with Aristotle and then dominated man’s understanding of nature until the Renaissance. Only in the 15th and 16th century A.D. did speculation and inspiration begin to be replaced by scientific investigation and by the computational and quantitative understanding of natural
phenomena. Well-aimed experiments and logical cause/effect interpretation of observations were the new
scientific tools. Natural mythology was gradually replaced by natural sciences.” (Garbrecht, 1987) 1
The enhancement of scientific tools and the understanding of processes governing fluvial hydraulics is
still an important objective of today's hydraulic research. In fact, such knowledge is required by the modern engineer in order to improve the quality of man’s life in accordance with nature. Various examples
for the realization of these principles can be found, for instance, in the work of the Federal Waterways
Engineering and Research Institute (Bundesanstalt für Wasserbau, BAW) along the inland waterways of
Germany. Inland navigation constitutes a significant portion of long-distance goods transport in Germany. In 2004, goods with a total tonnage of 235.9 million tons were transported on the country’s inland
waterways. Therefore, the immense importance of the waterways - and the need to maintain the associated infrastructure while continuing to improve it to meet demand - is beyond dispute.
However, one should not forget that waterways are often also natural rivers for which the knowledge
of fluvial processes and hydraulics is of great importance. The best known examples in Germany of such
rivers are the Rhine and the Elbe. Thus, the principal challenges confronting hydraulic engineers today with specific regard to ecology, morphology, infrastructure construction, operation and maintenance - are
as follows:
- Trend towards larger vessels in the shipbuilding sector (individual vessels, push-tow units),
- Optimisation of river training and sediment management,
- Unfavourable age pyramid of waterway infrastructure with a high percentage of older structures,
- Ecological requirements, e.g. as described in the European Water Framework Directive,
- Development of adaptation strategies to minimise the expected impact of climate change.
Most of these challenges are closely related to fluvial hydraulic processes and can only be tackled successfully using the latest advances in the areas of theoretical, experimental and computational hydraulics.
The ideal platform for exchange between scientists and engineers with respect to fluvial hydraulics and
river-related disciplines are the River Flow Conferences which are organized biannually since 2002.
River Flow 2010 is the fifth in a now highly successful series of this kind of conference and was organized under the auspices of the Fluvial Hydraulics Committee of the International Association for HydroEnvironment Engineering and Research (IAHR). The ensuing conferences have witnessed an increase in
participation of members of our community of river engineers and researchers, a clear indication of the
relevance of such a forum.
The Local Organizing Committee of River Flow 2010 has received 487 abstracts, of which 284 were
considered to be aligned with the conference topics. Subsequently, 235 papers were submitted by engineers and researchers of 32 countries from all 5 inhabited continents. The International Scientific Com1
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Editor: Garbrecht, G.: A.A. Balkema / Rotterdam / Boston, pp. 1 - 22
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mittee has, finally, selected 223 to be included in this proceedings book. Of these, 74 % were considered
for oral presentation and 26 % were selected for the poster sessions. The accepted contributions essentially cover river hydrodynamics, river morphodynamics and sediment transport, and interdisciplinary approaches for river management.
A distinctive feature of River Flow conferences has been the existence of Master Classes the day preceding the formal opening of the Conference. They are intended for PhD or MSc students or young researchers working on fluvial hydraulics or related disciplines. They represent a unique opportunity for
students to address senior scientists, meet peers working on similar topics and identify possible collaborations for the continuation of their work. The response to this initiative exceeded the best initial expectations: 7 master Classes were conducted organised by 14 masters, enrolling 58 students from 14 countries.
This is an indication of the vitality of fluvial hydraulics and a contribution for the continuity of the IAHR.
Prof. Dr. Andreas Dittrich

Conference Chairman

Prof. Dr.-Ing. Christoph Heinzelmann
Director of BAW
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Application of Innovative Methods in Waterways Engineering
Christoph Heinzelmann

Federal Waterways Engineering and Research Institute, P. B. Box 21 02 53, 76152 Karlsruhe, Germany

ABSTRACT: The requirements regarding the navigational dynamic consultancy and support services
pro-vided by the Federal Waterways Engineering and Research Institute (BAW) to the offices of the Federal Waterways and Shipping Administration (WSV) are steadily increasing both qualitatively and quantitatively. Against this background, the BAW took the decision some time ago to develop numerical models that are capable of describing the complex navigational dynamic processes. Models to improve
conditions for shipping on the River Oder are discussed here as an example to demonstrate how hydraulic-morphological and navigational dynamic studies can be respectively integrated into physical and numerical models. The ship handling simulator purchased recently will enable the BAW to further deepen
its navigational dynamic expertise.
Keywords: Navigability analyses, Hydraulic navigational dynamic model, Ship handling simulation,
Fairway stabilization
overall traffic volume is predicted to increase by
48% to around three billion tons. Long-distance
road transport will grow fastest at 55%, while the
growth rate for rail and inland waterways will be
34% and 20% respectively. Freight services
(product of freight transport volume and transport
distance) will expand by as much as 74% to approximately 900 billion tkm during the same period, because not only the volume of traffic
(+48%) but also the mean transport distance
(+18%) will be significantly higher (Intraplan/BVU, 2007). The anticipated growth in goods
traffic represents an enormous challenge for Germany's transport infrastructure and traffic planning.
With 7300 km of inland waterways and more
private and public inland ports than any other
country in Europe, Germany still has plenty of reserve capacity when it comes to inland navigation
– and this capacity should be used more intensively in future. Its inland navigation is capable of
handling the majority of dangerous goods transports absolutely safely as well as coping with an
increasing share of intermodal transports, which
can strengthen its position in the bulk transport
segment and help win new custom in conventional
markets. The focus must be gradually shifted to-

1 INTRODUCTION
Inland navigation makes an important contribution to long-distance goods transport in Germany.
In 2004, goods with a total tonnage of 235.9 million t were transported on the country's inland waterways. Solid bulk products (e.g. coal, stone and
earth, ores and scrap metal) are the most popular
cargo classification. Two thirds of all goods transported on Germany's rivers and canals come under
this category, followed by liquid bulk cargo (e.g.
petroleum products) and solid piece goods (e.g.
iron and steel products). Only 6% of the total cargo load is comprised of containers, though this
segment has experienced high growth rates in the
last few years. The inland waterways are also excellently suited for special transports involving
particularly heavy or bulky goods (BMVBS,
2009).
Long-distance goods transport in Germany is
dominated by road haulage. In 2004, heavy goods
traffic accounted for 72.2% of all long-distance
transports as compared to 16.0% for rail and
11.7% for inland waterways.
According to forecasts, the volume of longdistance goods traffic in Germany is expected to
rise sharply in future. Between 2004 and 2025, the
3

improve the quality of the consulting services it
provides as well as furnishing WSV offices and
the BMVBS with modern, reliable and costeffective methods and tools. The BAW's research
and development activities cover the entire spectrum of waterways engineering, with its classical
disciplines of structural engineering, geotechnical
engineering and hydraulic engineering in inland
and coastal areas.
Research and development are what drive innovative waterways engineering solutions. Taking
the example of navigational dynamic studies of inland waterways, a small selection of the BAW's
diverse innovations is described in the following.
Navigational dynamic consultancy and support
services are much more important than they were
few years ago owing to the trend towards ever
larger vessels and the increased traffic density on
German waterways. At the same time, the safety
and ease of navigation have to be ensured continually.

wards the hinterland connections of the traditional
sea ports via the inland waterways network. In
particular, more container transports on inland
vessels will noticeably ease the burden on road
and rail as the two dominant modes of transport
(BMVBS, 2009).
When all this is taken into account, the immense importance of the waterways – and the
need to maintain the associated infrastructure
while continuing to develop it to meet demand –
is beyond dispute. The Federal Waterways and
Shipping Administration, the public authority responsible for Germany's waterways, currently
oversees some 290 weirs, 350 navigation locks,
500 culverts, 1600 bridges, 15 canal bridges, 8
barrages, 4 ship lifts and numerous other structures designed to support inland navigation. River
control structures such as bank rip-rap and
groynes are likewise an important part of the waterways infrastructure. This complex system needs
to be kept in the best possible state of repair and
modernised where appropriate, because a safe and
efficient transport infrastructure is a crucial prerequisite for the desired deflection of trade to waterways.
The principal challenges confronting waterways engineers today – and specifically with regard to infrastructure construction, operation and
maintenance – are as follows:
− Trend towards larger vessels in the shipbuilding sector (individual vessels, push-tow units),
− Optimisation of river training and sediment
management,
− Unfavourable age pyramid of the waterways
infrastructure with a high percentage of older
structures,
− Need to take account of ecological requirements, e.g. as described in the European
Framework Directive on Water, and
− Development of adaptation strategies to minimise the expected impact of climate change on
shipping.
In its function as a provider of expert opinions
and consulting services, the Federal Waterways
Engineering and Research Institute (BAW) supports the German Federal Waterways and Shipping Administration (WSV) and the Federal Ministry of Transport, Building and Urban
Development (BMVBS) in the waterways engineering field in connection with the construction,
operation and maintenance of waterways. These
responsibilities are the source of recurrent technical questions to which the current state of technology is unable to offer satisfactory solutions and
on which research and development work therefore needs to be undertaken. The BAW's core
tasks include conducting research and development projects designed to extend and continually

2 NAVIGATIONAL DYNAMIC STUDIES
The main focus of the BAW's consultancy and
support services is on so-called navigability
analyses, of which the following are just a few
current examples:
− Navigability analysis of the River Neckar for
very long (135 m), large motor vessels (the
current maximum limit for navigation on the
River Neckar by large motor vessels is 105 m),
− Navigational dynamic bottleneck analysis for
the free-flowing stretch of the River Rhine between Iffezheim and Lobith on the border between Germany and the Netherlands,
− Determination of the maximum dimensions of
push-tow units in the free flowing part of the
Upper Rhine River, a navigationally demanding stretch,
− Navigational dynamic studies linked to the approval of push-tow units consisting of six
barges on the Lower Rhine River up to high
water mark 1, and
− Navigational dynamic studies to assess the option of widening the navigability window in the
framework of KLIWAS, the research programme concerned with the impacts of climate
change on waterways and navigation. (KLIWAS was initiated by the BMVBS in 2009,
and the BAW is currently investigating waterways engineering aspects such as possible options for adapting to the changed run-off regime.)
Navigability analyses are generally carried out
on the basis of the numerical models developed by
the BAW over the last few years. An overview of
4

The third piece in the HND model is the virtual navigation. Course axes are required to calculate the navigational track width from the navigational dynamic models. In wide waters such as
the River Rhine, the position and form of the
course axes selected by shipmasters are influenced
by a large number of boundary conditions. Firstly,
a sufficient water depth is vital. Secondly, it is
important to consider aspects such as river police
regulations, bridge clearance heights or the flow
velocity and water depth distribution in the crosssection. The aim of the virtual navigation is to enable the actual activities of the shipmasters to be
adapted as precisely as possible in the navigational dynamic model. In the first step of the virtual
navigation, a navigability potential distribution is
determined for each cross-section (usually every
100 m) based on the above-mentioned boundary
conditions, together with a passage for the crosssection with the highest potential. In the second
step, a course axis is constructed according to the
order of the passages. In the third step, the navigational dynamic model yields the navigational
track. All of these steps are automated. The results
delivered by the model were verified by comparing the findings with field study measurements on
the River Rhine in connection with the ARGO pilot project (WSD Südwest, 2003). The twelve vessels taking part in ARGO recorded all trips undertaken with a navigation system over a period of 15
months. More than 500 such trips were subsequently evaluated by the BAW. The water levels
measured during the ships' passages were then simulated with the HN model. Providing the hydraulic conditions were known, it was possible to
calculate, calibrate and verify the course axes with
the help of the virtual navigation. The recorded
trips correlated very closely with the navigational
tracks calculated using the model.
In the analyses performed to date, all calculations for individual vessels refer to an uninterrupted trip, in other words the vessel speed was
optimal and there was no interference from moving traffic. The location-time curve for each vessel
can be determined and represented by introducing
a time reference, for example departure time, arrival time, constant vessel speeds against water in
defined sections, taking account of the transient
results of the HN model. Encounters, overtaking
manoeuvres and other traffic situations can be
planned and evaluated in this way (time referenced ship simulation).

the navigational dynamic models and their underlying theories can be found in (Heinzelmann et al.,
2010).
2.1 Hydraulic navigational dynamic models
Hydraulic navigational dynamic (HND) models
are obtained by combining hydrodynamic models
and navigational dynamic models. They also integrate virtual navigation and the time referenced
ship simulation. The four elements fit together
like the pieces of a puzzle (Heinzelmann et al.,
2009).

Figure 1: Hydraulic navigational dynamic models

The hydrodynamic models contribute water
depths and flow velocities as input parameters for
the navigational dynamic models. 1D HN models
are generally used for this purpose. 2D models are
preferred for water stretches with strong crosscurrents.
The navigational dynamic models supply the
navigational track, in other words the traffic space
needed by the ship to navigate, taking account of
the ship type, vessel speed and local flow rates.
Once again, either 1D or 2D models are used, depending on the specific boundary conditions.
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Figure 2: Navigational track in bends of single ship positions derived from the navigability analysis of the River Neckar for
135 m long motor vessels.

tures increases the cross-section of discharge and
leads to the formation of shallow water zones. The
Eberswalde Waterways and Shipping Office has
charged the BAW with carrying out fairway stabilisation studies, with the aim of improving the
conditions for shipping on the River Oder and reducing the high costs for maintenance.
The BAW's concept comprises hydraulicmorphological studies with physical and numerical models as well as navigational dynamic studies with the HND model. The physical models
for the part of the River Oder near Hohenwutzen
are briefly presented in the following together
with selected outcomes of the HND model. Further details can be found in (Hentschel, 2007,
Henning et al., 2007, Hentschel, 2009).
Figure 3 shows the physical model with the
measurement bridge in the background. The model reach is 78 m long with a length scale of 1:100;
the height scale was calculated as 1:40 based on
the hydraulic and morphological requirements and
a similarity analysis. Polystyrene pellets with a
mean particle diameter of 2.1 mm and a density of
1.055 g/cm³ were used as sediment for the purposes of the model.

2.2 Application of an HND model to the River
Oder near Hohenwutzen
In lowland rivers like the River Oder, significant
quantities of sand and gravel are transported along
the river bed. Particularly in straight river sections, this sediment is transported in the form of
banks that alternate between the left and right
sides of the river as they migrate downstream. The
banks measured in the River Oder can be up to
800 m long and 1 to 2 m high; they advance at a
rate of around 5 m a day. These large shapes are
overlaid by smaller and faster moving dunes. The
shape of the banks and dunes and the nature of the
downstream movement vary according to the hydrological, hydraulic and morphological boundary
conditions as well as the geometry of the river
control structures such as bank rip-rap, groynes
and longitudinal training walls.
The alternating banks in the River Oder constitute a considerable obstacle to shipping. They reduce the loading depth and impair the economic
efficiency of the inland waterways transport. Regular soundings of the river bed are necessary to
adapt the course of the fairway to the changed bed
topography. The groynes along certain sections of
the River Oder are either badly damaged or missing completely. Scouring in the vicinity of struc-
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Figure 3: Physical model of the River Oder with the measurement bridge in the background.

Figure 4: Measurement grid projected onto the model bed.
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ments of the bed geometries of the physicalmodel,
as well as sections at intervals of 50 m for
the analysis with the HND model (field study).
Figure 5 shows selected results of these calculations as an example. The traffic lanes for five test
runs in the baseline condition can be seen in the
top part of the figure (reference condition). The
navigability analysis was based on a vessel 82 m
long and 11.40 m wide. The lanes indicate the
course with the greatest navigability potential.
The significant deviations between these lanes
from one test run to another are clearly visible – a
pointer to the marked instability of the water bed
in the baseline condition.
In the bottom part of the figure (variant V2a),
the traffic lanes for the five tests are much closer
together. The following changes were made to the
physical model in this variant compared to the
baseline condition:
− Regulation lines harmonised,
− Slightly meandering pattern implemented for
the regulation lines
− Damaged groynes repaired and missing
groynes replaced, and
− Groyne heads flattened to an incline of 1 : 10.

The measurement bridge with its photogrammetric measurement system forms the heart of the
instrumentation for the model of the River Oder.
This system permits automated and highly precise
measurements of the model bed without interrupting the experiment, i.e. the bed geometry is measured through the flowing water. The system's
main components are a slide projector, which
projects a grid onto the model bed, and three highresolution video cameras that film this grid from
three different angles. The position of each grid
point can be determined in the three spatial coordinates using triangulation methods. The results
are then read into a digital terrain model (Henning
et al., 2009).
Sediment transport is a very random phenomenon, so that every experiment conducted with the
model is different, even though the starting and
boundary conditions remain unchanged. In order
to obtain a statistically meaningful database, each
test was performed at least five times under identical conditions, separately for the three stationary
discharges MNQ (247 m³/s), MQ (525 m³/s) and
2MQ (1000 m³/s). The model variants studied
were each based on modifications to the existing
river training system. Digital terrain models are
generated from the photogrammetric measure-

Figure 5: Results of the HND model for the baseline condition (variant V0) and after optimising the river control structures
(variant V2a), for five test runs in each case.
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The results of the HND model calculations reveal a clear stabilization of the water bed in variant V2a, coupled with an increase of 0.50 m in
the fairway depth with MNQ that can be utilised
for shipping. The use of a physical model with a
movable bed enables potential fairway courses
and their stability to be analysed, because in addition to the similarity of the mean parameters the
model also exhibits bed geometry variations resembling those that actually occur in the field.
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Modellierung“ BfG-Veranstaltungen 3/2009.
Intraplan/BVU (2007): Verflechtungsprognose, unveröffentlicht.
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2.3 Ship handling simulation at the BAW
The BAW's navigational dynamic models were
developed first and foremost to support waterways extension planning with CAD systems
and allow shipping at normal speed to be analysed
over long stretches in shallow water conditions.
Amongst other things, bottleneck analyses can
now be carried out at a reasonable cost for a variety of scenarios involving different ship types, water levels and bed topographies. On the other
hand, these methods are only limitedly suitable for
determining the traffic space required for manoeuvre situations or for navigation in shipping
channels with a restricted width and depth. For
this reason, the BAW also commissioned the development of a dynamic model that is suitable for
navigation in shallow flowing water (Kolarov,
2006); a ship handling simulator was recently
purchased and will be enhanced with the BAW's
own models, in particular to take account of the
shipping channel conditions on inland waterways,
which tend to be very restricted. Simultaneous
modelling of the ship-generated current and wave
system, for instance, as well as ship handling and
its interaction in the form of bank forces will
probably be added at a later development stage. A
simulator without a bridge, or with a bridge in the
minimum configuration, is the only hardware that
is normally necessary because the vessels are
mostly controlled by autopilot. If a "human factor" is occasionally unavoidable, an otherwise
identical simulator with a bridge can be obtained
from an external operator.
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Fluvial sediment transport and morphology:
views from upstream and midstream
Stephen E. Coleman
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ABSTRACT: In the 1970s, the challenge of analyzing fluvial sediment transport and morphology was
likened to attempting to treat a chronic skin disease in the absence of effective medications. Guided by
the insight of preceding researchers, this paper highlights contemporary advances in measurement and
analysis frameworks and methodologies that contribute to the search for effective remedies. The principal aspects of the fluvial engineer’s itch are discussed along the way, namely: channel roughness and resistance, initiation of motion, sediment continuity and transport, and bed stability and bedforms. The recent advances in methodologies and understanding reveal great potential for progress to be made in the
coming years, especially where research efforts are guided by the vision of those upstream.
Keywords: Fluvial hydraulics, Sediment transport, Threshold, Bedforms, Dunes, Ripples
salves and ointments (papers and reports) that
are of no particular value but still are not
thrown away (rejected), perhaps because of the
pharmacist’s (engineer’s) languor, perhaps because no better medications (formulations) are
available, or perhaps because each doctor or
pharmacist (engineer or researcher) has a
vested interest in promoting his own compound
(theory). Each periodic inventory (survey paper) must take account of the ineffective unguents (theories), with the accompanying danger
that if a dermatological wonder drug (valid generalized sediment transport theory) were to be
forthcoming, it might well be overlooked on the
overfull shelves (journals) of ineffectual remedies (theories).
There are five principal aspects to the alluvial
river sediment transport “itch”: initiation of motion, bed and channel stability (formation of ripples, dunes, meanders, etc.), channel roughness,
bed-load transport, and sediment suspension. …
Only in the case of sediment suspension are the
understanding of the mechanics and its formulation on relatively secure ground.”
As recognized by Gyr and Hoyer (2006),
Müller (1996), and Kennedy (1971), a critic is
obliged to suggest corrective measures to remedy
the situation judged deficient. Particular observa-

1 INTRODUCTION
With water being the key to our existence, rivers
have always attracted settlement and interest. The
dynamic nature and power of the river reminds us
of humankind’s limitations, however, and provide
us with the sorts of challenges and questions that
have inspired our development through time.
Lane (1955) identifies the particular importance of river morphodynamics and sediment
transport to the engineer, with many of their
greatest problems lying in this arena. Half a century later, we are reminded by Gyr and Hoyer
(2006) of the gulf between the hopes for progress
in understanding of this field and the state of the
science. They refer to the following insight of
Kennedy (1971), also quoted by Müller (1996),
that paints an entertaining picture of difficulties
still faced today.
“Engineering problems associated with sediment transport by alluvial streams can be likened in many respects to a chronic skin disease.
Many treatments (theories) have been developed
and tried, but few have produced immunity or
lasting cures (confirmed theories or realizable
solutions). Meanwhile the itch (the river engineer’s problems) goes on and on, while the
pharmacist’s shelves (the literature on sediment
transport) become ever more cluttered up with
11

aging of particle motions is also providing valuable new insight into sediment-particle dynamics
and links with turbulent flow (e.g. Ancey et al.
2006; Radice et al. 2009, 2010). In order to obtain detailed laboratory measurements of bed and
flow dynamics associated with developing bedforms, “flying-probe” methodologies (e.g. Bruun
1995) have also been developed and utilized (e.g.
Clunie et al. 2007; Coleman et al. 2008).
In the field, GPS-linked sonar systems now
provide high-resolution measurements of bed
bathymetry, with acoustic Doppler current profilers (ADCPs) commonly used to measure instantaneous 3D velocities along a vertical. ADCPs are
also used to provide detailed measurements of
fluvial bedload dynamics (e.g. Rennie and Millar
2004), and 3D PIV systems are being developed
for field application. In a novel development, multibeam echo-sounding has been used to visualize
sediment motions and dynamic turbulence structures (e.g. Best et al. 2008). At larger measurement scales, airborne LiDAR (Light Detection
and Ranging) and integrated technologies show
great potential for providing high density topographic and bathymetric data (e.g. Kinzel et al.
2007).
From such measurements, we are today gaining
detailed pictures of turbulence and associated
sediment-transport and bed dynamics (e.g. Best
2005). The challenge arises, however, as to how
to interpret the collected fine-scale data in terms
of bulk morphological, flow and transport characteristics, e.g. hydraulic resistance, bed shear
stress, and sediment transport rate, that can be
used for design and management purposes. In this
regard, if morphology is described at the bedroughness (e.g. dune) scale, associated descriptions of flow and sediment-transport properties
need to be representative of this spatial domain,
i.e. scale-consistent with the roughness description. Appropriate spatial averaging of finer-scale
descriptions and measurements provides the requisite tool for this upscaling.
Recent application of spatial averaging of
rough-bed flows (e.g. Nikora et al. 2001, 2004,
2007a,b) has led to valuable outcomes that include: strengthened definitions of hydraulic terms
such as flow uniformity, two-dimensionality, and
bed shear stress; identification of specific flow
layers and flow types; knowledge and understanding of the vertical distribution of double-averaged
velocity in the roughness layer between the
roughness tops and troughs; and explicit accounting for form and surface drag and form-induced
stresses and fluxes in flow conservation equations.
In particular, Nikora and Nikora (2007) and
Nikora (2008, 2009) highlight valuable insight
into rough-bed hydraulic resistance that can be

tions posed by the last two of these authors include the following:
• Researchers need to be more discerning in
choosing avenues to explore;
• Radical new types of experiments are needed
to clarify the mechanics of entrainment and
suspension, especially utilising revolutions in
electronic instrumentation;
• Theories need to relate directly the relevant
quantities in the physical processes, e.g. considering instantaneous forces from particle contacts and fluid accelerations and pressures
when analysing particle movements, rather
than necessarily simply linking the same process to a temporally- and spatially-averaged
bed-parallel shear stress; and
• Understanding of processes at small scales
needs to be improved, and also correctly upscaled to give the predictive tools the river engineer is looking for.
Our view today is from on top of the shoulders of
others such as those quoted above. At the risk of
highlighting further salves to clutter our pharmacy
shelves, this paper presents and discusses recent
research on the hydraulician’s itch, particularly
regarding some of the above comments concerning possible avenues to explore and advances to
utilise. The material is presented in terms of successive aspects of the ‘itch’: from measurements
of the intricacies of turbulent and grain motions,
and associated assessments across varying scales
of hydraulic roughness and sediment transport; to
entrainment at particle to reach scales; to sediment
continuity over a range of scales; to bedform dynamics at sub-element to reach scales.
2 CONTEMPORARY DATA AND SPATIAL
AVERAGING
As foreseen by Kennedy (1971), and others, advances in computing and equipment technologies
have lead to measurements and simulations of
flow, sediment flux and river morphology being
made at increasingly finer temporal and spatial
resolutions.
In the laboratory, measurements of bed morphology are now obtained at sub-millimetre resolutions using lasers (e.g. Aberle and Nikora 2006;
Tuijnder et al. 2009; Haynes and Ockleford 2010)
and photogrammetry (e.g. Henning et al. 2009),
with particle-image velocimetry (PIV) now commonly providing detailed measurements of instantaneous three-dimensional (3D) velocity fields
and boundary dynamics in selected planes of interest (e.g. Adrian 1991; Schlicke et al. 2007;
Coleman and Nikora 2009a). High-resolution im12

gineer who is interested in larger-scale descriptions of erosion. As promoted by Müller (1996),
the upscaled expression of Eq. (2) is utilized by
Coleman and Nikora (2008) to interpret the form,
variability and applicability of relations originating from the work of Shields (1936) that are
widely used by river engineers to define threshold
conditions in an averaged (at the reach-scale)
sense.

gained from the spatial averaging technique, including determination of the relative contributions
of, and interplay between, different processes at
biota to catchment scales. The value of upscaling
through spatial averaging for interpreting flow,
sediment and morphological behaviour is further
highlighted in the following discussions.
3 SEDIMENT ENTRAINMENT

4 SEDIMENT CONTINUITY

With improvements in computing capacity and
measuring instrumentation, research efforts have
intensified in the past few years regarding the
process of sediment entrainment (e.g. Niño and
García 1996; McEwan and Heald 2001; Nelson et
al. 2001; Papanicolaou et al. 2002; Hofland et al.
2005; Hofland and Battjes 2006; Cameron et al.
2006; Schmeeckle et al. 2007; Vollmer and
Kleinhans 2007; Detert et al. 2008, 2010; Diplas
et al. 2008; Dwivedi 2009). A vast amount of
data can now be collected, and the presence and
passage of coherent turbulent structures at entrainment can be inferred, but the question remains as to what actually acts to entrain sediments?
Consistent with the recommendation of Müller
(1996) to consider relevant forces when analyzing
particle motions, Coleman and Nikora (2008) express Newton’s second law of motion separately
for sediment particles and fluid flow in their derivation of a rigorous framework for describing particle threshold. Using spatial averaging to provide
a scale-consistent coupling of fluid and particles,
they then combine the respective expressions of
motion to explicitly show that for an individual
particle at threshold, particle weight and buoyancy
and inter-particle contact forces are balanced by
forces arising from instantaneous fluid accelerations, pressure gradients and stress gradients. The
derived framework of Eq. (1) given in the Appendix to this paper appropriately reveals bed shear
stresses, across-particle differences in pressures
and fluxes of momentum, and sediment-bed characteristics to be typical key factors in particle entrainment (Coleman and Nikora 2008). This
framework can potentially be used to aid understanding of entrainment mechanics, the design and
analysis of further studies of entrainment, the design of parameterizations that lead to the solution
of entrainment problems, and numerical modelling of combined fluid and sediment dynamics.
As envisaged by Müller (1996), for example, the
framework can be used to associate detailed instantaneous three-dimensional flow structures
with the concomitant effects on sediment particles
that lead to entrainment. The framework is furthermore of more direct use to the practicing en-

The Exner (1925) equation of sediment-mass conservation is the foundation of morphodynamic
analyses (e.g. Paola and Voller 2005, Parker
2008). In contrast to conventional ‘mixture-scale’
control-volume approaches to deriving this equation, spatial averaging of the subparticle-scale differential equation of mass conservation gives a
general statement of sediment-mass balance that
provides insight into considerations of sediment
continuity at patch, bedform and larger scales
(Coleman and Nikora 2009b). The spatiallyaveraged form of the Exner equation addresses the
need, e.g. identified in Paola and Voller (2005)
and Parker (2008), for a general expression that
both provides a universal description of the sediment-mass balance and also enables interpretation
of the assumptions and limitations implicit in
various ad hoc formulations of reduced, combined
or improvised terms.
Importantly, the spatial-averaging approach
highlights the effects of the scale of consideration
on defining and interpreting macroscopic (mixture-scale) sediment and layer properties such as
averaged densities, volume concentrations or fractions, velocities, transport modes and rates, interfaces and bed layers (e.g. Figure 1). Doubleaveraged sediment-mass transport rate (per unit
area), for example, is explicitly shown to be given
by the product of volume concentration, solid
density, and sediment velocity.

Figure 1. Schematic variations of sediment concentration
φst for patch- and dune-scale averaging volumes Vo applied
to the same riverbed. Also shown are potential definitions
of the bed surface z = ηbs based on these distributions.

The spatially-averaged form of the Exner equation enables analyses in terms of individual or
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successive layers, including bed and suspended
loads, where layer interfaces (e.g. the bed surface)
are clearly shown to be defined based on isosurfaces of sediment concentration, or other sediment
properties (e.g. densities or transport rates) within
regions of constant concentration. This general
equation also novelly includes the effects of fluctuations in sediment properties (e.g. density, velocity, and concentration or volume fraction)
within analysis volumes, and readily enables calculations in terms of size fractions.

Bradshaw and Wong 1972; Fredsøe 1986;
McLean and Smith 1986). Seed waves are
thereby of preferred lengths that scale with the
grain size, i.e. length = O(130) grain diameters,
agreeing with compiled measurements (Coleman
and Melville 1996; Coleman et al. 2003; Coleman
and Nikora 2009a).
Once seed waves have been generated, their
heights and lengths increase through sediment
continuity and the sediment-trapping nature of the
bedform lee region. The growing sand waves also
coalesce as smaller faster waves approach and
merge with larger slower waves (e.g. Exner 1931;
Simons and Richardson 1960; Führböter 1967;
Jain and Kennedy 1974; McLean 1990; Raudkivi
and Witte 1990; Coleman 1991; Ditchfield and
Best 1992; Coleman and Melville 1994). Instability of the fluid-sediment flow system (e.g. Coleman and Fenton 2000) furthermore gives periods
of accelerated growth for the developing bedforms, where these periods are typically accompanied by multiple successive instances of bed-form
coalescence (Coleman and Melville 1994).
The growth of sediment waves from plane-bed
conditions can be described by the power law
(P/Pss) = (t/tss)γ, where tss is the time t to achieve
steady-state magnitude Pss, P is the average value
of a sediment-wave parameter (length λ or height
h), and the growth exponent γ = 0.28-0.37 (e.g.
Grinvald and Nikora 1988; Nikora and Hicks
1997; Coleman et al. 2005).
Due to an approximate invariance in bedform
steepness during development (e.g. Coleman et al.
2005), the rapidly-adjusting bedform-associated
boundary layer is found to essentially pose an
equilibrium property for developing bedforms, i.e.
to be self-similar in time (Coleman et al. 2006).
For this boundary layer, the double-averaged longitudinal-velocity distribution is found to be linear
below the crests of developing dunes, which is
useful to know for field measurements of discharge over dune beds (e.g. Nikora et al. 2004;
Coleman et al. 2006; McLean and Nikora 2006;
McLean et al. 2008). In addition, increases in
double-averaged Reynolds stresses in the vicinity
of the dune crest are found to be balanced by
equivalent negative form-induced stresses at these
levels.
An interesting variation on the studies that
have lead to this understanding of bedform initiation and growth has been consideration of the role
of turbulence in morphology generation and control through studies of bed morphology processes
in laminar flows (e.g. Coleman and Eling 2000,
Cameron et al. 2006, Lajeunesse et al. 2010).

5 BEDFORM INITIATION AND
DEVELOPMENT
It is intriguing to consider how trains of highlyordered sediment waves can arise from the chaos
of the underlying turbulence and grain-motion dynamics, and what mechanisms act to limit the
growth of these forms. For the river engineer, understanding of these bedforms is pragmatically required in regard to design of structures in the fluvial environment (e.g. Amsler and García 1997;
Coleman and Melville 2001), as well as analysis
and management of the transport of sediments and
attached micro-organisms and chemicals (e.g. nutrients, contaminants). Nevertheless, in spite of
strenuous efforts over the previous half century,
the ASCE Task Committee on Flow and Transport
over Dunes (2002) laments that “… the engineering prediction of flow and sediment transport over
bedforms, in general, and dunes, in particular,
still presents a major obstacle in the solution of
sedimentation problems in alluvial channels. …
Even for the simplest case of a well-sorted sediment in a straight prismatic channel with rigid
banks, a general answer [to defining the expected
flow depth and the amount of sediment being
transported] can only be given with an uncomfortably high degree of uncertainty.”
In terms of the initiation of bedforms on a
sediment bed, Coleman and Nikora (2009a) conjecture that the nascent seed waves from which
fluvial bedforms develop are generated on planar
mobile sediment beds in a two-stage process. The
first stage comprises the motion of random sediment patches that reflect the passage of attachededdy-generated sediment-transport events. In the
second stage, interactions of the moving patches
result in a bed disturbance that exceeds a critical
height and interrupts the bed-load layer. Quasiregular seed waves are then generated successively downstream via a scour-deposition wave
that arises from the requirement of sediment mass
conservation and the sediment-transport and bedstress distributions downstream of a bed perturbation (e.g. Raudkivi 1966; Jones 1968; Smith 1970;
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6 BEDFORM CHARACTERISATION
As reflected in recent research (e.g. McElroy et al.
2008; van der Mark et al. 2006, 2008; Tuijnder et
al. 2009, Bartholdy et al. 2010), there remains a
real need to determine agreed reliable methodologies for estimating bedform characteristics. This
present situation is over two decades since a 1987
symposium was held with the purpose of classifying large-scale subaqueous bedforms (Ashley
1990), and furthermore four decades since focused
efforts to define bedform characteristics were taking place around the world (e.g. Simons and
Richardson 1960; Yalin 1964 1972; Bogardi
1965; ASCE 1966; Nordin and Algert 1966;
Vanoni and Hwang 1967; Hino 1968; Crickmore
1970; Nordin 1971; Jain and Kennedy 1971,
1974).
Bedform heights are typically calculated based
on differences in bed-elevation extremes, between
positions of zero-bed-level crossing (e.g. Crickmore 1970) or detected signatures such as lee
slopes (e.g. Coleman 1991; Coleman et al. 2005)
for example. Bedform heights have also been related to bed-level variance (e.g. Nikora et al.
1997). Characteristic streamwise bedform lengths
have been calculated using a range of approaches,
e.g. using the distance between zero crossings
(e.g. Crickmore 1970; Nordin 1971), bed-level
correlation and structure functions (e.g. Nordin
and Algert 1966; Nordin 1971; Nikora 1982;
Coleman and Melville 1996; Nikora et al. 1997;
Butler et al. 2001; Coleman et al. 2003; James et
al. 2007), bed-level spectra (e.g. Nordin and Algert 1966; Hino 1968; Jain and Kennedy 1974;
Nakagawa and Tsujimoto 1984; Nikora et al.
1997), and roughness functions (Nikora and Hicks
1997; Jerolmack and Mohrig 2005; McElroy et al.
2008). A number of authors have furthermore
considered distributions of bedform lengths in advance of a single characteristic value (e.g. Ashida
and Tanaka 1967; Wang and Shen 1980; Raudkivi
and Witte 1990; Coleman and Melville 1994; van
der Mark et al. 2008). Each of these approaches
outputs characteristics of the bed, although importantly, these may not appropriately describe the
intended bed aspect. Predictions of the various
methodologies can consequently vary widely owing to the different approaches reflecting different
physical aspects of the bed.
Owing to the density of data utilised, bed-level
variance (or standard deviation σ) provides an advantageous means of estimating bed-form height
for the digital elevation models (DEMs) measured
today, where height h = 2.83σ for a singlefrequency sine wave, h = 3.43σ for a train of identical triangles, and h = 1.7-2σ for natural sand
waves (Nikora et al. 1997).

Figure 2. (a) Ten bed profiles (offset vertically by 50mm),
and (b) the corresponding autospectrum (with shown fitted
lines of S ( k ) ∝ k −3 and S ( k ) ∝ k 0 )

The spectral representation of a bedformcovered riverbed is typically similar to the form of
Figure 2b. The characteristic bed-surface scaling
at higher wavenumbers of S(k) ∝ k-3 has been related to various physical aspects of bedforms, including the angle of repose nature of lee slopes
(Hino 1968), discontinuities in bed slopes associated with the dune lee-side (e.g. Plate 1967, 1971;
Engelund and Fredsøe 1971, 1982; Kennedy
1980), bedform coalescence through bedform
speeds decreasing with increasing size (Jain and
Kennedy 1974), geometric self-similarity of bedforms (Nikora and Hicks 1997; Nikora et al.
1997), and energy dissipation considerations
(Nikora and Goring 2000). Although the physical
nature of this scaling can be debated, the scaling
remains a characteristic signature of bedforms
(e.g. Aberle et al. 2010). As suggested by Tuijnder (2009), the wavenumber defining the lower
limit of the bedform-related scaling region can be
taken to provide a good estimate of the principal
bedform length for a bed. This is because the limiting plateau region at low wavenumbers (Figure
2b) simply arises from a redistribution of spectral
energy across adjacent wavelengths due to random spacing of the bedforms (Figure 2a). The indicated bedform length of Figure 2b is then 0.74m
(wavenumber k = 2π/λ = 8.5), where the underlying bed configuration of Figure 2a consists of 10
profiles of random-length plane-bed sections
combined with triangular dunes of a cosine stoss
slope, 40mm height, 0.75m length, and 1mm surface roughness. This spectral approach to determining characteristic bedform length takes advan15

sary to correctly define the characteristics of the
bedforms.
In addition to the characterisation of lengths
and shapes, relations for bedform speeds (e.g.
Simons et al. 1965; Coleman 1996; Nikora et al.
1997; Raudkivi 1997, 1998) are central to linkages between bedform movements, sedimenttransport rate and predictions of bed development
(e.g. Hubbell 1964; Simons et al. 1965; Crickmore
1967, 1970; Nordin 1971; Führböter 1979; Willis
and Kennedy 1980; Engel and Lau 1980, 1981;
van den Berg 1987; Gomez et al. 1989; Mohrig
and Smith 1996; García 2008b; McElroy and
Mohrig 2009). With the improved ability to track
individual bedforms that is available today, the effectiveness of determining transport rate from
bedform dimensions and propagation speeds can
now be reliably investigated.

tage of the data density that can be recorded today, with rigorous guidance furthermore available
to determine associated statistical uncertainties.
Modern means of recording bed surfaces mean
that methodologies for quantifying the threedimensional nature of bedforms can now be trialled and refined, e.g. for interpreting the hydraulic resistance of bedforms (e.g. Sirovich and
Karlsson 1997; Maddux et al. 2003a, b; Venditti
2007), for classification of bedforms (e.g. ASCE
1966; Southard and Boguchwal 1990; Ashley
1990; Venditti et al. 2005), and for understanding
and interpreting local flow dynamics (e.g. Best
2005).
The need to quantify dune threedimensionality is clearly apparent for considerations of deformable mobile beds of waves that
vary markedly in space and time (e.g. Inglis 1949;
ASCE 1966; Allen 1968, 1969). Following on
from the earlier work of Nordin (1971), the geometry of the 2D autocorrelation function (or the
related second-order structure function) when applied to sand-bed elevation fields is found to provide an effective means of assessing the threedimensionality of sand waves (e.g. Goring et al.
1999, Butler et al. 2001, Coleman et al. 2008,
Aberle et al. 2010). Assessment of the 3D structure of gravel-bed surfaces has similarly recently
been advanced by viewing the measured topography as a three-dimensional random field as an alternative to the characteristic-particle-size approach (e.g. Nikora et al. 1998, Goring et al. 1999,
Butler et al. 2001, Nikora and Walsh 2004, Aberle
and Nikora 2006).
Uncertainty in bedform quantification also impacts effective determination of types of bedforms
and their associated governing mechanisms, e.g.
ripples, dunes, and larger low-angle dunes (e.g.
Holmes 2003, Best 2005). Ripples and dunes are
identified as separate bedforms in most classification schemes, where ripples are recognised to be
limited to forming in sands of up to about 0.6mm
in diameter, and ripple and dune lengths scale
principally with grain size and flow depth respectively (e.g. Inglis 1949; Bagnold 1956; Bogardi
1965; ASCE 1966; Engelund and Hansen 1967;
Kennedy 1969; Yalin 1972, 1977, 1992; Davies
1982; van Rijn 1984; Ashley 1990; Southard and
Boguchwal 1990; Baas 1993; Julien and Klaassen
1995; Raudkivi 1997; Watanabe et al. 1997;
Schindler and Robert 2004). A separate school of
thought, however, contends that there may be no
statistical or fundamental differences between ripples and dunes, especially for natural river flows
(e.g. Kennedy 1969, Nordin 1971, Flemming
2000, Jerolmack and Mohrig 2005, and Jerolmack
et al. 2006). In order to definitively identify any
differences between ripples and dunes, it is neces-

7 CONCLUSIONS
In reviewing the observations and questions of
Leonardo da Vinci regarding water and its motions, Levi (1995) writes “Let whoever said that
hydraulics, as a science, is old and has no longer
anything to discover, try to interpret all this and
see how great our ignorance still is.” Falvey
(1999) echoes this comment, concluding “… that
the field of hydraulics has not stagnated and that
we are still in an age where ideas and fundamental concepts are being developed.” In particular,
this can be said of fluvial hydraulics today, with a
mass of understanding having been accumulated
(e.g. García 2008a), and yet so many interesting
questions still to answer, and itches requiring adequate treatment. With today’s means of generating and collecting data, we are now in the privileged position of being able to test and build on
the visions of those who have preceded us. In
presenting the research thoughts of previous decades along with recent efforts to test or address
these thoughts, this paper has sought to encourage
the efforts of researchers that contemporary advances in instrumentation and understanding reveal great potential for progress to be made in the
coming years, especially where we learn from the
views of those upstream.
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and skin-friction hydrodynamic forces; and the
angles γ (bed slope) and ϕ (to the line of action of
the summed interparticle forces) are positive anticlockwise from the downstream-pointing axis.
Through enlargement of the averaging volume
Vo of Figure 3 to include a broad area of the bed
surface, the framework of Eq. (1) reveals that averaged en masse movement of particles by steady
uniform 2D flow is described by (Coleman and
Nikora 2008)
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⎞
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Coleman and Nikora (2008) show that for an
individual particle at threshold (Figure 3)
0 = ( m p − m fp ) gi + ∑ Fcik
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⎠⎦

physically-consistent (threshold boundary force
relative to the submerged particle weight) alternative to the traditional Shields parameter θ c ; the
second and final terms of (2) represent normalized
interparticle forces and across-particle gradients in
momentum flux and pressure; s = ρb/ρ is sediment
specific gravity; γ* = (s-1)ρg is submerged weight
per unit volume; g is the gravitational acceleration
constant; Ao = Vo/d is the area in plan of the spatial averaging volume; d = zc - zb is the particle
height (from the averaging domain base level of zb
to the crest level of zc, Figure 3); the summed
interparticle forces are expressed in vector form as
∑ Fck ; the bed shear stress is clearly shown to be

(1)
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− ρ uˆi uˆ j ⎟ ⎥
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Vo
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τ 0 ≡ ρ u*02 ; u*0 is bed shear velocity; ni is the ith

component of the unit vector normal to the surface
element dS and directed outward from the bed and
into the fluid; Sint = extent of water-bed interface
within the thin (in the bed-normal direction) averaging volume; zws defines the water surface; and
spatially-averaged quantities are effectively averaged in space and time for averaging domains of
lateral extent encompassing all turbulent scales,
with ui = ui , and steady uniform 2D flow
characterised by v = v = w = w = ∂ / ∂y = 0 .

Figure 3. Forces on a sediment particle at threshold

where mp = ρbVb is the particle mass; mfp = ρVb is
the mass of fluid displaced by the particle; ρVf is
the mass of fluid within the spatial averaging domain Vo; ρb and ρ are particle and fluid densities,
respectively; Vb and Vf are the respective particle
and fluid volumes within Vo; gi is the ith component of gravitational acceleration in direction xi =
(x,y,z); k interparticle forces of components Fci
act on the particle surface in addition to the fluid
forces; ui is the ith component of the fluid velocity
vector (u, v, w); t is time; p is pressure; μ is the
dynamic fluid viscosity; uˆi = ui − ui denotes the
deviation of the instantaneous variable ui at a
given spatial point from its instantaneous spatiallyaveraged value ui ; ui = (1/ V f ) ∫∫∫ ui dV ;

REFERENCES
Aberle, J., Nikora, V. 2006. Statistical properties of armored
gravel bed surfaces. Water Resources Res., 42, W11414,
doi:10.1029/2005WR004674.
Aberle, J., Nikora, V., Henning, M., Ettmer, B., Hentschel,
B. 2010. Statistical characterization of bed roughness
due to bed forms: A field study in the Elbe River at
Aken, Germany. Water Resources Res., 46, W03521,
doi:10.1029/2008WR007406.

Vf

uˆi = 0; φs = V f / Vo is the roughness geometry
(or porosity) function; Fg and Fb are particle
weight and buoyancy forces; Fp and Fν are form
17

Adrian, R.J. 1991. Particle-imaging techniques for experimental fluid mechanics. Annu. Rev. Fluid Mech. 23:
261-304.
Allen, J.R.L. 1968. Current ripples. North Holland Publishing Company, Amsterdam.
Allen, J.R.L. 1969. Some recent advances in the physics of
sedimentation. Proc. Geol. Assoc., 80, 1–42.
Amsler M.L., García, M.H. 1997. Discussion of ‘Sanddune geometry of large rivers during floods’ by P. Y.
Julien and G. J. Klaassen., J. Hydr. Engrg. ASCE, 123
(6): 582-584.
Ancey, C., Böhm, T., Jodeau, M., Frey, P. 2006. Statistical
description of sediment transport experiments. Phys.
Rev. E 74, 011302, 14pp.
ASCE Task Committee on Flow and Transport over Dunes.
2002. Flow and transport over dunes. J. Hydr. Engrg.,
ASCE 128 (8): 726-728.
ASCE Task Force on Bed Forms in Alluvial Channels of the
Committee on Sedimentation. 1966. Nomenclature for
bed forms in alluvial channels. J. Hyd. Div., ASCE
92(HY3): 51-64.
Ashida, K., Tanaka, Y. 1967. A statistical study of sand
waves. Proc., 12th IAHR Congress, Fort Collins, Colorado, USA, B12:1-8.
Ashley, G.M. 1990. Classification of large-scale subaqueous
bedforms: A new look at an old problem. Journal of
Sedimentary Petrology, 60(1) 160-172.
Baas, J.H. 1993. Dimensional analysis of current ripples in
recent and ancient depositional environments. Geologica
Ultraiectina, 106, Faculteit Aardwetenschappen der
Rijksuniversiteit, Utrecht, The Netherlands.
Bagnold, R.A. 1956. The flow of cohesionless grains in fluids. Philosophical Transactions of the Royal Society of
London. Series A, Mathematical and Physical Sciences,
249 (964): 235-297.
Bartholdy, J., Flemming, B.W., Ernstsen, V.B., Winter C.,
Bartholomä, A. 2010. Hydraulic roughness over simple
subaqueous dunes. Geo-Marine Letters 30(1) 63-76.
Best, J. 2005. The fluid dynamics of river dunes: A review
and some future research directions. J. Geophys. Res.,
110, F04S02, doi:10.1029/2004JF000218.
Best, J.L., Parsons, D.R., Simmons, S.M., Oberg, K.A.,
Johnson, K.K., Czuba, J.A., Malzone, C. 2008. Coherent
flow structures over alluvial sand dunes revealed by
multibeam echo sounding. Marine and River Dune Dynamics III, Leeds, England, 1-3 April, 25-30.
Bogardi, J.L. 1965. European concepts of sediment transportation. J. Hyd. Div., ASCE, 91(HY1): 29-54.
Bradshaw, P., Wong, F.Y.F. 1972. The reattachment and relaxation of a turbulent shear layer. J. Fluid Mech. 52:
113-135.
Bruun, H.H. 1995. Hot-wire anemometry. Principles and
signal analysis. Oxford University Press, Oxford, U.K.
Butler, J.B., Lane, S.N., Chandler, J.H. 2001. Characterization of the structure of river-bed gravels using twodimensional fractal analysis. Mathematical Geology, 33
(3), 301-330.
Cameron, S.M., Coleman, S.E., Melville, B.W., Nikora, V.I.
2006. Marbles in oil, just like a river? In River Flow
2006: International Conference on Fluvial Hydraulics,
R.M.L. Ferreira, E.C.T.L. Alves, J.G.A.B. Leal, and
A.H. Cardoso (eds.), Taylor and Francis, Philadelphia,
Pa., 927– 935.
Clunie, T.M., Nikora, V.I., Coleman, S.E., Friedrich, H.,
Melville, B.W. 2007. Flow measurement using flying
ADV probes. J. Hydr. Engrg., ASCE, 133(12), 13451355.

Coleman, S.E. 1991. The mechanics of alluvial stream bed
forms. PhD thesis. The University of Auckland, Auckland, New Zealand.
Coleman, S.E. 1996. Wave generation and development on
a sandy river bed. Discussion of “The stability of a
sandy river bed”, by J. Fredsøe. In T. Nakato and R. Ettema (eds.), Issues and directions in hydraulics, Rotterdam, A. A. Balkema, 145-155.
Coleman, S.E., Eling, B. 2000. Sand wavelets in laminar
open-channel flows. J. Hyd. Res., IAHR, 38(5): 331338.
Coleman, S.E., Fedele, J.J., García, M.H. 2003. Closedconduit bedform initiation and development. J. Hyd.
Engrg., ASCE, 129(12): 956-965.
Coleman, S.E., Fenton, J.D. 2000. Potential-flow instability
theory and alluvial stream bed forms. J. Fluid Mech.
418: 101-117.
Coleman, S.E., Melville, B.W. 1994. Bed-form development. J. Hyd. Engrg., ASCE, 120 (4): 544-560.
Coleman, S.E., Melville, B.W. 1996. Initiation of bed forms
on a flat sand bed. J. Hyd. Engrg., ASCE, 122 (6): 301310.
Coleman, S.E., Melville, B.W. 2001. Case study: New Zealand bridge scour experiences. J. Hyd. Engrg., ASCE,
127(7): 535-546.
Coleman S.E., Nikora, V.I. 2008. A unifying framework for
particle entrainment. Water Resources Research 44.
W04415 doi:10.1029/2007WR006363.
Coleman S.E., Nikora, V.I. 2009a. Bed and flow dynamics
leading to sediment-wave initiation. Water Resources
Research 45 W04402, doi:10.1029/2007WR006741.
Coleman S.E., Nikora, V.I. 2009b. Exner equation: A continuum approximation of a discrete granular system, Water Resources Res., 45, W09421, doi:10.1029/
2008WR007604.
Coleman, S.E., Nikora, V.I., McLean, S.R., Clunie, T.M.,
Schlicke, T., Melville, B.W. 2006. Equilibrium hydrodynamics concept for developing dunes. Physics of Fluids, 18 (10): 105104-1-12.
Coleman, S.E., Nikora, V.I., Melville, B.W., Goring, D.G.,
Clunie, T.M., Friedrich, H. 2008. SWAT.nz: NewZealand-based “Sand waves and turbulence” experimental programme. Acta Geophysica, 56(2): 417-439.
Coleman, S.E., Zhang, M.H., Clunie, T.M. 2005. Sedimentwave development in subcritical water flow. J. Hyd.
Engrg., ASCE, 131(2): 106-111.
Crickmore, M.J. 1967. Measurement of sand transport in
rivers with special reference to tracer methods. Sedimentology, 8, 175-228.
Crickmore, M.J. 1970. Effect of flume width on bed-form
characteristics. J. Hyd. Div., ASCE, 96(HY2) 473-496.
Davies, T.R.H. 1982. Lower flow regime bedforms: rational
classification. J. Hyd. Div., ASCE, 108(HY3): 343-360.
Detert, M., Klar, M., Wenka, T., Jirka, G.H. 2008. Pressureand velocity-measurements above and within a porous
gravel bed at the threshold of stability. Dev. Earth Surf.
Processes, 11, 85– 107.
Detert, M., Nikora, V., Jirka, G. 2010. Synoptic velocity and
pressure fields at the water-sediment interface of streambeds. Journal of Fluid Mechanics (in print).
Diplas, P., Dancey, C.L., Celik, A.O., Valyrakis, M., Greer,
K., Akar, T. 2008. The role of impulse on the initiation
of particle movement under turbulent flow conditions.
Science 322, 717-720.
Ditchfield, R., Best, J. 1992. Discussion of “Development of
bed features” by A. Raudkivi and H-H. Witte. J. Hyd.
Engrg., ASCE, 118 (4): 647–650.
18

Dwivedi, A. 2009. Prediction of drag on sediment particles
using point velocity data. Proc., 33rd IAHR Congress,
Vancouver, Canada, August 10-14, 3044-3052.
Engel, P., Lau, Y.L. 1980. Computation of bed load using
bathymetric data. J. Hyd. Div. ASCE, 106(HY3): 369380.
Engel, P., Lau, Y.L. 1981. Bed load discharge coefficient. J.
Hyd. Div. ASCE, 107(HY11): 1445-1454.
Engelund, F.A., Fredsøe, J. 1971. A mathematical model of
flow over dunes. Prog. Rep. 22, Inst. of Hydrodynamics
and Hydr. Engrg., ISVA, Tech. Univ. of Denmark,
Lyngby, Denmark, 25 30.
Engelund, F., Fredsøe, J. 1982. Sediment ripples and dunes.
Ann. Rev. Fluid Mech. 14: 13–37.
Engelund, F., Hansen, E. 1967. A monograph on sediment
transport in alluvial streams. Teknisk Forlag, Copenhagen, Denmark.
Exner, F.M. 1925. Über die Wechselwirkung zwischen
Wasser und Geschiebe in Flüssen, Sitzungsberichte der
Akademie der Wissenschaften. Wien, Abt. IIA, 134,
165–203 (in German).
Exner, F.M. 1931. Zur Dynamik der Bewegungsformen auf
der Erdoberfläche. Ergebnisse der Kosmischen Physik,
1, 374-445 (in German).
Falvey, H.T. 1999. Review of “The science of water: the
foundation of modern hydraulics”, by E. Levi, J. Hydr.
Engrg., ASCE, 125, 93.
Flemming, B.W. 2000. The role of grain size, water depth
and flow velocity as scaling factors controlling the size
of subaqueous dunes. Proc., Marine Sandwave Dynamics, 23-24 March, Lille, France, 55-61.
Fredsøe, J. 1986. Shape and dimensions of dunes in open
channel flow. In Physics of desertification, F. El-baz
and M.H.A. Hassan (eds.), Martinus Nijhoff Publishers:
Dordrecht, 385-397.
Führböter, A. 1967. Zur Mechanik der Strömungsriffel. Mitteilungen des Franzius-Instituts fur Grund- and Wasserbau der Technischen Hochschule, Hannover, 29, 35pp.
(in German).
Führböter, A. 1979. Strombänke (Grossriffel) und Dünen
als Stabilisierungsformen. Mitteilungen des LeichtweissInstituts, Technical Univ. of Braunschweig, Braunschweig, Federal Republic of Germany, 67, 155-191 (in
German).
García, M.H. 2008a. Sedimentation engineering: processes,
measurements, modeling, and practice. Manuals and Reports on Engineering Practice No. 110, ASCE, Reston,
VA, USA.
García, M.H. 2008b. Sediment transport and morphodynamics. In Sedimentation engineering: processes, measurements, modeling, and practice. M. H. García (ed.),
Manuals and Reports on Engineering Practice No. 110,
ASCE, Reston, VA, USA.
Gomez, B., Naff, R.L., Hubbell, D.W. 1989. Temporal
variations in bedload transport rates associated with the
migration of bedforms. Earth Surf. Processes Landforms
14: 135–156.
Goring, D., Nikora, V., McEwan, I. 1999. Analysis of the
texture of gravel beds using 2-D structure functions. In
River, Coastal, and Estuarine Morphodynamics, Proc.
IAHR Symp. 2, Genova, Italy, 111-120.
Grinvald, D.I., Nikora, V.I. 1988. River turbulence. Hydrometeoizdat, Leningrad, Russia (in Russian).
Gyr, A., Hoyer, K. (2006). Sediment transport: a geophysical phenomenon. Fluid Mechanics and its Applications,
82, Springer, The Netherlands.
Haynes, H., Ockelford, A. 2010. A comparison of timeinduced stability differences between a framework-

supported and a matrix-supported gravel: sand mixture.
17th IAHR-APD Congress, Auckland, New Zealand,
February 21-24, 8pp.
Henning, M., Hentschel, B., Hüsener, T. 2009. Photogrammetric system for measurement and analysis of dune
movement. Proc., 33rd IAHR Congress, Vancouver,
Canada, August 10-14, 4965-4972.
Hino, M. 1968. Equilibrium-range spectra of sand waves
formed by flowing water. J. Fluid Mech. 34: 565-573.
Hofland, B., Battjes, J.A. 2006. Probability density function
of instantaneous drag forces and shear stresses on a bed.
J. Hyd. Engrg., ASCE, 132, 1169– 1175.
Hofland, B., Battjes, J.A., Booij, R. 2005. Measurement of
fluctuating pressures on coarse bed material. J. Hyd.
Engrg., ASCE, 131, 770– 781.
Holmes, R.R. Jr. 2003. Vertical velocity distributions in
sand-bed alluvial rivers. PhD thesis. The University of
Illinois, Illinois, USA.
Hubbell, D.W. 1964. Apparatus and techniques for measuring bed-load. Geological Survey Water-Supply Paper
1748, Washington DC, USA.
Inglis, C.C. 1949. The behaviour and control of rivers and
canals (with the aid of models). Res. Publ. 13, Central
Waterpower lrrigation and Navigation Research Station.,
Poona, India.
Jain, S.C., Kennedy, J.F. 1971. The growth of sand waves.
Proc. Intl Symp. on Stochastic Hydr., Pittsburgh University Press, USA, 449-471.
Jain, S.C., Kennedy, J.F. 1974. The spectral evolution of
sedimentary bed forms. J. Fluid Mech. 63: 301-314.
James, T.D., Carbonneau, P.E., Lane, S.N. 2007. Investigating the effects of DEM error in scaling analysis. Photogrammetric Engineering & Remote Sensing, American
Society for Photogrammetry and Remote Sensing, 73
(1): 067–078.
Jerolmack, D.J., Mohrig, D. 2005. A unified model for
subaqueous bed form dynamics. Water Resources Research, 41. W12421 doi:10.1029/2005WR004329.
Jerolmack, D.J., Mohrig, D., McElroy, B. 2006. A unified
description of ripples and dunes in rivers. 4th IAHR
Symposium on River, Coastal and Estuarine Morphodynamics, Urbana, Illinois, USA, 4-7 October 2005, 843851.
Jones, D.F. 1968. An experimental study of the distribution
of boundary shear stress and its influence on dune formation and growth. MSc thesis, University of Washington, Seattle, WA.
Julien, P.Y., Klaassen, G.J. 1995. Sand-dune geometry of
large rivers during floods. J. Hydr. Engrg., ASCE, 121
(9): 657-663.
Kennedy, J.F. 1969. The formation of sediment ripples,
dunes and antidunes. Ann. Rev. Fluid Mech. 1: 147-168.
Kennedy, J.F. 1971. General report: changes in alluvial beds
composed of non-uniform material. Proc., 24th IAHR
Congress, Paris, Vol. 6, 241-252.
Kennedy, J.F. 1980. Bed forms in alluvial streams: some
views on current understanding and identification of unresolved problems. In Application of stochastic processes in sediment transport, H.W. Shen and H. Kikkawa
(eds.), Water Resources Publications, Littleton, Co.,
USA, 6a/1 6a/13.
Kinzel, P.J., Wright, C.W., Nelson, J.M., Burman, A.R.
2007. Evaluation of an experimental LiDAR for surveying a shallow, braided, sand-bedded river. J. Hydr.
Engrg., ASCE, 133(7), 838-842.
Lajeunesse, E., Malverti, L., Lancien, P., Armstrong, L.,
Metivier, F., Coleman, S., Smith, C.E., Davies, T.,
Cantelli, A., Parker, G. 2010. Fluvial and subaqueous
19

morphodynamics of laminar and near-laminar flows: a
synthesis. Sedimentology, 57, 1–26.
Lane, E.W. 1955. The importance of fluvial morphology in
hydraulic engineering. Proc., Hyd. Div, ASCE, 81, paper
745: 1-17.
Levi, E. 1995. The science of water: The foundation of
modern hydraulics. ASCE Press, New York, USA.
Maddux, T.B., McLean, S.R., Nelson, J.M. 2003b. Turbulent flow over three-dimensional dunes: 2. fluid and bed
stresses. J. Geophys. Res. 108 (F1). doi:10.1029/2003/
JF000018.
Maddux, T.B., Nelson, J.M., McLean, S.R. 2003a. Turbulent flow over three-dimensional dunes: 1. Free surface
and flow response. J. Geophys. Res. 108 (F1).
doi:10.1029/2003/JF000017.
McElroy, B., Mohrig, D. 2009. Nature of deformation of
sandy bed forms. J. Geophys. Res., 114, F00A04,
doi:10.1029/2008JF001220.
McElroy, B., Mohrig, D., Blom, A. 2008. Determining
characteristic scales for the dynamics and geometry of
sandy bedforms. Proc. Marine and River Dune Dynamics, Leeds, United Kingdom, April 1-3, 219-225.
McEwan, I., Heald, J. 2001. Discrete particle modeling of
entrainment from flat uniformly sized sediment beds. J.
Hyd. Engrg., ASCE, 127, 588– 597.
McLean, S.R. 1990. The stability of ripples and dunes.
Earth-Sci. Rev. 29: 131-144.
McLean S.R., Nikora V.I. 2006. Characteristics of turbulent
unidirectional flow over rough beds: Double-averaging
perspective with particular focus on sand dunes and
gravel beds. Water Resources Research 42. W10409
doi:10.1029/2005WR004708.
McLean S.R., Nikora V.I., Coleman S.E. 2008. Doubleaveraged velocity profiles over fixed dune shapes. Acta
Geophysica 56(3): 669-697.
McLean, S.R., Smith, J.D. 1986. A model for flow over
two-dimensional bed forms. J. Hyd. Engrg., ASCE, 112:
300-317.
Mohrig, D., Smith, J.D. 1996. Predicting the migration rates
of subaqueous dunes. Water Resources Research 32
(10): 3207-3217.
Müller, A. 1996. “Sediment transport: gaps between phenomena, concepts, and the need for predicting tools discussion.” In T. Nakato and R. Ettema (eds.), ‘Issues
and directions in hydraulics,’ Rotterdam, A. A. Balkema,
93-95.
Nakagawa, H., Tsujimoto, T. 1984. Spectral analysis of
sand bed instability. J. Hyd. Engrg., ASCE, 110(4): 467483.
Nelson, J. M., Schmeeckle, M. W., Shreve, R. L. 2001. Turbulence and particle entrainment. In Gravel-Bed Rivers
V, M. P. Mosley (ed.), New Zealand Hydrological Society, Wellington, New Zealand, 221–248.
Nikora, N., Nikora, V. 2007. A viscous drag concept for
flow resistance in vegetated channels. Proc., 32nd IAHR
Congress, Venice, Italy, (CD ROM).
Nikora, V.I. 1982. Statistical peculiarities of river bed microforms. In Problems of Surface Hydrology, Hydrometeoizdat, Leningrad, 143-151 (in Russian).
Nikora, V. 2008. Hydrodynamics of rough-bed turbulent
flows: Spatial averaging perspective. River flow 2008,
M.S. Altinakar, M.A. Kokpinar, I. Aydin, S. Cokgor and
S. Kirkgoz (eds.), Kubaba Congress Department and
Travel Services, Turkey, 11-19.
Nikora, V.I. 2009. Friction factor for rough-bed flows: Interplay of fluid stresses, secondary currents, nonuniformity, and unsteadiness. Proc., 33rd IAHR Congress, Vancouver, Canada, August 10-14, 1246-1253.

Nikora, V.I., Goring, D.G. 2000. Sand waves in unidirectional flows: scaling and intermittency. Physics of Fluids, AIP, 12(3), 703-706.
Nikora, V.I., Goring, D.G., Biggs, B.J.F. 1998. On gravelbed roughness characterization. Water Resources Research, 34(3), 517– 527.
Nikora V.I., Goring D.G., McEwan I., Griffiths G. 2001.
Spatially-averaged open-channel flow over a rough bed.
J. Hyd. Engrg. ASCE 127(2): 123-133.
Nikora, V.I., Hicks, D.M. 1997. Scaling relationships for
sand wave development in unidirectional flow. J. Hyd.
Engrg., ASCE, 123(12): 1152-1156.
Nikora, V., Koll, K., McEwan, I., McLean, S., Dittrich, A.
2004. Velocity distribution in the roughness layer of
rough-bed flows. J. Hyd. Engrg. ASCE 130(10): 10361042.
Nikora V.I., McEwan I.K., McLean S.R., Coleman S.E.,
Pokrajac D., Walters R. 2007a. Double-averaging concept for rough-bed open-channel and overland flows:
Theoretical background. J. Hyd. Engrg. ASCE 133(8):
873-883.
Nikora V., McLean S., Coleman S., Pokrajac D., McEwan
I., Campbell L., Aberle J., Clunie D., Koll K. 2007b.
Double-averaging concept for rough-bed open-channel
and overland flows: applications. J. Hyd. Engrg. ASCE
133(8): 884-895.
Nikora, V.I., Sukhodolov, A.N., Rowinski, P.M. 1997. Statistical sand wave dynamics in one-directional water
flows. J. Fluid Mech. 351: 17-39.
Nikora, V., Walsh, J. 2004. Water-worked gravel surfaces:
High-order structure functions at the particle scale, Water Resources Res., 40, W12601, doi:10.1029/
2004WR003346.
Niño, Y., García, M. H. 1996. Experiments on particleturbulence interactions in the near-wall region of an
open channel flow: Implications for sediment transport.
J. Fluid Mech., 326, 285–319.
Nordin, C.F. 1971. Statistical properties of dune profiles.
US Geol. Survey Prof. Paper 562F.
Nordin, C.F., Algert, J.H. 1966. Spectral analysis of sand
waves. J. Hyd. Div., ASCE, 92(HY5): 95-114.
Paola, C., Voller, V. R. 2005. A generalized Exner equation
for sediment mass balance. J. Geophys. Res., 110,
F04014, doi:10.1029/2004JF000274, 8pp.
Papanicolaou, A.N., Diplas, P., Evaggelopoulos, N.,
Fotopoulos, S. 2002. Stochastic incipient motion criterion for spheres under various bed packing conditions. J.
Hyd. Engrg., ASCE, 128, 369–380.
Parker, G. 2008. Transport of gravel and sediment mixtures.
In Sedimentation engineering: processes, measurements,
modeling, and practice. M. H. García (ed.), Manuals and
Reports on Engineering Practice No. 110, ASCE,
Reston, VA, USA.
Plate, E. 1967. Discussion of “Spectral analysis of sand
waves” by C.F. Nordin and J.H. Algert. J. Hyd. Div.,
ASCE, 93(HY4): 310-316.
Plate, E. 1971. Limitations of spectral analysis in the study
of wind generated water surface waves. Proc., Int. Symp.
on Stochastic Hydr., Pittsburgh University Press, Pittsburgh, Pa., 522 539.
Radice, A., Ballio, F., Nikora, V. 2009. On statistical properties of bed load sediment concentration. Water Resources Res., 45, W06501, doi:10.1029/2008WR007192
Radice, A., Ballio, F., Nikora, V. 2010. Statistics and characteristic scales for bed load in a channel flow with
sidewall effects. Acta Geophysica, doi: 10.2478/s11600010-0020-y.
20

Raudkivi, A.J. 1966. Bed forms in alluvial channels. J. Fluid
Mech. 26(3): 507-514.
Raudkivi, A.J. 1997. Ripples on stream bed. J. Hyd. Engrg.,
ASCE, 123(1): 58–64.
Raudkivi, A.J. 1998. Loose boundary hydraulics. 4th ed.,
Pergamon Press, Inc., New York, U.S.A.
Raudkivi, A., Witte, H-H. 1990. Development of bed features. J. Hyd. Engrg., ASCE, 116(9): 1063-1079.
Rennie, C.D., Millar, R.G. 2004. Measurement of the spatial
distribution of fluvial bedload transport velocity in both
sand and gravel. Earth Surface Processes and Landforms, 29(10):1173-1193.
Schindler, R.J., Robert A. 2004. Suspended sediment concentration and the ripple-dune transition. Hydrol. Process., 18, 3215– 3227.
Schlicke, T., Cameron, S.M., Coleman, S.E. 2007. Galvanometer-based PIV for liquid flows. Flow Measurement
and Instrumentation, 18, 27–36.
Schmeeckle, M.W., Nelson, J.M., Shreve, R.L. 2007. Forces
on stationary particles in near-bed turbulent flows, J.
Geophys.
Res.,
112,
F02003,
doi:10.1029/
2006JF000536.
Shields, A. 1936. Anwendung der ähnlichkeits-mechanik
und der turbulenzforschung auf die geschiebebewegung.
Mitteilungen, Preußische Versuchsanstalt für Wasserbau
und Schiffbau, 26, Berlin (in German).
Simons, D.B., Richardson, E.V. 1960. Resistance to flow in
alluvial channels. J. Hyd. Div. ASCE 86(HY5): 73-99.
Simons, D.B., Richardson, E.V., Nordin, C.F. 1965. Bedload equation for ripples and dunes. Professional Paper
462-H, U.S. Geological Survey, 9pp.
Sirovich, L., Karlsson, S. 1997. Turbulent drag reduction by
passive mechanism. Nature 388: 753-755.
Smith, J.D. 1970. Stability of a sand bed subjected to a
shear flow of low Froude number. J. Geophys. Res.,
75(30): 5928-5940.
Southard, J.B., Boguchwal, L.A. 1990. Bed configurations
in steady unidirectional water flows. Part 2. Synthesis of
flume data. Journal of Sedimentary Petrology, 60(5),
658-679.
Tuijnder, A.P., Ribberink, J.S., Hulscher, S.J.M.H. 2009.
An experimental study into the geometry of supplylimited dunes. Sedimentology, 56(6), 1713-1727.
van den Berg, J. H. 1987. Bedform migration and bed-load
transport in some rivers and tidal environments. Sedimentology, 34, 681 – 698, doi:10.1111/j.1365-3091.
1987.tb00794.x.
van der Mark, C.F., Blom, A., Hulscher, S.J.M.H. 2008.
Quantification of variability in bedform geometry. J.
Geophys.
Res.,
113,
F03020,
doi:10.1029/
2007JF000940.
van der Mark, C.F., Blom, A., Hulscher, S.J.M.H., Leclair,
S.F., Mohrig, D. 2006. On modeling the variability of
bedform dimensions. 4th IAHR Symposium on River,
Coastal and Estuarine Morphodynamics, Urbana, Illinois, USA, 4-7 October, 831-841.
van Rijn, L.C. 1984. Sediment transport, Part III: Bed forms
and alluvial roughness. J. Hyd. Engrg., ASCE, 110(12):
1733–1754.
Vanoni, V.A., Hwang, L-S. 1967. Relation between bed
forms and friction in streams. J. Hyd. Div., ASCE,
93(HY3): 121-144.
Venditti, J.G. 2007. Turbulent flow and drag over fixed
two- and three-dimensional dunes. J. Geophys. Res. 112.
F04008 doi:10.1029/2006JF000650.
Venditti, J.G., Church, M., Bennett, S.J. 2005. On the transition between 2D and 3D dunes. Sedimentology, 52,
1343–1359.

Vollmer, S., Kleinhans, M.G. 2007. Predicting incipient motion, including the effect of turbulent pressure fluctuations in the bed, Water Resources Res., 43, W05410,
doi:10.1029/2006WR004919.
Wang, W.C., Shen, H.W. 1980. Statistical properties of alluvial bed forms. Proc., Third International Symposium
on Stochastic Hydraulics, August 5-7, Tokyo, Japan,
371-389.
Watanabe, K., Nagy, H.M., and Hirano, M. 1997. Classification of ripples and dunes in the lower flow regime.
Proc., 27th Congress of IAHR, San Francisco, California, USA, August 10-15, 991-996.
Willis, J.C., Kennedy, J.F. 1980. Sediment transport in migrating bedforms. In Application of stochastic processes
in sediment transport by H.W. Shen and H. Kikkawa
(eds.), Water Resources Publications, Littleton, Colo.,
6b/1-6b/32.
Yalin, M.S. 1964. Geometrical properties of sand waves. J..
Hyd. Div., ASCE, 90(HY5): 105-119.
Yalin, M.S. 1972. Mechanics of sediment transport. Pergamon Press, Inc., New York, U.S.A.
Yalin, M.S. 1977. On the determination of ripple length. J.
Hyd. Div., ASCE, 103: 439-442.
Yalin, M.S. 1992. River mechanics. Pergamon Press, Inc.,
New York, N.Y., U.S.A.

21

22

River Flow 2010 - Dittrich, Koll, Aberle & Geisenhainer (eds) - © 2010 Bundesanstalt für Wasserbau ISBN 978-3-939230-00-7

Large eddy simulation of river flows
Wolfgang Rodi

Institute for Hydromechanics, Karlsruhe Institute of Technology, Karlsruhe, Germany

ABSTRACT: The paper gives a brief overview of experience gained so far with the application of the
Large Eddy Simulation (LES) technique to river-related flows. A brief introduction is given to the LES
technique in which the large-scale motion of turbulence in river flows is resolved by numerical solution
of the time-dependent flow equations and only motions of scales smaller than the numerical mesh are
modelled. Application examples are presented, ranging from relatively simple flows in open channels to
geometrically complex flows close to those found in natural rivers and situations with dikes and groynes.
The present capabilities and the future potential of LES for river flow calculations are discussed.
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dilution of contaminants. Here the large-scale
turbulent structures are particularly effective.
In river engineering there is a great need for
predicting all these features and phenomena of
practical importance, and there is also a need for
understanding better the details of the turbulent
processes. At present, calculations in practice are
still carried out with so-called RANS methods, in
which Reynolds-averaged equations for meanflow quantities are solved, i.e. the turbulence is
averaged out and its effect has to be accounted for
entirely by a RANS turbulence model. Most
models in use employ the eddy viscosity
/diffusivity concept and estimate the eddy
viscosity through simple algebraic relations or
model transport equations such as in the k-ε
turbulence model. These RANS methods are
economical and on modern computers can cover
larger regions and river stretches, especially when
2D depth- averaged versions are employed.
However, many of the phenomena cited above
cannot be accounted for adequately, especially
when larger-scale structures play a dominant role
for the transport of momentum, heat and mass or
when details of the flow, such as unsteady
processes like vortex shedding and unsteady
forces on structures or bed elements, are important
and need to be resolved. A tool more powerful to
solve these problems, the Large-Eddy Simulation
(LES) technique, evolved recently which, like in

1 INTRODUCTION
The flow in rivers is always turbulent and the
turbulent fluctuations contribute significantly to
the transport of momentum, heat and mass. Even
in the simplest variant of flow in a straight,
smooth channel the turbulence generated near the
bed is highly complex, featuring a variety of threedimensional coherent structures (Nezu and
Nakagawa 1983). The turbulence is complicated
even further by geometrical variations such as due
to bed forms, roughness elements and vegetation,
changes in river cross-section, bends causing
secondary motions, confluences associated with
strong shear layers and all kinds of man-made
structures such as dikes, bridge piers, groynes etc.
In cases with abrupt changes in geometry the flow
separates and large-scale structures and extensive
vortices, often involving unsteady shedding,
develop. In shallow river flow these vortices,
especially those behind structures, often comprise
mainly a horizontal two-dimensional motion, but
in the vicinity of the structures they are mostly
highly three-dimensional.
The turbulent fluctuating motion has a strong
influence on the overall flow development due to
increased bed friction and hence on the discharge
and water elevation. It also governs the sediment
transport and local forces on boundaries and
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other fields of fluid mechanics, is also used more
and more in river flow calculations. LES is a
method in between RANS mentioned above and
Direct Numerical Simulation (DNS); the latter
solves numerically the exact 3D time-dependent
Navier-Stokes equations without any model,
thereby resolving all scales of the turbulent motion
from the large ones down to the smallest,
dissipative scales. As the size of the smallest
scales relative to the extent of the flow domain
decreases linearly with the Reynolds number (Re),
the number of grid points necessary for resolving
all motions in a 3D calculation increases roughly
with Re3. As a consequence, for Re of practical
relevance the number of grid points required
becomes so large that the computational effort
exceeds by far the capabilities of even the biggest
available computers. Therefore DNS is not a
method for practical calculations, but it is a very
useful tool for fundamental research.
The method in between RANS and DNS, the
Large Eddy Simulation (LES), also solves the 3D
time-dependent flow equations, but determines
thereby only those turbulent motions that can be
resolved on a given numerical grid (see Figure 1),
i.e. motions with scales larger than the grid size,
and accounts for the effect of the sub-grid-scale
(SGS) motions that cannot be resolved by a SGS
model. This effect is mainly dissipative and in
some methods is alternatively achieved by using a
numerical scheme introducing some numerical
dissipation. Away from walls, the larger turbulent
eddies containing most of the energy and
contributing most to the momentum, heat and
mass transfer are virtually independent of Re, so
that in this area LES does not have a Reynolds
number problem. However, near walls the length
scale of turbulence decreases with increasing Re
so that the number of grid points required to
resolve the near-wall zone adequately increases
approximately with Re2. Again, such calculations
require so much computing effort that they are not
possible at the high Re occurring in practice.
Hence, in order to apply LES, special near-wall
modelling is necessary. One possibility is to use
wall functions bridging the viscous sub-layer,
another is the use of RANS modelling in the nearwall zone as in the Detached Eddy Simulation
(DES) approach first proposed by Spalart et al.
(1997). In the present paper, examples of Large
Eddy Simulations and also some DES of river
flow situations are presented and discussed. The
method itself is introduced only briefly as this is
covered well in previous publications (e.g.
Piomelli and Chasnov 1996, Fröhlich and Rodi
2002). Also, only genuine LES, which is always
3D, is covered in this paper. For shallow river
flows, 2D depth-averaged LES methods have been

developed and used (also sometimes called depthaveraged URANS) that resolve only the largescale horizontal turbulent motions while the effect
of the smaller-scale, bottom-generated turbulence
needs to be modelled (sub-depth-scale model).
This more economic approach is dealt with in
Hinterberger et al. (2007) and was found to be less
accurate and less realistic in providing details.

Figure 1. Turbulence on surface of a stirred tank with grid
showing a control volume

2 LES METHODOLOGY
In LES of river flows, the filtered incompressible
3D Navier-Stokes and continuity equations are
solved. The filter width is determined by the grid
size so that the filtering removes the small-scale
motions that cannot be resolved on a given grid, so
that the resolved quantities are basically averages
over the control volumes formed by the numerical
mesh as illustrated in Figure 1 for turbulence in a
stirred tank made visible by surface floats. Due to
the non-linearity of the Navier-Stokes equations,
the averaging introduces sub-grid-scale (SGS)
stresses representing the effect of the small-scale
unresolved turbulent motion on the resolved
motion. A SGS model needs to be introduced for
these stresses, and in analogy to modelling of the
Reynold stresses in RANS methods, mostly a SGS
eddy viscosity νt is introduced, which itself has to
be determined from a model. In the applications
presented in this paper, the SGS eddy viscosity is
either determined with the original Smagorinsky
model relating it to the strain rate of the resolved
motion and to the average mesh size using a
constant coefficient. Alternatively, a dynamic
version of this model is used in which the
coefficient
is
determined
locally
and
instantaneously from the information available
from the smallest resolved scales (Germano et al.,
1991). With an eddy viscosity νt used for
determining the SGS stresses, the flow equations
solved in a LES are the same as those in an
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unsteady RANS (URANS) calculation, only the
model for determining νt is different: in URANS it
relates νt exclusively to geometrical parameters
(e.g. water depth h) and physical quantities (e.g.
friction velocity Uτ, turbulent kinetic energy k,
dissipation rate ε), while in LES νt is related to
and hence determined by the mesh size, resulting
in much lower eddy viscosities and, when the grid
is refined more and more, νt goes to zero so that
the LES turns into a DNS.
For heat and mass transfer problems, the
equivalent filtered equations for scalar quantities
are solved by LES and the sub-grid-scale fluxes
appearing in the filtered equations are again
determined by an SGS model, mostly introducing
an eddy diffusivity which is normally set
proportional to the SGS eddy viscosity.
The filtered equations are solved numerically,
in the examples presented with Finite-Volume
methods of various origins and types. When subgrid scale models are employed as in the examples
presented, it is important that little numerical
dissipation is introduced and hence usually central
differencing is employed for discretizing the
convection terms. There is, however, a school
propagating so-called implicit LES (ILES) where
no SGS model is used but its (mainly dissipative)
effect is left to the numerical dissipation
introduced by methods employing upwinding (e.g.
Fureby and Grinstein 1999).

represented by the fixed frictionless lid is small, as
should be the extent of the calculation domain.
The specification of conditions at inflow
boundaries is considerably more difficult and
elaborate than in RANS calculations since in LES
realistic fluctuations must be provided at the
inflow boundary. No problem arises when the
flow is periodic in the streamwise direction, as is
the case in some examples presented below, so
that periodic conditions can be applied. Otherwise
precursor calculations of a simplified situation
(normally developed channel flow) must be
performed to provide inflow fluctuations, or
turbulence must be generated synthetically and
super-imposed on a guessed or measured velocity
distribution at the inflow. At the outflow,
generally the convective boundary condition is
used which allows disturbances to leave the
domain freely.
3 EXAMPLES OF LES CALCULATIONS
In the following sections, examples of LES of
some river flow situations are presented, moving
from simple channel flow to geometrically more
complex situations. The results shown are taken
from publications, where all the details of the
calculations are described, and concentrate on
fluctuations and turbulence structures resolved by
the LES.

2.1 Near-wall treatment and boundary conditions

3.1 Developed straight open channel flow

As was mentioned already, at high Reynolds
numbers well resolved LES near walls is not
affordable so that special measures need to be
taken in this case. One possibility is to bridge the
viscous sub-layer in direct proximity to walls by
wall functions, basically relating the resolved
velocity at the first grid point away from the wall
by logarithmic or exponential profile assumptions
to the friction velocity. This is also the easiest
method to account for wall roughness which is
important in river flow calculations. An alternative
is to use RANS modeling in the near-wall zone
and switch to LES only somewhat away from the
wall, an approach adopted in the Detached Eddy
Simulation – DES (for a review see Spalart 2009)
– a method applied in two of the examples
presented below.
Another boundary of the calculation domain in
river-flow calculations is the free surface – here in
the examples presented the rigid-lid approximation
is used. In this, the actual surface elevations are
suppressed and their effects are simulated via
pressure variations, i.e. pressure gradients at the
boundary. This is a workable approximation when
the actual surface deviation from the mean

The first example taken from Hinterberger et al.
(2008) concerns developed flow in a straight open
channel with smooth walls at a Reynolds number
based on friction velocity Uτ and channel depth h
of Reτ = 590 (Reh based on h and bulk velocity is
11000). The channel is considered infinitely wide
and the flow developed and hence periodic
boundary conditions were applied in both
streamwise and spanwise direction. The LES was
carried out with the standard Smagorinsky SGS
model, but with near-wall damping of νt. The
numerical grid had 8 Mio points and the wallparallel resolution was in wall units Δx+ = 29 and
Δy+ = 14.5 in streamwise and spanwise direction,
respectively. The first grid point had a distance
of z +p = 1.5 from the bed. Hence, the conditions for
a well-resolved LES were satisfied and no special
near-wall treatment was necessary. In Figure 2
(left) calculated distributions over the depth of
mean velocity and RMS values of the fluctuating
components and of the shear stress <u′w′> are
compared with DNS results of Moser et al. (1999)
for closed channel flow at the same Reτ (based on
channel half width). The agreement can be seen to
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Figure 2. Flow in straight open channel with Reτ = 590 (from Hinterberger et al. 2008);left: distribution of mean velocity and
fluctuating components;right: streamwise variation of u-fluctuations at various depths for one instant in time.

be good, but it should be noted that near z/h = 1
the normal fluctuations are damped by the freesurface boundary while in the DNS this location is
in the middle of the closed channel. The LES
distributions agree also fairly well with
measurements of Nezu and Rodi (1986). Figure 2
(right) gives evidence of the resolution of
turbulent fluctuations by the LES. The figure
shows for one instant in time the streamwise
distribution of u-fluctuations at different depths
z/h. As was to be expected from the RMS profile,
the fluctuation amplitude is highest near the bed
and decreases monotonically towards the free
surface. Also, near the bed high frequency
fluctuations (corresponding to small-scale
turbulence) can be seen to be superimposed on
lower frequency fluctuations. Near the surface, the
high frequency fluctuations are absent and the
motion consists only of larger scales. In
Hinterberger et al. (2008) spectra are provided
which support these findings quantitatively. The
lowest, thick-line signal in Figure 2 (right)
represents the instantaneous depth-averaged ufluctuations, showing clearly that also the depthaveraged velocity field carries fluctuations which
a realistic 2D depth-averaged LES would have to
yield. As the LES has near-DNS resolution near
the wall, the same turbulence structures as
obtained by DNS, with streaks, sweeps, and
ejections, are also produced by the LES.

the fluctuations behave differently, as in the LES
the streamwise and 8 k in the spanwise direction,
and periodic boundary conditions were applied in
both directions. The numerical grid had about 9
Mio points and the resolution was again good
enough so that no special near-wall modelling was
necessary. In this LES, the dynamic version of the
Smagorinsky SGS model was used. The mean
velocity field and the streamwise and wall-normal
turbulent intensities and the Reynolds shear stress
calculated by the LES agree well with experiments
of Polatel (2006). Figure 3 shows examples of the
instantaneous flow field and the coherent
structures resulting from the LES. The flow
separates near the dune crest and spanwise
vortices (or rollers) develop in the separated shear
layer springing off the crest. These rollers grow
and are swept downstream along the stoss side of
the following dune and are lifted upward by the
boundary layer redeveloping on this side (Figure
3a). They reach the surface where they break up in
a boil.
The upward motion appears to be
associated with hairpin vortices whose lines are
bent upwards so that the structures carry vertical
vorticity. This leads to the fluctuating surface
motion shown in Figure 3b. At reattachment and
somewhat beyond, the rollers, which have been
broken up already by spanwise instabilities,
impinge on the dune wall (Figure 3c) where they
cause locally high turbulence and a reorientation
of impinging fluid in directions tangential to the
wall (splatting effect). All the complex and
important details of the turbulent motion are
produced realistically by the LES and can be
studied from its results.

3.2 Flow over 2D periodic dunes
The next example concerns the flow in a wide
open channel with the bed consisting of periodic
dunes as calculated by Stoesser et al. (2008). The
ratio of dune wave-length λ to dune height k is 20
and the ratio of λ to water depth h is 5. Re based
on h and bulk velocity is 25000. The
computational domain spanned 1 dune length λ in

3.3 Open channel flow over permeable bed
Some results are presented here of the LES carried
out by Stoesser et al. (2007) of flow in an open
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a) instantaneous velocity perturbations in a longitudinal plane

b) snapshot of instantaneous velocity perturbations near surface

c)

snapshot of instantaneous velocity vectors near bed

Figure 3. Flow over 2D periodic dunes (from Stoesser et al. 2008)

the individual spheres and hence also the
mechanisms causing erosion of sediment particles
from the bed.

channel over and through 3 layers of spheres. Here
the roughness effect of the spheres was
investigated as well as the interaction of the
turbulent flow in the channel and in the pores
between the spheres. The flow configuration was
chosen according to the experiments of Prokcrajac
(2005) with a water-depth-to-sphere diameter ratio
of h/d = 3.42 and a Reynolds number of Re =
Uh/ν = 15200. The calculation domain of the
surface-flow region spanned 5.3 h × 5.3 h × h and
the subsurface region consisted of 3 layers of
spheres of diameter d arranged in a cubical pattern
with 18 × 12 spheres per layer. Periodic boundary
conditions were applied in both streamwise and
spanwise direction. 75 Mio grid points were used,
with 40 points over each sphere diameter, and the
near-wall resolution allowed again a well-resolved
LES without any special modelling in this region.
As SGS model, the dynamic Smagorinsky model
was employed. The calculated mean-velocity
distribution in the surface flow was found to agree
well with the measured one, and the calculated
turbulent intensities indicate that considerable
turbulence intrudes into the subsurface area with
the high wall-normal fluctuations in the interface
region causing high mass and momentum
exchange.
Figure 4 gives a snapshot of the complex
velocity perturbation field providing insight into
the turbulent structures prevailing. At the time
instant shown there are strong ejections away from
the interface while at other instants sweeps
towards the interface were observed. The LES
allow to study the instantaneous forces acting on

Figure 4. Open channel flow over 3 layers of spheres;
snapshot of perturbation velocity vectors in plane through
centre of spheres (from Stoesser et al.. 2007)

3.4 Flow in strongly curved open channel
Results are now presented from the DES carried
out by Constantinescu et al. (2010) of flow in an
open channel bend of high curvature over realistic
topography (see Figure 5a) corresponding to
equilibrium scour conditions. Blanckaert (2002)
had carried out a mobile-bed experiment of such a
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bend flow and measured the bathymetry and
velocity after the flow and sediment transport had
reached equilibrium. This situation, with the
topography fixed, was calculated by the DES
method of Spalart et al. (1997) using as base
model the Spalart-Allmaras (SA) one-equation
turbulence model. The Reynolds number based on
flume-averaged depth and velocity is 68400. The
calculation domain extended to 7 channel widths
upstream of the bend entrance. Inflow conditions
were generated by a precursor DES of developed
straight channel flow. In the main computation
domain, 10 Mio grid cells were used and grid
spacing in the wall-normal direction was quite
fine, but in the wall-tangential directions the
spacing was not fine enough for a well resolved
LES. Hence, near the wall the equations were
solved with the SA model in RANS mode. The
DES yielded reasonably good agreement with the
measurements for streamwise velocity and the
secondary motion. For a cross-section 60° from
the bend entrance the latter is illustrated in Figure
5c by the streamwise vorticity. Figure 5b
visualizes various vortices in the bend as predicted
by the DES. The vortex V1 corresponds to the
main cross-stream circulation developing in the
outer half of the cross-section. There are 3 also
streamwise oriented vortices V2, V3, and V4 in
the vicinity of the inner bank while the vortex in
the middle halfway around the bend, which is
associated with the shear layer forming on the
outside of the point bar, is more vertically
oriented. This calculation example demonstrates
that geometrically complex river-flow situations as
they occur in nature can be calculated realistically
by LES (here by its DES variant).

a) Bed geometry and bathymetry

b) Predicted vortical structures of mean flow
visualized by Q criterion

3.5 Flow structures at river confluence
The next example concerns a DES study of the
flow at the confluence of the Kaskaskia River and
the Copper Slough stream in Illinois, USA, taken
from Miyawaki et al. (2010). The flow and
geometrical parameters in the DES were close to
those in 2 field studies by Rhoads and Sukhodolov
(2001, 2008). The first study (case 1) was for a
momentum ratio Mr ≈ 1 and a Reynolds number
Re based on mean values of velocity and flow
depth of 166 000 and the second (case 2) for Mr ≈
5 and Re = 77 000. In a separate paper (Miyawaki
et al. 2009), the DES method was validated with
the field data for case 1. The results presented here
will concentrate on the flow structures predicted
by DES for the 2 cases. The DES method and the
generation of inflow conditions were the same as
in the previous example (bend flow) and 5 Mio
grid prints were used. The bathymetry was nonuniform and is included in Figure 6(ii).

c) Mean-flow streamwise vorticity in section D60; top:
experiment, bottom: DES
Figure 5. Flow in strongly curved open-channel bend
(from Constantinescu et al. 2010)
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(ii) Streamwise oriented vortices visualized by Q-criterion
Figure 6. Flow structures at river confluence for 2 momentum ratios Mr (left Mr ≈ 1, right Mr ≈ 5; from Miyawaki et al. 2010)

provide information on all the essential flow
structures in complex real-life situations.

For the 2 momentum-ratio cases, the vortices
developing in the mixing layer between the 2
confluence streams is shown in Figure 6(i).
Significant differences can be seen which are
discussed in detail in Miyawaki et al. (2010).
Here, attention is drawn only to the observation
that in case 1 with little velocity difference
between the merging streams the vortices in the
mixing layer are like in a van Karman vortex street
with alternating rotation. On the other hand, in
case 2 with significant velocity difference the
vortices are driven by a Kelvin-Helmholtz
instability and exhibit only clockwise rotation.
Figure 6(ii) displays the streamwise oriented
vortices (grey) that are generated at a confluence,
with 3D ribbons (black) added to indicate the
sense of rotation. A complex system of such
vortices develops with also significant differences
between the 2 cases. In case 1 it is mainly these
vortices and not the ones in the mixing layer that
cause the mixing of mass in the cross-stream
direction. This calculation example also shows
convincingly that LES (here DES variant) can

3.6 Flow around a spur dike in an open channel
In this section some exemplary results are shown
from the LES of Koken and Constantinescu (2008)
of the flow around a spur dike placed in an open
channel. Geometry and computational domain are
given in Figure 7(i) together with the bathymetry.
As in the channel-bend example, the bathymetry
was taken from a loose-bed experiment
(performed also by the authors) and corresponds to
equilibrium scour conditions. The Reynolds
number was fairly low (Re = UD/ν = 18000) so
that with 4 Mio cells the grid was fine enough near
the walls for a well-resolved LES and hence there
was no need for special near-wall modelling. The
dynamic Smagorinsky SGS model was employed
and the inflow conditions were generated by a
precursor LES of developed channel flow. A very
complex 3D flow develops around the spur dike,
with separation regions in front and behind the
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(i) Flow geometry, computational domain and bathymetry

(ii) Coherent structures visualized by Q-criterion

(iii) Instantaneous 2D streamlines in various vertical
planes (see inset in figure part a) near spur dike

Figure 7. Flow around a spur dike in an open channel (from Koken and Constantinescu 2008)

dike, the former being the origin of the horseshoe
vortex near the bed and the latter associated with a
detached shear layer formed by shed vortices.
Figure 7(ii) shows a 3D snapshot of these
structures. The horseshoe vortex system is
illustrated by 2D instantaneous streamlines in
Figure 7(iii) and shows a large primary necklace,
which was found to undergo bimodal oscillations,
and smaller upstream-located secondary and
tertiary vortices. The scour hole in front of the
dike was found to influence strongly the
development of the horseshoe vortex system.
Koken and Constantinescu (2008) also present
distributions of mean and instantaneous bed
friction and exploit their LES results for a detailed
discussion of the scour mechanisms.

tracer concentration in one groyne field initially
seeded by uniform tracer concentration. Because
of periodic behaviour of the flume in the most
downstream located groynes in the series, only
one groyne field was computed in the LES and
periodic boundary conditions were applied in the
downstream direction, the computation domain
extending from the middle of one groyne field to
the middle of the next one. In the situation
simulated, the ratio of groyne length to groyne
distance was W/h = 0.4, the ratio of groyne length
to water depth W/h = 10.8 and the Reynolds
number Re = Uh/ν = 7340. The standard
Smagorinsky SGS model was used and the grid
having 3 Mio points was not fine enough for a
well-resolved LES so that wall functions were
employed at all walls. The main recirculation flow
in the groyne field was well predicted, but the
secondary recirculation in the lee of the upstream
groyne was underpredicted compared with the
experiments, particularly near the surface.
The instantaneous flow field exhibiting vortices
in the separated shear layer between the tips of the
groynes is simulated in good accord with the
experiment, as can be seen from the snapshots in

3.7 Flow and mass exchange in groyne field
Hinterberger et al. (2007) used LES to simulate
the flow and tracer concentration in a groyne field
that was studied experimentally by Weitbrecht et
al. (2008). The latter authors placed a series of 15
groynes in a flume and measured the surface flow
by PIV and also the temporal development of
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Snapshot of instantaneous perturbation velocityvectors at
surface (top: experiment, bottom: 3D LES
Snapshot of washing out of tracer (top: at surface;
bottom: depth-averaged tracer field)
Figure 8. Flow and mass exchange in a groyne field (from Hinterberger et al. 2007)

Figure 8 (left). These vortices can also be seen
clearly in Figure 8 (right) which shows snapshots
of the concentration field some time after the start
of washing out of a tracer from the groyne field by
the turbulent mass exchange processes. The top
figure is a snapshot of contours of the surface
tracer concentration and also of the surface
elevation (calculated from the pressure distribution
at the frictionless rigid lid representing the free
surface). The lower figure displays the depthaveraged concentration, visualizing nicely the
large-scale structures that are most effective for
the mass exchange. The inset shows the decay
with time of the average concentration in the
groyne field.

also on unsteady features by resolving the largescale eddies of the turbulent motion. LES is
clearly superior to RANS whenever large-scale
structures dominate the flow and scalar-transport
behaviour and when unsteady processes like
vortex shedding and fluctuating forces need to be
determined. The details that can be obtained from
a LES are important for furthering our
understanding of the physical mechanisms, e.g. the
ones responsible for the scour process. The next
step would then be to add a model for the
sediment transport and to calculate the
development of a mobile bed by LES.
The 3D time-dependent LES calculations are
expensive, but they are affordable on modern
high-performance computers and increasingly on
clusters of PCs. However, well-resolved LES are
feasible only for problems with relatively low
Reynolds numbers. At high Reynolds numbers, as
they are usually found in practice, the near-wall
region cannot be resolved at reasonable cost.
Calculating this sub-region with a RANS model,
such as in the Detached-Eddy Simulation (DES)
technique, appears to be the most promising
solution to overcome this problem and hence

4 CONCLUSIONS
In this paper it was shown that the Large-Eddy
Simulation method can be applied to river flow
problems and allows to predict and study
situations with particularly complex flow
behaviour. The method not only yields
information on complex mean-flow features but
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Hybrid RANS/LES methods of this type will be
the methods for practical application. Another type
of hybrid method is also promising, namely
Embedded LES: the expensive LES is applied
only in sub-regions of the calculation domain
where the flow is particularly complex and not
amenable to RANS, such as in the vicinity of
structures; the main part of the domain, where
RANS yields results of sufficient accuracy for
practical purposes, is calculated with this much
cheaper method. Finally, there is a clear trend that,
because available computer power will continue to
increase, LES and particularly its hybrid variants
will soon be used also for practical river-flow
calculations.
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Flow, deposition, and erosion near finite patches of vegetation
H. Nepf, L. Zong, and J. Rominger

Massachusetts Institute of Technology, Cambridge, MA, USA

ABSTRACT: Laboratory and field-scale experiments reveal patterns of flow and transport near finite
patches of vegetation. A laboratory study was done in a 1.2-m wide channel with a 40-cm wide patch of
vegetation located along the channel wall. For most conditions, the patch was a sink for particles, as expected from the diminished flow and turbulence measured within the patch. However, for some conditions
the deposition within the patch was limited by the supply of particles to the patch. A field-scale study was
conducted at Saint Anthony Falls Laboratory. A sand-bed stream was constructed within a 40-m by 20-m
retired spillway. Point bars were established within each meander during the first flood. Vegetation was
then added to one point bar and subsequent changes to flow and topography were monitored. The inner
region of the bar accumulated sediment, but the outer 30% of the bar was rapidly eroded due to the flow
acceleration associated with the flow divergence. The seminar draws on additional studies to build generalizations about the competing roles of erosion and deposition in and around finite patches of vegetation.
Keywords: Vegetation, Deposition, Erosion, Stream channels

explore the flow and transport near finite patches
of vegetation.

1 INTRODUCTION
By producing additional hydrodynamic drag,
patches of aquatic vegetation change the mean
flow distribution, which in turn may influence the
distribution of sediment. Vegetation reduces the
local velocity and therefore the local bed shear
stress, so that it creates conditions that favor deposition and buffer against re-suspension (Gacia and
Duarte, 2000; Cotton et al., 2006; Widdows et al.,
2008). Thus, vegetation can influence channel
morphology. For example, Tal and Paola (2007)
experimentally showed that single-thread channels
are stabilized by vegetation.
Further, finite
patches of vegetation have been associated with
enhanced bed elevation within the patch, attributed to particle retention, and sometimes with
diminished bed elevation at the edges of the patch,
attributed to flow diversion (Fonseca et al. 1983,
Bouma et al. 2007). In addition to altering the bed
morphology, the capture of particles within vegetation enhances the retention of organic matter,
nutrients and heavy metals within a channel reach
(e.g. Schultz et al., 2002; Brookshire and Dwire,
2003; Windham et al., 2003). This paper describes laboratory and field-scale experiments that

Figure 1. Schematic of laboratory study

2 LABORATORY STUDY
2.1 Description of Flow Domain
In this study we consider the deposition pattern
within a finite region of bank vegetation. The
model consists of an open channel partially filled
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unit volume, a = nd, and the average solid volume
fraction of the array, φ = n(πd2/4). We denote the
stream-wise coordinate as x, with x = 0 at the leading edge of the vegetated region (Figure 2).

with emergent vegetation constructed from a staggered array of rigid circular cylinders (Figure 1).
The cylinder array is described by the following
parameters: the cylinder diameter, d, number of
cylinders per unit bed area, n, the frontal area per

Figure 2. Top view of the flow near a finite patch of vegetation (grey) at the channel sidewall.

δv that has rapid exchange with the adjacent open
water and an inner region that has much slower
exchange. The turbulent diffusivity, Dy, in outer
region is ten to one hundred times higher, than
that of the inner region (Ghisalberti and Nepf
2004, 2005).
The spatial distribution of deposition within the
vegetation patch will depend on the flow conditions within the patch, as well as the delivery of
particles to the patch. Particles can enter the patch
from the leading edge (x = 0) through mean-flow
advection, or from the lateral edge of the patch (y
= b) through lateral dispersion. For flow depth h
and settling velocity Vs, the settling time-scale, Ts
= h/Vs, predicts the distance, xa, over which particles entering from the leading edge advect before
they are lost to deposition,

The lateral coordinate is y, with y = 0 at the
side boundary. Because the vegetation creates
high drag, much of the flow approaching the patch
from upstream is diverted away from the patch.
As show in Figure 2, the region of diversion begins upstream of and extends some distance into
the vegetation (Zong and Nepf, 2010). The end of
the flow diverging region is denoted by xD.
Beyond this point, the magnitude of the uniform
flow within the patch (U1) and in the open region
(U2) is set by the balance of potential gradient
(due to bed and surface slopes) and the hydraulic
resistance imposed by the stems and the bed. The
difference between U1 and U2 creates a shearlayer at the interface between the parallel regions
of emergent vegetation and open channel that in
turn generates large coherent vortices via the Kelvin-Helmholtz instability, as also seen in free and
shallow shear layers (e.g. Ho and Huerre, 1984;
Chu et al., 1991). Similar structures form at the
top interface of submerged vegetation (Ikeda and
Kanazawa, 1996, Ghisalberti and Nepf, 2002).
These energetic vortices dominate mass and momentum exchange between the vegetation and the
adjacent open flow. The initial growth and the final scale of the vortices and their penetration into
the patch, δv, are shown schematically in Figure 2.
Based on laboratory experiment δv =0.5(CD a)-1,
where CD is the bulk drag coefficient for the vegetation (White and Nepf, 2007). If the patch width,
b, is greater than the penetration scale, δv, the
patch is segregated into an outer region of width

xa = U1Ts = U1h/Vs

(1)

Note that xa is from the end of the flow diverging region (xD).
For the particles entering the patch through lateral dispersion, the settling time scale, Ts, can also
be used to estimate the maximum distance, δmax,
particles can be carried from the lateral edge.

δmax= 4 (Dyh/Vs)1/2

(2)

If the patch length, l, is long enough (l >> xD+xa)
and the width, b, is wide enough (b > δv +δmax),
there will be a region within the patch into which
particles supplied from the upstream or from the
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(Φ = 0.02). Within the patch (x > 0), the steamwise velocity continued to decrease until the diversion ended at roughly xD = 200 cm for the
dense patch and xD = 300 cm for the sparse patch.
Beyond the diverging region (x > xD), the velocity
within the vegetation was uniform (∂ū/∂x = 0) until the end of the patch. The region x > xD will be
called the fully developed region within the patch.

lateral edge cannot reach. If such regions exist
within the patch, then the deposition within the
patch will be supply limited.
2.2 Experiment methods
Experiments were conducted in a 16-m long recirculating flume with a test section that is 1.2-m
wide and 13-m long. The flume was partially
filled with a patch of model emergent vegetation,
constructed with a staggered array of circular cylinders of diameter d = 6 mm. The patch was 0.4m wide (1/3 of the flume width), 10-m long, and
began 2 m from the start of the test section. The
cylinders were held in place by perforated PVC
baseboards that extended over the entire flume
width. Two stem densities were considered, with
a = 4 m-1 and 20 m-1, corresponding to solid volume fractions of φ = 0.02 and 0.10, respectively.
Three flow rates were tested for each patch density, with upstream channel velocities of U = 5
cm/s, 9 cm/s and 11 cm/s. The velocity field was
measured using two Nortek Vectrino ADVs. A
longitudinal transect was made through the centerline of the patch (y = 20cm), starting 2m upstream
of the patch (x = -2m) and extending to the end of
the patch (x = 10m).
Following the scale analysis done by Zong and
Nepf (2010), we chose a model sediment of glass
spheres with diameter dP =12 μm and density ρ =
2500 kg/m3 (Potters Industry, Inc., Valley Forge,
PA), with a settling velocity on the order of Vs =
0.1mm/s. To begin the deposition study, 550g of
particles were vigorously mixed across the width
of the upstream feeder tank. The particles circulated with the water through the closed flow system. The net deposition was measured using rectangular microscope slides (75 mm × 25 mm),
which were placed on the bed of the flume. The
dry slides were weighed before placement. At the
end of the experiment, the slides were baked
overnight to remove moisture, and then reweighed. The weight of a slide after the experiment minus the weight before was taken as the net
mass deposition. Three replicate experiments were
made for each condition, and the uncertainty in
net deposition was estimated from the standard error among replicates for each position.

Figure 3. Normalized streamwise velocity along centerline
of patch. Patch leading edge is at x = 0.

To illustrate the role of the advection distance,
xa, we consider the lateral patterns of deposition
observed at positions both greater than and less
than this distance (Figure 4). For each case, the
deposition was normalized by the maximum deposition observed inside the patch, which was an
approximation for the maximum potential deposition. We first consider the deposition pattern observed at comparable longitudinal positions (x =
700 and 735 cm), and at comparable channel
speeds (U = 9 cm/s), but within patches of different stem density (Figure 4a). The difference in
patch density produced different in-patch velocities, with U1 = 0.2 and 1.1 cm/s in the dense and
sparse patch, respectively. This led to different
advection distances, xa = 260 cm (dense) and 1430
cm (sparse), which corresponded to different distances from the leading edge of xD + xa = 460 cm
(dense) and 1730 cm (sparse). For the sparse
case, the position shown is less than xD + xa. This
indicates that the particle supply is pre-dominantly
by advection from upstream. Because the velocity
is laterally uniform within the patch, the delivery
is uniform, and the deposition within the patch is
laterally uniform (Figure 4a). The deposition
dropped near the flow edge (y = 36 cm) because
of the enhanced turbulence associated with the
shear-layer vortices. The diminished deposition (y
= 36 cm) was within the region of vortex penetration, i.e. y = b -δv to y = b, which corresponded to
y = 30 to 40 cm. for this case. In contrast, for the
dense patch the deposition was not uniform across
the patch width (Figure 4a). The deposition was

2.3 Results and Discussion
The normalized velocity profiles collapsed into
two groups, corresponding to the two patch densities (Figure 3). Approaching along the centerline
of the patch (y = 20cm), the longitudinal velocity
began to decrease one meter upstream of the leading edge for the dense patch (φ = 0.10) and 50 cm
upstream of the leading edge for the sparse patch
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Figure 4a. Deposition in dense and sparse patch under the
same flow conditions, U = 9 cm/s.

Figure 4c. Deposition in dense patch under high flow condition (U=5cm/s).

Figure 4b. Deposition in the sparse patch under low flow
condition (U=5cm/s).

Figure 4d. Deposition measured at x = 550cm in the dense
patch for three different flow conditions

highest near the flow-parallel edge (y = 40 cm)
and decreased with the distance into the patch.
The pattern of deposition observed in the dense
patch (Figure 4b) suggests that the supply of particles was by diffusion from the flow-parallel
edge. For the dense patch (Figure 4a) the profile
position (x) is greater than xD + xa = 460cm, indicating that a significant fraction of the particles
supplied from the leading edge had been lost upstream of this point, and the particles in this region of the patch are supplied pre-dominantly by

diffusion from the flow-parallel edge. Indeed, the
profile shape is similar to that observed by Sharpe
and James (2006), who measured deposition under
conditions for which the only source of particles
to the vegetation patch was by diffusion from the
flow-parallel edge.
We also considered how the lateral pattern of
deposition evolved longitudinally within a single
patch. We give two specific examples. For the
sparse patch under the lowest channel flow (Figure 4b) the entire patch was shorter than the ad36

the patch, L, is much longer than xD+xa, then there
can be regions of the patch that will have limited
deposition due to a lack of suspended particle
supply. Cotton et al. (2006) include possible examples of the supply-limited condition in their observations of fine sediment deposition within
patches of Ranunculus.

vection distance (xD + xa = 11 m), and the deposition was uniform across the patch for the entire
patch length. This is consistent with particle
supply dominated by advection. The decline in
deposition with increasing x can be attributed to
the loss of suspended sediment to upstream deposition within the patch. In contrast, consider a
case for which the total patch length was longer
than the advection distance. In the dense patch
with the highest flow, xD + xa = 520cm. The deposition near the leading edge was laterally uniform (x = 180 cm). However, moving downstream, the deposition pattern gradually shifted to
the signature shape of lateral flux (x > xD + xa).
Finally, the three deposition profiles measured
in the dense patch, at the same position (x
=550cm), but under the three different flow conditions are shown in Figure 4d. For all cases shown
in this figure x > xa+xD. Across the patch width
the deposition pattern was similar for all flow
conditions, with maximum deposition near the
edge of the patch and low deposition near the sidewall. As the upstream channel flow, U, decreased, the deposition in the patch decreased only
slightly, while the deposition in the open region
increased significantly. The trend in the open region is consistent with net deposition limited by
re-suspension. As the open channel velocity decreased, re-suspension decreased, and net deposition increased. Within the patch, however, the
deposition was supply limited, with supply dominated by the lateral flux from the flow-parallel
edge. The lateral footprint of deposition was similar for the three flow speeds, which suggests that
the lateral flux was also similar. This is consistent
with known scaling for turbulent diffusion within
vegetation. Previous studies have shown that lateral diffusivity within vegetated regions scales as
Dy ~ U1 d (Nepf et al. 2007). Together with (2),
and the fact the stem diameter, d, is the same for
all three cases, we expect that lateral footprint of
deposition, δmax, will be comparable for all flow
cases, consistent with the observation.

3 FIELD-SCALE STUDY
3.1 Description of Facility and Methods
A second set of experiments was conducted in the
Outdoor StreamLab (OSL), an experimental facility built on a retired spillway adjacent to the
University of Minnesota’s St. Anthony Falls Laboratory in downtown Minneapolis. During 2008
a sand-bed stream was constructed with three
meander bends that have an average wavelength
of 25 m and a sinuosity of 1.3 (Figure 5).
The system can provide water discharges up to
2100 L/s, although flows for this set of experiments were considerably smaller. Through the
summer of 2008, a base flow of 38 L/s was maintained in the stream. Bank-full flood events, representative of the average flood magnitude in natural channels, occurred at approximately weekly
intervals, each lasting nine hours with a flow of
208 L/s. The banks of the channel were fixed in
geometry and position with coconut fiber matting,
but the bed of the channel was mobile, and consisted of coarse-grained sand (median grain size:
D50 = 0.7 mm). A recirculating sediment system
recycled bedload sediment lost from the downstream end back to the upstream end of the
stream. During the first flood event, point bars
formed from the mobile bed material near the inner bank of the meander bends. These point bars
formed within the first few hours of the first flood
event on July 10, 2008, and remained as stable artifacts during the base flow and subsequent flood
events in summer 2008.

2.4 Conclusion
Particles are supplied to a patch of vegetation by
mean advection through the leading edge and by
lateral turbulent diffusion through the flowparallel edge. The relative contribution from
these two sources is described by the length-scale,
xD+xa. For x < xD+xa, the supply of suspended
particles is dominated by mean advection and the
net deposition is laterally uniform across the patch
width. Beyond xD+xa the supply is dominated by
lateral flux from the flow-parallel edge, and the
net deposition is highest near that edge and decreasing toward the patch interior. If the length of
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Figure 5. Top view of Outdoor StreamLab

Velocity measurements were made during each
of the 9-hr flood events. A Nortek Vectrino
Acoustic Doppler Velocimeter (ADV) was used to
measure velocity at the cross sections shown in
Figure 5. The ADV was mounted on a motorized
traverse oriented perpendicular to the local stream
direction. The velocity was recorded at each point
for between 120 to 240 seconds at 25 Hz. Surveys
using a Leica Total Station were used to gather
geometric information about the channel geometry
as it developed over the summer. Following the
third flood, two reed species, Juncus effusus and
Scirpus atrovirens were planted on the portion of
the sand bar in the second meander that was exposed at base flow. This vegetation was planted
in a staggered array that produced a vegetated
frontal area per unit volume of a = 5.2 m-1, where
a = ndplant, n = 69 m-2 is the number of plants per
unit area, and dplant (avg) = 0.075 m is the characteristic diameter of the plant.

with most of the vegetation in this zone. This loss
in point bar area, observed in the early stages of
the flood, was confirmed by photographic and
survey data. Similar measurements for the unvegetated point bar in meander 3 showed no loss in
emergent bar area, confirming that the losses observed in the second point bar were due to the
added vegetation. The plants that were not
scoured away in the first hours of the first flood
were stable for the remainder of the summer flood
sequence.
Both the depth-averaged streamwise velocity
and the secondary circulation at the apex of the
meander changed significantly after the vegetation
was added (Figure 7).
The depth-averaged
streamwise velocity decreased over the bar and
increased in the open region (Figure 7a). In addition, the secondary circulation increased in
strength, but was confined to the deepest section
of the channel. Finally, over the point bar, a
strong outwards (toward outer bank) flow now extended over the entire depth of the water column.
The difference in the velocity field before and
after the addition of the vegetation occurred because the vegetatiVve drag decreased the flow
over the bar, which created additional lateral diversion of flow toward the open channel. This diversion led to an acceleration of flow at the edge
of the vegetation, causing the observed scour.
Specifically, the velocity at the vegetation edge (y
= 50 cm) increased from 45 cm/s before the addition of vegetation (Figure 6a) to 55 cm/s after the
addition of vegetation (Figure 7a). In addition, after the vegetation was added, the centrifugal force

3.2 Results and Discussion
As expected, a secondary circulation was observed in the meander bends prior to the addition
of vegetation. The circulation was most intense
near the apex of the meander, with a strong lateral
outflow near the water surface and a return current
near the bed of the stream (Figure 6b). The secondary circulation predominantly occupied the
deeper part of the cross section, with smaller lateral, v, and vertical velocities, w, over the bare
point bar. The depth-averaged streamwise velocity was highest near the outer bank of the meander
and smallest over the point bar (Figure 6a).
During the first flood event after the planting,
the cross-sectional geometry changed rapidly due
to the flow disturbance created by the plants. The
outermost row of plants was scoured away, as
well as part of the next outermost row, removing
approximately 50 cm of the point bar width along
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Figure 6. Velocity Measurements at Apex with bare point bar. (a) Depth averaged downstream velocity, and (b) velocity components in the lateral and vertical directions. The cross-sectional outline shows the measured bed profile.

Figure 7. Velocity Measurements at Apex with vegetated point bar. (a) Depth averaged downstream velocity, and (b) velocity
components in the lateral and vertical directions. The cross-sectional outline shows the measured bed profile

Figure 8. Change in bed elevation after the addition of vegetation measured at the meander apex.

exceeded the cross-stream pressure gradient over
the entire depth over point bar, causing a lateral
flow toward the open channel and outer bank that
extended over the water depth in the vegetated region, i.e. there was no return flow at the bed (Figure 7b). The return current near the bed was limited to only the deepest parts of the channel, in
contrast to the conditions before the vegetation

(Figure 6b), in which the return flow extended
onto the bar. This implies that the addition of vegetation changed the secondary flow in such a
way as to cut off sediment supply from the open
channel to the bar.
Measurements of the bed geometry taken before and after the vegetation was added show how
the depth-profile changed (Figure 8). Approx39

imately 4 cm of sediment was deposited within
the vegetation and 2 cm of erosion occurred at the
edge of the vegetation. Bouma et al (2007) made
similar observations near artificial islands of vegetation planted in a tidal flat. In that study two
stem densities were considered. For patches with
the higher stem density, significant erosion occurred at the edges of the newly planted vegetation, while deposition occurred within the patch,
similar to the observations reported here. However, at the lower stem density only deposition within the patch was observed, with no significant erosion at the patch edge. This indicates the
important role of stem density in setting the relative magnitudes of deposition and erosion generated by vegetation.
Finally, in the present study erosion also occurred in the deeper parts of the cross section near
the outer bank. Recall that here the outer bank of
the channel was protected from erosion by fiber
matting. If the outer bank had not been protected,
it would have likely experienced erosion, because
the strength of the secondary circulation increased
significantly with the addition of vegetation. In a
natural channel, we anticipate that the vegetation
addition would accelerate the growth of the inner
bar while eroding the outer bank, and therefore
might accelerate the growth of the meander.
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3.3 Summary
In the second experiment, we showed that the addition of vegetation may promote erosion as well
as deposition. Following the addition of vegetation, erosion occurred near the lateral edge of the
new patch of vegetation, resulting in a 33% loss of
emergent bar width at the apex. However, deposition occurred further into the vegetation, near the
inner stream bank. The observations suggest that
the spatial accelerations caused by the presence of
the vegetation shifted the sand bar area to a new
geometric equilibrium.
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ABSTRACT: A simple lateral distribution model is shown to be a useful tool for analyzing a range of
practical problems in river engineering. The model is based on the Shiono & Knight method (SKM) of
analysis that takes into account certain 3-D flow features that are often present in many types of watercourse during either inbank or overbank flow conditions. The paper demonstrates the use of this model to
predict lateral distributions of depth-averaged velocity and boundary shear stress, stage-discharge relationships, as well as indicating how to deal with some vegetation, sediment and ecological issues. The
paper illustrates the use of the SKM approach, and the recently developed Conveyance Estimation System (CES), which is largely based on the SKM, through a number of case studies. The CES features in
the Conveyance and Afflux Estimation System (CES-AES) software, which is freely available at
www.river-conveyance.net. The paper concludes with a discussion on the limitations and the future potential of the methodology, including the possibility of analyzing steady flows in non-prismatic channels
and determining kinematic wave speed versus discharge relationships in unsteady flow.
Keywords: Floods, Stage-discharge relationships, Velocity distributions
since it relies on steady flow conditions, the channel cross section being prismatic and only gives
the lateral distributions of depth averaged velocity
and boundary shear stress. However, it should be
remembered that very often simple tools are still
used to craft works of art and beauty. Just consider what can be done with a paintbrush, chisel and
tape measure. It is the skill to which they are put
that portrays the ‘usefulness’ of the tools.
So when dealing with practical river issues, it
is worth re-iterating that very often steady flows
do need to be analyzed (e.g. when estimating conveyance capacity for drainage systems or in extending stage-discharge relationships), that river
reaches or channels are often treated as being
prismatic (e.g. reaches near gauging stations), that
knowing the distribution of depth-averaged velocity across a channel is useful (e.g. in vegetation
studies, and for checking ADCP {acoustic Doppler current profile} or propeller gaugings at specific river gauging sites) and knowing about
boundary shear stresses is important in most sediment studies.

1 INTRODUCTION
1.1 Why bother with such a simple model?
It is worth noting that higher dimensionality of
model does not necessarily lead to better accuracy
in the results. In certain cases, the opposite may
be true. The principle of Occam’s razor should
always be applied – that of starting with the simplest by assuming the least. (Pluralitas non est
ponenda sine necessitate; “Plurality should not be
posited without necessity”, William Occam,
1285–1347). The principle gives precedence to
simplicity; of two competing theories, the simplest explanation of an entity is to be preferred. In
the context of modelling flows in rivers, this suggests caution before embarking on 3-D modelling
for solving every type of river engineering problem.
1.2 Do all the assumptions limit the model too
much?
In technical terms, a lateral distribution model
(LDM) might be considered to be too simplistic
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2 MODELLING ISSUES

Q = KS 1 / 2

where K involves geometric and roughness parameters, it is also possible to deduce the discharge
from Eq. (4), provided K and S are known. Furthermore, if K values are calculable for a range of
depths under steady flow conditions, then they
may be used in an unsteady flow model, such as
one based on the St Venant equations, to estimate
the discharges at given river stages for both inbank and overbank flows in unsteady flow.

2.1 What are the dominant physical processes?
It should be emphasized that all models are but
tools that reflect the concepts and physical
processes that are deemed to be of particular importance, and are usually based on some physical
data from natural phenomena. The process of obtaining the most appropriate concepts, through to
model building and then finally on to calibration
is considered elsewhere by Nakato & Ettema
(1996), Knight (2006a, 2008) and Mc Gahey et al.
(2008).
The lateral distribution model used herein is
based on the Shiono & Knight method (SKM), described fully in several other places, for example
Shiono & Knight (1991), Knight & Shiono
(1996), Abril & Knight (2004) and Knight et al.
(2010). The model attempts to incorporate the
key physical aspects illustrated in Figure 1.

2.2 Governing equations
The SKM is now outlined very briefly. Some of
the constants and parameters are therefore undefined herein and further details should be obtained
via the references. The governing equation for the
depth-averaged velocity in a prismatic channel is
assumed to be given by
∂Hτ yx
⎡ ∂H (UV ) d ⎤
1
= ρgHS o +
−τ b 1+ 2
⎥
∂y
∂y
s
⎣
⎦
1
−
ρ (C D β Av ) H U 2d
2δ

ρ⎢

Given the 3-D nature of the flow in most rivers,
it is customary to discretize the cross-section into
either slices for a 2-D model or elements for a 3-D
model. The discharge, Q, is then obtained by the
integration of local velocities with corresponding
local areas, using Eq. (1) for a 3-D model, or Eq.
(2) for a 2-D model and river gauging.
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(6)
U d = A1e γy + A2 e −γy + k
where A1 and A2 are, as yet, unknown constants
for each panel, but obtained by applying appropriate boundary conditions. The constants γ and k
are given by

(1)
(2)

γ =

where

1
Ud =
H

(5)

where the overbar or the subscript d refers to a
depth-averaged value, {U, V, W} are velocity
components in the {x, y, z} directions, as illustrated in Figure 1, with x = the streamwise direction parallel to the channel bed, y = lateral direction and z = direction normal to the bed, H = depth
of flow, ρ = fluid density, g = acceleration due to
gravity, So = bed slope, τyx = Reynolds stress on
plane perpendicular to the y direction, τb = boundary shear stress, CD = drag coefficient due to vegetation, β = shape factor for the type of vegetation, δ = porosity and Av = projected area of
vegetation in the streamwise direction per unit volume.
For flow over a flat bed in a vegetated channel,
the analytical solution for Ud from Eq. (5) is

Figure 1. Flow in a natural channel (after Knight & Shiono,
1996)

Q = ∫ udA = ∫

(4)

k=

(3)

2⎛ 8 ⎞
⎜ ⎟
λ ⎜⎝ f ⎟⎠

14

1
H

f ⎛H ⎞
+ ⎜ ⎟C D βAv
8 ⎝ 2δ ⎠

gS o H − Γ / ρ
f / 8 + ( H /(2δ ))C D β Av

(7)

(8)

For flow over a linearly sloping bed without
vegetation, Ud is given by

Since the conveyance, K, is related to a longitudinal slope, S (as yet undefined), by
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[

U d = A3ξ α + A4ξ −(α +1) + ωξ + η

]

12

a bed slope of 0.001, with f = 0.02, and constant
values for and Γ taken to be 0.07 and 0.15 respectively.
In this particular case the roughness (f), eddy
viscosity ( ) and secondary flow (Γ) values are
chosen so that the flow is symmetric about the
centerline, although this need not necessarily be
the case if the channel has a slight bend or the
roughness varies across the channel. Under these
circumstances, more panels would be required to
simulate the flow. Figure 3 shows the corresponding boundary shear stress distribution.

(9)

where the constants α, ω and η are given by
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Velocity
5

Similar to the flat bed case, A3 and A4 are unknown constants for each panel, but are obtained
by applying appropriate boundary conditions. See
Knight et al. (2004 & 2007) and Shiono et al.
(2009) for further details.
As shown by Eqs (7)-(8) or Eqs (10)-(12), each
panel requires three calibration parameters (f, λ
and Γ) to be known for each part of the flow,
where f = Darcy-Weisbach friction factor; λ =
dimensionless eddy viscosity; s = the channel side
slope of the banks (1:s, vertical: horizontal) and Γ
= lateral gradient of the advective term in Eq. (5).
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Figure 2. Flow in 20 m wide rectangular channel (single
panel results, with y = 0 at centreline).

Bed Shear stress

2.3 Solution methodology
50

Tau (N /m 2)

The essence of the SKM is that any prismatic
cross-section may be discretized by a series of linear elements, thus producing panels with either a
flat or a sloping bed. A set of linear simultaneous
equations, based on Eqs (6) and (9), are then
solved to obtain the two Ai coefficients required
for each panel. Depending on the number of panels adopted, the equations may be solved either
algebraically by hand or numerically, using standard procedures. A free software program may be
downloaded from www.river-conveyance.net that
will handle any reasonable number of panels per
cross-section. Alternatively the algebraic equations may be solved using a standard matrix solver, as in Microsoft Excel.
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Figure 3. Boundary shear stress distribution in a 20 m wide
rectangular channel (single panel results, with y = 0 at centreline).

The effect of varying the three calibration parameters, as well as the number of panels that
constitute the cross section has been extensively
studied, using high quality laboratory data, available at www.flowdata.bham.ac.uk. See Chlebek &
Knight (2006), Knight (2008), Sharifi & Sterling
(2009) and Tang & Knight (2009) for details.
Where there are discontinuities in the roughness distribution across the section, it is important
to alter the velocity gradient boundary condition
between panels, such that Eq. (13) is satisfied, as
in these cases μ ≠ 1.0. Based on an approximation

3 EXAMPLES
3.1 Obtaining lateral distributions of velocity
and boundary shear stress
Figure 2 illustrates the solution for the simplest
possible case, that of flow in a rectangular channel
using just one panel. The overall width of the
channel is 20 m and the water flows 5.0 m deep at
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of the exact Eq. (6), linearly varying the value of f
within each panel, maintaining the mean value,
⎞
⎟⎟
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aids smoothing of the τb distributions. Otherwise,
τb varies in a saw-tooth pattern in direct response
to lateral changes in f between panels, since Ud is
the same for both panels at the interface. This
arises because of the relationship between τb and
depth-averaged velocity, given by

τb =

f
ρU d2
8
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Figure 5. Simulated H v Q for a trapezoidal channel, compared with FCF data, using 2 panels (So=1.027×10-3,
f1=0.016, f2=0.018, λ1=0.01, λ2=0.12, Γ1=0.0, Γ2=0.0).

(14)

An example of lateral smoothing is illustrated
in Figure 4, which shows simulations of boundary
shear stress in a smooth trapezoidal channel using
6 panels. Where constant f values are used for individual panels, the saw-tooth pattern results, even
though the velocity distribution is smooth (not
shown, but readily demonstrated). Furthermore
the effect of linearly varying f within a panel
smoothes out the distribution of stress, as also observed in data. This is effectively using a 2-D
model to mimic a 3-D effect, as shown by data obtained by Tominaga & Nezu (1991). See Omran
(2005) and Knight et al. (2007) for further details.

One advantage of this approach is that it is then
possible to investigate the influence of a single parameter on a whole range of stage-discharge relationships, as illustrated in Figure 6, in which the
eddy viscosity in the flat bed region (panel 1) is
varied.
A further example is shown in Figures 7 & 8,
where a rectangular compound channel is modelled using just 2 panels, one for the main channel
(MC) and the other for the floodplain (FP). Figure 8 shows there is good agreement between the
analytically derived stage-discharge relationships
and measured data for a range of B/b values (B/b
= channel semi width/main channel semi width).
So far, the examples have been based on flow
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Figure 4. Boundary shear stress simulations of flow in a trapezoidal channel (6 panels, with variable , Exp. 16, Yuen),
after Omran (2005).

Figure 6. Influence of main channel eddy viscosity (λ1) on
the discharge in a trapezoidal channel (So=1.027×10-3,
f1=0.016, f2=0.018, λ2=0.12, Γ1=0.25, Γ2=0.0).

3.2 Obtaining stage-discharge relationships
The velocity distribution may be integrated with
respect to y to give the discharge, using Eq. (2).
For a simple shape of cross section, this is
straightforward, as illustrated in Figure 5.
An alternative procedure to point by point integration is to undertake the calculations analytically, using Eqs (6) and (9) applied to the appropriate
element or panels directly, as shown by Liao &
Knight (2007a&b). Figure 6 illustrates this for the
same case as shown in Figure 5.

Figure 7. Two-stage rectangular compound channel
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in standard geometric shapes for the cross-section,
either rectangular (simple and compound) or trapezoidal. In order to illustrate the use of the SKM
for any shape of channel, Figures 9-11 show some
simulations based on the CES software, applied to
the Ngunguru River at Drugmores Rock, described by Hicks & Mason (1998).
Figure 9 shows the cross-section, Figure 10 a
predicted stage-discharge relationship and Figure
11 the back-calculated Manning’s n for the reach.
In general the agreement with the data is good,
with the exception of flows at very low depths
when the roughness rises sharply due to the size
of boulders. This issue is discussed further by Mc
Gahey et al. (2009), where alternative roughness
laws for mountain rivers are explored.
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Figure 10. CES stage-discharge prediction and data for the
River Ngunguru at Drugmores Rock (Hicks & Mason,
1998; Mc Gahey, 2006).
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3.3 Dealing with vegetation issues
The final term in Eq. (5) is included so that
emergent and submerged types of vegetation may
both be dealt with in a simplified way within the
SKM approach. Two cases studies related to the
Rivers Avon and Hooke in the UK, where water
crowfoot (Ranunculus pseudofluitans) predominates, are discussed by Mc Gahey in Knight et al.
(2010). In general, each panel roughness and drag
coefficient may be adjusted to suit the particular
type of vegetation in the channel. A Roughness
Advisor (RA) is included within the CES software
that also acts as a guide to weed cutting/growth
patterns for different morphotypes, and the consequent change in roughness with time. This issue
is described further in Mc Gahey et al. (2009).
The general concept of roughness in fluvial hydraulics and its formulation in 1-D, 2-D & 3-D
numerical simulation models is discussed by
Morvan et al. (2008).
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Figure 11. Back-calculated CES Manning n values and
measured Manning n values from the River Ngunguru at
Drugmores Rock (Hicks & Mason, 1998; Mc Gahey 2006).

Three cases of simulating emergent-type of veg
tation in prismatic channels are shown in Figures
12-16. Figure 12 shows inbank flow in a rectangular channel, with the roughness concentrated on
the left side. Figure 13 shows the simulation,
based on Eq. (6), together with the experimental
data. The results indicate that the analytical model simulates the data reasonably well, except for a
small region in the middle of the shear zone. Secondary flow effects are seen to be small.
Figures 14-16 show two simulations of overbank flow with different floodplain roughnesses.
Figure 14 shows the case of uniform roughness
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spread over the entire floodplain, thereby creating a strong transverse shear layer at the floodplain and main channel interface. The model
agrees well with the data obtained by Pasche &
Rouve (1985).
Figure 15 shows a commonly occurring nonuniform distribution of roughness on a floodplain,
caused by a strip of vegetation at the edge of the
floodplain, typically composed of trees or bushes.
Figure 16 shows the simulated lateral distribution
of Ud, indicating a localized dip at the floodplain
edge. The agreement with the experimental data
is again reasonable, as discussed by Tang &
Knight (2009). Similar simulations have been undertaken by Rameshwaran & Shiono (2007) and
Shiono et al. (2009), who show how the SKM can
be developed further analytically to simulate
floodplain and bankside roughness even better.
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Figure 16. Comparison of predicted Ud with data (Run 2b).

Since the bed shear stress, τb, or shear velocity,
U* ( = τ b / ρ ), occurs in many sediment transport equations, this allows for the transport rate to
be determined panel by panel across the channel.
These values may then be integrated laterally to
give the total transport rate, as shown by Knight &
Yu (1995). An example of it being used to predict
sediment transport rates in a compound channel is
given in Knight et al. (2010).
The method may also be used to investigate
scour and erosion issues as τb is one of the key parameters in such phenomena. More usefully, the
SKM allows one to determine directly the shear
force on any element on the wetted perimeter of a
prismatic channel in purely analytic terms.
The apparent shear force on any internal interface within the flow is given by

3.4 Dealing with sediment issues
The SKM lends itself to dealing with sediment issues on account of it being able to predict the distribution of boundary shear stress around the wetted perimeter of any shaped prismatic channel.
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τa =

1
H

∫

Y

0

[ ρgHS o − ρ

f
1
2
U d 1 + 2 ]dy
8
s

in straight prismatic channels. It is deliberately a
simple 1-D approach, but has some 3-D features
that make it useful for solving certain types of
fluvial problems.

(15)

Thus by inserting Eqs (6) and (9) for the velocity in the appropriate panels into Eq. (15), it is
possible to integrate the ensuing expression between any two limits to obtain analytic expressions for the shear force on any element, say SFi
on the ith element, only involving the same constants Ai which will be known through having applied appropriate boundary conditions when solving for the velocity distribution. Furthermore, this
provides a link between the zonal discharge in any
zone of the channel and the boundary shear on the
associated wetted perimeter element. See Knight
& Tang (2008) for details and how this also links
to the ‘area’ method for analyzing overbank
flows.

4.2 Equifinality and calibration issues
A particular difficulty arises in multi panel models
where several parameters are used to simulate certain physical flow mechanisms in each panel.
There is usually a lack of sufficiently comprehensive data from which to select such parameters
and hence to calibrate the model without ambiguity for practical use. In the SKM approach for example, the choice of the three calibration parameters (f, λ and Γ) is fraught with difficulties due to
lack of measured data for flows in even generic
shaped prismatic channels. Until such work is
undertaken this will inevitably limit the application of this model. Recent work by Sharifi (2009)
and Chlebek & Knight (2006) and Sharifi and
Sterling (2009) indicate that it is possible to investigate numerically the physical parameters more
thoroughly than hitherto.

3.5 Dealing with non-prismatic channels
Having established the methodology for dealing
with prismatic channels, it is worth noting that the
SKM has been applied to some types of overbank
where there is a simplified transitional geometry
from one cross-section to another. Typical examples tested are those where the floodplain narrows
or widens, maintaining the same type of prismatic
channel. See for example work by Bousmar &
Zech (2004) and Rezaei & Knight (2009).

4.3 Comparison with 3-D simulations
Although the SKM cannot match the details from
a full 3-D flow simulation, the general features of
key parameters, such as Ud and τb, can be reproduced moderately well for the restricted types of
flow outlined above. Some comparisons have
been made between the results generated by the
SKM and large eddy simulations (LES), as illustrated by Omran et al. (2008).

3.6 Dealing with unsteady flow issues
One application of SKM for unsteady flow is in
the determination of the speed of a flood wave.
Since the kinematic wave speed, c, is related to
the inverse slope of the H v Q relationship by
1 dQ
c=
B dH

5 CONCLUDING REMARKS

(16)

The use and limitations of a simple depthaveraged velocity lateral distribution model have
been demonstrated through worked examples covering inbank and overbank flows. Refer to the
website www.river-conveyance.net and Knight et
al. (2010) for further information.

where B = surface width, it is possible to use the
predicted H v Q relationship obtained from Section 3.2 to obtain the c v Q relationship, based
purely on cross-section geometry. See Knight
(2006b) and Tang et al. (2001) for examples.
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A River hydrodynamics
A.1 Turbulent open-channel flow and transport phenomena
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Spatial Variability in Turbulent Flows over Water-worked Gravel
Beds
J. R. Cooper & S. J. Tait

School of Engineering, Design & Technology, University of Bradford, Bradford, UK

ABSTRACT: This paper describes a series of laboratory tests in which flow velocities have been measured in a detailed spatial pattern over a water-worked gravel bed. These data have been utilized to examine the level of flow spatial variability and its influence on momentum transfer. The results revealed
significant degrees of spatial variation in time-averaged velocities, of a level to the temporal variability in
instantaneous velocities. Spatial variability in turbulent intensities was substantially less than in timeaveraged velocities. Form-induced stress was only significant within the roughness elements, and made
contributions of up to 35 % to the fluid stress at the roughness crest. The results also indicated that there
was significant spatial heterogeneity in Reynolds and form-induced momentum flux, and therefore in the
manner in which momentum is transferred. The vertical variation in the level of flow spatial variability
and form-induced stress was well scaled by bed geometry. In contrast at a given height above the bed, the
relative magnitude of the spatial variability and form-induced stress was greater with a reduction in relative submergence. It implied that the spatial coherency in the flow is well controlled by bed geometry,
and the level of spatial heterogeneity at a given height is also dependent on relative submergence.
Keywords: Turbulent flow, Channel flow, River beds, Spatial analysis, flow patterns
1 INTRODUCTION

It is also known that the time-averaged flow
over water-worked gravel beds is spatially heterogeneous and three-dimensional, and is strongly
controlled by relative submergence (Lamarre &
Roy, 2005; Legleiter et al., 2007; Aberle et al.,
2008, Cooper & Tait, 2008; Hardy et al., 2009).
For example, it has been reported that the level of
spatial variability in the time-averaged velocity
also increases with a rise in relative submergence
(Clifford, 1996; Buffin-Bélanger et al., 2006). At
the reach scale, Legleiter et al., (2007) concluded
that an increase in flow stage results in the spatial
structure of time-averaged velocity becoming
smoother and more continuous. They also reported a stage-dependent effect of local boundary
roughness on the time-averaged flow. The reachscale flow pattern was found to primarily reflect
the bulk morphology of the channel, but the more
localized influence of bed surface topography was
increasingly smoothed out as flow depth increased. Lamarre & Roy (2005) also concluded
that the distribution of the mean flow properties
displayed a well organized, coherent spatial pattern that was controlled by flow depth rather than

The surface of a water-worked gravel bed displays
a spatially complex, three-dimensional, structure.
Any study of the interaction between the fluid and
the bed must be able to examine the relationship
between this structure and the spatial characteristics of the turbulent flow. It is well established
that turbulent flows exhibit coherence in both time
and space. For example, several studies have reported on the existence of vortically-based, depthscale flow structures over water-worked gravel
surfaces. It has been shown that flow depth has
an important control on the size of these largescale flow structures. The structures are typically
of a scale of 3 to 5 flow depths in length and their
lateral and vertical extent is more or less equal to
one flow depth (Shvidchenko & Pender, 2001;
Roy et al., 2004). This scaling with flow depth has
also been revealed in the level of spatial variability in the turbulent properties of the flow. It has
been reported that this level increases with a rise
in relative submergence (Lamarre & Roy, 2005;
Buffin-Bélanger et al., 2006).
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forms. Six tests were carried out at different relative submergences at a single bed slope (Table 1).
The selected flow conditions were below those
required for bed movement, so the bed surface topography did not change during each test. The
flows were steady, uniform and fully turbulent.
A 2-D Particle Image Velocimetry (PIV) system was used to provide detailed spatial measurements of fluid velocity over the bed. It was
operated at 9 Hz, and the flow was sampled for
five and a half minutes. PIV measurements were
taken in a vertical plane at nine lateral positions
across the bed: -88 mm, -66 mm, -44 mm, -22
mm, 0 mm, 22 mm, 44 mm, 66 mm, 88 mm. A
lateral position of 0 mm denotes the centreline of
the flume. At each lateral position a streamwise
length of 144 mm was imaged and the measurement area was 9.1 m from the flume inlet. This
configuration enabled streamwise and vertical velocities to be measured both within the roughness
elements and up to the water surface, at different
streamwise and vertical positions. A maximum of
61 velocity measurements was provided in the
streamwise direction at each lateral position. The
maximum number of measurements available for
spatial averaging was therefore 549 at a given
measurement height. The separation distance between measurements, in both the streamwise and
vertical direction, was 2.25 mm.
For each experimental run, the instantaneous
velocities u were used to derive turbulence and
spatial flow characteristics. This was achieved by
time averaging these velocities and applying a
Reynolds decomposition. This was supplemented
with spatial averaging and a spatial decomposition, see Nikora et al. (2001). The averaging procedure for spatial area averaging at level z is defined according to Nikora et al. (2001) in Eq. (1)
as

by abrupt, isolated changes associated with individual clasts. This had led to the conclusion that
flow depth is the primary control on flow structure
in gravel-bed rivers (Roy et al., 2004; Lamarre &
Roy, 2005; Legleiter et al., 2007).
Nikora et al. (2001) proposed a theoretical
framework which could be used to account explicitly for the effects of this spatial coherency on
the momentum exchange between a porous bed
and a turbulent flow. It stated that time-averaging
of the Navier-Stokes equation should be supplemented with spatial area averaging in the plane
parallel to the averaged bed surface. When combined with a spatial decomposition of velocity,
this produces a new term in the momentum balance equation, form-induced stress, which accounts for the contribution of the spatial heterogeneity in time-averaged flow to momentum
transfer. Aberle et al. (2007; 2008) showed that
the form-induced stress within the roughness elements can account for up to 40 to 50 % of the
shear stress experienced at the roughness crest,
and that the shape of the profiles was strongly influenced by roughness geometry. Their results also showed that, in relative terms, form-induced
stress contributes more significantly to the momentum budget in shallow flows than flows with a
high submergence.
These studies reveal that relative submergence
has an important control on the spatial properties
of flows over water-worked gravel beds, but no
study has attempted to quantify the level of spatial
variability in both the turbulent and time-averaged
flow properties, and how this relates to changes in
submergence. This paper describes a series of
tests in which flow velocities have been measured
in a detailed spatial pattern over a water-worked
gravel bed. The data has been used to study the
spatial flow characteristics for a range of flow
submergences. The aim of the paper is to (1)
quantify the level of spatial variability and how
this influences momentum transfer between the
flow and the bed, and (2) to describe how this
changes with relative submergence.

〈V 〉 ( x, y, z , t ) =

1
Af

∫ ∫ V ( x, y, z, t )dxdy
Af

(1)

where V is the flow velocity defined in the fluid
to be spatially-averaged over the fluid domain Af.
The displacement z is defined as the vertical distance from the minimum bed surface elevation.
The averaging domain is assumed to be planar and
parallel to the bed surface. The averaging area Af
is taken to be a thin, planar slab in order to preserve the characteristic spatial variability in the
flow in the vertical direction. Eq. (1) was combined with a decomposition of time-averaged variables into spatially averaged and spatially fluctuating components, such that u = 〈u 〉 + u~ . The
spatial fluctuations arise from the difference between the double-averaged 〈u 〉 and timeaveraged u values, similar to the conventional

2 METHODOLOGY
The tests were conducted in a tilting, 18.3 m long,
0.5 m wide laboratory flume. A sediment deposit
was formed by feeding in a mixture with a slightly
bimodal grain-size distribution into running water,
with the feed rate being twice the estimated transport capacity of the flow. The mixture was composed of 75 % gravel and 25 % sand, had a median grain diameter D50 of 4.41 mm and a range
0.15 <D<14 mm. The surface was water-worked
and armored, but contained no significant bed52

Reynolds decomposition of u ′ = u − u . The analysis will concentrate on the spatial properties of the
near-bed flow by examining the form-induced intensities 〈u~ 2 〉 and 〈 w~ 2 〉 , form-induced stress
~〉 and the spatial variability in turbulence in〈u~w
tensities u ′2 and w ′2 , and in Reynolds stress
u ′w′ .
In this paper the shear velocity is defined by
u ∗ = τ 0 ρ where τ0 is the total fluid stress at the
roughness crest (maximum bed elevation), as suggested by Manes et al. (2007). The total fluid
stress was estimated by extrapolating the spatially-averaged Reynolds stress from the flow layer
above the bed surface down to the roughness
crest. Manes et al. (2007) argue that the shear velocity at the roughness crest rather than the roughness trough is the most appropriate scaling parameter when dealing with flows with a range of
relative submergences. The relative height above
the minimum bed elevation is defined as z/k,
where k is the bed geometric roughness height approximated by the range of bed surface elevations.

submergences, and this even occurs within the
roughness elements.
Of particular interest is that 〈u~ 2 〉 u∗ is not negligible above the bed surface, in the region where the
flow has often been assumed to not be influ enced
by individual roughness elements. It has been argued that the upper boundary of the form-induced
layer may be defined as the position where
〈u~ 2 〉 u∗ reduces to some low, threshold level, because 〈u~ 2 〉 u∗ indicates where there is significant
spatial variability in u and therefore determines
the conditions for the development of the logarithmic layer (Pokrajac et al., 2007). Alternatively
it as the level at which there is a significant increase in 〈u~ 2 〉 u∗ towards the bed surface or the
height at which 〈u~ 2 〉 u∗ becomes fairly invariant
with height. The profile shape is reasonably consistent for the different submergences, but it is not
possible to unambiguously define the upper boundary of the form-induced layer using any of these
criteria. This will be explored further in respect of
profiles of form-induced stress below.

Table 1. A summary of the experimental conditions, where
S is the bed slope, Q is the flow discharge, d is the flow
depth, k is the bed geometric roughness height.
_____________________________________________
Test
S (-)
Q (m3/s)
d (m)
d/k (-)
____________________________________________
1
0.00284
0.00143
0.0173
1.3
2
0.00284
0.00276
0.0272
2.0
3
0.00284
0.00527
0.0373
2.7
4
0.00284
0.00809
0.0455
3.3
5
0.00284
0.0127
0.0595
4.3
0.00284
0.0245
0.0845
6.2
6
____________________________________________

3 RESULTS AND DISCUSSION

3.1 Form-induced intensities
The vertical profiles of the relative streamwise
form-induced intensity 〈u~ 2 〉 u∗ are shown in Figure 1a. This intensity is simply the standard deviation in u over the bed scaled by u ∗ and is a
measure of the relative degree of spatial variability in u . The profiles for the six tests demonstrate
that the values of 〈u~ 2 〉 u∗ differ greatly but they
all exhibit the same general form. The level of
spatial variability is low close to the water surface
and then it increases towards the bed surface until
it attains its maximum value within the roughness
elements. From this height 〈u~ 2 〉 u∗ quickly reduces towards the roughness trough. The consistency in the profile shape within the roughness
elements reveals the strong control of bed geometry on the vertical variation in 〈u~ 2 〉 u∗ . Another
control is also apparent. At similar measurement
heights 〈u~ 2 〉 u∗ tends to be higher at the lower

Figure 1. Vertical profiles of (a) streamwise form-induced
intensity and (b) vertical form-induced intensity. Note the
different scales on the horizontal axes.

The shape of the profiles in Figure 1a, particularly
those at the mid to lower relative submergences,
compare favorably with those found by Aberle et
al. (2007; 2008), particularly in regard to the level
of spatial variability not always decreasing to a
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negligible value within the flow layer above the
bed. Aberle et al. (2007; 2008) presented dimensional values of 〈u~ 2 〉 . If u ∗ is estimated from the
depth-slope it shows that within the roughness
layer the values of 〈u~ 2 〉 u∗ in Aberle et al. (2007;
2008), at similar heights and levels of relative
submergence, are of a similar magnitude to the
values in Figure 1a. Above the bed surface, however, Aberle et al. (2007; 2008) typically found
that 〈u~ 2 〉 u∗ varied from 0.4 to 0.8, which is lower
than which is observed in Figure 1a. Their data also shows that 〈u~ 2 〉 u∗ increases with a rise in
relative submergence, further confirming the important influence of flow depth on the level of
spatial variability in u . Buffin-Bélanger et al.
(2006) do not present form-induced intensity values but instead examine the spread in the box
plots of u . They showed that this dimensional
spread increases with a deepening of the flow but
it is difficult to assess how this relationship would
change relative to u ∗ .

tions. This has also been found by Coceal et al.
(2007) in a direct numerical simulation of turbulent flows over staggered and square arrays of
cubes.
Figure 1b displays the vertical profiles of the
relative vertical form-induced intensity 〈 w~ 2 〉 u∗ . It
shows that the level of spatial variability in w is
around a magnitude lower than it is for u , which
is less than half of the level of temporal variability
in w. This suggests that the overall level of spatial
variability in the time-averaged flow field is dominated by spatial variations in u . The profile
shape is very similar to that seen for 〈u~ 2 〉 u∗ , and
displays the same dependency on relative submergence. No other study over gravel beds has quantified the level of spatial variability in w . As far
as we are aware only two other studies have examined values of 〈 w~ 2 〉 u∗ and these have both
been for turbulent flows over spherical elements
in laboratory flumes. Manes et al. (2007) examined how 〈 w~ 2 〉 u∗ varied with height and relative submergence over a uniform layer of glass
balls. This was performed for relative submergences of 2.3 and 4. Within the roughness elements they discovered values of between 0.1 and
0.25, which is around a third to a half of the level
of spatial variability seen in Figure 1b. Nikora et
al. (2001) also examined the vertical profiles of
~ 2 〉 u over spherical elements but at much
〈w
∗
higher relative submergences of 6.4 and 8.7. Their
values are typically half of those in Figure 1b.
This could be accounted for by the difference in
bed geometry between a uniform arrangement of
spherical elements and a spatially complex, 3D arrangement of grains on a water-worked gravel
surface. Within the roughness elements the shape
of the vertical profiles in both Manes et al. (2007)
and Nikora et al. (2001) is similar to those in Figure 1b but above the bed surface their values only
range from near-negligible to 0.1, much lower
than over the water-worked gravel bed.
3.2 Turbulence intensities
The relative level of spatial variability in streamwise turbulence intensity is given by the standard
deviation in turbulence intensity over the bed,
symbolized by σ Tu u∗ . The profiles in Figure 2a
reveal that the level of spatial variability in
streamwise turbulence intensity is typically half of
the level of spatial variability in u . There is a
consistent tendency for σ Tu u∗ to decrease with a
rise in relative submergence, as has been seen
previously. This is particularly pronounced within
the roughness elements. We are not aware of any
other study which has quantified the level of spatial variability in turbulence intensity.

Figure 2. Vertical profiles of the standard deviations in (a)
streamwise turbulence intensity and (b) vertical turbulence
intensity. Note the different scales on the horizontal axes.

The level of spatial variability in u is similar
to the level of temporal variability in u (given by
turbulence intensity and not shown here). This
demonstrates that the normal fluid stress is produced by stress caused by both turbulent and spatial fluctuations in the flow in near equal propor54

3.4 Form-induced stress

Similar results can also be seen for the relative
level of spatial variability in vertical turbulence
intensity σ Tw u∗ (Figure 2b). These values are
smaller than for σ Tu u∗ , suggesting that the overall level of spatial variability in the turbulence intensity flow field is largely dominated by spatial
variance in u ′2 . The values of σ Tw u∗ are similar
in magnitude to those for the vertical forminduced intensity. This shows that the level of
spatial variability in the vertical velocity component is well matched in the turbulent and timeaveraged flow parameters.

The vertical profiles of relative form-induced
~〉 u 2 are shown in Figure 4a. This
stress − 〈u~w
∗
term arises from the correlations between pointto-point spatial deviations in time-averaged velocity. It therefore depends on both the spatial coherence and level of spatial variability in the timeaveraged flow. The profiles show that for the flow
region above the bed, form-induced stress has a
negligible contribution to the shear stress experienced at the roughness crest. At a height, which
corresponds well with the roughness crest,
~〉 u 2 begins to become more significant, re− 〈u~w
∗
vealing the upper boundary of the flow layer
(form-induced layer) which is influenced by the
~〉 u 2 then
roughness beneath. The values of − 〈u~w
∗
continue to increase reaching a first peak at a
height which corresponds with the peaks in the levels of spatial variability observed above. Below
~〉 u 2 either reduces or switches
this height − 〈u~w
∗
from making a negative to a positive contribution
to the total fluid stress. This switch in sign and existence of peaks within the roughness elements is
due to the dependence of form-induced stress on
~ , and hence on the manner in
the sign of u~ and w
which the time-averaged flow is coherently structured. The shape of the profiles is consistent
across the different levels of relative submergence. This reveals that roughness geometry has a
strong control on the coherency of the flow within
roughness elements, and that the flow is organized
in a similar manner. This would suggest than an
~〉 u 2 can reveal the important
analysis of − 〈u~w
∗
effects of surface topography on flow structure.
At some positions within the roughness elements, form-induced stress can make a large contribution to the fluid stress at the roughness crest,
typically up to 10-35 %. This reveals forminduced stress is a significant component in the
momentum balance within the surface of waterworked gravel beds. This would indicate that an
accurate estimate of the fluid stress within the
roughness elements can be only be obtained by
taking into account both the Reynolds and forminduced stress. Within the roughness elements
~〉 u 2 is typically higher at the lower sub− 〈u~w
∗
mergences, which coincides well with the results
presented for 〈u~ 2 〉 u∗ and 〈 w~ 2 〉 u∗ . Therefore the
relative role of form-induced stress in transferring
momentum is dependent on relative submergence
within this flow region. The similarity in the profile shapes within the roughness elements suggests
that this is predominantly driven by differences in
the level of spatial variability in u and w , and
not differences in spatial coherency.

Figure 3. Vertical profiles of the standard deviation in Reynolds stress.

3.3 Reynolds stress
The relative level of spatial variability in Reynolds stress σ R u ∗2 (standard deviation in space)
also displays a similar profile shape (Figure 3).
This reveals that spatial heterogeneity in Reynolds
stress is also closely related to bed geometry. The
level of spatial variation in Reynolds stress in the
flow above the bed is around 10 to 50 % of the
stress at the roughness crest, and up to nearly
three times higher within the roughness elements.
Within this flow layer the spatially-averaged Reynolds stress reduces with height and the values of
σ R u ∗2 are higher, so the spatial variability in
Reynolds stress becomes more pronounced relative to its spatial mean. This suggests that an accurate estimation of spatially-averaged Reynolds
stress becomes difficult within the roughness elements. A consistent influence of relative submergence on the values of σ R u ∗2 is only apparent
above the bed surface.
Coceal et al. (2007) discovered similar profile
shapes for σ R u ∗2 but much lower values. Within
the roughness elements their values ranged from
0.05 to 0.4, and up to 0.04 above the arrays. This
is substantially lower than is observed in Figure 3
and is possibly accounted for by the different
geometrical arrangement of the individual roughness elements.
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ence in the number of measurement locations used
~〉 u 2 .
to estimate − 〈u~w
∗
The profiles of the relative level of spatial variability in form-induced momentum flux σ F u ∗2
display a similar shape to those seen earlier, except for the flow region above the roughness elements where σ F u ∗2 is negligible (Figure 4b). For
the majority of experimental tests, the values of
σ F u ∗2 within the roughness elements are similar
to those for σ R u ∗2 . The values of σ F u ∗2 and
σ R u ∗2 indicate that there is significant spatial variability in the manner in which momentum is
transferred over the bed. From Figure 4a it is
known that form-induced stress is lower than
Reynolds stress at a given height. This reveals that
there is much greater spatial variation in forminduced momentum flux around its spatial mean
than for Reynolds stress. Within the roughness
elements, the standard deviation in form-induced
momentum flux is typically a decade higher than
the spatially-averaged form-induced stress. This
indicates that form-induced flux is highly spatially
variable. The values of σ F u ∗2 are higher at the
lower submergences, indicating that it is most difficult to obtain a spatially representative estimation of form-induced stress for shallower flows.
To illustrate this further Figure 5 shows the
~ u 2 taken
probability density functions of − u~w
∗
from measurements at single locations over the
~ u 2 values (nonbed. It displays the − u~w
∗
spatially-averaged) for each measurement location. To gain an understanding of the spatial scale
each individual measurement represents, the separation distance between measurement locations
and the height of the averaging slab was 2.265
~ values were taken from a meamm, so the u~w
surement area of 5.130 mm2 (the PIV interrogation area). Assuming that the area of the median
grain on the bed can be approximated by the area
of a circle, the median grain is 15.31 mm2 in area.
Comparing this area to the measurement area of
5.130 mm2, it means that the form-induced fluxes
are being examined at the sub-grain scale in Figure 5. This is carried out using measurements at
the lowest measurement height within the roughness elements (z/k = 0.47) and at the roughness
crest (z/k = 1.01).
Within the roughness elements, the distributions have a well defined peak and long tails (Figure 5a). The shape is similar for each of the flow
conditions, further showing the consistent influence which the roughness geometry has on the
spatial distribution and therefore the vertical pro~〉 u 2 within this flow layer. A similar
file of − 〈u~w
∗
distribution shape has also been found for the distributions of Reynolds stress fluctuations over
time (e.g. Antonia & Atkinson, 1973; Nakagawa
& Nezu, 1977). For Reynolds stress this would

Figure 4. Vertical profiles of (a) form-induced stress and (b)
standard deviation in form-induced momentum flux. Note
the different scales on the horizontal axes.

~〉 u 2 in Figure 4a bear a
The profiles of − 〈u~w
∗
close resemblance to those in Aberle et al. (2007;
2008) and they too concluded that the shape is a
reflection of the geometry of the bed. Their results
also reveal, when analyzed in relative terms, that
form-induced stress contributes more significantly
to the momentum budget in shallow flows than
flows with a high submergence. This has also
been reported by Manes et al. (2007) and theoretically confirmed using dimensional analysis arguments by Gimenez-Curto & Corniero Lera (1996).
The difference between the results in Figure 4a
and those by Aberle et al. (2007; 2008), however,
is in the level of contribution which form-induced
stress makes within the roughness elements. Ab~〉 u 2 can oberle et al. (2008) showed that − 〈u~w
∗
tain values of up to around 60 % (typically up to
40 to 50 %), higher than observed in Figure 4a.
Aberle et al. (2008) conceded that the magnitude
of form-induced stress cannot be unambiguously
determined from point velocity measurements but
that the number of measurement locations does
not influence the shape of the profiles. Therefore,
given the similarity in the shapes between those in
Figure 4a and those in Aberle et al. (2007; 2008)
it would appear sensible to conclude that the difference in magnitude could be linked to the differ56

tum flux over some areas of the bed is likely to
contribute significantly to the fluid stress and the
converse will happen over other areas of the bed.
It means that variable estimates of form-induced
stress can be obtained across the bed, depending
on the number and location of velocity measurements, as was also shown in Aberle et al. (2008).
Measurements over some areas of the bed are
likely to over-predict heavily form-induced stress,
whilst others will significantly under-predict
form-induced stress. For example, form-induced
flux contributions at some positions could be
more than double that at other positions over the
bed. This has important consequences when trying
to accurately measure a spatially representative
estimate, as discussed by Manes et al. (2008).
This appears to not be so important at the roughness crest (Figure 5b) because the range of values
is smaller, the distribution spreads more progressively and there are fewer instances of extreme,
~ u2 .
high values of − u~w
∗
For each of the measures of flow spatial variability described above, it has been observed that
the profile shape is similar for flows across a
range of relative submergences, but that at the
same measurement heights the relative magnitude
of these parameters is dependent on submergence.
It suggests that the spatial characteristics of the
near-bed flow field are controlled by both bed
geometry and relative submergence. The consistency in the profile shape suggests that the organisation of the flow and its spatial coherency is well
controlled by the former, and the relative level of
spatial heterogeneity at a given height is also dependent on the latter. This has been shown to occur for flows of mid to high relative submergences
over a macroscopically flat, water-worked gravel
bed which exhibits no significant bedforms. Future work will examine whether this is the case for
beds with isolated roughness elements and bedforms, where the control of bed geometry might
be assumed to be stronger. No examination has
been made of the spatial structure of turbulent
flow structures, but the results do support the conclusions of field-studies in which these bed features occurred, which showed that flow depth has
an important control on the flow structure over
water-worked gravel beds (Roy et al., 2004; Lamarre & Roy, 2005; Legleiter et al., 2007).

Figure 5. Probability density functions of form-induced
momentum flux at single measurement locations at (a) z/k =
0.47 and (b) z/k = 1.01. Note the different scales on the horizontal and vertical axes.

indicate that Reynolds stress is predominately
caused by a small number of highly correlated
streamwise and vertical temporal fluctuations
and/or highly turbulent events. Extending these
thoughts to the spatial domain, the well defined
peak and long tails reveal that form-induced stress
is predominately created by highly correlated
streamwise and vertical motions in a small number of areas of the bed and/or highly spatially variable flow.
At the lowest measurement location within the
roughness elements, it can be seen that the long
tails indicate that some locations over the bed can
make both positive and negative contributions of
up to 20 to 30 % to the fluid stress at the roughness crest. This is very similar to the results of
Nikora et al. (2001) and supports the assertion of
Manes et al. (2008) that form-induced stress is
~ u 2 values is very
“noisy”. The range of − u~w
∗
large, around double the spatial mean. This is
smaller than the range reported in Aberle et al.
(2008), in which the range was more than a magnitude higher than the spatial mean. This is likely
to be because their bed was composed of much
larger roughness elements. The distributions in
Figure 5a demonstrate that form-induced momen-

4 CONCLUSIONS
The paper describes a series of laboratory experiments in which flow velocities have been measured in detail over a water-worked gravel bed.
These data have been utilized to examine the level
of flow spatial variability and its influence on
57

momentum transfer. The results reveal significant
degrees of spatial variation in time-averaged velocities, of a similar magnitude to the level of
temporal variability in instantaneous velocities.
Spatial heterogeneity in turbulence intensity was
found to be half of the level found in the timeaveraged flow parameters, and spatial variability
in Reynolds stress was an order of a magnitude
lower. This revealed that spatial variability in the
turbulent parameters is substantially less than in
time-averaged velocities.
The contribution of spatial heterogeneity in
time-averaged flow to momentum transfer was
characterized by estimating the form-induced
stress. It was found to be only significant within
the roughness elements, and made contributions of
up to 35 % to the fluid stress experienced at the
roughness crest. This indicated that, due to spatial
coherency in the time-averaged flow field within
this flow layer, measurements of Reynolds stress
alone, whether spatially-averaged or not, cannot
be used to determine shear stress.
The results indicated that there was significant
spatial heterogeneity in Reynolds stress and forminduced momentum flux relative to their spatial
means, and therefore also in the manner in which
momentum is transferred over the bed. This has
important consequences for producing spatially
representative estimates of these two stress components within the roughness elements. The results showed that this is likely to be most difficult
for shallow flows.
The vertical variation in the level of flow spatial variability and form-induced stress was well
scaled by bed geometry. In contrast at a given
height above the bed, the relative magnitude of
the spatial flow variability and form-induced
stress was greater with a reduction in relative
submergence. It suggested that the relative roles
of different momentum transfer mechanisms will
change according to the depth of the flow. It implies that for water-worked gravel beds, where the
roughness density is relatively high, the spatial
coherency in the flow is well controlled by the
bed geometry, and the level of spatial heterogeneity at a given height is also dependent on relative
submergence.
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ABSTRACT: For low relative roughness, the flow near the bed is three-dimensional and spatially heterogeneous, and bed forms play a major role. To incorporate the effects of bed irregularity, upscaling above
the dominant wavelength of the bed forms is needed. This can be obtained by applying spatial averaging
to the RANS equations resulting in the so-called double-averaged (both in time and space) Navier-Stokes
equations. When compared to the RANS equations, these equations provide additional terms, i.e. forminduced stresses. The present work presents and discusses instantaneous velocity measurements made in
the Swiss river Venoge, using an Acoustic Velocity Profiler (ADVP). A 3D measuring grid with 15 profiles was defined. The riverbed, composed of coarse round gravel, presented a relative submergence of
2.94. Double-averaging is applied to velocity and to fluid stresses distributions. Three regions of the flow
are identified: surface, intermediate and roughness layers. The roughness layer is below z/ h ≈ 0.40, in
which the stresses distribution is determined by local effects of the bed forms. Form-induced and total
normal stresses peak within the roughness layer. Form-induced normal stresses within the roughness
layer are of the same order of magnitude or higher than Reynolds normal stresses.
Keywords: Turbulent flow; Gravel-bed rivers; Double-averaging methodology
1 INTRODUCTION

Double-averaging methods (DAM) have allowed progress in the characterization of 3D flows
over irregular boundaries. DAM are a particular
form of upscaling, both in time and space. The
conservation equations of turbulent flows are thus
expressed for (i) time-averaged quantities, which
in the case of unsteady flow are defined in a timewindow smaller than the fundamental unsteady
flow time-scale, and for (ii) space-averaged quantities defined in space windows larger than the
characteristic wavelength of the boundary irregularities (Franca and Czernuszenko 2006).
These 3D flows are common to several geophysics fields. The formulation of the theory pertaining to DAM was developed in atmospheric
boundary layer studies to describe turbulent flows
within and above terrestrial canopies (Raupach et
al. 1991, Finnigan 2000, Finnigan and Shaw
2008), in the study of hydraulically rough beds
due to bed forms (Smith and McLean 1977, Gimenez-Curto and Corniero Lera 1996) and to
sand-gravel roughness (Nikora et al. 2001, Nikora
et al. 2007, Pokrajac et al. 2008, Franca et al.
2008, Ferreira et al. 2009) and in the study of hy-

The present study concerns field measurements in
a river made under low values of relative submergence, h/D = 2.94, where h is the water depth and
D a grain diameter representative of the riverbed
material, in the present case D50. Due to the high
concentration of coarse elements in the riverbed, a
roughness-wake effect is formed within the inner
layer of the flow (Kirkbride and Ferguson 1995,
Baiamonte and Ferro 1997, Buffin-Bélanger and
Roy 1998). Previous studies have shown that in
these 3D flows, self-similarity of time-averaged
turbulence characteristics does not exist in the socalled roughness layer, a restricted lower region of
the flow (Nikora and Smart 1997, Smart 1999).
Due to the random variability of the bed elevation,
the flow is 3D and spatially heterogeneous within
a thick inner layer. Therefore, under these conditions, additional difficulties occur when modeling
practical and theoretical problems related to river
flows, such as river restoration, pollution control
and stable channel design.
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draulic flows over and within vegetation (Lopez
and Garcia 2001, White and Nepf 2008). Compared to numerous DAM laboratory experiments,
there are few studies based on river field measurements (cf. Buffin-Bélanger and Roy 2005).
In this paper, we apply DAM to field velocity
data obtained from 15 profiles in a gravel-bed river. DAM were applied to time-averaged velocity
and stress profiles measured in a 0.40 x 0.30 m2
area roughly in the center of a 6.30 m wide gravel-bed river. We determine double-averaged velocity profiles and double-averaged normal
stresses per unit mass profiles for the three Cartesian components. Additional terms arising from
the application of the MA methodology to the
momentum conservation equation, i.e. forminduced stresses, are quantified.
First, the theory of double-averaging methods
applied to the Navier-Stokes equations is introduced. Conditions under which the field measurements were made and details on the Acoustic
Doppler Velocity Profiler are then given. Finally,
the empirical results are presented and discussed.
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Where Af = void function corresponding to the
fraction of the area occupied by the fluid at a
given elevation (z) and Ω = horizontal domain located at a given elevation (z) parallel to the riverbed. The integration is made over a horizontal surface (dS). Dummy variables α and β are defined
as 0 < α < Lx and 0 < β < Ly, where Lx and Ly are
the streamwise and spanwise extension of the area
defined by Ω. Both Lx and Ly should be larger than
the wavelengths of the spatial distributions of the
variations of the near-bed longitudinal velocities
(Smith and McLean 1977).
For steady flows, manipulation of RANS after
the application of the double-averaging operator
to the time varying quantities and to the partial derivatives (cf. Nikora et al. 2007 on the application
of DA to the derivatives) renders the DANS
(Double Averaged Navier-Stokes equations),

Reynolds-averaged
Navier-Stokes
equations
(RANS), for 3D, isothermal, steady turbulent
open-channel flows of incompressible Newtonian
fluids with no solid discharge, may be expressed
using the following Cartesian tensor notation
(Hinze, 1975):

ui

(2)

where < > is the double-averaging operator,
both in time and space, and ~ is spatial variation.
Any instantaneous quantity θ is thus decomposed
into a double-averaged component ( θ ), a component corresponding to the spatial
deviation from
~
the time-averaged quantity ( θ = θ − θ ), and an
instantaneous component (θ’).
The definition of the double-averaging operator
applied to a quantity θ, over a specific horizontal
plane at level z is (Nikora et al., 2001),

2 THEORETICAL BACKGROUND
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where u = velocity, x = space variable, subscripts i and j are the 3D Cartesian directions with
1 for streamwise, 2 for spanwise and 3 for vertical, g = gravity acceleration, ρ = fluid density, p =
pressure, and ν = fluid kinematic viscosity. The
over-bar indicates time-averaging, and the prime
denotes instantaneous fluctuations. The streamwise, spanwise and vertical directions are identified by x, y and z, and the corresponding velocities, by u, v and w. Total mean stresses per unit
mass, τij/ρ, are divided into viscous and turbulent
or Reynolds stresses; these are the left and right
terms within the brackets, respectively.
Within the double-averaging framework we
apply, to any instantaneous variable θ, a decomposition similar to the Reynolds decomposition
where the spatial variability is accounted for,
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where fD = pressure drag per unit mass, fV =
viscous drag per unit mass and Ψ = ratio between
area occupied by the fluid (Af ) and total area for a
given z.
When compared to RANS, three additional
terms appear in the momentum equation: the third
term within the brackets containing the total stress
tensor, corresponds to the form-induced or dispersive stress tensor (Nikora et al. 2001, Poggi et al.
2004, Campbell 2005); the last two terms in equation (4) correspond to the form- and viscousinduced drags due to the existence of protruding
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The profiles herein analyzed were obtained on different representative positions of the bed variability and over a window larger than the characteristic wavelength of boundary irregularities (roughly
by D84). The vertical resolution of the measurements is about 0.5 cm. The level of the riverbed
was determined by the sonar-backscattered response. The profiles were measured for 3.5 min.

bed forms. The viscous and Reynolds stress tensors, corresponding to the first two terms within
the brackets containing the total stress tensor, appear spatially-averaged in equation (4).
In the present paper we assess experimentally
~ ~
the quantities, u i , u i , u' j u' i , u j u i and the
function Ψ. Given the turbulent nature of the flow,
the viscous contribution is negligible. Thus it is
not considered in the present study for the estimate of the total stresses tensor.

3.2 Instrumentation
A field deployable ADVP developed at the LHEEPFL, allows measuring 3D quasi-instantaneous
velocity profiles over the entire depth of the river
flow. Its resolution permits evaluating the main
turbulent flow parameters. The detailed ADVP
working principle is given in Rolland and Lemmin
(1997). We used a configuration of the ADVP
consisting of four receivers and one emitter,
which provides one redundancy in the 3D velocity
profile measurements. This redundancy is used for
noise elimination and data quality control (Hurther and Lemmin 2000, Blanckaert and Lemmin
2006). This configuration combined with a dealiasing algorithm developed by the authors (Franca and Lemmin 2006) theoretically allows noisefree 3D cross-correlation estimates. A Pulse Repetition Frequency (PRF) of 1666 Hz and a Number
of Pulse Pairs (NPP) of 64 were used for the estimate of the Doppler shift, thus resulting in a sampling frequency of 26 Hz. A bridge which supported the ADVP instrument allowed the easy
displacement of the system across the section and
along the river streamwise direction, thus minimizing ADVP vibration and flow disturbance.

3 FIELD MEASUREMENTS
3.1 Flow measurements
The present measurements were taken during the
summer of 2004, in the Swiss river Venoge (canton of Vaud). Fifteen instantaneous velocity profiles were measured in a single day under stationary shallow water flow conditions, as confirmed
by the discharge data provided by the Swiss Hydrological and Geological Services. The measuring station was located about 90 m upstream of
the Moulin de Lussery. The river hydraulic characteristics at the time of the measurements are
shown in Table 1.
Table
1. Summary of the river hydraulic characteristics.
_____________________________________________
Q
s
h
B
Re
Fr D50 D84 h/D50
_____________________________________________
3 -1
-4
ms
% m m (x10 ) mm mm (-)
_____________________________________________
0.76
0.33 0.20 6.30 12
0.43 68 89 2.94
_____________________________________________

where Q is the discharge; s, the river slope; B,
the river width; Re, Reynolds number; Fr, the
Froude number; D50 and D84, the bed grain size
diameter for which 50% and 84% of the grain diameters are respectively smaller. The water depth,
h, is the difference of level between the water surface and the lowest trough in the riverbed.
The riverbed material was sampled according
to the Wolman method (Wolman 1954), and analyzed using standard sieve sizes to obtain the
weighted grain size distribution. The riverbed is
hydraulically rough and composed of coarse and
randomly spaced gravel. There was no sediment
transport during the measurements.
The measurements were made on a 3x5 rectangular horizontal grid. 15 velocity profiles were
equally spaced in the spanwise direction by 10 cm
and in the streamwise direction by 15 cm. The
ideal number of velocity measured profiles to estimate good quality double-averaged quantities is
still an open subject although recent developments
on the search for optimal measuring conditions
indicate that a combination of density and position
of profiles has to be satisfied (i.e. Ricardo, 2009).

3.3 Void fraction
The void fraction (Figure 1), or porosity, corresponds to the ratio of the area occupied by the
fluid to the area occupied by the solid elements
from the bed at a given elevation.
The void fraction, between the troughs and
crests of the riverbed, was determined from the
detection of local bed elevations obtained with the
Doppler echo provided by the ADVP. Above the
highest crest, located at z/h ≈ 0.40, the void fraction corresponds to 1.0, which means that the domain parallel to the riverbed is entirely filled by
the fluid. Below the lowest trough, we used a constant value of 0.38 of the void fraction which corresponds to an asymptotic convergence, as has
been verified in laboratory tests with similar reconstituted gravel beds.
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was considered to be divided into the three layers:
inner, intermediate and outer. A logarithmic-like
distribution exists in the intermediate region and
extends roughly from z/h = 0.40 to z/h = 0.80.
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Figure 1. Distribution of the void fraction.
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4.1 Double-averaged velocities
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Figure 3. Time-averaged (*) and double-averaged (thick
line) spanwise velocity profiles. Time-averaged data (*) correspond to the 15 measured profiles.

Figures 2 to 4 present, for the streamwise, spanwise and vertical components, the time-averaged
and double-averaged velocity profiles, corresponding to, respectively,
1
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Figure 4. Time-averaged (*) and double-averaged (thick
line) vertical velocity profiles. Time-averaged data (*) correspond to the 15 measured profiles.

0.2

0.4

Below z/h = 0.40, roughly between z/h = 0.30
and 0.35, a linear region is observed which is in
accordance with the findings by the authors in
Ferreira et al. (2009).
Within the inner layer, z/h < 0.40, the doubleaveraged streamwise velocity profile is inflected
as expected between the troughs and crests of the
riverbed (Katul et al. 2002). The limit z/h < 0.40
corresponds roughly to D84 of the riverbed grain
size distribution; this grain size is considered by

0.6

streamwise velocity (m/s)
Figure 2. Time-averaged (*) and double-averaged (thick
line) streamwise velocity profiles. Time-averaged data (*)
correspond to the 15 measured profiles.

From the analysis of the double-averaged
streamwise velocity profiles, one may corroborate
the findings in Franca et al. (2008) where the flow
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Some heterogeneity is found in the amplitude
of time-averaged stresses, especially in the vertical component, but they all show similar distribution patterns.
It can be seen from Figures 5 to 7 that forminduced stresses are of the same order of magnitude as Reynolds stresses. In the streamwise case,
form-induced stress has three times the value of
Reynolds stress. In all three cases, form-induced
stresses contribute largely to total stresses, especially below the top of the riverbed crests.

several authors as the principal scale for bed protuberances (Bathurst 1988). The inner layer corresponds to the roughness layer, as described by
Nikora and Smart (1997) and Smart (1999), where
random deviations of time-averaged velocity profiles and three-dimensionality occur. In our study,
the flow is mainly conditioned by the bed roughness, and self-similarity of time-averaged quantities does not exist.
The time-averaged velocity profiles confirm
the heterogeneity and three-dimensionality of the
present flow. The double-averaged profiles are not
conclusive and seem to be influenced by a few extreme time-averaged profiles; given the discrepancies between time-averaged profiles, the discussion on spanwise and vertical double-averaged
velocity profiles requires additional measurements
in the river.

z/h (−)

0.6

4.2 Double-averaged fluid stresses
Figures 5 to 7 present, for the streamwise, spanwise and vertical components, Reynolds, forminduced and total normal stresses per unit mass,
corresponding to, respectively,
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Figure 6 Time-averaged Reynolds (*), spatially-averaged
Reynolds (thin line), form-induced (dashed line) and total
(thick line) spanwise normal stresses. Time-averaged data
(*) correspond to the 15 measured profiles.

τz

As mentioned above, the viscous stress is negligible, and therefore not used in the estimate of
the total stresses.
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Figure 7. Time-averaged Reynolds (*), spatially-averaged
Reynolds (thin line), form-induced (dashed line) and total
(thick line) vertical normal stresses. Time-averaged data (*)
correspond to the 15 measured profiles.

0.02
2 −2

streamwise stresses (m s )

Figure 5. Time-averaged Reynolds (*), spatially-averaged
Reynolds (thin line), form-induced (dashed line) and total
(thick line) streamwise normal stresses. Time-averaged data
(*) correspond to the 15 measured profiles.

Streamwise and spanwise Reynolds stresses peak
at around z/h ≈ 0.35, whereas form-induced
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stresses peak slightly below, at z/h ≈ 0.25. In both
cases the peak value of form-induced stresses are
higher than Reynolds peaks, and the total stresses
maxima are located at z/h ≈ 0.25, well between the
troughs and crests of the riverbed.
Vertical Reynolds peak stresses are located
high in the water column, roughly at z/h ≈ 0.55.
Form-induced and total vertical stresses peak at
the level corresponding to the highest crests of the
riverbed.
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5 DISCUSSION AND CONCLUSIONS
The double-averaging concept was applied to
ADVP field measurements which allowed new insight into the turbulence structure of this flow
field under low values of relative submergence
and into the balance between Reynolds and forminduced stresses.
The roughness layer is well defined and corresponds to the region below the riverbed crests;
the upper limit, situated at z/h ≈ 0.40, corresponds
to the D84 of the bed material.
Form-induced stresses are important. They are
of the same order of magnitude or higher than
Reynolds stresses within the roughness layer, and
largely condition total stress distribution. Total
stresses peak inside the roughness layer, and tend
to zero near the lowest troughs of the riverbed.
Further investigation will evaluate the balance
between stress and drag in the momentum equation, especially between the troughs and crests of
the riverbed.
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ABSTRACT: In river rehabilitation studies it is necessary to assess the impacts of the modified sand
content, namely on near-bed flow hydrodynamics. This laboratory study addresses the changes that
different bed morphology configurations and sediment transport impose on hydrodynamic variables
relevant for the momentum and turbulent kinetic energy (TKE) budgets. Bed morphology was
characterized by the void function, sand content, basal porosity and bed thickness. Special emphasis was
given to the characterization of mean Reynolds and form-induced stresses, near-bed pressure, mean
longitudinal velocity, momentum diffusivity and TKE production. Five laboratory tests simulated
different stream conditions and sand contents in a framework-supported gravel bed. Instantaneous
velocity maps were obtained with Particle Image Velocimetry (PIV). The collected data was analysed
and theoretically framed with double-averaged methods (DAM). The impacts of the variations in the bed
morphology over the near-bed flow hydrodynamics are discussed by direct comparison of the
normalised DA flow variables. It was found that the effect of near-bed sediment movement is felt
primarily in the wake production terms, in the shear rate below the plane of the crests and, to a lesser
extent, in the form-induced shear stresses.
Keywords: Gravel-sand beds; Turbulent flows, Sediment transport, Double-averaged methodology, PIV
This study benefits from recent theoretical
progress in the characterization of the 3D flow
over irregular boundaries, the double avereraged
methodology (DAM). This is a particular form of
upscaling, in both time and space: the
conservation equations of turbulent flows are
expressed for time-averaged quantities which, in
case of unsteady flow, are defined in a timewindow smaller than the fundamental unsteady
flow time-scale, and for space-averaged
quantities, defined in space windows larger than
the characteristic wavelength of the boundary
irregularities (Smith & McLean 1977, Franca &
Czernuszenko 2006, Ferreira et al. 2009). The
formal apparatus of DAM has been built in the
study of flows within porous media (Gray & Lee
1977), of atmospheric boundary layers to describe
turbulent flows within and above terrestrial
canopies (Raupach et al. 1991, Finnigan 2000), of
hydraulically rough beds due to bedforms (Smith
& McLean 1977, Gimenez-Curto and Corniero

1 INTRODUCTION
In mountain rivers, the bed is generally composed
of a gravel-sand mixture. The sand content may
vary, changing the characteristics of the bed
morphology. This may happen seasonally or a as
trend, resulting from the erosion of unprotected
soil in the catchment. In the latter case, the
introduction of sand and sand bedload may bring
about negative impacts on the reproductive cycle
of salmonis and macroinvertebrate species
(Kondolf 2000, Ferreira et al. 2009). When the
porosity of the bed substrate becomes reduced,
due to the sand matrix that forms in the otherwise
open gravel framework, beyond the capacity for
natural rehabilitation, intervention may be needed.
In river rehabilitation studies it is thus necessary
to assess the impacts of the modified sand content,
namely on near-bed flow hydrodynamics, to
determine the extent of the required intervention.
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Lera 1996), of sand-gravel roughness (Nikora et
al. 2001, Nikora et al. 2007, Pokrajac et al. 2008,
Franca et al. 2008, Ferreira et al. 2009) and of
hydraulic flows over and within vegetation (Lopez
and Garcia 2001).
Although this formal apparatus encompasses
now statistically time-invariant mobile boundaries
(Nikora et al. 2007), little work has been produced
to understand the influence of bed morphology on
DA flow variables.
This study addresses this need and is aimed at
the characterization of the changes that different
bed morphology configurations and different sand
transport rates impose on hydrodynamic variables
relevant for the momentum and turbulent kinetic
energy (TKE) budgets. To accomplish the
proposed objectives, conditions similar to those
found in nature, in what concerns the flow and the
characteristics of the bed material, were
reproduced in the laboratory. Five experimental
tests simulated different stream conditions and
sand contents in a framework-supported gravel
bed. Instantaneous velocity maps were obtained
with Particle Image Velocimetry (PIV). The
collected data was analysed and theoretically
framed with DAM.
In Section 2 the main theoretical concepts are
expounded. Section 3 is dedicated to the
laboratory tests and to the presentation of the
laboratorial facilities and instrumentation. Data
collection issues are discussed in Section 4. The
main results are presented and discussed in
Section 5. Conclusions and recommendations
close the paper.
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u p is the path-averaged particle velocity,
accounts for the momentum sink due to sediment
transport under the hypothesis of small
concentrations of sediment transported as bedload.
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transport the fundamental term to express fluidparticle interactions should be drag on moving
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is the diffusion of TKE, incorporating the
gradient of the flux of TKE and pressure
diffusion.
Assuming that the turbulent boundary layer is
fully developed over an irregular, porous, mobile
bed composed of a poorly sorted mixture of
cohesionless particles in the sand-gravel range,
and that the bedload discharge (and the fractional
bedload discharges) are time-invariant in a
domain whose longitudinal scale is several times
the flow depth and no significant bed forms
develop, the flow can be divided in four main
regions (figure 1): the outer region (A), the inner
region (B), the pythmenic region (C) and the
hyporeic region (D). There is overlapping among
all regions as the phenomena that characterises
each region does not cease to exist abruptly. In
region A the turbulent flow is influenced by the
free-surface and scales with outer variables h and
U, the depth-averaged velocity. The dissipation
exceeds production of TKE and Reynolds stresses
are dominant.

and become dominant toward the bottom of this
region. Drag forces over moving particles
constitute an extra fluid momentum sink. Forminduced stresses are relevant and should be
strongly influenced by the nature of the bed. The
lower boundary of the pythmenic region is Zt. If
the bed is deep, the lowermost layers of the
pythmenic region do not participate in the vertical
momentum exchange and Reynolds and forminduced stresses should become small compared
with total (viscous and pressure) drag in the lower
layers of region C and in region D.
3 FACILITIES, INSTRUMENTATION AND
IDENTIFICATION OF TESTS
The experimental tests were performed in the
Recirculating Tilting Flume (CRIV), of the
Laboratory of Hydraulics and Environment of
Instituto Superior Técnico. The CRIV is 12 m
long, 0.408 m wide and has a recirculation circuit
composed by four tanks, a PVC pipe system and a
centrifugal pump. To feed the system with
sediments, a conveyor belt was placed on the
channel rails at a upstream section. The sediment
discharge was controlled by the velocity of the
belt and the thickness and width of the sediment
streak.
Measurements of the free-surface elevation and
the bed topography was done recurring to a 1 mm
precision ruler and a 0.1 mm precision point gage,
respectively. The void function was estimated in a
bed clone in a container as the volume of water
released between two consecutive water levels 2
mm apart.
Velocity measurements were performed with a
PIV system composed of a double-cavity
Nd:YAG SoLo laser, a CCD camera and a
software-controlled acquisition system. It emits
light in the green spectrum (532 nm). The light
sheet is 1.5 mm thick and penetrates the flow
through the free surface (details in Ferreira 2008
or Amatruda 2009).
Five laboratorial tests, S1 to S5, were
performed. The flume bed is frameworksupported (Hogan et al. 1999) in all three tests, i.e.
the coarse-gravel elements were in contact
forming a stable 3D structure whose voids were
empty in test S1 (openwork gravel bed) and filled
with sand, in different proportions, in tests S2 to
S5. Test S1 simulated a reference situation in as
much the flow in the pythmenic region is
influenced only by the roughness provided by the
gravel bed. In tests S2 and S4 the porosity was
reduced in the substratum, influencing hydro-

Figure 1. Idealised structure of the flow over hydraulically
rough porous poorly sorted gravel-sand beds.

The flow in region B is affected by the
characteristics the rough wall, directly in the
lowermost layers and indirectly, through u*, in the
uppermost layers. The characteristic length scale
is k s , determined by the bed micro-topography
and near-bed particle movement. In the lower
layers of this region (at about the elevation of the
crests) production rate is expected to exceed the
dissipation rate of TKE. The lower boundary of
the inner region is defined as the elevation of the
zero of the log-law, Z0, should one exist. If the
relative submergence is large enough, the vertical
profile of the time-averaged longitudinal velocity
in the overlapping layer between the inner and
outer regions is logarithmic and the production
and dissipation rates should be in equilibrium
(Townsend 1976). In region C, the flow is, to a
great extent, determined by the bed microtopography. Pressure and viscous drag on the
immobile bed particles act as momentum sinks
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dynamic conditions. For tests S3 and S5, sand
content in the bed was increased until its
discharge approached capacity transport rates.
These tests allowed for the characterization of the
impact of moving sediment over the turbulent
flow in the pythmenic and interfacial layers.
The main characteristics of the tests are
described next. The bed slope, i0 = 0.00445, and
the gravel framework were kept constant in all
tests. The flow discharge, Q , was 23.3 ls–1 in tests
S1 to S4 and 16.7 ls–1 in test S5. The gravel
framework has mean diameter, d 50( g ) = 28 mm, and
geometric standard deviation, σ D( g ) = 1.4. The
mean diameter of the sand fed into the channel is
d 50( s ) = 0.9 mm and the geometric standard
deviation, σ ( s ) is 1.6. There was no overlapping
between the sand and the gravel sizes.
The bed morphology was characterized by the
bed thickness, δ , the elevation of the lowest
troughs, Zt , the elevation of the highest crests,
Z c , the void function, ϕ and the substrate
porosity, ϕ0 (Table 1). The bed topography of test
S1, expressed as a staggered matrix of elevation
samples with a density of 1 sample/cm2, is shown
in Figure 2.

Figure 2. Bed topography of the working area.
Table 2–Mean flow parameters.
h

S1
S2
S3
S4
S5

D

S1
S2
S3
S4
S5

Zt

Zc

δ

ϕ0

(m)
0.092
0.095
0.107
0.091
0.125

(m)
0.146
0.146
0.146
0.144
0.145

(m)
0.054
0.051
0.039
0.054
0.021

(–)
0.38
0.31
0.22
0.35
0.31

-1

u*

(2)

Cf

U

–1

–1

(m)

(ms )

(ms )

(ms )

(ms–1)

0.161
0.156
0.127
0.163
0.107

0.056
0.058
0.052
0.056
0.051

0.052
0.055
0.046
0.050
0.033

0.426
0.438
0.532
0.419
0.595

0.0169
0.0158
0.0095
0.0176
0.0074

All flows were fully turbulent and subcritical,
with Froude numbers of about 0.5.
In tests S3 and S5 sand feed was imposed until
the bed was in equilibrium, i.e. with no visible
aggradation or degradation and no bed-forms.
After an iterative process, the final equilibrium
discharge was qb = 4.77 × 10 −3 ls–1 for test S3 and
–1
−3
qb = 2.08 × 10 ls for test S5.

Table 1. Characterization of the bed.

Test

u* (1)

4 RESULTS AND DISCUSSION
4.1 Data collection
Double-averaged quantities are defined as
X ( z) =

The main flow characteristics, shown in Table
2, are h, the flow depth (distance between the
elevations of the troughs and of the free surface),
U , the depth-averaged mean flow velocity in the
longitudinal direction, u* , the bed friction
velocity, calculated 1) from the equation of
conservation of momentum in the x direction,
u* = gR * i0 , where the hydraulic radius is
R* = ( h − δ ) 0.408 ( 0.408 + 2 ( h − δ ) ) , and 2) from
total shear stress (from the total shear stress
profiles) at the elevation of the crests, and
2
C f = ( u* / U ) , the friction coefficient, calculated
from definition (2) of u* .

1
A f ( z)

∫Ω /Σ X (α , β , z)dS

(5)

where Ω is the measuring domain. Σ is the
subdomain of Ω occupied by solids, A f ( z ) is the
area of the sub-domain, within Ω , occupied by
fluid at a given elevation z. Dummy variables α
and β are such that 0 < α < Lx and 0 < β < Ly
where Lx and Ly are larger than the dominant
roughness wavelength.
Definition (5) is not practical when
measurements are spatially discrete, for instance
velocity profiles taken at a finite number of points
in a given measuring area. In this latter case, the
calculation of the double-averaged velocity at a
given elevation z obeys
u ( z) ≈

N − N0 ( z )

∑

k =1

uk ( z ) Ak ( z )

N − N0 ( z )

∑

k =1

Ak ( z )

(6)

where Ak(z) is the area of influence of ( xk , yk ) ,
N represents the total number of sampling
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verticals and N0(z) the number of sampling points,
at elevation z, for which the velocity is not
defined. It should be noted that, below the crests,
N − N0 ( z )

∑ k =1

vertical Reynolds stresses increase with sediment
transport in the lower layers of the pythmenic
region. Figure 5 shows that normal vertical forminduced stresses are essentially not influenced by
sediment movement in the near bed region.

Ak ( z ) < A( z ) for N 0 ( z ) > 0 .

The measuring area was a rectangle of
2

21 × 6 cm (longitudinal×lateral) whose centre was

at 7.3 m from the inlet. The lateral dimension is of
the order of magnitude of the bed elevation
fluctuation and the longitudinal dimension is one
order of magnitude greater than the latter. To
maintain high PIV flow resolution only the
lowermost 70% of the flow depth were observed
in tests S1 to S4.
The number of sampling verticals was 48, 54,
56 and 60 for S1, S2, S3 and S4 and S5,
respectively with about 2000 samples for each
time series. The regions of influence of each
profile are the areas of the Voronoï polygons of
the mesh of profiles.

Figure 4. Non-dimensional double-averaged Reynolds
vertical normal stresses. Symbols as in Figure 3.

4.2 Near-bed pressure distribution
In a gradually-varied flow, longitudinal gradients

are small compared with vertical gradients. The
flow is turbulent and, hence, viscous stresses are
negligible. The vertical velocity distribution
(Figure 3) is small throughout the water column.

Figure 5. Non-dimensional form-induced vertical normal
stresses. Symbols as in Figure 3.

Overall there should be no effect on the vertical
pressure distribution since vertical gradients of
these stresses are small and, at best, of second
order, compared with the hydrostatic term.
Figure 3. Non-dimensional double-averaged mean vertical
velocity. Open circles (○) stand for the reference bed (S1),
open squares (□) stand for S2, full circles (●) stand for S3
(mobile bed), diamonds (◊) stand for S4 and asterisks (∗)
stand for S5 (mobile).

4.3 Longitudinal velocity
In open-channel flow over hydraulically rough
beds with large enough relative submergence, the
longitudinal velocity profile in the form of

The vertical convective acceleration is about
0.3 ms-2, considerably smaller than the
acceleration of gravity. Hence, the main
deviations from the hydrostatic pressure
distribution are due no normal form-induced and
Reynolds stresses.
Figure 4 shows that DA normal vertical
Reynolds stresses appear to slightly decrease in
the upper regions of the pythmenic region due to
sediment transport; conversely (at least in test S4),

u

⎛ z−Δ ⎞+ u I ,
(7)
⎟ u
κ ⎝ k sT − Δ ⎠
u*
*
where ksT is of the order of magnitude of the
thickness of the pythmenic region (Figure 1), Δ is
the displacement height , u I is the velocity at
the top of the interfacial layer and κ = 0.405 is the
von Kármán constant,
may be fitted to
logarithmic law above the roughness-influenced
layer (Dittrich and Koll 1997, Nikora et al. 2007).
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to the small concentration of moving particles, not
enough to raise the values of the bed shear stress.
The interaction force between moving
sediment and fluid (equation 3) is an extra sink in
the momentum equation. This is consistent with
the finding that the total drag force per unit
volume acting on the bed actually increases in the
mobile bed cases.

For rough mobile beds, Ferreira et al. (2008)
noted that the parameters of the log-law change
with the increase of bed mobility resulting in non
self-similar profiles for higher transport rates.
Figure 6 shows the longitudinal velocity
profile. The relative submergence is too low to
guarantee complete similarity to inner and outer
parameters and, hence, to guarantee a logarithmic
profile (Flack et al. 2007 proposes h / δ > 40 ).
However, a log-law can indeed be fitted to the
measured velocity profiles, provided that k sT and
u I were adequately chosen.

4.4 Reynolds and form-induced shear stresses
Figures 7 and 8 show mean Reynolds shear
stresses and form-induced shear stresses.

a)

b)
Figure 7. Non-dimensional double-averaged Reynolds shear
stresses. Symbols as in Figure 3.

Figure 6. Double-averaged mean longitudinal velocity
profiles. a) Logarithmic plot showing theoretical log-law; b)
Full profile showing logarithmic and bi-lineal reaches.
Symbols as in Figure 3.

Figure 6 shows also that the velocity profile in
the pythmenic region can be expressed by a bilinear law, i.e. two linear reaches with different
slopes. The profiles of tests S3 and S5, influenced
by sediment transport, show a higher slope of the
lower linear reach. This higher shear rate is related
to the lower flow resistance observed in these
tests, expressed by smaller values of the friction
coefficient (Table 2). This effect is mainly due to
bed smoothening: the roughness elements become
immersed in a layer of moving sand and, as a
result, the thickness of the bed decreases.
Therefore, viscous and pressure drag decrease
because the total area of fluid-solid interface
decreases. Drag on moving sand particles is, due

Figure 8. Non-dimensional form-induced shear stresses.
Symbols as in Figure 3.

Mean Reynolds shear stresses seem unaffected
by sediment transport (Figure 7). Considering the
drag force on near-bed moving particles a sink in
the equation of momentum in the longitudinal
direction and that mean Reynolds stresses are
unaffected by sediment transport, it is concluded
that drag on moving particles affects forminduced stresses and on form drag. As seen in
Figure 8, the profile of form-induced shear
stresses is showing, in general, an alternation
between positive a negative maxima in the
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pythmenic region. The maxima attained in S1, the
reference situation, just below the crests of the bed
particles, seems attenuated in the mobile bed tests,
which is consistent with an increase of drag
associated to moving sediment.

related to the higher shear rates exhibited by the
mobile bed tests.

4.5 Form-induced longitudinal normal stresses
Figure 9 shows that the longitudinal normal forminduced stresses are not significantly affected by
sediment transport. The large peak exhibited in
test S4 seems slightly attenuated in the remaining
tests, with no special trend due to near-bed sand
movement.
Figure 10. Rate of production of TKE associated to
Reynolds stresses. Symbols as in Figure 3.

Figure 11 shows that wake production is
confined to the pythmenic region. The values of
Pw are markedly smaller that those of Pr.
However, in the reference situation, test S1, the
values of Pw are not negligible. The effect of the
sediment transport on the production terms seems
to be a clear attenuation of the wake production
and the development of negative production due
to positive form-induced stresses.
Figure 9. Non-dimensional form-induced longitudinal
normal stresses. Symbols as in Figure 3.

4.6 Production of TKE
Figures 10 and 11 show the rate of production of
TKE due to Reynolds stresses (Pr) and due to the
complex flow in the wakes of the roughness
elements (Pw). Considering that the flow is
essentially 2DV, that the longitudinal gradients
are small and taking into consideration the orders
of magnitude of the remaining variables, the
following simplified formulas were used
∂ uj
Pr = − u ' j w '
∂z

Figure 11. Rate of wake production of TKE. Symbols as in
Figure 3.

(8)

and
Pw = − u ' j w

5 CONCLUSION
u j ∂ϕ
.
ϕ ∂z

(9)

The main results of this study may be summarized
as follows.
• For the sediment concentrations assessed, there
were no important impacts on the vertical
pressure distribution.
• The friction coefficient is reduced in the
mobile bed case. This effect should be mainly
due to bed smoothening after sand
introduction.

Figure 10 shows that Pr peaks at the elevation of
the crests and is fairly independent from the shape
of the boundary above the crests of the bed
particles. Below these crests, the scatter is
considerable but there is a trend, followed in all
tests, of decreasing Pr. The largest value of Pr is
attained in the mobile bed tests, which is surely

73

• The profile of the mean longitudinal velocity
can be expressed by a log-law above the
roughness-influenced layer, although the
relative submersion is only moderate. One of
the effects of sand transport is rendering the
velocity profiles non-self-similar.
• The longitudinal velocity profile in the
pythmenic region seems to be double-linear.
The main effect of the sand transport is the
increase of the slope in the lower linear reach.
• Viscous and pressure drag decrease in the
mobile bed cases; drag on moving sand
particles is not enough to increase the values of
the bed shear stress.
• Mean Reynolds stresses, both shear and
normal, seem unaffected by sediment transport.
• Just below the particle crests, form-induced
shear stresses are smaller when the bed
undergoes sediment transport. Further below
there is no appreciable trend.
• The rate of production of TKE due to Reynolds
stresses, Pr, peaks at the elevation of the crests
and deceases below these.
• The wake production, Pw, is considerably
smaller than Pr and confined to the pythmenic
region. Pw is not negligible in the open-work
gravel.
• The main effect of the sediment transport on
the production terms seems to be a clear
attenuation of the wake production and and the
development of a region of negative
production.
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Components of the spatially-averaged turbulent stress in open channel
flows over rough beds
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ABSTRACT: We investigate spatially heterogeneous open channel flows over rough beds using double
averaging methodology. This methodology is based on averaging the fundamental flow equations twice,
once in time and once in space. The resulting double-averaged equations can be used as a framework for
development of turbulence models. In order to fully explore the potential of such models the stress terms
that appear in the momentum equation as a result of each averaging step need to be parameterised. We
investigate the stress terms resulting from the double-decomposition of instantaneous velocity. The experimental values of these stress terms were determined from the laboratory experiments involving Particle Image Velocimetry (PIV) measurements of shallow open channel flows over rough beds. The structure of the stress terms and associated turbulent events is investigated using quadrant analysis. For this
purpose quadrant analysis is applied either to large-scale or to small-scale velocity fluctuations. The former reveals predominant directions of large turbulent events i.e. of the motion of fluid lumps of size
comparable to flow depth. The latter shows the features of small-scale turbulence. The analysis was performed for open channel flows over two types of rough beds: square bars at different spacings and uniform size spheres. It showed that large-scale turbulence in rough wall boundary layers is more anisotropic
than the small-scale turbulence. This is a well-known feature, which provides the basis for LES turbulence modelling.
Keywords: Double-averaging, Rough-bed turbulent flows, Turbulent shear stress, LES
eraging to time-averaged flow equations was
gradually developed through the contributions of
Smith and McLean (1977), Wilson and Shaw
(1977), Raupach and Shaw (1982), Finnigan
(1985), Raupach et al. (1991), Wang and Tackle
(1994), Gimenez-Curto and Corniero Lera (1996),
etc. Application of the double-averaging methodology to open channel flows over rough surfaces
began only recently (Nikora et al. 2001, 2007).
For fixed bed geometry, either order of
averaging steps (i.e. first time, then space and first
space, then time) produces identical results. In
order to prove this, Pedras, de Lemos (2001)
proposed the double decomposition of flow
velocity, which results in splitting both mean
velocity and turbulent velocity fluctuation, into
spatial average and spatial perturbation
(disturbance), producing, altogether, four velocity
components.
By using the double decomposition of
instantaneous flow velocity at a point, it is

1 INTRODUCTION
The majority of natural open channel flows are
fully developed turbulent flows over rough beds.
In the vicinity of a rough bed, flow is always
spatially heterogeneous, so it is difficult to
interpret experimental results because they depend
on the position of the observation point. This
difficulty can be overcome by sampling data from
a large number of points (sufficient to provide
statistically representative sample) and by
subsequently interpreting the data using the
double-averaging methodology.
The double-averaging methodology is based on
averaging fundamental equations twice, once in
time (or over an ensemble) and once in space. The
theory of spatial averaging was first developed for
general conservation equations in multiphase systems in porous media flows (Whitaker 1967,
Whitaker 1973, Gray 1975, Hassanizadeh and
Gray 1979 etc.). The idea of applying spatial av75

possible
to
decompose
double-averaged
momentum flux into four components. One of
them is the momentum flux that remains resolved
at large scale, whereas other three components can
be interpreted as apparent stress terms. Two of
these stress terms are defined in terms of turbulent
velocity fluctuations: one contains their spatial
averages and another one contains their spatial
disturbances. It can be shown that adding these
two components yields spatially-averaged
turbulent stress. Pokrajac et al. (2008) termed
them “large-scale” and “small-scale” ‘small-scale’
component of the spatially averaged turbulent
stress, and presented the first literature data on
experimental values of these stress components.
This paper presents further analysis of largescale and small-scale turbulent velocity
fluctuations and associated stress terms, based on
laboratory experimental data on open channel
flows over rough beds. Section 2 gives the
definitions of the main concepts including doubledecomposition of flow velocity and the resulting
terms composing large-scale momentum flux.
Section 3 presents a brief overview of the
experimental procedures. Results and discussion
are presented in Section 4. Besides conventional
velocity profiles the results contain the profiles of
large-scale and small-scale shear stress, as well as
the quadrant analysis applied separately to largescale and small-scale velocity fluctuations. These
results provide insight into large-scale and smallscale turbulence in rough wall boundary layers,
which are summarized in Section 5.

2.1 Double-decomposition of instantaneous
velocity
Primary decomposition of any flow variable, for
instance streamwise velocity, is defined as

u = u + u ′,

(1)

based on time averaging, and
u = u + u,

(2)

based on spatial averaging.
Each of the primary components is subsequently decomposed once more. Expressing the
r.h.s. of (1) in terms of spatial averages yields

u = u + u + u′ + u ′ .

(3)

u′

u

Alternatively, the r.h.s. of (2) is expressed using
time averages as

u = u + u ′ + u + u′
u
u

(4)

Pedras and de Lemos (2001) showed that all averaging and the deviation operators commute, e.g.
u = u , u = u ,

u′ = u ′ ,

so it is easily established that the right hand side
terms of (3) and (4) are identical. These terms represent components of instantaneous velocity at a
point. In order of appearance on the r.h.s. of (3)
these components are: the double-averaged velocity, the spatial perturbation in time-averaged velocity, spatially averaged velocity fluctuation and
the spatial disturbance in velocity fluctuation.

2 COMPONENTS OF THE SPATIALLY
AVERAGED TURBULENT STRESS
Only uniform (in spatially-averaged properties)
flows are considered. Time-averaging is performed over a very long time, while spaceaveraging is performed over a volume of fluid
which is sufficiently large to capture representative samples of flow variables, and sufficiently
small to be unaffected by large-scale heterogeneities. Spatial and temporal averages are denoted
with square brackets and straight over-bar, respectively, while deviations from the spatial and temporal average are denoted with the wavy over-bar
and prime, respectively.
A right-handed coordinate system is used
throughout the paper, with (x,y,z) and (u,v,w) the
streamwise, spanwise and bed-normal coordinates
and corresponding velocity components, respectively. For simplicity only u and w velocities, and
the associated component of turbulent shear stress
are considered. Analogous analysis can be done
with u versus v and v versus w.

2.2 Momentum flux terms resulting from two
averaging steps
Momentum flux term in the Navier-Stokes equation contains products of velocity components.
According to the well-known rule of product, each
averaging step applied to this term produces an
additional term. In case of averaging first in time
and then in space this yields :
u w = u w + u ′w′ =
= u w + u w + u′ w′ + u ′ w ′
uw

(5)

u ′w′

where the second term of the middle equation had
time and spatial averaging operators swapped before it was decomposed. It is easy to show that the
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terms, i.e. the large-scale and small-scale components of the spatially-averaged turbulent stress
have been almost completely neglected so far. The
remaining part of the paper explores these components using experimental data on shallow open
channel flows over rough beds.

result on the right hand side can also be obtained
with the reverse order of averaging steps, i.e. first
in space and then in time.

3 EXPERIMENTAL METHODOLOGY
In the following text we provide a brief summary
of the methodology and procedures used for the
experiments presented in this paper. A more detailed description can be found in Pokrajac et al.
(2008) and Manes et al. (2007).
The experiments were conducted in a tilting
hydraulic flume which is 11m long and has a
straight rectangular, 0.4m wide cross section. At
the downstream end of the flume the flow is controlled by means of six vertical vanes which can
be rotated about their vertical axis to constrict the
flow until it reaches uniformity. For each experiment flow uniformity was checked by measuring
the flow depth at different locations with a
Vernier calliper. The entire flume bed was covered with two types of roughness elements: i) twodimensional square bars of size k=6.4mm and ii)
12mm-diameter glass marbles.
Square bars were positioned in the flume with a
spacing of λ = 3k , 5k ,15k , where λ is centre-tocentre distance between the bars. This is expressed as a dimensionless variable L=λ/k =
3,5,15. According to Perry et al. (1969), these bar
spacings correspond to “d-type”, “transitional”
and “k-type” roughness, respectively. Alternatively, according to Morris (1955) these spacings
produce “skimming”, “transitional”, and “isolated
obstacles” flow, respectively.
Glass marbles were placed in the flume to form
one layer of spheres packed in a cubic pattern.
For both bed configurations flow velocities
were measured by means of Particle Image Velocimetry (PIV). Hollow glass spheres with a
mean diameter of 15 μm were used as the seeding
material. A Nd-Yag laser with pulse energy 300
mJ was used as a light source to illuminate vertical planes positioned along the longitudinal centreline of the flume. PIV images were then captured with a digital camera synchronized with the
laser and focused on a flow region covering at
least one roughness wavelength in length and the
whole flow depth in height. The images were then
processed to work out the velocity field. The PIV
set-up used for the experiments allowed to measure bed parallel and bed-normal velocities, i.e. u
and w, with the sampling frequency of roughly
13Hz. The sampling volume for each velocity
vector was defined by a 32 × 32 pixels interroga-

Figure 1. A matrix of terms appearing in temporal and spatial averaging.

Both procedures (i.e. time/space and
space/time averaging) are summarised in Figure 1.
The bottom left cell contains the starting point,
namely instantaneous momentum flux at a point,
uw. Temporal averaging is performed along the
columns, from the bottom up and is denoted with
an upwards pointing arrow with an overbar. It always produces two terms: the average of the
product of fluctuations (i.e. turbulent stress term)
and the product of time averages. Spatialaveraging is performed from left to right along the
rows and is denoted with a horizontal arrow below
square brackets. It produces the average of the
product of spatial deviations (i.e. in LES terminology sub-grid stress), and the product of the
spatial averages. The results of a single averaging
step are shown in the left column for time averaging and the bottom row for spatial averaging.
Each of these terms is then subsequently averaged
once more to produce two components. Either
way, the two averaging steps produce the four
terms in the grey cells of Figure 1. Among them
the term in the top right cell (dark grey) contains
the double-averaged velocities so it represents resolved momentum flux (at large scale), whereas
the sum of the other three terms (light grey cells),
can be considered apparent stress term, i.e.

τ app
= − u ′ w′ − u ′w ′ − u w .
ρ

(6)

The first two terms on the r.h.s. of (6) are the
large-scale and the small-scale turbulent stress, respectively. As indicated in Figure 1, added together they yield the spatially-averaged turbulent
stress (the top cell in Figure 1). The third term on
the r.h.s. of (6) is the form-induced stress. Adding
this term to the small-scale turbulent stress results
in time-averaged sub-grid stress (shown in the
right hand side cell in Figure 1). The forminduced stress has so far received a reasonable attention in the literature. In contrast, other two
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Time series of turbulent velocity fluctuations at
each measurement point, u’(x,z), were subsequently averaged in space, in order to obtain the time
series of large scale velocity fluctuations, u ′ ( z ) .
The time series of u′ ( z ) was calculated for each
averaging volume, i.e. for each bed-parallel plane
located at different height z. Time series of the
small-scale velocity fluctuations u ′ ( x, z ) were
subsequently obtained by subtracting u′ ( z )
from u’(x,z). The analogous procedure was applied for the w velocity.
The large scale component of the turbulent
shear stress was obtained by averaging u ′ w′
over time. The small scale component was calculated by double-averaging the product u ′ w ′ .

tion area, corresponding to the physical dimension
which varied between 1.6 and 3mm. A 75% overlap between adjacent interrogation areas allowed
to have high spatial resolution (0.4 to 1.5mm), required for the data analysis presented in this paper.
All experiments were performed with the bed
slope 1/400. Other hydrodynamic conditions used
for the experiments are summarized in Table 1
Table 1. Hydrodynamic conditions of the experiments: k =
roughness height; H = flow depth measured from the roughness top to the free surface; u * = friction velocity; U =
depth-averaged velocity, Re=UH/ν is the bulk Reynolds
number;
Rek =k u * /ν is the roughness Reynolds number.
______________________________________________
Experiment
k
H
u*
U
Re
Rek
mm mm m/s
m/s
______________________________________________
BARS, L=3
6.4 44 0.0300 0.310 15500 192
BARS, L=5
6.4 44 0.0316 0.232 11600 202
BARS, L=15 6.4 44 0.0332 0.207 10350 212
SPHERES
12 42 0.0300 0.340 16320 384
_____________________________________________

4.2 Double-averaged velocity
All experiments analyzed herein involved uniform
fully developed rough-bed open channel flow with
the relative submergence (the ratio of flow depth,
H, to the roughness height, k) of around 10. Since
the top of the roughness layer may extend until
several roughness heights (2-5k, Raupach et al,
1991), and the top of the logarithmic layer is
expected at approximately 0.2 flow depth (i.e.
around 2k for H/k=10), the flow depth in these
experiments did not provide sufficient space for
development of the log-layer, i.e. the roughness
layer was covering the space “reserved” for the
log-layer. For this reason we did not attempt to fit
the velocity profiles to the log-law.
Figure 2 shows the vertical profiles of the
double-averaged streamwise velocity, scaled with
the u*, for all experiments. The profiles show how
different bed roughness has different efficiency in
extracting momentum from the main flow:
uniform size spheres are smoothest, i.e. least
efficient in extracting momentum, followed by the
d-type roughness (BARS, L=3) where main flow
skims over the roughness elements and hence does
not “feel” their height, followed by transitional
(BARS, L=5), and finally k-type roughness
(BARS, L=15), which is roughest, i.e. the most
efficient in extracting momentum. It is interesting
to note that comparing the roughness Reynolds
numbers would lead to different conclusion: based
on Rek spheres would appear to be the roughest
bed. The reason for this is that sphere diameter,
used as a nominal roughness height, does not truly
represent the height of the roughness “felt” by the
flow– the latter is much smaller, so the Reynolds
number that truly represents how rough is the
rough surface should be based on this smaller
roughness height. However, taking the grain
diameter as roughness height is a common
practice for gravel bed rivers, so it was adopted in
this paper as well.

4 RESULTS AND DISCUSSION
All experimental results are presented with the
origin of the bed-normal coordinate z located at
the roughness crest.
4.1 Data processing
Each experiment resulted in a time series of u and
w velocity at a matrix of points across the
measurement window. Time averaging was
performed over the whole duration of the
experiment (around 5min.) Spatial averaging was
performed over a thin bed-parallel volume, whose
height was equal to the height of the PIV
interrogation area. In case of square bar roughness
the averaging volume was spanning over two
roughness wavelengths λ for L=3 experiment, and
a single wavelength for other two experiments.
This means that the averaging length was similar
for L=3 and L=5 experiments but much larger in
L=15. Use of a short window in the L=15 experiment was not possible since it would not have
produced representative averages, while longer
window for the other two experiments was not
available. We made an assumption that in all three
cases there was enough scale separation to provide a stable result of Reynolds stress decomposition into large-scale and small-scale components.
Unfortunately our data set for square bar experiments does not cover a wide enough measurement
window to allow a full test of this hypothesis.
In case of spherical roughness averaging volume was spanning along two spheres.
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the shear stress just below the roughness crests
(z=0, Figure 3). The lower peak is visible for experiments L=3, L=5, but not for L=15 where the
change of porosity, compared to other two experiments, is smaller. The second peak can be explained as follows. Turbulent momentum fluxes
through the planes just above and just below the
roughness crest are similar. (The difference comes
from the viscous shear stress across the roughness
crest, which is much smaller than other terms in
momentum balance). However, the corresponding
bed-parallel area is considerably larger above the
roughness. In order for the similar momentum
flux to pass through the smaller area below the
roughness crest, its magnitude has to increase. Indeed, when the stress terms are multiplied with
the appropriate porosity, the lower peaks in the
stress profiles disappear and the graphs monotonically decrease below the roughness crest.

Figure 2. Double-averaged velocity profiles.

4.3 Spatially averaged turbulent shear stress
Figures 3 and 4 show the vertical profiles of the
large-scale and small-scale turbulent stress, as
well as the sum of these two, i.e. the spatially averaged shear stress. There is a notable difference
in shape between the large-scale and the smallscale shear stress profiles observed in all experiments. The large-scale stress achieves its maximum value at around 0.2-0.25 of the flow depth
and this maximum is smooth. In contrast, the
small-scale stress has a very distinct peak around
the roughness crest. This general shape is consistent with the physical meaning of the shear stress
components. Large-scale stress peaks around the
middle of the flow depth, where the large turbulent structures have enough space to develop,
while the small-scale stress is more predominant
at the roughness crest, in the zone of intense generation of small eddies. A very sharp peak in the
small-scale stress is due to the constant roughness
height, which creates a distinct shearing layer at
the roughness crest.
It should be pointed out that all shear stress
terms result from averaging over the volume of
fluid only. Below the roughness crest this volume
is smaller than above, because an averaging volume contains the solid phase (roughness elements). As a result the spatially averaged momentum balance equation contains the (spatially
averaged) shear stress multiplied with the ratio of
the volume of fluid and the total volume = porosity φ (e.g. Nikora et al. 2007). This also applies to
the large scale and small scale stress terms presented in this paper. In the SQUARE BAR experiments porosity has a step change at the roughness crest (just above the crest it is unity, and just
below it becomes 0.67, 0.80, and 0.93, for L=3,
L=5 and L=15 experiment, respectively). The
sharp change of porosity causes a second peak of

Figure 3. Profiles of: large-scale turbulent stress (full line),
small-scale turbulent stress (dashed line) and the total turbulent stress (dotted line) in square bar experiments

Figure 4 Profile of large-scale turbulent stress (full line),
small-scale turbulent stress (dashed line) and the total turbulent stress (dotted line) in spherical roughness experiment
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4.4 Quadrant analysis of large scale and small
scale velocity fluctuations
The conventional quadrant method involves
studying the relationship between temporal fluctuations of velocity components, u’ and w’, particularly their distribution between four quadrants
numbered in the counter-clockwise order, starting
with Quadrant 1 where both u’ and w’ are positive. Correlation between u’ and w’ reveals the
presence of turbulent coherent structures, e.g.
sweep-like events belong to Q4 (u’>0 and w’<0)
while the correlation between u’<0 and w’>0
(Q2) indicates ejection-like events (Lu & Willmarth 1973, Nezu & Nakagawa 1993).
In this study an analogous technique has been
applied to the large-scale and small-scale velocity
fluctuations. A quadrant diagram for large-scale
fluctuations can be plotted for each averaging
volume (bed-parallel slice), whereas a quadrant
diagram for small-scale fluctuations can be plotted
for each measurement point. Figures 5-8 present
the quadrant diagrams for large-scale velocity
fluctuations for 3 selected planes, and for smallscale velocity fluctuations at a single point within
each of these planes. In square bar experiments
the position of the point for the small-scale quadrant diagrams was always at 6mm (in x direction)
from the downstream end of the bar. In the
SPHERE experiment the point was in the centre
between the two adjacent spheres. Small-scale
diagrams are shown for just a single point in order
to save space. Inevitably there is some variability
in x direction, but the small-scale diagrams for
other points are generally similar to those shown
in Figures 5-8.
There is a notable difference in shape between
large-scale and small-scale quadrant diagrams: the
former are much less scattered and form a welldefined strip located mainly in Quadrants 2 and 4;
in contrast, the small-scale diagrams form a cloud
with more even coverage of all four quadrants. In
other words, the small-scale turbulent flow in our
experiments was more isotropic than the largescale flow. This is another confirmation of the
well-known feature of small-scale turbulence. Indeed, the concept that small-scale turbulence remains unaffected by the large-scale flow geometry, and is therefore more isotropic, is the
underlying idea of the LES turbulence modelling.
Further inspection shows that the magnitudes
of large-scale and small-scale fluctuations of the
streamwise velocity are similar, whereas the bednormal fluctuations are larger for small scale
events. In other words the movement of a lump of
fluid perpendicular to the main flow direction is
faster when the lump is small.

Figure 5. Quadrant diagrams of: large-scale velocity fluctuations for 3 different bed-parallel planes (left panels); smallscale velocity fluctuations at selected points in the same
planes (right); for the SQUARE BARS experiment with L=3

Figure 6. Same as Figure 5 for the SQUARE BARS experiment with L=5

Figure 7. Same as Figure 5 for the SQUARE BARS experiment with L=15
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5 CONCLUSIONS
We applied double-averaging methodology to
study open channel flows over rough beds with
regular geometry. In particular we investigated
large-scale and small-scale velocity fluctuations,
and the corresponding large-scale and small-scale
turbulent shear stress.
Laboratory experiments involved fully developed turbulent open channel flows over two types
of roughness: square bars at different spacings and
uniform size spheres. PIV was used to obtain time
series of instantaneous velocities at a large number of points across the measurement window (a
vertical rectangle along the longitudinal centreline
of the flume). These measurements were used to
calculate large-scale and small-scale velocity fluctuations and shear stress terms. The structure of
the shear stress terms was further investigated using quadrant analysis.
The following conclusions were drawn from
this study:
• Double-averaging is very convenient for
studying spatially heterogeneous flows
such as flows over rough boundaries.
• Decomposition of turbulent velocity and
shear stress into large-scale and smallscale components offers new possibilities
for studying heterogeneous turbulent
flows: conventional analysis of velocity
statistics and other methods such as quadrant analysis can now be applied to
large-scale and small-scale turbulent motions separately. This methodology has a
potential to provide new insights into the
structure of spatially heterogeneous
flows.
• In our experiments small-scale turbulent
stress always had a very sharp maximum
at the level of the roughness crest, whereas large-scale turbulent stress profile
was more gradual, with a maximum
around 0.2 of the flow depth.
• Quadrant analysis confirmed that smallscale turbulent flow in rough bed boundary layers is more isotropic and has relatively higher bed-normal velocity than the
large-scale flow. Furthermore bed-normal
velocity was enhanced when the gaps between the roughness elements had a significant bed-normal length, compared to
the streamwise length.
These conclusions apply solely to rough beds with
regular geometry. Further research is required to
establish to what extent they can be extrapolated
to irregular beds of natural streams.

Figure 8. Same as Figure 5 for the SPHERES experiment.

Comparison of the quadrant diagrams for three
different spacings of square bars (Figures 5-7)
shows that above the roughness crest there is very
little difference. Below the crest (z=-3mm), however, there is a clear difference between:
• L=3, skimming flow, where the gap between the bars contains a stable stationary
vortex which suppresses turbulence generated at the roughness crest,
• L=15, flow over isolated obstacles, where
the vortex behind the bar is much less
stable because the re-attachment points
fluctuates back and forth, and
• L=5, the transitional flow with the features between the former two.
The overall features of both large-scale and smallscale quadrant diagrams for SQUARE BARS experiments are similar to those for the SPHERES
experiment. The latter experiment had somewhat
wider range of large-scale w fluctuations, and
somewhat more rounded shape of the small-scale
quadrant diagrams. Both features are probably due
to the shape and size of vertical gaps between the
spheres: these gaps have longer vertical than horizontal length, whereas the gaps between the
square bars are elongated in the x direction, even
for L=3. The gaps between the spheres are therefore likely to enhance bed-normal velocity fluctuations and result in more rounded quadrant diagrams, especially for the small-scale turbulent
motions.
All features of the quadrant diagrams presented
in this section are consistent with their physical
meaning, which was first discussed in Pokrajac et
al. (2008).
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3-D Numerical computations of turbulence in a partially vegetated
shallow channel
D. Souliotis & P. Prinos

Hydraulics Laboratory, Department of Civil Engineering, Aristotle University of Thessaloniki;
Thessaloniki, 54006, Greece

ABSTRACT: In the present study three dimensional computations, based on the RANS equations and
turbulence models of k-ε and RSM type, have been performed for calculating the flow and turbulence
characteristics, such as flow velocity, turbulent kinetic energy, shear stresses and eddy viscosity, in a partially vegetated shallow channel for various vegetation heights and densities, based on laboratory experiments. Computed results are compared with available experimental measurements and expressions from a
vortex-based model proposed by the same investigators. In addition, the momentum exchange between
the vegetation and the free channel in the lateral direction, and the distribution of flow and turbulence
characteristics, mainly at the interface region, are studied.
Keywords: Coherent vortices, Shear stresses, Turbulence models, 3-D computations
1 INTRODUCTION

An experimental study has been performed by
White & Nepf (2007) for shallow flow in a channel partially obstructed by an array of circular cylinders. They showed that vortices are developed
due to the increased shear at the interface and also
that the region is divided in two regions. The inner
region which establishes the penetration of momentum into the vegetation and the outer region
which establishes the scale of the vortices.
Also White & Nepf (2008) proposed a model
for the vortex-induced exchange and predicted the
distributions of flow velocity and shear stress in
shallow channels with a boundary of emergent
vegetation. They also found expressions for the
penetration length of momentum inside the vegetation and the width of the boundary layer in the
main channel.
Several numerical studies on 2D turbulent vegetated flow have been presented recently by various investigators. In these studies the Volume
Averaged Reynolds Averaged Navier Stokes
(VARANS) equations in conjunction with a turbulence model, based on vegetation dynamics or
porous media approach, are employed in order to
simulate the effect of vegetation on channel flow
and turbulence characteristics.
Li & Yan (2007) used the Spalart-Allmaras
model to simulate turbulence while Ayotte et al.
(1999) and Choi & Kang (2004) developed Rey-

Open channel shallow flows, partially filled with
vegetation, is a problem of increased importance
in the last decades which affects many environmental problems such as flow adjacent to terrestrial and aquatic vegetation, discharge capacity of
the channels and the mass and momentum exchange between the free flow and the vegetation
region which in turn influences the sediment and
erosion phenomena.
In the past years several experimental measurements and numerical computations have been
performed by various researchers for the study of
flow in partially vegetated shallow channels. Ikeda et al. (1991) modeled the sediment transport in
a vegetation region using a two-dimensional eddy
viscosity model to predict the velocity distribution
in the lateral direction of a channel.
More recently Nezu & Onitsuka (2000) measured the turbulence characteristics and observed
the development of coherent vortices, due to Kelvin-Helmholtz instability, at the interface region
between the vegetation and the free channel flow.
The presence of the coherent vortices has been also observed from Large Eddy Simulation (LES)
models by Nadaoka & Yagi (1998) and also
Xiaohui & Li (2002).
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nolds-stress turbulence models (RSM). Various
researchers (Pedras & de Lemos, 2001; Uittenbogaard, 2003; Foudhill et al., 2005 among others)
also developed turbulence models of the k-ε type
for the same purpose.
In the present study three dimensional computations of the VARANS equations, in conjunction
with the k-ε model of Uittenbogaard (2003) and
the RSM of Ayotte et al. (1999), which both are
based on a vegetation dynamics approach, are
used in order to simulate the effect of vegetation
on the channel flow. Although the k-ε model cannot simulate the anisotropy of shear stresses, is
used in order to be tested on vegetated flows. It is
noted that the RSM model is modified (Souliotis
& Prinos 2009), for improving the performance of
the model. Two cases from White & Nepf (2008)
with Cdα=9.2 m-1 and 28.5 m-1 are simulated by
the models (Cd = drag coefficient, α = plant density). In addition, numerical computations for two
more cases with less dense vegetation (Cdα = 2m-1
and 5 m-1) have been performed for assessing the
effectiveness of the models in a wide range of vegetation densities.

<U j >

where Ui = fluid velocity in the xi direction, ρ =
fluid density, P = effective pressure, u i u j = Reynolds stresses,. The third term in the rhs of Eq. (3)
is an “additional dispersive” term, due to correlation of spatial deviations of the mean velocity
components, which can be assumed negligible in
flows with high density. The last term in Eq. (3) is
an extra drag term due to vegetation resistance.
The Reynolds stresses, < −uiuj > , are calculated
through the Boussinesq hypothesis for the <k><ε> model as follows:
⎛ ∂ < Ui > ∂ < U j
>⎜
+
⎜ ∂x j
∂xi
⎝

>⎞ 2
⎟⎟ − < k >
⎠ 3

ij

(4)

where vt= turbulent viscosity (= Cμ<k>2/<ε> ,
Cμ = 0.09) and δij = Kronecker delta.
2.2 Transport equations for <k>, <ε> and
< u iu j >
The transport equation for the turbulent kinetic
energy, <k> and the dissipation rate <ε> are derived from the VA (Volume Average) of the
original transport equations for k and ε. For the
<k>-<ε> model the equation for <k> is:
∂<k >
∂ ⎛ < vt > ∂ < k > ⎞
=
⎜
⎟
∂x j
∂x j ⎜⎝ σ κ
∂x j ⎟⎠
∂ < Ui >
+ < −ui u j >
− < ε > +0.5Cd α U < U > 2
∂x j

<U j >

(1)

(5)

The last term is an additional source term due to
vegetation while the additional dispersive terms
resulting from the volume averaging of the convection and the diffusion terms are assumed negligible. For the RSM model the turbulence kinetic
energy <k> is not computed through a transport
equation since it is obtained directly from the
normal Reynolds stresses ( < k >= 0.5 < ui ui > ).
For the <k>-<ε> (Uittenbogaard, 2003) and the
RSM models the respective equations for <ε> are
written in a similar way to the <k> equation and
they take the respective forms:

Af

where Af =volume of fluid contained in the total
volume. In the case of spatial–averaged quantities,
Af is parallel to the channel bed and extensive
enough to eliminate plant-to-plant variations in
vegetation structure but thin enough to preserve
the characteristic variation of properties in the
vertical.
2.1 VARANS equations
The volume averaged continuity and momentum, equations, according to Raupach & Shaw
(1982), Finnigan (2000) and Souliotis & Prinos
(2009) are written respectively as:
∂ < Ui >
=0
∂xi

t

δ

∫ ψ dA

ν

< −uiu j >=<

In this section the VARANS equations are presented together with the transport equations for
VA turbulence kinetic energy k, its dissipation ε
and the Reynolds stresses ui u j . In the following
equations the symbol < > indicates spatial averaged values and for a general parameter ψ the spatial average quantities according to Nikora et al.
(2007) are defined as:
1
Af

(3)

∂
−
< UiU j > −0.5Cdα U < Ui >
∂x j

2 GOVERNING EQUATIONS

<ψ > =

∂ < Ui >
1∂<P> ∂
=−
+
< −uiu j >
∂x j
ρ ∂x j
∂x j

<U j >

∂ < ε > ∂ ⎛ < vt > ∂ < ε > ⎞
< ε >2
= ⎜
− cε2
⎟
∂xj
∂xj ⎜⎝ σε
∂xj ⎟⎠
<k >

∂ < Ui >
<ε >
+cε1
>< −uu
+ 0.5Cd αcε2 ( teff-1 ) U < U >2
i j >
<k >
∂xj

(2)
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(6)

< Uk >

∂<ε>
∂ ⎛<k >
∂ <ε >⎞
= cε
< uk ul >
⎜
⎟
∂x j
∂xk ⎝ < ε >
∂xl ⎠

∂ < Ui >
<ε>
< ε >2
+cε1
< -uiuk >
- cε2
+ 0.5teff-1 dii
<k >
<k >
∂xk

increased near the walls and also at the interface
region (vegetation-free channel) due to the increased shear.
At the entrance and the exit of the flow periodic conditions were used in order to avoid the increased length which is needed for the flow to become fully developed. For the free surface,
symmetry boundary conditions were used. In Figure 1 a three dimensional view of the vegetated
and the free channel regions is shown.

(7)

where σκ, σε = constants (= 1.0, 1.3 respectively),
cε1, cε2 = constants (=1.51, 1.92 for the <k>-<ε>
model and =1.44, 1.92 for the RSM model), teff =
time scale variable, based on geometrical and turbulence characteristics (Uittenbogaard, 2003) and
<dij> = foliage contribution associated with work
against pressure and viscous drag on the vegetation (Ayotte et al., 1999). The last terms in Eq. (6)
and (7) are additional production terms of dissipation ε due to vegetation. The <ε>-equation, for the
RSM model of Ayotte et al. (1999) has been
modified and a more detailed analysis of the modified approach can be found in Souliotis & Prinos
(2009).
The RSM model calculates the Reynolds
stresses < ui u j > using a transport equation which
takes the following form:
⎛ < vt > ∂ < ui u j > ⎞
⎜
⎟
⎜ σκ
⎟
∂xk
∂ xk
⎝
⎠
∂ <Uj >
⎛
∂ < Ui > ⎞
+ ⎜ < -ui uk >
+ < -u j uk >
⎟
∂xk
∂xk ⎠
⎝
< Uk >

∂ < ui u j >

=

∂
∂xk

Figure 1: 3-D view of the total channel region

Experimental measurements from White &
Nepf (2008) are used for the evaluation of the turbulence models. In these experiments a 1.2m wide
and 13m long flume partially filled with a 0.4m
wide array of cylinders, with 0.0065m diameter,
which simulates the vegetation, were used. The
flow depth was varied between 0.066m and
0.068m while the channel slope So was 2.29x10-4.
The porosity of the modelled vegetation varied
between a minimum value of 0.9 and a maximum
of 0.98 which corresponds to Cdα = 274 m-1 and
9.2 m-1 respectively. In the present paper two cases from White & Nepf (2008) with Cdα = 9.2 m-1
and 28.5 m-1 are used. In addition, numerical
computations for two more cases with less dense
vegetation (Cdα = 2 m-1 and 5 m-1) have been performed.

(8)

2
1
3
+ < φij > - δij < ε > + 0.5Cd α < U >
3
3

where φij=pressure strain term (FLUENT INC.,
2001). The last term in Eq. (8) is an extra term
due to the vegetation and is only used in the transport equations for the normal stresses.
3 NUMERICAL PROCEDURE - CASES
STUDIED
The FLUENT 6.0.12 CFD code, based on a finite
volume technique, is used for the numerical computations. The code solves Eqns. (2), (3), (5), and
(6) when the <k>-<ε> model is applied while Eq.
(2), (3), (7) and (8) are solved when the RSM
model is used. The extra source terms, due to the
presence of vegetation are introduced in the above
equations, using User Defined Functions (UDF)
which are based on a C code.
For the grid construction the GAMBIT program was used. The grid was three-dimensional,
structured and the shape of the cells was orthogonal. Several runs with different number of computational cells showed that the numerical results are
grid independent. In the present work the grid size
is equal to 5x240x20 (streamwise, lateral, and vertical direction respectively). The grid density is

4 ANALYSIS OF RESULTS
Initially the variation of fully developed local
mean velocities <U> and shear stress < −uw > ,
computed by both models, within the crosssection is presented for Cdα=9.2 m-1.
Figure 2 shows the contours of streamwise velocity, made dimensionless with the maximum local velocity at the free channel flow (Umax). Inside
the vegetation low values are observed for both
models. At the free channel region higher values
are observed at the center of the channel and near
the free surface. According to the <k>-<ε> model
the distribution of flow velocity is more uniform
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In the following paragraphs the distributions of
depth-averaged mean velocity and turbulence characteristics (turbulence kinetic energy, Reynolds
stresses and turbulent viscosity) are presented and
compared with available experimental data and
empirical relations from White and Nepf (2008).
For the sake of brevity the subscript denoting
depth-averaged values has been removed from all
parameters.
In Figure 4 the distributions of wall (bed, sidewalls) shear stresses as well as the depth-averaged
shear stress ρ < −uw > are shown. They have been
made dimensionless with γhSo, (γ = ρg). For both
cases the stresses at the side wall of the free channel are higher in comparison to those at the side
wall adjacent to the vegetation, due to the high
flow velocity in the free channel. The RSM model
provides higher values at the free channel side
wall. The bed shear stress in the vegetation region
has low values due to the reduced flow velocity,
while in the free region, where the distribution of
τbed also follows the development of flow velocity,
increased τbed values occur at the central part of
the channel. The RSM model presents increased
τbed values near the corner region, due the capability of the model to compute the secondary currents generated by the anisotropy of the normal
stresses.

in the central part of the free channel, in contrast
to the RSM model, which shows that at the channel corner a bulging of the contours occurs due to
the secondary currents predicted by the model in
the corner region.

U

Figure 2: Contours of dimensionless streamwise velocity
< U > max for Cdα = 9.2 m-1.

In Figure 3 the contours of local shear stress
( < −uw > ) are shown. The local shear stress has
been made dimensionless with the depth-averaged
shear stress at the interface ( < −uw >int ).At the interface region and for y/h>0.5 higher values of
< −uw > are observed due to increased velocity
gradients in the lateral direction. Inside the vegetation shear stresses have very low values which
mean that the presence of vegetation damps the
turbulence within the vegetation and flow may
become laminar. At the centre of the channel, the
effect of the side wall and the interface region is
reduced, and the values of < −uw > are reduced as
it is expected.

Figure 4. Distribution of wall shear stress τwall and depthaveraged shear stress ρ < −uw > .
Figure

3:

Contours of dimensionless
-1
< −uw > < −uw > int for Cdα = 9.2 m .

shear

Figure 5 reveals the contribution of free channel bed shear stress (τbed), wall shear stress at the
side wall of the free channel (τwall) and the shear

stress

86

In Figure 6 the variation of depth-averaged
streamwise velocity, made dimensionless with the
maximum depth averaged velocity at the free
channel flow (U2), in the lateral direction is
shown, for both turbulence models. Inside the
vegetated region the flow velocity is uniform and
the computed results coincide with the experimental measurements. The momentum equation, inside the vegetation is simplified to a balance between the drag and the bed gradient. At the
interface region an inflection point is observed
due to the momentum exchange and the associated
increased shear due to the difference of flow velocity between free channel and the vegetated
area. Shear layer type profiles are developed at the
free channel region and, according to the <k>-<ε>
Uittenbogaard (2003) model, the flow becomes
uniform in a wider central area in comparison to
that of the RSM model. The experimental measurements are in agreement with the RSM results
and as it is expected the region of uniform flow
velocity is increased for the sparser case (Cdα =9.2
m-1). The effect of the side channel wall is significant for z/Lveg.>1.25 according to the RSM model,
while the respective region according to the <k><ε> model is decreased (z/Lveg.>1.6).

stress at the interface (τint.), made dimensionless
with the total free channel stress (τtot. = τbed + τwall
+ τint). In order to get a more clear view, results
from two more cases, with Cdα = 2 and 5 m-1, are
used. As it is shown τbed has dominant role (8690% of the total stresses), while the effect of the
interface and the side wall is lower, with a varied
contribution of 6-10% and 4-4.5% respectively.
The increased values at the interface region in
comparison to those at the side wall can be attributed to the momentum exchange between free
channel and vegetation flows.

Figure 5. Wall and interfacial stresses contributions to total
free channel stress for various vegetation densities.

Figure 6. Computed and experimental streamwise, depthaveraged velocity distributions.

The <k>-<ε> Uittenbogaard (2003) model provides higher values for τbed in comparison to the
RSM model while the respective values for τwall
and τint. are lower. However, this behavior is not
observed for the high density case.

In Figure 7 the distribution of the depthaveraged shear stress ( < −uw > ) is shown. The
shear stress has been made dimensionless with the
square of friction velocity at the interface U*2
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able experimental measurements for comparison
with the computed results. The above results are
in agreement with White & Nepf (2007) who have
shown that two distinct regions exist in the shear
layer. The region, called inner layer, where momentum can penetrate into the vegetation with
length δI and the region (outer layer) outside the
vegetation, with length δO, where boundary layer
profiles are developed. The δI is taken as the distance from the interface to the point where Reynolds stresses decays to 10% of its maximum value (Nepf et al., 2007) while δO is taken as the
distance from the interface to the point where flow
velocity reaches its uniform value in the free
channel. The distance δI can be computed with
high accuracy since the number of the grid points
is increased in this region and hence the error is
negligible.

(=max( < −uw > ). The profiles demonstrate that
maximum values occur at the interface. Inside the
vegetation < −uw > is reduced rapidly, while in
the free channel the respective decrease is more
gradual. The two turbulence models reveal identical behavior in the vegetation region, while in the
free flow the values of < −uw > according to the
<k>-<ε> Uittenbogaard (2003) decrease more rapidly in comparison to those of the RSM Ayotte et
al. (1999) model. In this region the experimental
measurements are in agreement with the RSM
model for both cases while at the interface the
maximum values are higher in comparison with
the computed results. This means that shear at the
interface is higher and hence the length in which
high momentum fluid penetrates inside the vegetation is increased as it is shown for the sparse
case (Cdα = 9.2 m-1). The higher value of experimental shear stresses, for the denser case, has negligible effect on the penetration of high momentum fluid, which means that the increased
vegetation density has dominant role.

Figure 8. Computed distribution of turbulent kinetic energy.

Figure 7. Distributions of computed and experimental
depth-averaged shear stress < −uw > .

U−
Us

Similar results are observed from Figure 8
where dimensionless (with U*2) distributions of
turbulent kinetic energy are shown. Inside the
vegetation the RSM model computes negligible
values in comparison to those of the <k>-<ε>
model, which is caused due to an extra source
term in <k> equation which simulates the presence of vegetation. For the <k> there are no avail-

U

In Figure 9 the inner layer profiles are shown
and are compared to an hyperbolic profile presented by White & Nepf (2008):
1

⎡
⎛ z − zo ⎞ ⎤
= ⎢1 + tanh ⎜
⎟⎥
⎝ δ I ⎠⎦
⎣

(9)

where U1= the depth-averaged uniform velocity
inside the vegetation, zo = the inflection point
(which coincides with the interface) and Us = the
depth averaged slip velocity, equal to Uzo - U1.
The computed normalized velocity profiles and
the hyperbolic profile are in agreement at the in88

ty. Both models demonstrate similar behavior for
the two cases.

terface, however in the inner layer the comparison
is less satisfactory. Inside the vegetation region
the profiles from the turbulence models and from
Eq. (9) coincide.

Figure 10. Rescaled outer layer profiles.
Figure 9. Normalized inner layer profile.

Outside the vegetation the hyperbolic profile
fails to follow the computed profiles. For this region the computed outer layer profiles are compared (Figure 10), to a parabolic velocity profile
presented by White & Nepf (2008):
δ

2
U − U m ⎡ z − zo 1 ⎛ z − z m ⎞ ⎤
=⎢
− ⎜
⎟ ⎥
4⎝ O ⎠ ⎥
U 2 − U m ⎢ δO
⎣
⎦

(10)

where zm = the point at which the inner and the
outer layer slope match and Um = the velocity at
zm. In the present work zm = 0 (coincides with the
interface) and Um is equal to the velocity at the interface. The comparison shows that the computed
velocities from the turbulence models are developed more rapidly and reach uniform values, at
the free channel, earlier than those computed by
the parabolic profile.
In Figure 11 the profiles of normalized eddy
viscosity for the two cases are shown. The eddy
viscosity has the higher values for both models at
the free channel region (z/δO = 0.2) where the coherent vortices, due to the shear at the interface,
are increased. Inside the vegetation vt decreases
rapidly and for z/δO < -0.2 has negligible values
which means that the vortices are unable to penetrate deeper, due to the increased vegetation densi-

Figure 11. Distributions of normalized eddy viscosity.

5 CONCLUSIONS
In the present study flow and turbulence characteristics have been computed for a three- dimensional partially vegetated shallow flow. Distributions of flow velocity, shear stresses and turbulent
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kinetic energy, in the lateral direction, show that
at the interface region increased shear is observed
due to the momentum exchange and the interaction between the vegetation and the free channel
flow.
The produced coherent vortices penetrate into
vegetation and this penetration length decreases
with density while in the outer region the effect of
vegetation density is negligible and boundary profiles of flow velocity are developed. Inside the
vegetation where the coherent vortices are unable
to penetrate the flow is uniform and the computed
values for shear stresses ( < −uw > ) and turbulent
kinetic energy (<k>) are very low. At the central
part of the free channel, where the effect of vegetation is also decreased, reduced variations of flow
and turbulence characteristics are observed, with
the <k>-<ε> Uittenbogaard (2003) model to provide wider areas of constant values. However the
modified RSM model demonstrates in general better behavior when its numerical results are compared with experimental measurements for <U>
and < −uw > . As it is also shown the channel bed
provides the higher contribution to the total wall
shear stress and also the wall stress, at the corner
region, demonstrates increased variation in comparison to that of the <k>-<ε> model due to the
capability of the RSM model to predict secondary
currents correctly.
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Description of the idealized bed roughness effects on tracer transport
in water flumes by applying the strange attractor multifractal analysis
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ABSTRACT: A numerical simulation of the skimming and wake interference flows due to the influence
of an idealized bed roughness in a water flume was carried out using the lattice model approach. The
model reproduced the skimming and wake interference regimes for different aspect ratios that determine
the bed roughness geometry. The simulated turbulent structures were visualized by drawing the trajectories of a large number of passive tracer particles released in the computational domain. The strange attractor multifractal formalism has been used here with the aim of analysing the time series in the tracer transport for the simulated flows. The results obtained from a study of the mass exponent functions showed the
multifractal nature of the tracer transport for both flow regimes. Multifractal spectra confirmed heterogeneity in the time series as well as the presence of extreme high values for the skimming flow as a consequence of the turbulence intensity. The detailed information on the time series structure provided by the
multifractal analysis demonstrated the potential of this approach for describing pollutant and sediment
dispersion in turbulent open channel flows.
Keywords: multifractal analysis; skimming flow, wake interference flow, tracer transport
1 INTRODUCTION

Khan et al. (2005) investigated the transition between the skimming and wake interference flows
using aspect ratios of 0.67 and 0.5 for an idealized
bed roughness, whose elements were placed in a
water flume of 6.2 m in length, 0.5 m in width and
0.3 m in height. The roughness elements were
formed from lengths of a 5 10-3 m square brass
bar. Khan et al. (2005) used Rhodamine-6G and
water-soluble Nigrosine crystals as tracer dyes to
visualize the turbulent structures. These authors
found that the wake interference flows was associated with an increase in the turbulence production in the boundary layer, which caused a greater
dispersion of the dye tracer inside the cavities, and
a reduction in shear at the top of the roughness
elements.
With the aim of obtaining an increased knowledge of the influence of the skimming and wake
interference flows on passive tracer transport time
series, the coupling of the lattice BhatnagarGross-Krook (BGK) (e.g. Succi, 2001), Smagorinsky eddy viscosity (e.g. Pope, 2000) and flow
visualization (Xia & Leung, 2001) models, used
to simulated the conditions reported by Khan et al.

The bed roughness geometry has a major influence on the turbulence production in the boundary
layer causing different flow regimes, as has been
shown in many works (e.g. Perry & Joubert, 1963;
Grass, 1971; Cui et al., 2003). The flow regime
classification proposed by Morris (1955) can be
adopted in hydraulic engineering to study the influence of the bed roughness geometry on the turbulent flow in a water flume(e.g. Khan et al.,
2005). Thus, by using the so-called aspect ratio
h/w, with h and w being the height of the roughness element and the gap distance that separates
two of those elements, respectively, to describe
three flow regimes: a) isolated roughness flow
when the roughness elements are well separated
(h/w < 0.3); b) wake interference flow when the
disturbed flow does not have enough distance between obstacles to reorganize itself (h/w
0.5);
and c) skimming flow characterised by the formation of a single vortex within each cavity as a consequence of a small separation between roughness
elements (h/w 1).
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the Chapman-Enskog expansion, it is mathematically demonstrable that Eq. (1) can recover the
Navies-Stokes equations to the second order of
accuracy (Chen & Doolen, 1998) if f i eq is chosen
in the following way:

(2005), with the strange attractor multifractal formalism (Hentschel & Procaccia, 1983; Grassberger, 1983; Halsey et al., 1986) is used in this work.
The lattice BGK model is a numerical integration
of the Navier-Stokes equations proposed by Chen
et al. (1992) and Qian et al. (1992). It is based on
a simplification of the lattice Boltzmann (LB) equation (Succi, 2001). Thus, the lattice BGK model
shares the features of the LB method, which can
be classified as an explicit, Lagrangian, finitehyperbolicity approximation of the Navier-Stokes
equations. It is frequent the use of the LB method
for dealing with problems of interest to the hydraulic engineering community involving turbulent flows (Zhou, 2002) by applying, in these cases, the large eddy simulation (LES) scheme that
can describe turbulence in any dimension although it was developed for 3D flows (Pope,
2000; Davidson, 2004).

fi

2
⎡ c u
1 ⎛ ciα uα ⎞ uα uα ⎤
iα α
= ρμi ⎢1 + 2 + ⎜ 2 ⎟ − 2 ⎥
cs
2 ⎝ cs ⎠
2cs ⎥
⎢⎣
⎦

(2)

where the Einstein summation convention has
been adopted and α represents the spatial coordinates, x and z. The parameter cs is selected according to the vicinity model chosen and the μi’s are
weighting factors associated with the lattice direcq −1

ρ ( r,t ) = ∑ fi ( r,t )

tions.

and

i =0

q −1

u ( r,t ) = ∑ f i ( r,t ) ci ρ ( r,t ) stand for the fluid
i =1

density and velocity, respectively. The relaxation
time parameter determines the kinematic viscosity
υ = cs2 (η − 0.5 ) .

2 METHODS

In the case of the simulation of turbulent flows,
it is possible to use the LES scheme within the lattice BGK model. According to Hou et al. (1996),
the essential idea of LES, based on the smoothing
of the flow velocity by applying a convolution
with a filter, can be included in the lattice BGK
model as a spatially-dependent effective viscosity
υ = υ + υt , made up of υ and an eddy viscosity υt .
The eddy viscosity is determined by using the
Smagorinsky eddy viscosity model (Pope, 2000).
Thus, a spatially-dependent relaxation time
0.5
0.5
⎛
2
η = 0.5 ⎜η + η 2 + 2Csmg
( Π xz Π xz ) ρ ⎞⎟ is
⎝
⎠

2.1 Simulation of time series in passive tracer
transport
In the lattice BGK model, the fluid particles move
in a regular lattice, in which each node is linked to
its neighbours following a vicinity model that is
chosen depending on the complexity of the phenomenon to be simulated. The vicinity model
d2q9 is used to calculate the fluid velocity field in
two dimensions (e.g. Succi, 2001), with d = 2
meaning the number of dimensions and q = 9 the
number of particles considered. In this case, there
are eight moving particles and one at rest. The independent variable fi varies continuously between 0 and 1 according to the Boltzmann molecular chaos hypothesis and represents the
probability of finding a fluid particle in a link i
that connects a node with one of its neighbours.
The interactions of the particles keep up the mass
and momentum (Chopard & Droz, 1998). The
equation of the lattice BGK model for a node r at
time t, is (Succi, 2001)
f i ( r + ci , t + 1) =

eq

⎛ 1⎞
f i eq ( r, t ) + ⎜1 − ⎟ f i ( r, t )
η
⎝ η⎠
1

(

(

))

q −1

obtained, with Π xz = ∑ cix ciz ( fi − fi eq ) as the
i =1

non-equilibrium momentum flux tensor (Chopard
& Droz, 1998) and Csmg being the Smagorinsky
constant. η substitutes η in Eq. (1) allowing the
calculation of the filtered fluid density and velocity. The original Smagorinsky model is too dissipative in the presence of a wall (Davidson, 2004)
when the “universal” or Lilly-Smagorinsky constant, Csmg = 0.17-0.18, is used. However, most researchers prefer Csmg = 0.1-0.12 (Lesieur et al.,
2005) as has been assumed in this work. Thus, the
Smagorinsky model behaves well for free-shear
flows, wall flows with wall laws and channel
flows (e.g. Davidson, 2004) at relatively low Reynolds numbers (Re = 2000-10000).

(1)

where ci is the velocity vector of a fluid particle in
the link i, f i eq is the local equilibrium function
and η is the relaxation time parameter that represents the difference between fi and f i eq . Using
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τ ( q ) can be obtained as the slope of the linear

In order to visualize the simulated flow regime,
the trajectories of the released passive tracer particles were determined by using a method based on
that proposed by Xia & Leung (2001). Thus, at
each time step Δt, the position rp of a particle was
calculated from rp ( t + Δt ) = rp ( t ) + u′Δt , where
the velocity u′ was derived by applying a bilinear
interpolation to the instantaneous velocity field
obtained with the lattice BGK model, u.

segment of a log-log plot of χ ( q, δ ) versus δ. For

q >> 1 , the value of χ ( q, δ ) is mainly determined
by the high data values, while the influence of the
low data values contributes most to the partition
function for q << −1 (Kravchenko et al., 1999).
The Lipschitz-Hölder or singularity exponent α
quantifies the strength of the measure singularities. Its value is found from the scaling relation
ci (δ ) ≈ δ α , when δ → 0 . α is also known as the

2.2 Multifractal analysis

local fractal dimension and can be determined by
Legendre transformation of the τ ( q ) curve

The strange attractor multifractal formalism was
used to perform the multifractal analysis on the
simulated time series in the tracer transport. In order to apply this formalism, the series were divided into non-overlapping intervals of a certain
time resolution, δ . Thus, δ and the amount of
tracer particles, ci, characterized each interval i.
The minimum time resolution, δini, was chosen so
that every initial interval contained at least one
non-zero value of the amount of tracer particles,
cini. ci was set to be equal to this value or to the
average if there were several values in every initial interval. Thus, the probability mass function
ci (δ ) at time resolution δ is defined in each in-

(Evertsz & Mandelbrot, 1992):

α (q) =

ci (δ ) =

nini

∑ (c )
ini

j =1

given time resolution δ, where a given value of α
is found, and define f (α ) from the scaling relation:
N (α , δ ) ≈ δ − f (α )

of the set of intervals that corresponds to a singularity α. A plot of f (α ) versus α is called the

(3)

multifractal spectrum. f (α ) can be calculated

j

from (Chhabra & Jensen, 1989; Chhabra et al.,
1989)
f (α ) = qα ( q ) − τ ( q )

lution δini. The distribution of the probability mass
function was analyzed by using the method of
moments (Evertsz & Mandelbrot, 1992), in which
the partition function χ ( q, δ ) of order q is calcu-

χ ( q, δ ) = ∑ ⎡⎣ci (δ ) ⎤⎦

multifractally distributed with a wider range of α
values when the heterogeneity of the distribution
increases. In the case of ci (δ ) monofractally distributed, α is the same for all the intervals of identical time resolution and the multifractal spectrum
consists of a single point (Kravchenko et al.,
1999). The extreme values in the distribution of c
are associated with the lower values of f (α ) in

(4)

i =1

with n being the number of intervals of time resolution δ and q∈]−∞,∞[. The partition function has
the following scaling property for a multifractal
measure

χ ( q, δ ) ≈ δ τ ( q )

(8)

The spectrum is an inverted parabola for ci (δ )

lated from the ci (δ ) values:
q

(7)

f (α ) can be considered as the fractal dimension

where ci is calculated based on the cini values and
nini is the number of initial intervals of time reso-

n

(6)

Let N (α , δ ) be the number of intervals of a

terval i as (e.g. Kravchenko et al., 1999)
ci

dτ ( q )
dq

such a way that the high and low values in the
amount of tracer particles are related to the left
and right parts of the spectrum, respectively. The
highest value of f (α ) corresponds to the capac-

(5)

where τ ( q ) is a non-linear function of q and is

ity dimension of the support (i.e. 1, when dealing
with 1-D time series).

known as the mass exponent function. For each q,
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3 RESULTS

line marked in Fig. 1, once the flow was well established. ii) The amount of particles passing
through the downstream boundary of the test section (Fig. 1) was determined in each time-step.
The time series simulated are shown in Fig. 2. The
effects of higher streamwise and vertical turbulent
intensities for the skimming flow can be seen in
this figure because of the relevant presence of extreme high values in the time series of this flow
regime compared to the wake interference flow.
Table 1 lists the results obtained from the statistical analysis of the time series. It can be verified
that the mean values (tracer particles time-step-1)
are similar. However, the coefficients of variation
(CV) are different as a consequence of the presence of a greater heterogeneity in the time series
corresponding to the skimming flow due to higher
turbulence intensity. The coefficients of skewness
(CS) are positive for both turbulent regimes denoting that the right tails of the probability distributions are longer than the left ones. According to
the higher value of the CS, this fact is more relevant in the case of the skimming flow.
The transfer of momentum across the shear layer
at the top of the roughness elements is the origin
of this single vortex inside the cavities.
The wake interference flow was fully developed
for h/w = 0.5 (Fig. 3(b)). The secondary vortex inside the cavity was clearly visible, due to the absence of tracer particles at this zone, as reported
Khan et al. (2005). Well-established vortices were
found inside the cavities for the skimming flow.
However, a more unorganized flow pattern was
reproduced for the wake interference regime
within the cavities except at the upstream corner
The lower the values of h/w the lower the turbulent intensities and this circumstance denotes
the presence of a very weak, almost vanishing,
shear layer for the wake interference regime.
Thus, the interaction between the flow structures
taking place outside and inside the cavities was
enhanced.

The idealized bed roughness shown in Fig. 1 was
used to perform the numerical simulations, considering h/w = 1 and 0.5, with the aim of reproducing the skimming and wake interference flow
regimes, respectively. In all the tests, the Reynolds number Re = 5000, the free stream velocity
U = 1 m s−1 and the kinematic viscosity
υ = 10-6 m2/s, were kept constant. The length and
time scales were Δr = 0.5×10-3 m and
Δt = 0.05×10-3 s, respectively, giving a relaxation
time η = 0.5006. The value of Csmg was 0.12 in all
the simulations. The dimensions of the entire
computational domain were x/h = 30 and z/h = 6
and the windward side of the first roughness element was always placed at x/h = 5. The flow was
set by assigning the free stream velocity U at the
inlet in such a way that ux = U and uz = 0. The
same values were considered for the velocity at
the top of the computational domain hC = 6h. Although this boundary condition was more restrictive than the rigid-lid approximation, it was chosen because of its low cost in terms of execution
time. In order to apply this boundary condition,
the relaxation time parameter, η, needed to be
equal to 1 at these places. The so-called “porous
plug” boundary condition described by Succi
(2001) was used at the outlet in order to avoid the
propagation of disturbances backward into the
computational domain. This boundary condition
works well when the outlet is not too close to the
inlet as happens in the problem analyzed here, because the length of the computational domain is
lC = 30h. The no-slip boundary condition was applied at the roughness element walls and the flume
bed by reversing all the fi’s at these sites.
The time series in the tracer transport were 214
time-steps in length and they were obtained according to the following method: i) Twenty passive tracer particles were released in each timestep in the computational domain, at the source

Figure 1. Scheme of the computational domain used in the simulations. The idealized bed roughness elements are marked from
1 to 7.
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with rib roughness using LES, considering
Re = 104 and applying the no-slip boundary condition at the top of the computational domain. They
found that the region where the flow heavily depends on the roughness geometry extends to z ≈
4h.
Table 1. Statistical properties of the time series in the passive tracer transport
Flow regime
Mean
CV
CS
Skimming
14.16
1.12
14.91
Wake interference
13.96
0.49
5.07

It can be seen in Fig. 3 that the flow was less
affected in the upper regions of the computational
domain by the influence of the bed roughness.
This fact caused the flow visualization method to
reproduce paths that seem to be contour lines as a
consequence of the less disturbed trajectories followed by the tracer particles. The region of influence of the bed roughness on the flow extended to
z/h ≈ 3. Cui et al. (2003) found a similar result
when simulating the turbulent flow in a channel
with rib roughness using LES, considering R =
104 and applying the no-slip boundary condition
at the top of the computational domain. They
found that the region where the flow heavily depends on the roughness geometry extends to z ≈
4h.
Figure 4 shows the plots of the partition functions, χ ( q, δ ) , versus the time resolution, that
ranges from δ = δini = 2 to δ = 214 time-steps, for
the tracer transport in the skimming and wake interference flows. For all the statistical orders,
q = −10 to 10 tested at 0.5 increments, the logtransformed χ ( q, δ ) can be fitted by linear re-

Figure 2. Simulated time series in passive tracer transport
for (a) skimming and (b) wake interference flows.

In fact, the upper flow drove the secondary vortices within the cavities. The number of tracer particles was increased inside the cavities for the
wake interference regime demonstrating that is associated with shear reduction at the top of the
roughness elements, as observed by Khan et al.
(2005).
It can be seen in Fig. 3 that the flow was less
affected in the upper regions of the computational
domain by the influence of the bed roughness.
This fact caused the flow visualization method to
reproduce paths that seem to be contour lines as a
consequence of the less disturbed trajectories followed by the tracer particles. The region of influence of the bed roughness on the flow extended to
z/h ≈ 3. Cui et al. (2003) found a similar result
when simulating the turbulent flow in a channel

gressions with the values of the coefficient of determination, r2, ranging from 0.98 to 0.99. This
fact means that the estimation of τ ( q ) as the
slope of the linear fits can be trusted. The mass
exponent functions, τ ( q ) , were obtained from the
slopes of these fits and are plotted in Fig. 5a.
Note that the τ ( q ) curves are convex indicating that all the time series in the tracer transport
are of a multifractal nature. Figure 5b shows the
multifractal spectra obtained for the tracer transport when the skimming and wake interference
flows were simulated. The spectra are inverted parabolas exhibiting a longer tail to the left of the
maximum value of f (α ) in all the cases. This
part of the spectra corresponds to the higher val95

ues in the amount of tracer particles, which are
amplified by the positive orders q > 0 , indicating
that there was a greater heterogeneity of these
values in the time series. This fact is related to the
positive CS values obtained from the statistical
analysis. The presence of rare high values (Fig.
2a) in the time series simulated for the skimming
flow should be noted, as can be inferred from the
significant number of points located at the left extreme of the spectrum. This behaviour is associated with the higher CV and CS values found for
the skimming flow.

Figure 3. Flow patterns reproduced by the lattice BGK
model for different aspect ratios. (a) Skimming flow (h/w =
1). (b) Wake interference flow (h/w = 0.5).

Figure 4. Log-log plots of the partition functions χ ( q, δ )
versus the time resolution δ for (a) skimming and (b) wake
interference flows. The mass exponent functions τ ( q ) were

The spectrum corresponding to the wake interference flow looked sharper compared to the
skimming flow case. The width of the spectrum,
related to the variability in the distribution, increased as h/w became higher explaining the
lower CV value detected in the time series obtained for the wake interference flow regime. The
lower the values of h/w, the lower the turbulence
intensities over the roughness elements, denoting
the presence of a weaker shear layer for the wake
interference flow.
As a consequence, the time series of the
amount of tracer particles passing through the test
section downstream boundary in each time-step
showed less variability.

obtained from the slopes of the linear fits (solid lines) to the
partition functions (symbols).

4 CONCLUSIONS
The numerical study carried out in this work demonstrates the ability of the lattice BGK model to
describe the skimming and wake interference
flows in the presence of an idealized bed roughness. The flow patterns and turbulent structures
reproduced by the proposed lattice BGK model
reasonably agree with the qualitative observations
recorded in the experiments reported by Khan et
al. (2005). The strange attractor multifractal formalism has been applied to describe the time se96

ries in tracer transport for the simulated flow regimes. The results obtained from the analysis of
the multifractal spectra completed the information
provided by the coefficients of variation and
skewness. Thus, a greater heterogeneity for the
high values of the time series was found for all the
cases. In addition, the spectrum of the wake interference flow was sharper than the one corresponding to the skimming flow confirming a greater
variability in the time series simulated for the latter flow regime. The study of the extremes of the
spectra tails revealed the presence of rare high
values in the time series corresponding to the
skimming flow. Both the greater variability and
the existence of extreme values in the tracer transport time series under the skimming flow condition, seem to be related to the increase in the turbulence intensity due to the presence of a strong
shear layer on the top of the idealized bed roughness elements.
The multifractal framework has shown itself to
be a suitable and efficient approach to describing
the temporal structure of the tracer transport for
turbulent flows in water flumes with idealized bed
roughness. Based on the results reported here and
taking into account that further work needs to be
done, the multifractal framework can be considered as a promising tool to improve the knowledge on the pollutant and sediment turbulent dispersion in open channels.
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Figure 5. (a) The mass exponent functions τ ( q ) and (b)
multifractal spectra obtained for the simulated time series in
the passive tracer transport for the skimming (h/w =1) and
wake interference (h/w = 0.5) flows.

REFERENCES
Chen, S., Doolen, G.D. 1998. Lattice Boltzmann method for
fluid flows. Annual Review of Fluid Mechanics, 30,
329-364.
Chen, S., Wang, Z., Shan, X., Doolen, G. 1992. Lattice
Boltzmann computational fluid dynamics in three dimensions. Journal of Statistical Physics, 68(3-4), 379400.
Chhabra, A.B., Jensen, R.V. 1989. Direct determination of
the f (α ) singularity spectrum. Physical Review Letters, 62(12), 1327-1330.
Chhabra, A.B., Meneveau, C., Jensen, R.V., Sreenivasan,
K.R. 1989. Direct determination of the f (α ) singularity
spectrum and its application to fully developed turbulence. Physical Review A 40(9), 5284-5294.
Chopard, B., Droz, M. 1998. Cellular automata modeling of
physical systems. Cambridge University Press, Cambridge.

Cui, J., Patel, V.C., Lin, C.L. 2003. Large-eddy simulation
of turbulent flow in a channel with rib roughness. International Journal of Heat and Fluid Flow, 24(3), 372-388.
Davidson, P.A. 2004. Turbulence: an introduction for scientist and engineers. Oxford University Press, New York.
Evertsz, C.J.G., Mandelbrot, B.B. 1992. Multifractal measures (Appendix B), in Peitgen H.O. et al. (Eds.), Chaos
and Fractals, Springer-Verlag, New York.
Grass, A.J. 1971. Structural features of turbulent flow over
smooth and rough boundaries. Journal of Fluid Mechanics, 50(2), 233-255.
Grassberger, P. 1983. Generalized dimensions of strange attractors. Physics Letters A, 97(6), 227-230.
Halsey, T.C., Jensen, M.H., Kadanoff, L.P., Procaccia, I.,
Shraiman, B.I. 1986. Fractal measures and their singularities: the characterization of strange sets. Physical Review A, 33(2), 1141-1151.
97

Hentschel, H.G.E., Procaccia, I. 1983. The infinite number
of generalized dimensions of fractals and strange attractors. Physica D, 8(3), 435-444.
Hou, S., Sterling, J., Chen, S., Doolen, G.D. 1996. A Lattice
subgrid model for high Reynolds number flows. Fields
Institute Communications, 6, 151-166.
Khan, I.J., Simons, R.R., Grass, A.J., 2005. Effect on turbulence production due to sudden change in flow regimes.
Journal of Hydraulic Research, 43(5), 549-555.
Kravchenko, A.N., Boast, C.W., Bullock, D.G. 1999. Multifractal analysis of soil spatial variability. Agronomy
Journal, 91(6), 1033-1041.
Lesieur, M., Métais, O., Comte, P. 2005. Large-eddy simulations of turbulence. Cambridge University Press, Cambridge.
Morris, H.M. 1955, Flow in rough conduits. ASCE Transactions, 120 paper n.2745, 373-398.
Perry, A.E., Joubert, P.N. 1963. Rough-wall boundary layers in adverse pressure gradients. Journal of Fluid Mechanics, 17(2), 193-211.
Pope, S.B. 2000. Turbulent flows. Cambridge University
Press, Cambridge.
Qian, Y.H., D’Humieres, D., Lallemand, P. 1992. Lattice
BGK models for Navier-Stokes equation. Europhysics
Letters, 17(6bis), 479-484.
Succi, S. 2001. The lattice Boltzmann equation for fluid dynamics and beyond. Oxford University Press, Oxford.
Xia, J., Leung, Y.C. 2001. Pollutant dispersion in urban
street canopies. Atmospheric Environment, 35(11),
2033-2043.
Zhou, J.G. 2002. A lattice Boltzmann model for the shallow
water equations with turbulence modelling. International
Journal of Modern Physics C, 13(8), 1135-1150.

98

River Flow 2010 - Dittrich, Koll, Aberle & Geisenhainer (eds) - © 2010 Bundesanstalt für Wasserbau ISBN 978-3-939230-00-7

Turbulence Structure in Bottom Layer of a Tidal Estuary
M. Razaz

Hydraulic & Coastal Engineering Laboratory, Dept. of Civil and Environmental Engineering, Hiroshima
University, Kagamiyama 1-4-1, Higashi Hiroshima, 739-8527, Japan

K. Kawanisi

Dept. of Civil and Environmental Engineering, Hiroshima University, Kagamiyama 1-4-1, Higashi
Hiroshima, 739-8527, Japan

ABSTRACT: Prediction of cohesive sediment concentration and its transport is vital to managers in coping with problems. Detailed measurements and processed data are necessary tools for development and
application of this knowledge. In order to investigate turbulence structure in the bottom layer of a tidally
dominated river a point at the center of the Ōta Floodway was selected to deploy instruments during 25
hours of Aug. 2008. Vertical profiles of turbulence parameters like Reynolds stress, eddy viscosity, and
production/dissipation rates were obtained from the data collected by a HRCP. An ADV was deployed to
measure velocity components near the bed. Using ADVs offers high quality point measurements of turbulence statistics. Density data was collected every hour throughout the water column by CTD casts. Temporal variations of turbulence statistics in two reference level as well as their vertical profiles are presented at this paper. A highly stratified layer in about 0.2 mab affected turbulence parameters like a free
surface especially in slack waters. Stability function SM and proportionality constant B1 in MellorYamada model was investigated and found to be different with suggested values in the original model.
Keywords: Estuaries, Turbulence, M-Y model, Acoustic Doppler effect.
present work, we performed observation for 25
hours at the center of the Ōta Floodway to study
turbulent structure and suspended sediment transport in a tidally-dominated estuary during a complete tidal phase. For improving knowledge about
the Y-M model parameters, we tried to define stability function and proportionality constant in a
complete cycle of a semi-diurnal tide.

1 INTRODUCTION
Aspect of cohesive sediment transport in estuaries
is important to engineering projects including riverbank stability, residual onshore sediment
transport, scouring around bridge piers, navigation, water quality and ecological problems. Saline water intrusion, stratification, tidal oscillation,
river discharge, and wind driven waves among all
turn estuarine areas too complex to be studied by
laboratory methods. On the other hand, because of
highly unsteady conditions it is difficult to conduct in situ measurements. Recently, devices
based on the Doppler Effect referred to as pulseto-pulse coherent Doppler sonar have been developed to collect in situ data with high precision
throughout the water column to study small-scale
processes, namely Kawanisi (2004) studied structure of turbulent flow in the Ōta River, Japan. Using the data collected by a high-resolution acoustic Doppler current profiler (HRCP), he examined
turbulence statistics and density profiles. Also,
stability function SM in the M-Y model (Mellor
and Yamada, 1982) was redefined by him. At

1.1 Study Area and Observation Method
Ōta Floodway is the westernmost branch of the
Ōta River with a length of nearly 9 km that empties to the Hiroshima Bay. It is a tidally-dominated
river where highest tidal range in an extreme
spring tide can reach 4 m near the mouth. Fresh
water inflow to this part of the river is controlled
by the Gion Sluice Gates (Figure 1).
We operated a commercially-available highresolution current profiler: HR-AquaDopp to
measure velocity profile accurately, the HRCP
was mounted downwardly on a special frame to
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Figure 1. Plan view of Ōta River with surveyed point. It is
likely that 10% of fresh water is diverted to the Ōta Floodway through the Gion Sluice gates.

Figure 2. Temporal variations of (a) water depth, (b) density
(σt) profile, and (c) streamwise velocity.

prevent device from being shaken. Data collected
at 1.0 Hz sampling rate and 2.0 cm cell depth.
HRCP distance from bed varied from 0.65 to 1.1
m above the bed (mab) in order to match horizontal velocity range of the HRCP with highest horizontal current speed. To measure turbulent velocity in the vicinity of the bed, the ADV with a
synchronized tilt-compass sensor was fixed in
about 8 cm far from the bed. ADV beams intersect
at approximately 50 mm far from the center of
sampling volume. A Compact CTD (conductivitytemperature-density) sensor developed by Alec
Electronics was used to check salinity and density
profiles every hour in 10-cm depth-triggered
mode. Observation fulfilled through 21-22 Aug.
2008 using three described instruments in a point
that is located 2.8 km far from the river mouth at
the center of the river (Figure 1).

uˆ =

z − z0 ⎞
u* ⎛ z
⎜ ln + β
⎟
L ⎠
κ ⎝ z0

(1)

where û= is the time averaged velocity, u*=
friction velocity, κ= von Karman’s constant, z0=
roughness length, β= empirical constant, and L=
Monin-Obukov length.
Critical condition for incipient motion of sediment is examined as below: according to Kawanisi (2004) and Kawanisi et al. (1996) we assumed
during flood (ebb) phase β/L=0.025 (0.2) cm-1, z0=
5 mm, κ= 0.4. The results are presented in Figure
3. Hereafter, symbol “↑” stands for approximate
HWS and “↓” for the approximate LWS in the
figures. Critical Shields parameter θc is a wellknown parameter for testing incipient motion of
sediments and is defined as:

θc =

2 VELOCITY AND DENSITY PROFILES

τc
u2
= *
( ρs − ρw ) gd sgd

(2)

where, d= sediment particle diameter, g= gravitational acceleration, s=ρs/ρw-1= submerged specific weight of sediment, and ρs and ρw= densities
of fluid and sediment, respectively. In order to
calculate θc instead of using Shields diagram we
can solve an equation that provides a satisfactory
approximation (Cao et al., 2006):

The water depth variation ranged from 0.8 to 3.6
m during observation as shown in Figure 2(a). The
depth-time variation of density is plotted in Figure
2(b). According to this plot, stratification changes
can be attributed to tidal phase. Tidal straining and
wind-driven currents are responsible for stratification variation as cited by Kawanisi (2004). Figure
2(c) shows temporal variations of streamwise velocity at 0.02 and 0.30 mab acquired from HRCP
data. Usually, fast movement of particles in a turbulent field leads to low data correlation for
acoustic Doppler sensors. This can be recognized
as spiky velocity data in the following figures.
Velocity profiles during ebb follow logarithmic
distribution for stratified flow and are expressed
by the log-linear law:

Figure 3. Temporal variations of critical shear stress (●),
near-bed shear stress (○) and shear velocity (▲).

ln θc = − ln R* + 0.5003ln ⎡1 + ( 0.1359R* )
⎣
− 1.7148
100

2.5795

⎤
⎦

(3)

function of Ps and mean velocity gradients, maximal values of KM are concurrent with Ps and or
−u ′w′ peaks. Contrary to the first half of the tide,
magnitudes of KM in flood time are larger than
that of during the ebb in the second tidal phase.
During ebb time and particularly LWS, KM had
very small values near the bottom corresponding
to weak near-bed-generated turbulence.
Figure 5 demonstrates temporal variations of
turbulent velocity variables and resistance coefficient Cf at 0.02 and 0.26 mab. In this figure

where, shear Reynolds number R*=u*d/ν and
ν= kinematic viscosity of fluid. By solving Eq. (3)
and replacing θc in Eq. (2) assuming s= 2.65, and
d= 0.4 mm it is concluded that during observation
critical shear stress τc was often more than currents induced shear stress τ0. Subsequently most of
small particles required for flocculation are supplied from Hiroshima Bay.
3 DEPTH-TIME VARIATION OF TURBULENCE

( )

σ u = u ′2

_ u ' w ' (cm 2 /s 2 )

1/ 2

.

(

)

3

z (m)


2

( )

, σ w = w′2

Resistance
coefficient
can be evaluated from
2
0.58
u ' w ' ∫ u ( z)dz / 0.56 , where | u′w′ |0.02 is the abso0.02
lute value of the Reynolds stress at 0.02 mab and
u ( z ) is the averaged velocity over each 5 minutes.
Values of plotted variables according to Mellor
and Yamada (1982) in a neutral equilibrium
boundary layer are defined as: σu/u*≈2, σw/σu≈0.5,
and | u′w′ | /q2≈0.15. On the other hand, Nezu and
Nakagawa (1987) showed that | u′w′ | /q2 varies between 0.1 near the bed, reaches 0.04 near the water surface, and in the middle of water column is
0.15. σu/u* obtained from HRCP data indicates average value of 3-4, neglecting dispersion in early
hours of the observation. Figure 5 (b) reveals that
σw/σu noticeably decreased in slack waters. Least
values of | u′w′ | /q2 were observed during water
slacks with high stratification suggesting inactive
and effectively irrotational part of turbulence was
larger during those times. According to Bradshaw
(1967) inactive part of turbulence doesn’t produce
any shear stress and is determined by the turbulence in the outer layer. This inactive motion is
produced as a result of density interface in water
column that acts like a free surface and suppresses
the vertical movement of eddies.

Figure 4 shows the depth-time variation of turbulence parameters derived from the HRCP data that
are averaged over 5-minute intervals. Areas with
absolute white color refer to the areas contain erroneous data. Figure 4(a) shows the Reynolds
shear stress −u ′w′ , where u and w are the current
longitudinal and vertical velocities respectively
and the prime denote fluctuation part. During the
first ebb | u′w′ | values were relatively higher than
that of in the next ebb. In HWS, when the river is
relatively calm the lowest Reynolds stresses can
be detected. Usually, high turbulent kinetic energy
TKE is associated with strong flood currents like
on Aug. 21. Nevertheless, as it is illustrated in
Figure 4(b) Ps reached its peak in ebb time on
Aug. 22. Magnitude of Ps rarely exceeded unity.
Lower amounts of | u′w′ | resulted in undermost
magnitudes of Ps during HWS. Negative values of
Ps that are omitted from Figure 4(b) may be a correspondence to the sign reversal of −u ′w′ around
the end of ebb, e.g. 4-6 p.m. of Aug. 21. Other incorrect data may be consequence of unreliable
stress estimations or HRCP limitations in highly
stratified flow. In Figure 4(c) variations of eddy
viscosity coefficient KM is plotted. Since it is a
(a)

1/ 2
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0.5

(c)
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Figure 4. Depth-time distributions of (a) Reynolds stress, (b)
shear production, and (c) eddy viscosity.

Figure 5. Temporal variations of turbulence parameters at
0.02 (○), and 0.26 mab (●).
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Figure 6. Temporal variations of (a) local gradient Richardson number, and (b) vertical eddy viscosity.

Figure 7. Vertical profiles of mean streamwise velocity.

Figure 8. Vertical profiles of Reynolds shear stress.

Assuming turbulent length scale l= mixing
length lm, it is inferred that | u′w′ | /q2= S M2 . According to Stacey et al. (1999) equivalency of l
and lm in stratified turbulent boundary layer is acceptable. Comparing Figures 5(c) and 2(a) reveals
that SM in the boundary layer can be a function of
tidal phase. Highest (lowest) estimates of resistance coefficient Cf were recorded in ebb (flood)
of Aug. 22. In Figure 6 temporal variations of
Richardson number Ri and KM are plotted at 2 reference levels of 0.02 and 0.26 mab, dash line
stands for the critical value of Ri= ¼. Ri in the
near-bottom layer rarely exceeds ¼, while large
values of Ri could be found in upper layers during
the first HWS/LWS. In Figure 6(b) temporal variations of eddy viscosity coefficient KM are plotted.
It seems that in upper layers KM varies with tidal
phase, i.e. higher values in flood and lowers in
ebb are detectable. Near-bottom KM reached its
least values in HWS/LWS as a result of weak
near-bed generated turbulence that stems from baroclinic pressure gradient.

“A” denotes the first and “B” the second semidiurnal tide. In Figures 7(a)-(d) vertical distributions of the mean streamwise velocity are illustrated. During the first LWS shown in Figure 7
tidal straining can be recognized. In flood and ebb
time, velocity profiles are logarithmic.
Reynolds shear stress profiles are plotted in
Figure 8. Although, as cited before magnitudes of
| u′w′ | in the first ebb was larger than that in the
second ebb, in the end of both ebbs | u′w′ | seems
almost identical. In calmer conditions, e.g. HWS,
low values of | u′w′ | are detectable. In flood time
despite faster current speed, flow regime is not so
turbulent in comparison with the first LWS. During the second LWS as a result of stratification,
baroclinic pressure gradient and tidal straining,
Reynolds shear stress reduced. In Figure 9 vertical
distributions of vertical eddy viscosity is plotted.
The sudden change in KM profile during the first
HWS around 0.15 mab is generated by high shear
production at the same level.

4 VARIATIONS OF TURBULENCE ROFILES
WITH TIDAL PHASE
Vertical profiles of mean velocity and a number of
turbulence parameters are shown in Figures 7-11.
Circulated numbers in each figure are referred to
as tidal phase displayed in Figure 2(a). Also, letter

Figure 9. Vertical profiles of vertical eddy viscosity.

Figure 10. Vertical profiles of Richardson number.
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Figure 11. Typical profiles of turbulent velocity variables in 2 consecutive days: 100 | u′w′ | /q2 (●), σu/ | u′w′ |1/ 2 (○), and
100σw/σu (▲) in both tidal cycles.

In the first ebb despite relative constant decrease
of Ps with distance from the bed, vertical eddy
viscosity profile was almost stable throughout water column. During LWS, especially (3A), we
have different gradients of KM with different
signs. Such a phenomenon can be described as: in
high stratification (Ri>0.5-0.7) buoyant production may cause vertical transfers of momentum
and heat occur against their mean gradient (Komori et al., 1983). As shown in Figure 10, Ri was
excessively high in LWS/HWS that shows a highly-stratified and stable flow. Peak values of KM
were calculated in flood time.
SM was almost stable through water column
with tidal cycle except in HWS. Furthermore, stability
function
which
is
defined
by
SM = −u′w′ q 2 is more sensitive to turbulence
energy q rather than Reynolds shear stress. This
can be found by comparing Figures 5(c) and 11.
concerning Figures 8 and 11, it Ratio of vertical
velocity fluctuations to longitudinal fluctuation
varied remarkably with tidal phase, i.e. largest
values can be detected in flood and ebb times.
Studies of Komori et al. (1983) showed that ratio
of σw/σu decreases slightly as stratification shifts
from neutral to weakly stable condition and then
increases as Ri rises. Correspondingly in the first
LWS when flow was stratified the Ri was high
σ w > σ u . Rates of TKE production and dissipation
ε are illustrated in Figure 12. We applied Kolmogorov’s -5/3 power law to describe 1D kinetic
energy density as a function of energy dissipation.
Buoyant production Pb is estimated assuming
KM=KH. Despite it is expected to measure largest
magnitudes of Ps in flood time, peak values of
shear production occurred in the first LWS with
0.5 cm2/s3 that is 2.5 times as large as that of in
the flood. Most often buoyant production rate Pb
is insignificant compared to Ps, though in the vicinity of stratified layer borders buoyancy rise to

high scales. Since rate of energy dissipation is not
equal to Pb+Ps except in HWS, we cannot assume
a local balance of TKE according to dissipation
obtained from HRCP. In order to make sure about
the method and hardware applied to obtain TKE
production/dissipation, we conducted short-term
measurements in a laboratory flume using the
same HRCP. Results notify an acceptable agreement between kinetic energy production and dissipation. Therefore, such an imbalance that was
previously reported by Kawanisi (2004) and also
studied by Stacey et al. (1999) may stem from unsteady state of flow during tidal cycles.
5 PARAMETERS OF M-Y MODELS
Vertical eddy viscosity KM as a function of qlm at
0.02 and 0.26 mab for the ebb and flood phase is
plotted in Figure 13. Apparently KM and qlm are in
good proportion, and if we accept that l=lm then
the ratio of KM/qlm will represent the amount of
M-Y stability function SM. Referring to Figure 5
(c) implies that stability function in ebb is larger
than that in flood. As shown in Figure 13 highest
values of stability function are limited to 0.29 and
on average SM≈0.25. Kawanisi (2004) calculated
the highest value of SM= 0.29 during flood in the
Ōta Floodway. The assumption of neutral condition in M-Y model under which SM is calculated is
not valid because under unstratified equilibrium
conditions Gulperin’s function (Gulperin et al.,
1988) gives SM=0.39 that is larger than estimated
value of 0.29. Figure 14 is the scatter diagram of ε
which is estimated from u-spectra against q3/lm. In
M-Y model B1=16.6, though here B1 is notably
larger. Assuming ε=Pb+ Ps, B1 could be roughly
estimated as 55. Kawanisi (2004) calculated this
constant about 40 assuming ε=Ps.

Figure 12. Typical profiles of turbulent energy production and dissipation rate: -10Ps (○), -10Pb (●), and ε (▲) in Aug. 21
(a)-(d) and Aug. 22 (e)-(h).
103

Transport of Suspended Sediment in the Ohta Floodway, J. Hydrosciences and Hydraulic Engineering, 24(1),
1-9.
Komori, S., Ueda, H., Ogino, F., and Mizushima, T. 1983.
Turbulence structure in stably stratified open-channel
flow, J. Fluid Mechanics, 130, 13-26.
Mellor, G.L., and Yamada, T. 1982. Development of a turbulence closure model for geophysical fluid problems,
Rev., Geophys. Space Phys., 20(4), 851-875.
Nezu, I. and Nakagawa, H. 1987. Turbulence in openchannel flows, Balkema, Rotterdam, The Netherlands,
281, 1987.
Stacey, M.T., Monismith, S.G., and Burau, J.R. 1999 Observation of turbulence in a partially stratified estuary, J.
Phys. Oceanogr., 129, 1950-1970.
Stone, M. C., and Hotchkiss, R. H. 2007 Evaluating velocity
measurement techniques in shallow streams, J. Hydraulic
Research, 45(6), 752–762.

Figure 13. Relation between qlm and KM in ebb (○) and flood
(●).

Figure 14. (a) Scatter diagram of energy dissipation rate
against q3/lm, (b) vertical profile of constant B1.

6 CONCLUSIONS
Examining critical and current-induced shear
stress suggests that just over flood phase resuspension happens in the observation site. A high
turbulent current at the first ebb deeply affected
the results, i.e. largest values of | u′w′ | and Ps was
detected in ebb time, however KM reached its peak
during flood. During HWS/LWS flow became
highly stratified especially in lower layers. σu/u*
found to be approximately 3 showing no relation
with tidal phase except HWS. Least values of
| u′w′ | /q2 were observed in relatively slack waters
that means inactive and effectively irrotational
part of turbulence was larger during LWS and
HWS. Stability function in M-Y model SM calculated as approximately 0.2 in flood and 0.3 over
ebb time. Constant B1 evaluated as 55 which is
quite larger than previous studies as a result of
imbalance in TKE production and dissipation.
This imbalance implies that for estimating turbulent parameters equality of production and dissipation rates is unreliable.
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ABSTRACT: The purpose of this study is to investigate the influence of the turbulence structure on the
trajectories of saltating particles in open-channel flows. We assume that the flow is 2D, steady, and the
instantaneous longitudinal velocities at any point represent a random, stationary and ergodic field. A special procedure has been designed to generate velocity fields. The method is based on the assumption that
the spectrum of turbulent kinetic energy is known at any distance from the bed. The time series of the instantaneous longitudinal velocities at any point are reproduced from the known energy spectrum that consists of four ranges: (1) the range corresponding to the largest eddies; (2) the range of the intermediate
eddies; (3) the range of the relatively small eddies; (4) the viscous subrange. Then, using the Inverse Fast
Fourier Transform, the time series of turbulent velocities are obtained. The mean velocity field is obtained
with the use of an additional assumption that the logarithmic law holds in the near-bed flow region. The
proposed approach allows to study the behaviour of saltating particles under the influence of turbulence
for a broad range of the sizes of sediment particles. The analyzed distributions of dimensionless saltation
lengths and heights show that with increase in turbulence intensities the particle movement becomes more
unpredictable and the analyzed dimensional saltation lengths and heights change up to 50% depending on
particle Reynolds number.
Keywords: Lagrangian approach, Particle-turbulence interaction, Saltation, Sediment transport, Sediment particles trajectory

saltating particle. Rowiński and Czernuszenko
(1999) included a special term responsible for the
drift force generated among others by turbulent
fluctuations. Nino and Garcia (1998a) used a random walk model for flow velocity fluctuations
and then showed that neglecting turbulence leads
to the overestimation of the mean values of the
dimensionless saltation length and height. Nikora
et al. (2001, 2002) showed that the particle motion
occurs within at least three ranges of scales: local,
intermediate and global.
The focus of the present paper is on the analyses of the influence of the turbulence structure on
the trajectories of saltating particles in openchannel flows. Such aim may be realized through
the investigation of a relevant model in which turbulence plays a significant role. In the first part of
this paper the numerical model of the movement
of spherical solid particles in an open channel
flow is briefly described. This model, based on the

1 INTRODUCTION
It is common knowledge that sediment in rivers
consists of bed-load, suspended load and washload. In the bed-load layer sediment may be transported via three modes: sliding, rolling and saltation and the last one is considered as the most
typical motion of sediment grains (Bagnold, 1956,
Wiberg and Smith, 1989, Nino and Garcia, 1994,
Hu and Hui, 1996) and as such has been the main
subject of this investigation.
Various aspects of this phenomenon have been
studied over the last two-three decades (Wiberg
and Smith, 1985, Sekine and Kikkawa, 1992, Lee
and Hsu, 1994, Nino et al., 1994, Nino and Garcia, 1994, 1998b, Rowiński and Czernuszenko,
1999, Lee et al., 2002, Lukerchenko et al., 2006).
It is interesting to note that only in a few works
the turbulent structure of the flow was taken into
account to show its influence on the dynamics of a
105

ter, C D is the drag coefficient, CL = 0.85CD is the
lift coefficient, Cm is the virtual mass coefficient
(for spherical particles it equal to 0.5), ρ s and ρ
are the sediment and water intrinsic densities, respectively. Index "T" denotes the top of a particle
and index "B" stands for the bottom of the particle.
The system of the above equations has to be
supplemented with the following trajectory equations:

Lagrangian approach, reflects the balance of basic
forces exerting on a saltating particle. In practice,
it is an extremely rare case that the turbulent structure of the sediment laden flow is known and
therefore a special procedure has been designed to
generate turbulent velocities. For the purpose of
this study we modified Nikora et al’s (2001) approach by introducing quasi-Lagrangian velocity
time-series instead of the series based on the Eulerian velocity spectra. The needed information on
the turbulence structure and particularly the spectrum of turbulent kinetic energy is assumed to be a
priori known at any distance from the bed. This
information is used to reproduce time series of the
instantaneous longitudinal velocities at any point
which are obtained before the calculations of a
particle trajectory with the use of the saltation
model. In addition, Taylor’s frozen turbulence hypothesis is employed to obtain the quasiLagrangian velocity time series. All considerations are made under the assumption that the flow
is 2D, steady, and the instantaneous longitudinal
velocities at any point represent a random, stationary and ergodic field.

dx
= us
dt

The sediment particle motion can be described
based on the Lagrangian methodology involving a
solution of Newton’s equations representing the
balance of forces acting upon a moving spherical
particle in a turbulent boundary layer. It is proposed that in the case of the bed-load this equation
may take the following form (Czernuszenko and
Bialik, 2009):
In longitudinal direction x

(

2
B

)

3CD ρ
u f − us ( u f − us ) +
4 d ( ρ s + Cm ρ )

(

2
B

(3)

3 MODEL FOR FLOW VELOCITY FIELD
The flow velocity uf is generally decomposed into
the mean flow velocity u f and the velocity fluctuation u’ such that:
uf = uf +u'

(4)

The mean flow velocity in the longitudinal direc⎞
+
tion is obtained assuming that the logarithmic law
⎟
⎠
(1) holds in the near-bed flow region and it could be
described in the following form:
( ρ − ρ s ) g sin α
⎛ vs
⎜
⎝ ur

( ρ s + Cm ρ )

u f ( z)

In vertical direction z
dus
3CL ρ
2
ur T − ur
=
dt
4 d ( ρ s + Cm ρ )

dz
= vs .
dt

Measurements of particles movement in a water stream by Abbott and Francis (1977) indicate
an average initial longitudinal and vertical velocity to be of approximately 2ux where ux is the
shear velocity. Based on their investigations equations (1-3) can be solved numerically with the following initial conditions us(to) = 2ux, vs(t0)= 2ux,
x(t0) = 0 and z(t0) = 0.5d. The fourth-order RungeKutta method was applied in the computations.
Boundary conditions describing particle collisions
with the channel bed are used in the same form as
proposed by Czernuszenko and Bialik (2009) and
based on impulsive equation for colliding spherical particles.

2 MODEL FOR SALTATING PARTICLES

dus
3CL ρ
2
=
ur T − ur
dt
4 d ( ρ s + Cm ρ )

and

) ⎜⎝⎛ u u− u ⎟⎠⎞ +
f

u*

( ρ − ρ s ) g cos α
3CD ρ
u f − us ( −vs ) +
4 d ( ρ s + Cm ρ )
( ρ s + Cm ρ )

1

κ

ln

z
+ B,
ke

(5)

where: z is a distance from the bed, κ =0.41 is
von Karman constant, ke=d is the effective roughness of the bed, B=8.5 is a constant.
Velocity fluctuations may be deduced from the
assumed energy density spectra obtained for a
given mean flow velocity profile, the vertical distribution of the relative turbulence intensities and
the shape of the spectral functions.
Turbulence in the longitudinal direction plays a
dominant role and therefore, for simplicity reasons, fluctuations in the vertical and transversal
directions were disregarded in the considerations.

s

r

=

(2)

where: us and vs are the time-averaged longitudinal and vertical velocities of particles, u f is
time-averaged longitudinal velocity of water,
ur = u f − us is the relative water and particle velocity, t is time, g is gravity, α denotes the
slope of the channel bed, d is the particle diame106

4. The viscous subrange
where k is the wave number k=2πf/uf, f is frequency, S (kz) is the wave number auto-spectrum,
H is the flow depth, C1uu=1.6, C2uu=0.9, C3uu=0.9,
a1, a2, a3 are constants (Nikora, 2005). The spectrum described above is used to generate the turbulent velocity time series. Having known the
shape of the spectral function some realization of
the time series may be obtained using the Inverse
Fast Fourier Transform.

In principle relations among turbulent intensities
in various directions given by Nezu and Nakagawa (1993) may readily be incorporated in the
considered model. The vertical distribution of the
relative turbulence intensities in the longitudinal
direction σx(z) for the uniform 2D open-channel
may be assumed based e.g. on the formulae proposed by Nezu and Nakagawa (1993):

σ u ( z)
u*

= 2.3exp( −( z / H )),

(6)

Figure 2. Levels at which the energy spectra are generated.

Figure 1. Log-log plot of an example of velocity spectrum
used for the turbulent velocity simulations.

In recent studies it has been shown that velocity spectra in an open-channel flow may consist of
four ranges (e.g., Nikora, 1999, Nikora and Goring, 2000, Nikora 2005; fig. 1):
1. The range corresponding to the largest eddies,
k < ( a1 H ) −1 , with Suu (kz ) = C1uu u*2 ( z / H ) ;
−1

Figure 3. An example of turbulent velocity time series at
three consecutive levels

2. The range of the intermediate eddies,

( a1H )

−1

The flow velocity field is then simulated using
the Monte Carlo method. The flow is divided into
layers (fig. 2) of δz=d/2 thick. Turbulent velocity
time series in the longitudinal direction are created
for each layer separately. The correlation between
turbulent velocity time series on different levels is
simulated using the same spectral phases. An example of turbulent velocity time series at three selected levels for particles of d=2.47mm and for
ux = 0.074ms-1 are shown in fig. (3).

< k < ( a2 z ) , with
−1

Suu ( kz ) = C2 uu u*2 ( zk ) ;
−1

3. The range of the relatively small eddies

( a2 z )

−1

< k < ( a3ke ) , with
−1

Suu ( kz ) = C3uu u*2 ( zk )

−5/3
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Figure 4. An illustration of Taylor’s frozen turbulence hypothesis.

It is important to note that eqs. (1-2) describing
the saltation process in the open-channel require
the knowledge of the Lagrangian velocity series.
Hence eq. (4) takes the following form:
u ( x, z , t ) = u ( z ) + u '( x, z , t ),

(7)

In order to analyse the turbulent velocity time
series let us assume that Taylors’s hypothesis is
valid, i.e. the eddies are frozen in the mean flow
and they do not change considerably as they are
advected downstream. Let us consider the situation schematically represented in fig. (4). Saltating
particles usually move slower than water itself
(un<uf). At the same time interval Δt=t1-t0 particles cover the distance Δxn=unΔt while water
shifts over the distance of Δxut=ufΔt. This difference has to be taken into account when so-called
quasi-Lagrangian fluctuation velocity time series
is built up.
The comparison between the “quasiLagrangian” spectrum based on the obtained flow
velocity fluctuations and the mean Eulerian spectrum used for the generation of the turbulent velocity time series is shown in fig. (5). The slope of
“-2” of the obtained quasi-Lagrangian spectrum
confirms that the proposed method fits well the
theoretically based Lagrangian spectrum (Monin
and Yaglom, 1971).

Figure 5. Comparison of Lagrangian and Eulerian energy
spectra.

4 RESULTS OF COMPUTER SIMULATIONS
In order to analyze the effect of particleturbulence interactions, 100,000 simulations of
particles’ saltations were carried out. The model
described above allowed us to vary the relative
turbulence intensities and the mean velocity distribution and thus to investigate the behaviour of
particles under different flow conditions. Three
representative particle diameters: 1, 4 and 8mm
were used in simulations. Ten thousand hops of
saltating grains were simulated for all considered
conditions to secure proper statistics of the saltation parameters. In order to avoid the influence of
the initial conditions on the statistics of saltation
the first five hops were rejected in estimations.
Moreover, the time step for numerical simulation
of particle trajectories Δt is related to Nyquist fre108

quency, which is equal to maximum frequency in
the velocity spectrum fΔ (fig.1): Δt =1/2fΔ.
Figures (6-8) show the distribution of the simulated particle hops. Li/d and Hi/d denote the dimensionless saltation lengths and heights of the
hops, “i” stands for the number of the hop
(i=1…10000). Figures 6(a)-8(a) illustrate the distribution of the simulated hops under laminar flow
conditions, namely when the relative turbulent intensity was assumed to be zero. Figures 6(b)-8(b)
show the results when the relative turbulence intensity equals to half intensity from the model of
Nezu and Nakagawa (1993), whereas figs. 6(c)8(c) assume the intensity as described by Nezu
and Nakagawa (1993). Main statistical characteristics of the considered saltations are shown in tables (1-3).
The computational results clearly demonstrate
that the motion of solid particles depends on the
values of turbulence intensity and this effect is independent of particles sizes. It is worth noting that
inclusion of turbulence in the model leads to the
increase of the dimensionless length of the saltation and its height by as much as 35% for particle
with diameter d=1mm and by 50% for particles
d=4mm and 8mm. This effect also depends on the
flow conditions and particularly on the shear velocity. The saltation characteristics increase with
increase in the shear velocity.
It is quite peculiar (see figures 6-8) that the
movement of particles becomes more unpredictable with the increase of the relative turbulence
intensities. Note, for example, that in the laminar
case the particle with d=1mm (fig.6a), for the
hops of the dimensionless length equal to 35d the
dimensionless saltation height was from 4.8d to
5.4d whereas in the turbulent case (fig.6c) for the
same dimensionless saltation length 35d the dimensionless saltation height varied in a wide
range, from 2.9d to 6.1d. All other cases confirm
such relation.

Figure 6a. σ’ = 0, d = 1mm, u* = 0.05ms-1

Figure 6b. σ’ = 0.5σ, d = 1mm, u* = 0.05ms-1

Figure 6c. σ’ = σ, d = 1mm, u* = 0.05ms-1
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Figure 7a. σ’ = 0, d = 4mm, u* = 0.09ms-1

Figure 8a. σ’ = 0, d = 4mm, u* = 0.12ms-1

Figure 7b. σ’ = 0.5σ, d = 4mm, u* = 0.09ms-1

Figure 8b. σ’ = 0.5σ, d = 4mm, u* = 0.12ms-1

Figure 7c. σ’ = σ, d = 4mm, u* = 0.09ms-1.

Figure 8c. σ’ = σ, d = 4mm, u* = 0.12ms-1
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procedure allows for the verification of the hypotheses regarding the influence of the turbulence
structure on the saltating particles. They show that
turbulence plays an essential role and influences
the particles’ trajectories considerably and as a
consequence is crucial for the bed-load transport.
Moreover, the increase of the relative turbulence
intensity leads to larger hops (increase in mean
hop length and height) and to reduction in the particles paths predictability.

Table 1. Statistical characteristics of saltation for different
relative turbulence intensities for d=1mm and u*= 0.5ms-1

L/d
H/d
max(L/d)
max(H/d)
sd(L/d)
sd(H/d)

σ´=0
23.62
4.01
38.81
5.47
6.16
1.12

σ´=0.5σ
24.47
4.34
46.16
6.12
6.72
1.37

σ´=σ
31.17
4.93
63.31
7.58
9.69
1.38

Table 2. Statistical characteristics of saltation for different
relative turbulence intensities for d=4mm and u*= 0.09ms-1

L/d
H/d
max(L/d)
max(H/d)
sd(L/d)
sd(H/d)

σ´=0
13.63
2.09
25.91
4.56
5.96
1. 21

σ´=0.5σ
14.72
2.32
35.76
5.54
6.32
1.42

σ´=σ
18.07
2.63
43.43
6.08
8.96
1.61
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Table 3. Statistical characteristics of saltation for different
relative turbulence intensities for d=4mm and u*= 0.12ms-1

L/d
H/d
max(L/d)
max(H/d)
sd(L/d)
sd(H/d)

σ´=0
22.29
4. 17
58.90
7.07
9.71
1.89

σ´=0.5σ
22.07
4.24
69.22
8.21
11.02
2.03

σ´=σ
21.97
4.27
74.54
9.18
13.11
2.38
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On the impulse criterion for entrainment of coarse grains in air
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ABSTRACT: The dynamic interaction between the fluctuating hydrodynamic forces and the solid particles forming the erodible boundary comprises one of the fundamental problems in fluvial hydraulics.
Conventional bedload transport models, based on temporally and spatially mean quantities, fail to account
for the nonlinearities inherent in the process, due to high variability of both turbulent forces and local
geometrical arrangements. Recently impulse has been proposed as a potential criterion for grain entrainment. The validity of this criterion is investigated first by a series of physical experiments employing an
electromagnet setup. Then a discrete particle code is utilized to reproduce the dynamics of flow-grain interplay more accurately, for entrainment levels beyond critical. The trajectories of individual spherical
particles in air are numerically simulated, by considering the forces acting on the grain and solving Newton’s equations of motion. It is shown that both the magnitude as well as the duration of forces (forcing
history) is important in determining the overall particle response. A wide range of grain motions, from incomplete to energetic entrainments, is investigated. The results are expressed in terms of the impulse criterion demonstrating its applicability to variable degrees of particle mobility (below, at and above the
threshold for complete entrainment).
Keywords: Impulsive forcing, Discrete Particle Models, Particle dislodgement
1 INTRODUCTION

ti +Ti

Ii =

Transport of sedimentary particles by water, air
and ice constitutes a major problem in engineering
and earth surface dynamics. Traditionally, inception of motion of grains has been studied theoretically following a static force or moments balance
approach (Buffington & Montgomery 1997). Several researchers have employed numerical codes
to simulate transport of bed surface material
(McEwan & Held 2001, Schmeeckle & Nelson
2003). Even though they adopted a dynamical
perspective, the numerical models failed to shed
light to the complex interplay of flow and solids.
Recently, Diplas et al. (2008), proposed impulse (Ii), as the relevant criterion for grain entrainment. In addition, to the widely recognized
role of the magnitude of the instantaneous shear
stress tensor, F(t) (Nelson et al. 1995, Sumer et al.
2003, Schmeeckle et al. 2007), the duration, Ti,
over which it remains sufficiently high (above a
critical level, Fcr) is of importance:

∫

F (t )dt , for F (t ) > Fcr

(1)

ti

The special case of entrainment of coarse
grains in air, due to the action of impulsive forces,
is investigated. Usually experiments in air are performed in wind tunnels (Bagnold 1941, Fletcher
1976, Greeley & Iversen 1985, Iversen & Rasmussen 1999), mainly examining the motion of
saltating sand particles initiated by flow pressure.
However, the entrainment of larger sized particles
has not been adequately explored, despite the fact
that it may account for up to 25% of the aeolian
transport (Bagnold 1941). The entrainment of
such grains termed surface creep may occur as the
result of impacts with saltating particles or extreme wind bursts and its study finds application
to soil erosion control and crop technology.
Here the initiation of mobilization and entrainment of coarse grains by rolling is developed
theoretically based on the impulse criterion. This
criterion is validated with a series of appropriately
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where ρθ, is a geometrical coefficient depending
on the ratio of exposed to base solid grains:

designed bench top experiments. The theory is
then compared to numerical simulations, to extend
the results to variable degrees of grain mobility.

⎛ cos θ 0 ⎞
⎟
⎝ 1 − sin θ 0 ⎠

(4)

ρθ = (1 − sin θ 0 ) ⎜

2 THEORETICAL FORMULATION

2.2 Extension for various mobility levels

2.1 Incipient motion for a rolling grain

Equation (3) describes the critical forcing conditions required to impart enough momentum for the
complete dislodgement of particle downstream. A
wide range of motions below critical, can actually
be described, if the effect of a mobility parameter,
, is incorporated:

Traditionally incipient motion has been treated
from a static viewpoint, utilizing force or momentum balance equations. According to the polar
coordinate system (θ, ξ) shown in Figure 1, initiation of motion of an exposed spherical particle,
while retaining contact with the grains comprising
the solid bed, occurs for:
ΣFθ = FD sin (θ0 ) − W cos θ0 > 0

(2a)

ΣFξ = − FD cos (θ0 ) − W sin θ0 < 0

(2b)

T=

⎛
Larm mmod
arc sinh ⎜ 2W ρθ
⎜
−ΣFξ
⎝

−ΣFξ ⎞
⎟
ΣFθ ⎟
⎠

−ΣFξ ⎞
⎟
ΣFθ ⎟
⎠

(5)

where , is defined as the ratio of partial angular
dislodgement to the angular displacement for
complete entrainment:

where all forces other than the gravitational and
drag are neglected, θ0, is the pivoting angle,
formed between the horizontal and the lever arm
(Larm), W, is the grain’s weight, ΣFξ , ΣFθ
represent the sum of forces in the radial, ξ, and
tangential, θ, directions at the rest position, respectively.
For the dynamic formulation the temporal dimension has to be accounted for. Utilizing the equations of motion for a grain rolling out of its resting pocket, Valyrakis et al. (in press) formulated
the general equations of force-duration combination required for its complete dislodgement downstream. Considering the application of an impulsively applied drag, zero bed slope and air flow or
negligible ratio of fluid to solid density the solution to the equation describing the particles motion in the tangential direction is simplified to:
T=

⎛
Larm mmod
arc sinh ⎜ 2W ρθ λ
⎜
−ΣFξ
⎝

λ=

sin(θ fin ) − sin(θ 0 )

π

sin( ) − sin(θ 0 )
2

(6)

Thus for a sub-critical entrainment level defined
by Equation (6), the duration of applied force is
predicted by the modified equation for rolling,,
Eq. (5).
In the following sections, the theoretical results
are validated through a series of physical experiments for sub-critical and near critical entrainment
levels. A numerical code is utilized to reproduce
the theoretical results for the above cases as well
as extend the results to more energetic entrainment levels.
3 ELECTROMAGNET EXPERIMENTS

(3)

3.1 Experimental setup
The relevance of impulse to particle mobilization
is demonstrated via a set of experiments. The setup (Figure 2), included a tetrahedral arrangement
of spheres. The base of the arrangement consists
of Teflon® spheres glued to a fixed horizontal
surface. A steel spherical particle of the same diameter with the base particles (d1=d2=8mm), is
placed on top of them. Drag forces of certain duration (Te) and magnitude (Fe) are applied on the
steel particle via an electromagnet.
The setup also included a data acquisition
board (DAQ), a signal processor and a circuit used
for voltage amplification. Appropriate software
was used on a personal computer (PC), to generate
user defined series of electromagnetic pulses of

Figure 1. . Definition sketchof tetrahedral particle arrangement for entrainment by rolling, due to application of drag
(FD) force of certain duration (T, as shown in the inset).
114

varying duration and magnitude. The circuit amplifies the signal sent by the DAQ system to the
magnet, reads the voltage drop across the electromagnet as well as the current and then deamplifies these signals to an appropriate range to
be read back in by the DAQ.
A high speed camera was used to accurately
monitor the displacement of the steel particle in
still air. Observation of those videos confirmed
that rolling is the mode of entrainment.
Here the impulsively generated electromagnetic field models the forces the grain experiences
due to wind flow but in a controlled manner employing appropriate software and circuitry. The
magnitude of electromagnetic force is proportional to the square of the voltage, V, across the electromagnet, Fe=cV2, with c, a constant depending
on the electromagnet specifications and the distance from the electromagnet. Consecutively, controlling the voltage and duration, a variety of electromagnetic pulses may be applied.
For a wide range of Fe, Te combinations the response of the particle is monitored. Initially for
constant voltage levels above a minimum, the duration of the electromagnetic pulse is increased
(Figure 3). The gradual increase in duration is interrupted when the particle has been entirely dislodged towards the electromagnet’s face. Then

different voltages are checked for, following the
same process. In this manner, information is obtained regarding the applied impulse (characteristic voltage and duration) and consequent maximum angular displacement of the sphere. The
applied voltages ranged from 2.5 to 15 Volts, with
a minimum voltage step size of 0.25 Volts, while
the duration of their application varied from 3 to
75 ms with a time step of 2-4 ms. It should be
noted that the time between the generation of the
electromagnet pulses is fixed to a time greater
than the required relaxation time to smooth out
any grain motion due to the previously applied
pulse.
Figure 4, is typical of the results of the followed procedure. In this figure, (Te, Ve2) data pairs
are shown. Each experiment was performed up to
three times to ensure repeatability and accuracy.
After a wide range of Te-Fe combinations were
explored, the threshold curve indicative of the necessary and sufficient impulsive force characteristics for complete grain dislodgment, should lie between the points signifying “movement” ( ≥ 1)
and those just “prior to movement” (0.5< <1).
A significant number of data points were collected, as shown in Figure 4. Observing the motion of the grain from the synchronized high speed
camera videos, the maximum angular displacement for the applied impulses is obtained. Then
the mobility ratio, , is computed for each of them
to allow their classification from below to above
threshold levels. Several mobility levels as predicted from Eq. (5) are shown on Figure 4. These
curves divide the experimentally observed data
points, to regions of different degrees of angular
dislodgement ( ). The theoretical results (predicted, Figure 4) are in good agreement with the
experimental points (observed, Figure 4), implying that for both incomplete and full grain displacement, the required force magnitude varies
almost inversely with the duration.

Figure 3. Representation of the generated electromagnetic
pulses by changing the duration for fixed magnitude of applied electromagnetic force.

Figure 4. Comparison of different mobility levels as predicted by the theory for various values of (predicted), with
experimentally obtained data points for changing impulse
levels (observed) below, at and above critical.

Figure 2. Experimental setup (showing grain arrangement
and face of electromagnet).
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3.2 Trajectory analysis
Using the video recorded via the high speed digital camera a detailed analysis of the motion of the
mobile sphere can be performed. The camera
(Phantom v. 4.2) has the ability to run at 2,100 pps
at full resolution (512x512), up to 30,000 for lower resolutions. Appropriate image analysis software (Phantom 6.0.4), can be used to track selected points on the sequence of recorded frames,
corresponding to the center of particle’s mass. The
accuracy of the analysis depends on the choice of
resolution (at the cost of frame rate acquisition)
and the accuracy of manual selection of points.
In this manner the software extracts the change
of coordinates (x, y) of the center of the sphere, in
time. A typical trajectory as observed for the case
of near threshold of motion ( ≥ 1, T=15ms) is
shown in Figure 5. Considering the known duration of impulse, the differential form of equation
of motion of the sphere is numerically solved with
a sufficiently small time step, to obtain the magnitude of force that predicts a trajectory, as best fit
to the observed one (Figure 5). Following the
same process for a number of data points near the
critical conditions ( ≥ 1), the constant c, can be
predicted (Figure 6).

Figure 7. Characteristic particle trajectories for near critical
level ( ≥ 1), as predicted from the numerical solution of equation of motion (to match the observed trajectories).

For the case of insufficient impulse durations the
particle will perform incomplete movements observed to twitch and then fall back to its pocket
(θ=θ0) under the influence of gravity, before
reaching the topmost position (θ=π/2, dotted vertical line, Figure 7).
For the case of near and above critical level
typical grain trajectories are represented in phasespace diagrams (Figure 7), plotting the angular
displacement, θ, versus the momentum
represented by the angular velocity, θ’.
The dynamics of the grain dislodgement, for
the various cases of impulse duration, are clearly
demonstrated. An accelerating phase is initially
seen due to the action of the applied force. The
impulse is proportional to the change of particle’s
momentum, so this plot also provides information
on the magnitude of offered impulses. For low durations relative to the time for complete particle
displacement out of its pocket (e.g. T=9 and 15
ms), a decelerating phase due to the resisting gravitational force is discerned. However, if the impulse duration (e.g. T=70 ms), is longer than the
dislodgement time, the sphere will continuously
accelerate.

Figure 5. Characteristic particle trajectory (for T=15ms) obtained from tracking its center of mass with the high speed
camera (observed) and best fit curve to the trajectory obtained from the numerical solution of equation of motion
(predicted).

3.3 Impulse representation of results
In agreement with the results of the theoretical
analysis, while the range of electromagnetic force
(Fe parameterized by V2), changes over an order
of magnitude (e.g. from 13 to 175 volts2, Figure
7), the impulse computed as the product Ie =FeTe,
remains almost invariable over the range of tested
durations (e.g. the change of theoretically predicted Ie is less than 6%), for impulses corresponding to particular grain movements.
The angular velocity, θ’, at the topmost position (θ=π/2), is an indicator for the kinetic energy
of the sphere, Ekin. Critical entrainment by definition corresponds to Ekin=0 at θ=π/2. The greater
the kinetic energy of the particle is at this position,

Figure 6. Best fit curve (predicted) showing the linear relation of electromagnetic force to the square of voltage and
corresponding experimental data points (observed).
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Table 1. General setup and particle properties used for the
numerical
simulations (PFC3D)
________________________________________________
Normal and shear stiffness (N/m)
108
Friction coefficient
0.5
Maximum time step
10-4
Local damping factor
0.0
Normal and shear viscous damping coefficient
0.5
9.81
Gravitational acceleration (m/s2)

et al. 2009). The properties of grains composing
the bed are chosen to correspond to realistic physical conditions (Table 1). Variations from these
parameters did not appear to affect the outcome of
the simulations.
The time step is important in the calculation
process, since if it is very large it may lead to numerical instability, while if very small the duration of simulation will be significantly extended.
The chosen time step ensures both numerical stability as well as adequate precision for the numerical runs.
General viscous damping (Bishop & Johnson
1960) is implemented, so that the damping force
opposes the grain movement with magnitude proportional to its velocity. The proportionality constant (Ginsberg & Genin 1984) is defined through
the viscous damping coefficient (Table 1), the
equivalent mass of the particles in contact and the
contact stiffness.
Frictional or shear contact forces are traditionally computed based on the normal force and the
friction coefficient (Table 1). If its maximum value is greater than the applied shear force then slip
may occur.

Figure 7. Required impulse levels for various degrees of
grain mobilization as predicted from the theory (predicted)
or obtained from the electromagnet experiments (observed).

the higher the momentum initially imparted as
well as the offered impulse. This observation is
confirmed more clearly if the results are offered in
terms of impulse (Figure 7). As expected, the
highest energy levels correspond to the greatest
impulses offered (e.g. T=70 ms).
4 NUMERICAL SIMULATIONS
4.1 Discrete particle method
There is an increased interest of hydraulic researchers studying the dynamics of sediment
transport in employing numerical methods such as
the discrete particle modeling (DPM) technique
(Drake & Calantoni 2001, McEwan & Heald
2001, Calantoni et al. 2004, McEwan et al. 2004,
Valyrakis et al. 2008, Yeganeh-Bakhtiary et al.
2009). Here, this numerical tool is used to predict
the grain response for different impulse levels to
validate the theoretical results for the cases of subcritical and critical entrainment. The results are also extended for the case of super-critical entrainments.
A commercial DPM algorithm, Particle Flow
Code in three dimensions (PFC3D), is employed
to model the behavior of the impulsively loaded
exposed sphere. PFC3D is a computational program which models the dynamics of systems of
particles by numerically integrating the fully
coupled equations of motion (Itasca 2003). For the
numerical solution, explicit finite difference
schemes are employed.
The grains are modeled as spherical particles,
even though different shapes are possible by
clumping particles of different sizes together. In
general, PFC3D is a micro-mechanical code,
meaning that the macroscopic behavior of the granular system is defined by the microscopic properties of the individual particles, typically requiring
a calibration process (Chen et al. 2007, Tawadrous

4.2 Description of numerical procedure
Initially the geometry of the particle assembly is
provided. A horizontal layer of closely packed
spheres is fixed in space, on a hexagonal arrangement (Figure 8). A mobile sphere is positioned at
a predefined location on top of three bed particles,
so that it forms a tetrahedral micro-topography.
The downstream and lateral dimensions of the bed
layer are significantly greater than the expected

Figure 8. Arrangement of particles (bed configuration and
mobile grain), employed for the numerical simulations.
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4.4 Impulse representation of results

maximum grain dislodgement expected for the variable impulse levels investigated herein. All
grains share the same material properties, are homogeneous and of the same size.
The mobile sphere is loaded impulsively with a
horizontal force of varying duration, until the target response is obtained. Three characteristic mobility levels are examined referring to the subcritical, critical and supercritical entrainment.

Figure 10, demonstrates the variation of normalized impulse (Inorm=FnormTnorm) with normalized
duration for the different degrees of entrainment.
The approximate constancy of impulse over a
large range of durations seen from the physical
experiments is also reproduced numerically.

4.3 Comparison of theory with numerical
simulations
The results of the simulations are shown in Figure
9, appropriately normalized to allow for their general interpretation. The applied force is normalized by grain’s weight (Fnorm=F/W) and the duration with the required time for the grain to
perform a free fall for a vertical distance equal to
its diameter.
Normalizing in a similar manner Equation (5),
the theoretically predicted curves providing a best
fit to the observed numerical data are given. It is
seen that the numerical runs provide an almost
perfectly match.
Even though the mobility parameter, (Eq. 6),
is mathematically limited to values below unity,
implementation of values higher than one are
shown to adequately predict supercritical grain entrainment levels. In Figure 9, a direct comparison
of theory and simulations is shown. For subcritical
case of =0.27, the grain is displaced to a maximum angular displacement of 6/22 of its maximum potential energy. The critical case ( =1), indicates the minimum impulse level required to
move the grain only one pocket downstream. The
minimum impulse for supercritical or energetic
entrainment of three pockets downstream corresponds to =3.7.

Figure 10. Representation of the required impulse levels for
different degrees of grain mobilization as predicted from the
theory (predicted) and from simulations (observed).

4.5 Trajectory analysis
Building appropriate Fish language commands,
user defined functions are created to monitor the
time history of a variable of interest. In particular,
variables characterizing the trajectory of the grain
such as its potential and kinetic are computed and
recorded at each time step. The results are shown
on Figure 11, normalized by the potential energy
of the particle with its center of mass elevated to a
height equal to its diameter.
The cases of critical (1 pocket) and supercritical (3 pockets) entrainments are demonstrated for
relatively low and high durations respectively.
Comparing the maximum levels of obtained kinetic energy, it is apparent that the case of entrainment of grain further downstream (3 pockets), required higher impulse levels, corresponding to
greater energy.
Over the acceleration phase the particle gains
kinetic energy, which is eventually stored in the
form of potential energy. The longer the duration
of the acceleration phase is, the greater the ratio of
potential to kinetic energy will be (e.g. compare
Figure 10a and b).
The energy of grains is mainly dissipated due
to the aforementioned mechanism of viscous
damping. This mechanism is activated when the
mobile particle collides with those comprising the
bed (as shown at the instances of minimum potential energy (Figure 10c and d). Regarding the case
of supercritical entrainment, longer force dura-

Figure 9. Comparison of the force-duration combinations
required to produce different grain response from the simulations (observed) with the corresponding levels as dictated
from the theory (predicted).
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5 CONCLUSIONS

tions will result to greater times required for the
grain to travel past the first pocket.

The theoretically derived impulse criterion is evaluated for the entrainment of coarse spherical particles on air. Impulse is a physically sound criterion for such cases, appropriate to model wind
gusts and collision forces from entrained grains.
The applications for which this criterion may be
relevant are reported.
A novel experimental setup including an electromagnet is employed to validate the theory for
incomplete to full sphere dislodgement. To further
investigate the dynamics of grain movement a trajectory analysis is performed, utilizing a high
speed camera.
The above results are additionally reproduced
with numerical simulations of a commercial discrete particle method (PFC3D). The code provides
the ability to further extend the results to the case
of supercritical degrees of entrainment. The normalized energy representation of the particle trajectories is performed. DPM have increased potential since they offer the ability to easily and
effectively expand the results, by simply changing
the values of certain parameters of the system.
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Aspects of turbulence and fine sediment resuspension in accelerating
and decelerating open-channel flow
F. Bagherimiyab & U. Lemmin
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ABSTRACT: Hydrodynamic aspects of unsteady (accelerating and decelerating) depth-varying openchannel flow over a gravel bed were investigated. Using acoustic Doppler and imaging methods, quasiinstantaneous profiles of velocity and sediment concentration were taken simultaneously and co-located
with spatial and temporal resolution of turbulence scales. A high-speed camera allowed for fine sediment
resuspension visualization. During the unsteady flow without fine sediment, the profiles of mean longitudinal velocity have a logarithmic shape in the inner layer. Bottom shear velocity at the beginning and at
the end of the accelerating and decelerating unsteady flow ranges is similar and it increased more rapidly
during the initial phase of the accelerating flow range than the mean velocity. This indicates that an internal adjustment takes place which may affect the turbulence structure responsible for particle resuspension. However, bottom shear velocity decreased linearly in the decelerating flow range. Fine sediment
was resuspended in bursts and rapidly created nearly stationary ripples during the final phase of the accelerating flow range. Vortices shedding from the ripple crests produced most of the sediment resuspension
in events, making resuspension intermittent. Hydraulic parameters, such as water depth, mean velocity
time development and profile form were not affected by the presence of fine sediment particles.
Keywords: Accelerating flow, Decelerating flow, Resuspension, Bottom shear velocity, ADVP
leration phase and the late stages of the deceleration stage.
By measuring turbulence structure over a
smooth wall in unsteady depth-varying open
channel flows, Nezu et al. (1997) established that
in the rising stage, the wall shear stress attains its
maximum ahead of the flow depth. They also detected hysteresis loop properties of velocity and
turbulence profiles in unsteady open-channel
flows. Afzalimehr & Anctil (2000) studied spatially accelerating shear velocity in gravel-bed channels. They showed that the logarithmic law is valid for gravel-bed channels, as long as it is applied
to the inner layer of the flow (y/h ≤ 0.2).
Suspension of sediment particles occurs when
the local bottom shear stress exceeds the critical
value (Shields 1936). Initiation of sediment motion which occurs due to unsteady turbulent water
flows is an important aspect of river and coastal
engineering. Under steady flow conditions, suspension may be caused by secondary currents
(Nezu & Nakagawa 1993) or coherent structures
(Nezu & Nakagawa 1993, Cellino & Lemmin
2004, Nezu 2005). Sediment transport studies in

1 INTRODUCTION
Studies of turbulent unsteady flow in open channels indicate that insight into the structure of turbulence is important in order to advance the understanding of sediment flux development because
of its impact on physical, chemical, biological and
ecological processes in the water column. Hayashi
et al. (1988) using a hot-film anemometer, suggested that turbulence is stronger in the rising
stage than in the falling stage. Nezu & Nakagawa
(1993) found that the log law is still valid in unsteady open-channel flows. Nezu & Nakagawa
(1993) estimated the friction velocity u* and the
wall shear stress ρu*2 as a function of time. Nezu
et al. (1997) verified that the values of wall shear
stress estimated from the aforementioned log law
coincide reasonably well with those evaluated
from the momentum equation.
In oscillatory closed-channel flows, Jensen &
Sumer (1989) and Akhavan et al. (1991) observed
that the mean velocity obeyed the log law distribution, except at the very early stages of the acce121

face was omitted from the analysis, because the
flow in this layer is slightly perturbed by the instrument.

unsteady flow (Sutter et al. 2001) indicate a hysteresis loop in sediment concentration, similar to
that observed in turbulence intensities by Nezu et
al. (1997).
All these studies demonstrate that determining
the structure of turbulence in unsteady flow is important in order to advance the understanding of
sediment flux development.
We will first briefly describe the instruments
used and the experimental procedure. The results
will be discussed thereafter.

Figure 1. Schematics of the ADVP instrument in unsteady
flow

2 EXPERIMENTAL SET-UP

2.2 Experimental procedure
The hydrograph for the experiment consists of 5
parts. The flow is first maintained at the base discharge with h = hb for 90 s, followed by the rising
stage of the unsteady flow (accelerating) where
the discharge is linearly increased by computer
control over a period of 30 s. Then the peak flow
is steady at h = hp for 60 s (Figure 1). Thereafter
discharge is linearly decreased during the falling
stage of the unsteady flow (decelerating) over a
period of 30 s to the initial base discharge. The
pump discharge, the ADVP, and limnimeter data
are simultaneously recorded during the hydrograph. In order to obtain reliable data during the
unsteady phase, the same experiment is repeated.
Since the whole experiment is computer controlled, the deviations between individual experimental runs were less than 3%.
Table 1 gives the range of the discharge, water
depth, and Reynolds number at the base and peak
flow of the hydrograph investigated here. No sediment transport occurred under the initial conditions.

The measurements were carried out in a glasswalled open-channel which is 17 m long and has a
rectangular cross section 0.6 m wide and 0.8 m
deep. The bottom is covered with a 0.1 m thick
gravel layer (size range 3 to 8 mm; D50 = 5.5 mm).
The channel is operated in closed circuit mode.
Pump discharge is modified by changing the rotational speed of the pump by computer. A shallow
weir at the end of the channel controls the water
level. The water level in the channel is measured
with four ultrasonic limnimeters spaced along the
channel. The bed of the channel is horizontal.
2.1 Acoustic Doppler particle flux profiling in
unsteady flow
Acoustic Backscattering Systems (ABS) allow
capturing the Doppler phase angle and the intensity of the backscattered signal. The Doppler phase
angle has been used in Acoustic Doppler Velocity
Profilers (ADVP; Lhermitte & Lemmin 1994).
The backscattered intensity can be inverted into
particle concentration after calibration (Thorne &
Hanes 2002). It is important to provide proper attenuation compensation either by hardware (Shen
& Lemmin 1996) or by software (Hurther et al.
2007; Bricault 2006) methods. By integrating either method into the existing ADVP, a particle
flux profiler was developed at our laboratory that
determines the 3D velocity field and the suspended particle concentration field co-located in
the same scattering volumes of the profile, even at
high particle concentrations.
The emitter and the receivers of the ADVP are
placed in a water-filled housing which is installed
above the water surface, and which slightly touches the flow. The ADVP has to follow the surface
in the depth-varying region of the hydrograph
(Figure 1). This is done by a computer-controlled
system. ADVP profiling was carried out on the
centerline of the channel about 15 m from the entrance where turbulence is well developed. A 1 cm
thick layer of the water column near the water sur-

Table 1. Range of variations of discharge, water depth and
Reynolds
number during unsteady flow
_______________________________________________
Base
Peak
_______________________________________________
-1
9.3
32.7
Pump discharge Q
(l sec )
(cm)
12
17
Water depth
Reynolds Number
1.1 × 104
4.5× 104

In order to investigate the resuspension of fine sediment particles, a layer of sand with D50 = 0.16
mm was spread on top of the coarse bed on a surface area of the channel extending about 1 m upstream from the location of the ADVP. For the
present study, this layer was thick enough to fully
cover the coarse bed by about 4 mm and thus
smoothed out bed roughness. The acoustic measurements were complemented by simultaneously
taking high-speed videos in the center of the
channel, just upstream of the ADVP location. Only a narrow slot (40 cm long and about 1 cm in the
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transversal depth) of the flow in the center of the
channel was illuminated by a light sheet.
Two sets of experiments were carried out. In
the first set, no fine sediment was placed on the
rough bed. During these experiments, hydrogen
bubbles were generated as flow tracers for the
ADVP measurements (Blanckaert & Lemmin
2006). In the second set of experiments, fine sediment was added to the bed as described above
and no hydrogen bubbles were produced. In these
experiments, only sediment particles served as
tracers for the ADVP measurements. Thus, only
the flow field which activates sediment resuspension is documented in these experiments. All
ADVP data were de-aliased (Franca & Lemmin
2006) and de-noised (Blanckaert & Lemmin
2006) to improve data quality.
Figure 2 shows the variation of water level near
the ADVP for the 5 parts of the hydrograph which
is representative for all experiments discussed
here. Even though the pump discharge is varied
linearly in the course of the accelerating and decelerating stages, water depth changes non-linearly
throughout these periods. When the pump discharge was kept constant at peak flow, water
depth still slowly increased and did not reach
steady state. The discrepancy between the variation of the pump discharge and the observed water
level over time indicates that along the channel,
flow adjustment over the rough bed takes place.

profiles were investigated by fitting the measured
profiles to a logarithmic profile. The profile origin
was taken at the level where the recorded velocity
was zero. All profiles showed a roughness layer
right above the rough bed which was between 0.8
and 1.2 D50 thick. In this layer, individual roughness elements determine the local flow structure
and the flow may become 3D. This layer was
therefore omitted from the fitting. It was found
that during the unsteady flow, all mean velocity
profiles followed a logarithmic law in the inner
layer, confirming observations in the literature.
However, differences in the profile form were observed. Mean velocity profiles over the logarithmic part of the profile of accelerating and decelerating unsteady flow for the same mean velocity u
= 0.2 m/s are shown in Figure 3 where the accelerating flow profile is much steeper than the decelerating one.
The mean velocity development during the two
unsteady flow ranges is given in Figure 4. Initially, mean velocity in the accelerating range increases steeply, then more slowly. The decrease in
the decelerating range is smoother. A similar behavior is seen for the friction velocity which was
determined using the logarithmic mean velocity
profile method for all time slices (Figure 5). The
peak of the friction velocity is attained before the
maximum of the water level (Figure 2) as found
by Nezu et al. (1997). Again, friction velocity
changes differently in the accelerating and decelerating flow ranges. The mean velocities come to
the same value at the peak flow end of the unsteady flow ranges (Figure 4), but the friction velocity
u* does not (Figure 6). The different dynamics of
mean velocity and friction velocity during the unsteady range for accelerating and decelerating
flow are also evident when the bed shear velocity
is plotted against the corresponding mean velocity
(Figure 5). It decreased linearly in the decelerating
flow range, but shows a more complex relationship in the accelerating flow. For comparable
mean velocities in the two unsteady flow ranges,
friction velocities are different. This difference
confirms the different velocity profile slopes seen
in the logarithmic layer (Figure 3).

Figure 2. Variation of water level recorded near the ADVP

3 RESULTS
3.1 Velocity measurements
In order to compare the results for the unsteady
accelerating and decelerating flow ranges, time
development curves of the parameters in the two
flow ranges were plotted in the same figure.
Therefore, in the following figures, curves for the
decelerating flow are shown reversed in time.
Since logarithmic profiles were expected in the
inner layer (Bagherimiyab & Lemmin 2009; Nezu
& Nakagawa 1993), mean longitudinal velocity
123

3.2 Sediment resuspension
The quasi-instantaneous backscattering intensity
profiles recorded by the ADVP are a measure for
the concentration of sediment particles in the water column. In low sediment concentration flows,
acoustic methods may have difficulty determining
the sediment particle concentration correctly, due
to the relatively low number of particles inside the
acoustic beam. Therefore, in this study, backscattering intensity was not converted into sediment
concentration. Instead, backscattering intensity
was directly used as an indicator for fine particle
resuspension and transport. For the present analysis, the same hydrograph was repeated six times
and the data from the six experiments were superimposed for all time slices in order to generate an
average data set. Note that during this set of experiments no other flow tracers were in the water.
Therefore, the data represent only sediment resuspension dynamics. Results covering the accelerating range, the steady peak flow and the decelerating range are presented in Figure 7 for the particle
velocity profiles and in Figure 8 for the backscattering intensity profiles. No data were obtained
with the ADVP during the initial base flow, because no particles were suspended and therefore
no flow tracers were in the water.
Figure 7 shows a rapid velocity increase near
the bottom all along this section of the hydrograph. The particle velocity remains nearly constant during the three ranges of the hydrograph
even though the mean flow velocity changes (Figure 4). In the upper part of the water column, particle velocity rapidly falls to zero. Backscattering
is initially low, because no sediment is suspended
(Figure 8). During the accelerating phase, backscattering intensity rises and remains nearly constant for most of the hydrograph in a layer near
the bottom. In the later part, during the decelerating flow, backscattering intensity strongly increases in time and covers a wider range of the
water depth, indicating the progressive resuspension of fine particles. Individual peaks in backscattering intensity in Figure 8 document a strong
temporal and spatial variability and an event structure of particle suspension process.

Figure 3. Examples of mean longitudinal velocity profiles
for u = 0.2 m/s; solid line: logarithmic profile approximation

Figure 4. Mean longitudinal velocity distribution for the unsteady range

Figure 5. Friction velocity u* distribution for the unsteady
range

Figure 6. Mean longitudinal velocity and shear velocity development during the unsteady range of the hydrograph
Figure 7. Mean velocities during the unsteady flow range
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Figure 10. Backscattering intensity profiles during unsteady
flow
Figure 8. Backscattering intensity during the unsteady flowrange

3.3 Video imaging

Some individual profiles for velocity and backscattering intensity, covering the whole range of
this part of the hydrograph, were extracted from
the above figures and are shown in Figure 9 for
particle velocity and in Figure 10 for the corresponding backscattering intensity, in order to
present the suspension dynamics during the accelerating, peak flow and decelerating ranges of the
hydrograph. The form of all velocity profiles is
similar (Figure 9) with a strong velocity gradient
near the bed. The maxima of the profiles are
found at around 0.25 h. Velocities then rapidly
decrease and fall to zero at about 0.6 h. This indicates that no sediment transport is detected by the
ADVP about this level. Sediment particle velocities are similar, even though the flow velocities
change during this part of the hydrograph (Figure
4). The corresponding backscattering intensity
profiles are plotted in Figure 10. In the accelerating flow range, sediment transport is concentrated
in the near bottom layer. In time, backscattering
intensity progressively increases in layers further
away from the bed. During decelerating flow,
backscattering intensity greatly increases in the
central layers of the water column, mainly due to
the ripples which are formed on the bed and which
influence sediment suspension as will be discussed below.

In low sediment concentration flows which typically occur during the beginning of accelerating
flow, acoustic methods may have difficulty determining the sediment particle concentration correctly, due to the relatively low number of particles inside the acoustic beam. Therefore, in this
study, video images were recorded in parallel with
the ADVP measurements in order to visualize the
sediment suspension process during the hydrograph and thereby confirm the above ADVP measurements. Previously (Bagherimiyab et al. 2009),
we had shown from video images that sediment
transport is initially limited to saltating particles in
the near bottom layer in accelerating flow. In the
later phase of the accelerating flow and during
peak flow, sediment transport near the bed increased and particles were also carried higher into
the water column.
In Figure 11, four consecutive images which
were taken at a 15 Hz frame rate during the steady
peak flow are presented. These images show the
passage of one coherent structure reaching up into
the water column to about 0.4 h, which is then followed by a second one appearing in Figures 11c
and d. As seen in Figure 11, suspension is nearly
uniform in a shallow layer above the bed (about 2
cm high) and suspension into the water column
above occurs in burst-like events. This vertical
particle distribution corresponds to the backscattering profiles in Figure 10 where the maximum
of the backscatter is near the bottom and significant backscatter is limited roughly to the lower
half of the water column. In this flow, turbulence
intensity and the strength of the burst events are
not sufficient to suspend these particles over the
full water depth. Particle transport remained
strong in the near bottom layer, in agreement with
the ADVP observations shown in Figure 7. Variability in time and space seen in backscattering intensity in Figure 8 can be explained by the burst
structure of sediment resuspension observed from
the video images.

Figure 9. Mean velocity profiles during unsteady flow
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not linear and it was different in the two flow
ranges, resulting in considerable differences in the
flow dynamics. During the accelerating range,
both mean velocity and friction velocity initially
increased strongly and less thereafter. Two ranges
with significantly different slopes were observed
during accelerating flow when bed shear velocity
was plotted against mean velocity. This indicates
that an internal flow adjustment takes place. This
adjustment may affect the turbulence structure
which is responsible for fine sediment particle resuspension in channels and rivers. During decelerating flow, only one slope and thus one relationship between bed shear velocity and mean flow
velocity was found throughout the unsteady flow
range. Furthermore, systematically higher friction
velocities were observed in accelerating flow than
in decelerating flow for comparable mean flow
velocities. This indicates that the same change of
relative submergence generates different flow dynamics during the accelerating and decelerating
flow ranges.
The investigation of unsteady open-channel
flow over a coarse bed with a fine sediment layer
was limited to the observation of dynamics in velocities and backscattering intensity produced by
suspended sediment particles serving as a tracer. It
shows that acoustic techniques can be successfully
applied to backscatter intensity profiles with high
spatial and temporal resolution in unsteady flow.
No fine particle transport occurred during the initial phase of the unsteady flow, and particle resuspension was progressively intensified during the
unsteady flow range. Even though the concentration of suspended particles was too low to invert
the backscattered intensity signal into particle
concentration, the ADVP is sensitive enough to
capture clean signals for the time history of sediment suspension. Optical methods which were applied simultaneously helped to verify and to interpret the ADVP data and to visualize the
physical processes leading to suspension. The
combination of acoustical and optical methods
provides for an ideal approach in studying resuspension in unsteady flow. An event structure in
resuspension is seen by both methods. When the
flow had sufficiently accelerated, fine sediment
was resuspended in bursts into the intermediate
layers of the water column and at the same time,
rapidly created nearly stationary ripples during the
final phase of the accelerating flow range. Vortices shedding from the ripple crests produced most
of the sediment resuspension in the form of
events, making resuspension intermittent. High
sediment resuspension continued to occur during
the decelerating flow even though the flow velocity decreased. This phenomenon is attributed to the
presence of ripples which remained in place dur-

During this time of the hydrograph, ripples
formed rapidly on the bed. The ripples influenced
the sediment suspension dynamics (Figures 11
and 12). These bed forms grew within a few
seconds with a length of about 0.8 water depth
and a height of about 5 to 10 mm (Figure 12). Sediment particles rolled up the ramp of the ripple
and were ejected into the water column by vortex
shedding from the ripple crest. They then propagated in the flow in the form of a burst as seen in
Figure 11. Ripples remained in place when the
flow was decelerated down to base flow. Thus,
ripples control sediment resuspension into the water column over an extended period of the hydrograph. This is evident from Figures 8 and 10
where backscattering intensity increases towards
the end, even though the flow is decelerating.
a)

b)

c)

d)

Figure 11. Consecutive images of the video recording (15
Hz frame rate) during the initial peak flow of the hydrograph. Image height is about 9 cm

a)

b)

Figure 12. a) Example of bedform formation during the final
phase of the unsteady flow range. b) Schematics of the observed sediment transport shown in Figure 11

4 CONCLUSION
Accelerating and decelerating flow over a rough
bottom was investigated in a laboratory open
channel. Even though the discharge was changed
linearly at the same rate in both unsteady flow
ranges, the change of relative submergence was
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ing this range of the hydrograph. However, during
our experiments, sediment particles were not suspended into the upper 40% of the water column.
Hydraulic parameters, such as water depth, mean
velocity time development and profile form were
not affected by the presence of fine sediment particles.
The results of this study have verified existing
concepts of unsteady flow. However, new and detailed results made possible by combining the
ADVP and imaging techniques provide valuable
insight into the dynamics of fine sediment resuspension under unsteady flow conditions which
were not previously possible. Further experiments
will be carried out to refine the approach outlined
in this paper. In particular, using multi-frequency
ADVP (Hurther et al. 2007) on simultaneously
present flow tracers and sediment will help in understanding the relationship between flow and
particle resuspension.

Hayashi, T., Ohashi, M., & Oshima, M. 1988. Unsteadiness
and turbulence structure of a flood wave. Proc., 20th
Symp. on Turbulence, 154–159 (in Japanese).
Hurther, D., Lemmin, U., & Bricault, M. 2007. Multistatic
acoustic Doppler profilers for fine-scale studies of velocity and particle flux processes. Proceedings UAM07, Heraklion, Greece.
Jensen, B. L., & Sumer, B. M. 1989. Turbulent oscillatory
boundary layers at high Reynolds numbers. J. Fluid
Mech., 206, 265–297.
Lhermitte, R., & Lemmin, U. 1994. Open channel flow and
turbulence measurement by high-resolution Doppler sonar. J. Atm. and Ocean. Tech., 11, 1295-1308.
Nezu, I. 2005. Open-channel flow turbulence and its research prospect in the 21st century. J. Hydr. Eng., 131,
229-246.
Nezu, I., & Nakagawa, H. 1993. Turbulence in open channel
flows. Balkema, Rotterdam, NL.
Nezu, I., Kadata, A., & Nakagawa, H. 1997. Turbulent
structure in unsteady depth-varying open-channel flows.
J. Hydr. Eng., 123, 752-763.
Shen, C., & Lemmin, U. 1996. Ultrasonic measurements of
suspended sediments: A concentration profiling system
with attenuation compensation. Meas. Sci. Tech., 9,
1191-1194.
Shields, A. 1936. Anwendung der Aehnlichkeitsmechanik
und der Turbulenzforschung auf die Geschiebebewegung. Mitt. Preuss. Versuchsanstalt für Wasserbau, Heft
26.
Sutter de, R., Verhoeven, R., & Krein, A. 2001. Simulation
of sediment transport during flood events: laboratory
work and field experiments. Hydrol. Sci., 46, 599-610.
Thorne, P.D., & Hanes, D. M. 2002. A review of acoustic
measurement of small-scale sediment processes, Continental Shelf Research, 22, 603–632.

ACKNOWLEDGEMENT
This study is supported by the European Commission (FP6; RII3; Contract no. 022441) HYDRALAB III–SANDS. The technical assistance of C.
Perrinjaquet is greatly appreciated.
REFERENCES
Afzalimehr, H., & Anctil, F. 2000. Accelerating shear velocity in gravel-bed channels. J. Hydrol. Sci., 45, 113- 123.
Akhavan, R., Kamm, R. D., & Shapiro, A. H. 1991. An investigation of transition to turbulence in bounded oscillatory Stokes flows. I: Experiments. J. Fluid Mech., 225,
395–422.
Bagherimiyab, F., & Lemmin, U. 2009. Velocity and turbulence distribution in unsteady rough-bed open channel
flow. Proceedings of the 33rd IAHR Congress, 9 – 14
August 2009, Vancouver, Canada.
Bagherimiyab, F., Lemmin, U., Hurther, D., & Thorne, P. D.
2009. A study of bottom boundary layer dynamics in unsteady sediment-laden open-channel flow using acoustic
profiling. Proceedings of the 33rd IAHR Congress, 9 –
14 August 2009, Vancouver, Canada.
Blanckaert, K., & Lemmin, U. 2006. Means of noise reduction in acoustic turbulence measurements. J. Hydr. Res.,
44, 3-17.
Bricault, M. 2006. Rétrodiffusion acoustique par une suspension en milieu turbulent: application à la mesure de
profils de concentration pour l’étude de processus hydrosédimentaires.Doctoral Thesis, INP Grenoble, France.
Cellino, M., & Lemmin, U. 2004. Influence of coherent flow
structures on the dynamics of suspended sediment transport in open-channel flow. J. Hydr. Eng., 130, 10771088.
Franca, M.J., & Lemmin, U. 2006. Eliminating velocity
aliasing in acoustic Doppler velocity profiler data. Meas.
Sci. Technol., 17, 313-322.

127

128

River Flow 2010 - Dittrich, Koll, Aberle & Geisenhainer (eds) - © 2010 Bundesanstalt für Wasserbau ISBN 978-3-939230-00-7

Modelling flow through a permeable bed: a combined physicalnumerical approach
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ABSTRACT: In this paper, a CFD code developed to model turbulent flow across the surface-subsurface
interface of a high-conductivity permeable bed is validated by using experimental data collected at the
scale of the individual pore space. High-resolution endoscopic PIV data are compared with numerical results for the simple model of a permeable bed comprising uniform size spheres (D = 4 cm) packed in a
cubic arrangement. We present here details of both the numerical and experimental techniques combined
for investigating such turbulent interstitial flow, and highlight the major issues involved in both the numerical and physical modelling.
Keywords: CFD, PIV, Porous media, Non-Darcian flow, Turbulent structure
cretization (Lane et al., 2003 and 2004; Hardy et
al., 2005) can be applied.
Even thought these models represent the stateof-the-art, they remain largely untested, and hence
their reliability remains unknown. The lack of
validation data is due to the fact that experimental
techniques can not currently meet the significant
challenges required to fully characterize the complex instantaneous turbulent patterns produced
within bed pore spaces.
To meet this challenge, a novel high-resolution
endoscopic particle image velocimetry (E-PIV)
technique, capable of collecting data within the
pore spaces of a submerged permeable bed, has
been developed. The purpose of the present paper
is to present the first comparison between interstitial velocity data obtained from a 3-D CFD model
and this analogue experimental data. Experiments
were tailored to meet the CFD requirements and
to simplify the basic validation procedures.

1 INTRODUCTION
Developing numerical models capable of simulating the hydrodynamics of open-channel flows
over rough and permeable beds is crucial for predicting the morphodynamic evolution of alluvial
channels and the complex physical-chemical
processes occurring within the subsurface (hyporheic zone) of river beds. However, most current
numerical models assume that alluvial streams
have an impermeable channel bed (Raudkivi,
1998). This represents a significant issue as experimental observations have shown that such assumptions are erroneous as turbulence within
gravel-beds can be significant (Bencala and Walters, 1983). Thus, Darcian theory, suitable for
low-conductivity porous media, should not be applied within cohesionless gravel-bed rivers. The
Navier Stokes (NS) equations can be used to
model flow through a porous media if the internal
morphology is known. However, this is rarely the
case and the complexity of the internal morphology of the bed has meant that the normal approach
to this problem is to volume-average the NS equations and close them with the Hazen-Dupui-Darcy
(HDD) model (Lage et al., 2002). However, if the
internal morphology of the bed is known, a mass
flux scaling algorithm that has been developed to
include complex bed topography into a stable dis-

2 PHYSICAL PROBLEM AND APPROACH
2.1 The permeable bed model
The exact same geometry was used for both the
numerical and experimental models. In order to
simplify the comparison of the results we considered a simple geometry which can be seen as the
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SIMPLEST, a variation on the SIMPLE algorithm
of Patankar and Spalding (1972). The equations
are closed using the RNG-κε turbulence model.
Finally, velocity profiles collected through UDVP
data (see Figure 2) were used for an inlet boundary condition (a fixed mass boundary) while the
outlet is prescribed using a fixed-pressure boundary condition where mass is allowed to enter and
leave the domain.

idealisation of a flat gravel-bed. The bed was
made from uniform size spheres in a regular arrangement (see Figure 1). The permeable domain,
which is overlaid by a free-surface flow, is
bounded underneath by an impermeable surface.
The main advantage of using a regular solid matrix is that the internal morphology of the porous
bed is completely known with a high level of accuracy. This gives us the confidence of geometrically matching the numerical model domain to the
experimental conditions.
The flume was 2.4 m long with a rectangular
cross-section (width = 0.35 m). The permeable
bed comprised six horizontal layers of uniform diameter (D = 0.04 m) spheres giving a total bed
depth hbed = 0.24 m. Whilst the numerical code resolved the flow in the whole 3D flume domain,
the experimental data were collected within a specific pore space which was located two layers underneath the surface-subsurface interface (i.e. 8
cm underneath the bed surface).
Pore space measurement
volume

hfsf

2.3 Boundary conditions
In order to characterize the free-stream flow of the
experimental model, and so provide flow boundary conditions for the numerical simulations,
vertical profiles of the streamwise velocity component were measured using an array of four ultrasonic Doppler velocity profilers (UDVP). The
UDVP data were used to estimate the percentage
of flow moving above (Qstream) and through (Qbed)
the bed. From these profiles, the mean free-stream
velocity (U0 = Qstream/(B*hfsf)), which was used to
define the open channel Reynolds number
Re = U0hfsf/ (where is the kinematic viscosity),
was quantified.
All experiments and simulations were conducted under steady flow boundary conditions.
One experimental condition has been examined in
detail for this paper. The flow depth used was hfsf
= 0.06 m while the mean free-stream velocity was
U0 = 0.568 m/s (Re = 3.4*104).
The velocity profile shown in Figure 2
represents the mean vertical profile of the
streamwise velocity component taken from the
free-stream flow. This velocity profile was used as
the inlet boundary condition for the numerical simulation.

U0

hbed
Figure 1. Schematic of the permeable bed model. The channel cross-section dimensions are: width= 0.35 m and
height= 0.60 m. The pore space measurement volume is
marked; this was located at 1.68 m downstream from the inlet section and (10 cm underneath the top of the spheres).

2.2 CFD model
The algorithm is based upon a mass flux scaling
treatment where a structured Cartesian grid is used
that is also capable of replicating the complex geometry encountered in natural gravel beds. This has
been accomplished with a modification to the mass
conservation equation through the development of a
5 term porosity algorithm in which: fully blocked
cells are assigned a porosity of zero; fully unblocked cells are assigned a porosity of one; and
faces of partly blocked cells are assigned a porosity
of between 0 and 1, according to the percentage of
the cell face that is blocked. This discretization is
used in a standard numerical scheme that solves the
full three-dimensional Navier-Stokes equations
discretized using a finite-volume method. The interpolation scheme used is hybrid-upwind, where
upwind differences are used in high convection
areas (Peclet number > 2) and central differences
are used where diffusion dominates (Peclet number < 2). Although this scheme can suffer from
numerical diffusion, it is very stable. The pressure
and momentum equations are coupled by applying

Figure 2. Vertical profile of averaged streamwise velocity
component collected by UDVP in the water column and defining the free-stream flow boundary condition examined.
(hfsf = 0.06m; U0 = 0.568 m/s; Qtot = 20l/s; Qstream = 12 l/s;
Re = 3.4*104)
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2.4 Experimental set-up
Experiments were conducted in a recirculating
open channel. The pore-flow was measured within
the pore space measurement volume (Figure 1) by
using a specially developed time-resolved endoscopic particle image velocimetry (E-PIV). The EPIV technique consists of two endoscopes, a digital high-speed video camera and a pulsed laser
source. The camera endoscope (CE) provided the
optical access to the pore space while the laser
endoscope (LE) directed light into the pore space
(Figure 3).
Flow was imaged by connecting the CE to a
high-resolution (2352*1728 pixels) digital ImageIntensified Camera. The LE was connected to a
double-pulsed Nd:YAG 532 nm laser with output
energy up to 120 mJ per pulse and repetition rate
up to 15 Hz. A 4Gb on board camera memory allowed the collection of 500 sequential image pairs
at full resolution.
In order to minimize loss of light and maximize
resolution and brightness, a rod-lens based borescope with high transmission was used. The CE
was 300 mm long with an 8 mm external diameter
shaft borescope. The CE had a 0° view direction
and a 67° angle of view and was connected to the
camera through a 50 mm focal length Nikon lens
to provide appropriate magnification of the pore
space. The CE was mounted horizontally through
the wall of the flume (Figure 3). Four endoscopic
ports allowed quantification of the flow at different depths within the bed; the results reported
herein are from the second pore space beneath the
surface bed (Figure 3, port B). The distance between the end of the CE and the measurement
plane was 0.04 m, thereby resulting in negligible
flow perturbation, maximum image resolution and
a more complete field of view in comparison to
external PIV applications in beds of packed
spheres.
A 0° view angle laser endoscope (LE) was
used to convey the laser beam and illuminate the
pore space (Figure 1a and b). The LE consisted of
a 27 mm long cylindrical probe (with 12 mm external diameter). The probe terminated at a cylindrical lens (8 mm diameter) that produced a light
sheet (0.5-1 mm thick) with a lateral divergence
angle of approximately 26°. A spherical lens with
a focal length of 300 mm was used. The laser
beam is conveyed to the LE through an articulated
arm. The LE probe was vertically inserted through
the flume base via a customized port that allowed
adjustable positioning in the horizontal plane.

Figure 3. Endoscopic PIV set up. The figure schematically
illustrates the flume cross-section and shows the endoscopes
set up. The multiple camera endoscope’s port system provided on the flume wall is reported in the figure; it allowed
introducing the camera endoscope at 4 different depths
within the bed; the endoscopic ports were specifically designed to provide an appropriate protection for the endoscopes thus minimizing the influence of wall vibration; their
special design allowed to precisely positioning the probe
providing micro adjustments in all the 3 directions.

2.5 PIV acquisition and processing
The flow was seeded with neutrally buoyant,
spherical, hollow glass particles (ρp = 1050 g/cc)
with a nominal mean diameter of 11 µm. A singleexposure double-frame PIV approach was used to
capture particle images. For the results presented
here, an image acquisition rate of 15 Hz was sufficient to prevent aliasing problems, fully characterize the large vortex structure evolution and,
maximize the acquisition period in order to obtain
representative mean results (about 33 sec).
Image distortion was corrected by use of a calibration target placed in the measurement plane
within the pore space prior to experiments taking
place. The target consisted of a plate (30*30 mm)
with a regular grid of circular dots, spaced 1 mm
apart. Image processing based upon application of
a threshold was applied to the calibration image
and automatic blob analysis algorithms were applied in order to determine the dot’s centroid location. A fourth order polynomial function was
judged appropriate to mathematically describe the
effect of the spherical aberration. In order to correct the image distortion all the collected raw images were dewarped before data interrogation on
the basis of the calibration function.
Image interrogation was performed by applying a cross-correlation function to each image
pair. A fast Fourier transform (FFT) method was
applied to optimize the computation time in locating cross-correlation peaks. A 64*64 pixels interrogation window was used (which corresponds to
131

3.1 Experimental instantaneous flow structures

an average window size in the range of 1*1 to
1.5*1.5 mm).
In order to remove spurious vectors, statistical
validation criteria and local validation algorithms
based on neighborhood interrogation methods
(Westerweel, 1994) were applied. Application of
these techniques resulted in 15-25% of instantaneous vectors being deemed as erroneous and
were mainly caused by a localized lack of seeding
particles or low illumination. Missing data in the
instantaneous flow fields was partially reconstructed using second-order correlation techniques
(Hart, 2000) which allowed us to keep the spatial
resolution appropriate for the flow structure characterization. The filling algorithms are based on
recursive methods starting from data validated
with the highest confidence as input and finally
applying 2D interpolation functions. Data smoothing was undertaken for instantaneous flow field
representation but only fully validated vectors
were used for calculation of the mean flow field.
An example of the experimental output is
shown in Figure 4, which highlights the circular
field of view provided by the endoscopes. As
shown in Fig. 4, the E-PIV is able to visualize the
entire pore space, capturing important data that
would be hidden from external techniques (that
portion of the field of view that overlaps the
spheres).

In Figure 5 an example of the instantaneous flow
shows that the flow is clearly non-uniform with a
high velocity region located close to the upstream
inlet. The maximum pore velocity upmax = 0.30 m/s is high and of the same order of
magnitude as the mean stream-flow velocity U0
(upmax /U0 = 0.54). The high-velocity region
represents the front of a jet that penetrates the
pore, triggering the formation of the vortical structure with anticlockwise rotation seen in the bottom right sector of the pore.
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Figure 5. Experimental results of the instantaneous flow
within the pore space (hfsf = 0.06 m, U0 = 0.568 m,
Re = 3.4*104, Fr = 0.73). The colormap refers to velocity
magnitude expressed in [m/s].

In Figure 6 evolution of the flow structure is
demonstrated by a sequence of eight sequential
flow fields representing two similar evolution
cycles (the cycle period ~ 0.27 s). Figure 6A and
6E refer to the typical initial step and show the
front of a horizontal downstream jet which penetrates into the pore space resulting in three distinct
regions within the pore. Each region is characterized by different flow magnitude and direction.
The central section of the field of view is mainly
occupied by the jet; the flow velocity is relatively
high, the flow moves horizontally, according with
the jet direction. The lateral regions, located at the
edges of the jet are dominated by flow moving orthogonally to the jet at low velocity or rotating according to the jet direction. The instability typical
of the transition between the two regions promotes the formation of vortical structures (KelvinHelmholtz instability). The early stages of the
formation of these vortices can be seen in the
lower sections of Figure 6B and 6F where the
shear stress provided by the jet results in an anticlockwise rotation. In Figure 6C and 6F the anticlockwise vortices are fully formed and the jet has
penetrated the whole pore with a high-velocity region present from right to left. The decay stage of
the vortex is shown in Figure 6D and 6G. In this

3 RESULTS AND DISCUSSION
In this paper we present results from an experiment in which the flow depth was hfsf = 0.06 m
(which gives a solid-particle diameter to flowdepth ratio of D/hfsf = 0.67) while the mean freestream velocity was U0 = 0.568 m (which gives
free-stream Reynolds and Froude number of
Re = 3.4*104 and a Fr = 0.73 respectively).

Figure 4. Example of flow field obtained applying the EPIV within the pore space of a permeable bed.
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phase the vortices are pushed downstream and become elongated before finally dissipating.

and show the importance of jet flows penetrating
the pore space in setting up the overall flow structure and vortex formation. Figure 8 suggests that
the fluid close to the upstream pore (right) moves
downstream, similar to that found in the experiments. More specifically, Figure 10 shows a direct
comparison between experimental and numerical
results extracted from the same location. For the
right part of the pore the results agree both in
magnitude and direction. However, the numerical
simulation suggests that the fluid close to the
downstream pore (left) moves resulting in a horizontal convergence of flow towards the pore
which was not seen in the experiments. The simulations suggest that the majority of the pore-flow
is characterized by a significant unidirectional
downward-moving vertical component, while the
experiments seem to highlight vertical motion only in the region outside the central horizontal jet.
At the lowest part of the pore the vertical component is ~ zero, thus suggesting that the fluid cannot be ejected through the basal outlet. The fluid
is presumably ejected in the spanwise direction
instead.
Figure 11 shows a direct comparison of the
wall-normal velocity component extracted from
the same pore of the experiment and numerical
simulation. Both the figures seem to suggest the
presence of upward moving flow located at the
bottom left of the pore. Downward-moving fluid
is observed at the bottom-right and top-right segments of the pore in both sets of data, although
with different magnitudes.

3.2 Experimental mean flow field
The experimental mean flow field was obtained
by mapping the time-average velocity over each
grid point included in the interrogation area. This
method was computationally efficient and hence
well suited for processing large amounts of data
(Meinhart et al., 2000).
Figure 7 illustrates the distribution of velocity
magnitude, total turbulence (computed as standard
deviation of the velocity fluctuations), Reynolds
stresses and vorticity as averaged over 500 instantaneous flow fields. The velocity magnitude (Figure 7a) shows a central horizontal region which
represents the jet penetration path. The highest velocities are concentrated to the right of the field of
view, where the jet enters. The flow is relatively
symmetric with high velocity at the center and
low velocity at the top and bottom of the field of
view. It should be noted that the slightly lower velocities recorded at the top of the pore may be due
to the difficulty in providing a perfectly uniform
illumination to the whole field of view. The flow
pattern shows that the fluid coming from the right
flows perfectly horizontally in the center of the
pore and diverges vertically towards the top and
bottom, thus demonstrating the typical behavior of
a laterally expanding jet. It is interesting to note
that at the bottom of the field of view, the curvature of the streamlines suggests the presence of an
elongated rotation, presumably associated with
counter-rotating flow at the top of the pore beneath.
Figure 7b shows the presence of high turbulence located at the border between the highvelocity and low-velocity regions described
above. This suggests that the energy of the jet dissipates by turbulence momentum exchange between the jet flow and the adjacent low velocity
fluid. The pattern of Reynolds stress within the
pore (Figure7c) is in agreement with this interpretation. Reynolds stresses are significantly high at
the bottom of the field of view where the dissipation mechanisms operate and where formation and
advection of large vortical structures are observed.
Finally, the vorticity distribution (Figure 7d) also
confirms the presence of a predominant horizontal
jet flow producing lateral rotation.

4 CONCLUSION
In this paper, high-resolution endoscopic PIV data
are compared with numerical results for the simple model of a permeable bed made packing uniform size spheres (D = 4 cm) in a cubic arrangement.
Measurements have shown that the flow is
dominated by a horizontal jet penetrating into the
pore. The instantaneous flow structure within the
pore space is strictly related to the characteristics
of jet flow entering the pore and to the initial flow
conditions within the pore.
The edges of the jet are characterised by intense turbulence activity resulting in velocity fluctuations and the formation of large vortices in the
pore space. Vortex formation in the pore space is
found to be associated with a Kelvin-Helmholtz
type of instability driven by jets.
Preliminary numerical results show to be in
good agreement with experimental data. The results confirm the importance of jet flows penetrating the pore space in setting up the overall flow

3.3 Numerical mean flow field
Numerical results are shown in Figure 8 and 9 in
term of the distribution of the mean streamwise
and wall-normal component respectively. These
results confirm the observations described above
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structure and vortex formation. The main differences are found in the vertical component of velocity which requires further effort. To improve
the comparison between the CFD and EPIV data
we are currently investigating the free-surface representation. It is felt that the current free-surface
approximation in the CFD scheme is not resolving
the pressure field as accurately as possible and
thus causing differences in velocity predictions
within the hyporheic matrix.
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Figure 8. Numerical simulation showing the distribution of
the mean wall-normal velocity component.
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Figure 6. Experimental data showing a sequence of instantaneous flow fields (within the pore space) obtained with a
frame repetition rate = 15 Hz (hfsf = 0.06 m, U0 = 0.568 m,
Re = 3.4*104, Fr = 0.73). The colormap refers to velocity
magnitude expressed in [m/s].
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pore space (hfsf = 0.06 m, U0 = 0.568 m, Re = 3.4*104,
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Depth-averaged 2D models with effects of secondary currents for
computation of flow at a channel confluence
Mung Dinh Thanh, I. Kimura & Y. Shimizu

Hydraulic Research Laboratory, Hokkaido University, Sapporo, Japan

T. Hosoda

Department of Urban Management, Kyoto University, Kyoto, Japan

ABSTRACT: Open-channel confluences are common in nature as well as in hydraulic structures, and
play an important role in fluvial channel processes. The previous studies show that flow at the vicinity of
a junction is characterized by three dimensionality and is affected by both turbulence and secondary currents of the first kind induced by curvature of the channel streamline. A 3D model enables to describe
and compute most characteristics of flow in this region. However, such a model is still expensive and is
not practical. Therefore, it should be useful and more practical if simpler models that enable to fairly well
simulate flow at the junction are developed. For this purpose, we introduce some of such models, depthaveraged 2D models with effects of secondary currents of the first kind. By using these models, flow at
the vicinity of the channel confluence is computed. In the present study, four different types of depthaveraged 2D models without and with effects of secondary current are performed. Model 1, which excludes effect of secondary current, is performed as a base case for comparison of the computed results of
the three remaining others. Model 2 includes secondary current, while Model 3 considers not only this effect but also lag between the streamline and development of secondary current. Model 4, a more sophisticated one takes into account effects of secondary current, lag between the streamline curvature and development of secondary current, and the change of mainstream velocity profile caused by secondary
currents. Computed results with these models are also compared to the experimental ones and to each
other for discussion about adequacies of these models.
Keywords: Open channel flow, Secondary current, Depth-averaged 2D model
1 INTRODUCTION

such as Weber et al. (2001), Huang et al. (2002),
Qing-Yuan et al.(2009), show that flow in a junction is three-dimensional with predominant secondary currents induced by curvature of the
streamlines in comparison with the ones driven by
turbulence. However, except for 3D computational models, normal 2D models do not usually include this flow pattern. Not considering secondary
currents in modeling of these model leads to poor
performance in cases where confluence flow is
concerned.
Nowadays, development of computer technology provides powerful tools with them using threedimensional (3D) models with millions of grid
points in computing fluid dynamics is possible.
However, application of the 3D models to practical problems with a large scale, such as flows at an
open-channel network is difficult, because this
system entails a combination of a main channel
and some tributaries; typical examples are en-

Channel confluences are common in natural rivers
as well as in hydraulic structures and are a fundamental morphological unit of channel and river
networks. Flow features in these regions are complicated and are characterized with one separation
zone or recirculation zone immediately downstream of the confluence in the inner bank side
and one contracted flow region in the outer bank
side. These features are influenced by numerous
factors, such as geometry ones, for example, the
size, shape, and slope of channels and angle between channels, and flow ones, for instance, the
Froude number in the downstream flow, the ratio
of discharge in the two channels. Complexity of
flow at the vicinity of the junction arises due to
deflection of lateral flow entering the main channel and this makes channel streamlines in the
post-junction region curved. Recent 3D studies,
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countered in irrigation and drainage canals, urban
water network, and natural river systems. 3D
models, therefore, is usually used for very necessary cases where details of flow structure is paid
attention. Moreover, using 3D computational
models claims much labor and is costly.
For the reasons above, depth-averaged 2D
models are still useful and more practical than 3D
ones. In particular, depth-averaged 2D computational models considering effects of secondary
currents are developed to predict flow in curved
open channels. Several models of this kind proposed are ones of Kalkwijk & de Vriend (1980),
of Hosoda et al. (2001) in which lag between main
flows and secondary currents is included, and of
Onda et al. (2006) with considering change of the
velocity profile induced by development of secondary currents. The latter two have been recently
paid attention and some studies applying these
two models have been conducted. For instance,
the work of Kimura et al. (2007) are based on applying these models to study features of flow and
sediment transport in open-channel with a side
cavity. An another application of these models
was carried out by Kimura et al. (2009a) to study
flow and sediment transport in meandering channels. Good performances were obtained in their
studies. However, the literature does not indicate
applicability of these models to simulate openchannel confluence flow.
The purpose of the present study, therefore, is
to apply depth-averaged 2D models with effects of
secondary currents for computation of flow in a
vicinity of a channel confluence. In this study,
four depth-averaged 2D models applied are
(a) Model 1: a conventional 2D model using a
non-linear 0-equation turbulence model without
effects of secondary currents;
(b) Model 2: a 2D model with effects of secondary current without consideration of lag between the streamline curvature and development of secondary currents;
(c)Model 3: a 2D model with effects of secondary
currents and lag between the streamline curvature and development of secondary currents;
and
(d) Model 4: a 2D model that consider effects of
secondary currents, lag between the streamline
curvature and development of secondary currents as well as change of mainstream velocity
profile influenced by secondary currents.
Attempts to apply Model 2 are done during the
process of implementation of this study, but are
not successful. The reason for this may be
attributed to very sharp streamline curvature of
flow downstream of the junction causing very
instability of this model. Therefore, in the

following, only the results obtained from the
models 1, 3 and 4 are reported.
Computational results are compared to experimental results of Weber et al. (2001). The present
computed results show certain distinctions between using the depth-average models with effects
of secondary currents and using the model without
this consideration.
2 COMPUTATIONAL MODELS
2.1 Fundamental equations
The governing equations used in this study are
depth-averaged 2D shallow water flow equations
described in Kimura et al. (2007) in the Cartesian
coordinate as follows.
Continuity equation:
∂h ∂M ∂N
+
+
=0
∂t
∂x
∂y

(1)

Momentum equations:
∂ (h + z b )
∂M ∂βuM ∂βvN
+ gh
+
+
=
∂y
∂t
∂x
∂x
gh sin θ −

τ bx ∂ − u ' 2 h ∂ − u ' v'h
+
+
ρ
∂y
∂x

(2)

⎧ ∂ ⎛ ∂u ⎞ ∂ ⎛ ∂u ⎞⎫
+ ν ⎨ ⎜ h ⎟ + ⎜⎜ h ⎟⎟⎬ + S cx
⎩ ∂x ⎝ ∂x ⎠ ∂y ⎝ ∂y ⎠⎭

∂ (h + z b )
∂N ∂βuN ∂βvN
+ gh
=
+
+
∂y
∂y
∂t
∂x

τ
∂ − v' u 'h ∂ − v' 2 h
− by +
+
∂x
∂y
ρ

(3)

⎧ ∂ ⎛ ∂v ⎞ ∂ ⎛ ∂v ⎞⎫
+ν ⎨ ⎜ h ⎟ + ⎜⎜ h ⎟⎟⎬ + S cy
⎩ ∂x ⎝ ∂x ⎠ ∂y ⎝ ∂y ⎠⎭

where (x, y): spatial coordinate, (u, v): depthaveraged velocity components in (x, y) directions,
t: time, h: water depth, (M, N): discharge fluxes in
(x, y) directions defined as (hu, hv) respectively,
g: gravity acceleration, (u’, v’): turbulence velocities in (x, y) directions, zb: bed level, (τbx, τby):
bottom shear stress vectors, ν: dynamic viscosity
coefficient, sinθ: bed slope, f: friction coefficient
(function of Reynolds number), ρ: water density,
β: momentum coefficient, − u ′2 ,− u ′v′,− v′ 2 : depthaveraged Reynolds stress tensors, and Scx , Scy:
additional terms caused by secondary currents and
defined later.
Components of the bottom shear stress vector
are evaluated as
f ρu
fρ v 2
(4)
τ bx =
u 2 + v 2 ; τ by =
u + v2
2
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2

in which, f: friction factor being a function of local Reynolds, Re’≡ uh/ν, evaluated as follows.
f =

6
Re'

for Re’≤ 430

f D = 1 for y w >

for Re’ ≥ 430

(5b)

cD =

where κ = 0.41, AS = 5.5.
The depth-averaged Reynolds stress tensors
are evaluated based on the 0-equation turbulence
model, but a non-linear term proposed by Kimura
et al. (2009b) is added to the Reynolds stress tensor as
2
− uiu j = (Dh +ν )Sij − kδij
3
3
1
h
⎞
⎛
− λp Dh ∑ cβ ⎜ Sβij − Sβααδij ⎟ + Ciju*2
3
u* β =1 ⎝
⎠

S ij =

(6)

(7b)

∂U γ ∂U γ
S3ij =
∂xi ∂x j

(7c)

(11)

h
u*

1
h
S ij S ij , Ω = λ p
2
u*

1
Ω ij Ω ij
2

∂U i ∂ U j
∂U
, Ω ij = ∂U i − j
+
∂x i
∂x j
∂x i
∂x j

(12)
(13)

cns, cnΩ, cds, cdΩ, cdsΩ, cds1, cdΩ1, cdsΩ1 are model
constants and their values are 0.005, 0.0068,
0.008, 0.004, -0.003, 0.00005, 0.00005, and
0.00025, respectively (Ali et al. (2007)). cβ is the
coefficient of the non-linear quadratic term and
evaluated (Ali et al. (2007)) as

(7a)

1 ⎛ ∂U ∂U j ∂U γ ∂U i ⎞⎟
S 2ij = ⎜⎜ γ
+
2 ⎝ ∂xi ∂xγ
∂x j ∂xγ ⎟⎠

2

1+ cnsS2 + cnΩΩ2

1+ cdsS + cdΩΩ + cdsΩSΩ+ cds1S4 + cdΩ1Ω4 + cdΩ1S2Ω2

S = λp

Here, Sβij is defined as
∂U i ∂U j
∂xγ ∂xγ

2

Here, S and Ω are strain and rotation parameters,
respectively and defined as

i, j = 1,2

S1ij =

(10b)

Here, yw is wall distance and h is water depth.
cD is the coefficient of eddy viscosity and is a
function of strain and rotation parameters as follows

(5a)

⎛
2
1⎡
2 ⎞⎤
⎟⎥
= AS − ⎢1 − ln⎜⎜ Re' −
f
f ⎟⎠⎥⎦
κ ⎢⎣
⎝

h
2

cβ = cβ 0

1
1 + mds S + mdΩ Ω 2
2

(14)

Dh is eddy viscosity and is evaluated based on an
non-linear 0-equation turbulence model considering contribution of strain and spin as well as reduction of eddy viscosity near wall as

where cβ0 (C10, C20, C30) is the model constant for
cβ. mds and mdΩ are model constants for cβ and are
of 0.01 and 0.003, respectively.
The fourth term at the right-hand side of Eq. (6)
represents the effect of anisotropy in an equilibrium state. This term is first introduced by Kimura et al. (2009b) with coefficients Cij evaluated as
follows

Dh = f D cDαhu*

C xx = 2.07(C30 − 2C10 ) / 3

(15a)

C yy = 2.07 (C10 + C30 ) / 3

(15b)

C xy = 0

(15c)

(8)

k is depth-averaged turbulent kinetic energy evaluated by the empirical formula proposed by Nezu
& Nakagawa (1993) as
(9)

k = 2.07u*2
Here, u* is local friction velocity (≡

C10 = 0.40, C20 = 0, C30 = −0.13

f (u 2 + v 2 ) );

2.2 Secondary current model

α is calibrated constant (α = 0.80 is used in this
study).
λ p is a coefficient calculated using the approach
of Kimura et al. (2009b) ( λ p = 4.29 in the present
study).
fD is an eddy viscosity dumping function and is
evaluated as
fD = 4

yw
h

y ⎞
⎛
⎜⎜1 − w ⎟⎟
h ⎠
⎝

for

yw ≤

h
2

(16)

The additional terms expressing effects of secondary currents, Scx and Scy, in the equations (2) and
(3) are defined as
⎡ ∂ u s An h sin 2θ ∂ u s An h cos 2θ ⎤
S cx = C sn ⎢
−
⎥
∂x
∂y
⎣⎢
⎦⎥
⎡ ∂ An2 h sin 2 θ ∂An2 h cos θ sin θ ⎤
+
+ C n 2 ⎢−
⎥
∂y
∂x
⎣⎢
⎦⎥

(10a)
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(17)

⎡ ∂ u s An h cos 2θ ∂ u s An h sin 2θ ⎤
S cy = C sn ⎢
−
⎥
∂x
∂y
⎥⎦
⎢⎣
⎡ ∂A 2 h sin θ cos θ ∂An2 h cos 2 θ ⎤
+ C n2 ⎢ n
−
⎥
∂x
∂y
⎣⎢
⎦⎥

Here, β is constant (=0.077) and

(u n )s , (u n )b

are streamwise and transverse velocity at surface and bottom, respectively. u, v are
same as ones in equations (2) and (3). In Model 4,
An is evaluated as in Model 3, but the velocity
profiles f s and f n are those derived by Onda et al.
(2006) in which the important feedback mechanism between the main and secondary flow is considered. This feedback is attributed to the main
reason causing deformation of vertical streamwise
velocity profile, but it is not included in Model 2
and Model 3. A detail description of these models
is given in Hosoda et al. (2001) and Onda et al.
(2006).

(18)

where Csn and Cn2 are model coefficients defined
by equation (19) and are derived by Hosoda et al.
(2001) using velocity profiles proposed by Engelund (1974) in the longitudinal and transverse directions f s and f n respectively, as
1

1

0

0

Csn = ∫ f s (ζ ) f n (ζ )dζ , Cn 2 = ∫ f n (ζ ) 2 dζ

(19)

us is depth-average velocity in the streamwise direction and is defined by equation (20).
(20)
u s (ζ ) = u s f s (ζ )
Here, u s (ζ ) is streamwise velocity profile in the
vertical direction.
The coefficient An means the magnitude of the
secondary current and is defined as

u n (ζ ) = An f n (ζ ) , ζ =

z
h

2.3 Computational scheme
The fundamental equations are solved numerically
using the finite volume method with a full staggered grid including conservativeness of physical
quantities and computational stability. The
QUICK scheme with second order accuracy in
space is employed for convective inertia terms.
The Adams Bashforth method with second order
accuracy in time is used for time integration.

(21)

Here, u n (ζ ) is transverse velocity profile in the
vertical direction and z is the direction perpendicular to the bottom bed. In the model neglecting
the lag between the streamline curvature and the
development of the secondary current (Model 2),
An is simply evaluated as
An =

us h
R

2.4 Computational domain and conditions
The depth-averaged 2D models in the present
study are applied to the open-channel confluence
flow using the experimental data of Weber et al.
(2001) for verification. In this experiment, the
channel consists of a main channel of 21.946m in
length and a branch channel of 3.658 m in length
located 5.486m downstream of the entrance of the
main channel. Both these channels have the same
width (W) of 0.914m. The total combined flow
discharge (Qt) is 0.170m3/s and the downstream
water depth is held constant at 0.296m. With these
conditions, the averaged downstream velocity is
0.628 m/s corresponding to a Froude number of
0.37. A total of six runs of the experiments were
conducted for six various values of q* defined as
the ratio of the upstream main channel flow (Qm)
to the total flow (Qt).
In the present study, q* = 0.25, that is, Qm =
0.043 m3/s and Qb (branch discharge) = 0.127
m3/s, is selected for computations because this is a
case, which generates strong secondary current at
the vicinity of the junction and is a challenge for
simulating as well. In order to facilitate simulation, the length of the post-junction channel is
shorten to 7W (6.398m), where the water depth is
nearly constant (H0 = 0.3054m), while other dimensions of the computational domain are sameas

(22)

where R is curvature radius of the streamline. In
the model proposed by Hosoda et al. (2001),
which includes the lag between the streamline
curvature and secondary current, An is evaluated
based on the depth-averaged transport equation of
vorticity as
∂
((u n )s − (u n )b ) + ∂ ((u )s (u n )s − (u )b (u n )b )
∂x
∂t
∂
1 2
+ ((v )s (u n )s − (v )b (u n )b ) −
u s s − u 2s
b
∂y
R
(23)
∂ ⎛ τ zn ⎞
∂ ⎛ τ zn ⎞
⎟ − ⎜
⎟
= ⎜⎜
∂z ⎝ ρ ⎟⎠ s ∂z ⎜⎝ ρ ⎟⎠ b

(( ) ( ) )

( u n ) s − ( u n ) b = λˆ A n
λˆ =

r* =

(24)

us
1 ⎞
11
1
⎛1
( βr* ) +
( βr* ) 2 +
⎟
3 ⎜
βu* ⎛ 1
504 ⎠
360
⎞ ⎝ 12
⎜ + βr* ⎟
⎠
⎝3

(25)

us
1
−
u * 3β

(26)

(u s )s , (u s )b ,
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the ones in the experiment. Downstream bulk velocity, U0, is approximate to 0.608 m/s.
Y

with that with Model 1 and agree fairly well with
the experimental one.
In addition, even though it is not presented
here, an observation of process feature of the separation eddy shows that unsteady oscillation of
the separation eddy can be seen in all results generated by the three models. This characteristic is
appropriate to real phenomena.
However, as seen from Figure 2, all three models over-estimate velocity in the beginning reach
of the separation where is adjacent to the junction.
It may be due to the flow in this reach characterized with a highly three dimensionality, and a 2D
model should not capture all flow features in spite
of secondary current effects considered.

X

Figure 1. Computational grid around the confluence

The stretching grid is used in this study with
the number of grid cells of 205 in the x-direction
and 150 in the y-direction. The computational grid
around the confluence is shown in Figure 1.

1
0.5

y/W

3 RESULTS AND DISCUSSIONS
3.1 Velocity vector field and flow pattern

0

-0.5

a) Exp.

-1

In this study, all distances are normalized by the
channel width, named as x/W, y/W. The velocity
components are normalized by the downstream
average velocity, U0, called as u* and v* for u/ U0
and v/ U0, respectively. The u*-v* vector field calculated is compared with that observed in the experiment, but some preceding manipulations are
done based on the experimental data to generate a
depth-averaged one. The computational results are
averaged between the 300th and 450th seconds.
The experimental result is shown together with the
computed ones as seen in Figure 2.
As seen from Figure 2, all three models reproduce important flow patterns at the vicinity of the
junction, that is, a separation zone immediately
downstream of the junction and a contracted flow
with higher velocity. However, it can be seen that
there is a difference in separation generated by
Model 1 and by the others. Model 1 significantly
under-predicts the length of this area, while both
Model 3 and Model 4 fairly well reproduce it. It is
supposed that the secondary current has an effect
to extend the size of recirculation zone, because
the flow near the bottom faces toward the center
of this region and the reaction force acts enlarging
the recirculation zone toward the outer side. Model 1 could not capture this effect, because it excludes the effect of the secondary current. Hence,
the separation zone produced with Model 1 should
be less than that obtained with Model 3 and Model
4. This result seems to be agreeable to guess of
Cheng et al. (1992). On the contrary, Model 3 and
4 directly consider the effects of secondary currents. Therefore, the results calculated with these
models are significantly improved in comparison
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Figure 2. Comparison of u -v vector field.

3.2 Velocity components
In order to see more details of performances of the
models, comparison of velocity profiles in the xand y- direction is carried out. Figure 3 shows the
streamwise velocity component profiles at some
cross-sections along the post-confluence main
channel, while Figure 4 depicts transverse ones at
the same places. All velocity values are averaged
over the depth. Positive values in Figure 3 indicate
downstream motion, while negative ones show
upstream motion.
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Figure 3. Comparison of longitudinal velocity component at
some locations.
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Figure 4. Comparison of cross-sectional velocity component
at some locations.
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It is observed in Figure 3, the results obtained
with Model 3 and Model 4 agree well with the experimental ones, except for the beginning reach of
the separation zone (In this reach, all models overpredict velocity as mentioned above). However,
this similar agreement is not obtained with Model
1, because Model 1, as mentioned above, underpredicts the length of the separation zone. This
can be seen in more details here. Figure 3 provides information on where the separation ends.
As observed in Figure 3, the separation zone generated using Model 1 seems to drop after the section of x/W = -2.00 (exactly, x/W = -2.09), while
it, in reality, extends to somewhere around the
section of x/W=-2.67 as the experimental results
and the ones obtained with Model 3 and Model 4.
This can be realized, because velocity direction in
the region near the inner bank of the main channel
changes between the section of x/W=-2.00 and the
section of x/W=-2.33 and the velocity profile in
this region has a tendency to be flattened in the
next sections as seen in Figures 3d, 3e and 3f. The
reason for this shortcoming of Model 1, as explained above, is due to not considering adequately effects of secondary current. The result generated with Model 1 is hard to be accepted as a good
prediction, because of the following reasons. First
reason is that the separation zone itself is a region
of reduced pressure and recirculating flow, and
sediment tends to accumulate with consequences
for hydraulic geometry, channel roughness, and so
on. Hence, its size has effects on sediment deposition and confluence scour. Second one is that
while secondary flow (helical flow) does not have
strong influence on general flow pattern in rivers,
it has a significant influence on the sediment
transport direction and hence, morphological
changes in the river channel (Olesen (1987)), and
this flow is not included in Model 1. However,
further researches, which apply the present models
for calculation of sediment transport in a confluence, are necessary for confirmation of the above
arguments.
Figure 4 shows profiles of dimensionless transverse velocity component at the same locations as
in Figure 3. As shown from Figure 4, the transverse velocity component at most locations is
much less than the longitudinal one, except for the
section of x/W=-1.33. This distinction observed at
the section of x/W=-1.33 is attributed to influence
of flow coming from the branch channel. Models
3 and 4 provide the results agreeing with the
measured one for all the locations, while Model 1
significantly over-predicts the transverse velocity
component at x/W = -2.00 where the recirculating
zone produced with Model 1 nearly ends, as obviously seen in Figure 4c.

It is also seen that it is not clear to realize difference between the results obtained using Model
3 and Model 4 with a comparison of depthaveraged velocity components. This may be because secondary current has a stronger effect on
vertical mainstream velocity profile than on
depth-averaged mainstream velocity one.
3.3 Water surface elevation
In this section, the results of water surface elevation, which is normalized by the channel width
(W), predicted with the models are compared to
the experimental one. Figure 5 shows the contours
of measured and predicted dimensionless water
surface elevations by Weber et al. (2001) and by
using Models 1, 3 and 4, respectively. As known,
one of distinctive characteristics of a sharp-edged,
open-channel junction flow is an increase in depth
from the downstream channel to the upstream
contributing channels. This important feature is
captured in all predicted results of water surface
elevation with the models (as shown in Figures
5b, 4c, and 5d). In particular, all predict a rise of
water surface level in the confluence region and
this prediction for this area agrees well with the
measured one. This implies practical applications
for prediction of rise of water level caused by
flood in confluence areas. The agreement between
prediction of water level in the downstream of the
separation zone with Model 4 and experiment is
fair and reasonable, even though water surface
elevation in the downstream of the separation is
under-predicted a little bit and the trend of computed contours slightly departs from the experimental ones. However, the result with Model 1 for
this region is disagreeable with the experimental
one, and that with Model 3 seems quite unstable.
As can be seen in Figures 5c and 5d, difference
in prediction of water surface elevation between
the Model 4 and Model 3 is more obvious than
that with the comparison of depth-averaged velocity profiles in the previous section. Model 4 generates the better result and more stable water level
in the downstream of the separation than does
Model 3. The reason for this may be explained as
follows. Model 4 includes the feedback between
the main flow and the secondary one, which is not
considered in Model 3. While this feedback increases the main velocity component in the bottom region, it reduces this velocity in the surface
one, thus causing a decrease in the flow momentum. This may lead to a stability of water surface
with Model 4.
In summary, Model 4 performs a reasonable
prediction of water surface elevation in comparison with the experimental one and much better
than do the remaining two models, despite slight
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disagreement with the experimental one for prediction in the downstream of the separation.

However, further applications of these models for
computation of other problems, such as sediment
transport, in this region are necessary for confirmation of their applicability in real cases.
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Figure 5. Comparison of water surface mappings.

4 CONCLUSION
In this study, four different types of depthaveraged 2D models with and without considering
secondary currents are first applied to openchannel confluence flow. The most distinctive features of a sharp-edge open-channel junction are
captured by using the present depth-averaged 2D
models. In particular, Model 4 is the best one forprediction of confluence flow, except for a small
disagreement with the experimental result for
computation of water surface elevation in the
downstream of the separation. This indicates high
applicability of the depth-averaged 2D models
with effect of secondary current (Model 3 and
Model 4) to an open-channel confluence flow in
practice. The study also demonstrates failure of
Model 2 in application to sharp-edged, openchannel confluence with a large junction angle.
144

River Flow 2010 - Dittrich, Koll, Aberle & Geisenhainer (eds) - © 2010 Bundesanstalt für Wasserbau ISBN 978-3-939230-00-7

Two Dimensional Analysis of Flow Patterns and Dispersion in
Meandering Channels
I. W. Seo & S. W. Park

Dept. of Civil and Environmental Engineering, Seoul National University, Seoul, South Korea

ABSTRACT: In this research, both laboratory and numerical studies were performed to reveal effects of
the secondary flow on flow structure and dispersion of pollutant in curved channels. From the analysis of
experiments, primary flows and tracer dispersion have been visualized. For the numerical simulation,
two-dimensional FEM models, SMS and RAMS, have been applied. Experimental results revealed that,
in the S-curved channel with rectangular cross-section, primary flow skews toward the inner bank at the
bends whereas, at the crossovers, flow is symmetric. The maximum velocities were occuring along the
shortest course of the S-curved channel. The tracer cloud generally follows the path of the maximum velocity. At the first bend, high concentration was detected near the left bank. Passing the crossover, the
tracer cloud moves along the centerline of the channel. Then, the tracer cloud moves to the inner bank at
the second bend. The numerical simulation showed that simulated velocity vectors are in good agreements with observed data.
Keywords: Flow structure, Longitudinal and Transverse dispersion, Meandering channel, Secondary
flow, 2-D FEM model
1 INTRODUCTION

2 RESEARCH BACKGROUND

Rivers and streams have been used for the receiving water of various pollutants from sewage
treatment plants and accidental release of toxic
materials. Thus, it is necessary to predict accurately the behavior of pollutants which are dispersing
and moving with flowing water in the rivers. To
simulate complex flow and mass transport in
meandering channels, a 3D hydrodynamic model
is required. However, for practical engineering
problems in shallow and long rivers, a 2D model
could be used greatly reducing computational efforts and experimental expenses.
In this research, flow structure and dispersion
of pollutant in curved channels were analyzed
through laboratory and numerical studies. In the
laboratory experiments, flow and tracer dispersion
were measured using robust techniques. The numerical simulation was performed using the twodimensional FEM models.

2.1 Experimental Analysis
Fischer (1969), for the first time, suggested flow
features to the transverse dispersion coefficient
considered bend effects. Chang (1971) conducted
laboratory experiments with the S-curved channel
to obtain the transverse dispersion coefficient considering the secondary flow effects. A theoretical
approach which in another methodology for evaluating the transverse dispersion coefficient in
cases of having no concentration data was proposed, for the first time, by Fischer (1969) using
the transverse velocity equation of Rozovskii
(1957). Recently, Boxall and Guymer (2003) suggested new theoretical equation which is derived
from the method of Chickendu (1986). Summary
of assumptions and results of previous studies
which has been involved with this study have
been represented in Table 1.
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Table 1. Experimental analysis of mixing in channels
Researcher
Channel
Specific results
Elder (1959)

Straight

Fischer (1969)
Chang (1971)
Miller & Richardson (1974)

Meander
Meander
Straight

Krisnappan & Lau (1977)

Meander

- 0.222 < D

Lau & Krisnappan (1977)

Straight

- suggested using D

Webel & Schatzmann (1984)
Almquist & Holley (1985)
Nokes & Wood (1988)
Boxall & Guymer (2003)
Boxall et al. (2003)

Straight
Meander
Straight
Meander
Meander

- criticized results of Lau & Krisnappan (1977)
- transverse dispersion coefficient increases in natural cross section
- transverse dispersion coefficient is dependent of a friction factor
- conducted with setups natural cross-section
- transverse dispersion coefficient varies in direction of channel curvature

- e y / HU = 0.23
*

- derived theoretical form
- proposed empirical equation
- D / e y > 100
L

T / WU* , 0.416 > DT / WU*
T / WU*

instead of

DT / HU *

two-dimensional flow characteristics of irregular
natural rivers with complex geometries. The governing equations are

2.2 Numerical Analysis
Numerical models have been developed for describing circulation phenomena and the solute
transport in the meandering open channel flows.
McGuirk and Rodi (1978) developed a depthaveraged model for the near field calculations of
the flow and concentration distribution by side
discharges of the pollutant into open-channel
flow. Duan (2004) derived a dispersion term for
the depth-averaged 2D model in Cartesian coordinates and used the Schmidt number as a calibration parameter to simulate mass dispersion in
meandering channels. The model by Duan (2004)
was applied to the experiments of Chang (1971) to
test the capability of the model to simulate mass
transport in meandering channels.

∂h ∂ ( uh ) ∂ ( vh )
+
+
+i = 0
∂t
∂x
∂y
∂ ( uh )
∂t

∂ ( vh )
∂t

+

+

∂ (u 2h )
∂x

∂ ( v2 h )
∂y

+

+

∂ ( uvh )
∂y

∂ ( uvh )
∂x

+g

+g

(1)
∂ ( h 2 / 2a )
∂x

∂ ( h 2 / 2a )
∂y

= gh ( S ax − S fx ) (2)

= gh ( S ay − S fy ) (3)

where h is water depth, u and v are velocities in the x , y directions respectively, i
is infiltration capacity, g is the gravity acceleration, Sax and Say are hydraulics .
The type of elements in a mesh can be a triangular, quadrilateral or mixed one. A triangular
element could have either 3-nodes or 6-nodes and
a quadrilateral element either 4–nodes or 8-nodes.
This mesh can be constructed from DEM and TIN
format in the tools of GIS.
RAM4 is a FEM model for pollutant transport
analysis in two-dimensional flow fields and it is
developed based on the depth-averaged mass
transport equation. It can calculate the advection
and dispersion of injected substances in a twodimensional flow field. This engine can treat the
conservative or non-conservative substances as
pollutant tracers.

3 NUMERICAL MODEL
3.1 RAMS
RAMS (River Analysis and Modeling System) is
2D river flow analysis software package which
consists of river flow analysis model (RAM2),
pollutant transport model (RAM4), bed elevation
change model (RAM6), and graphic user interface
(RAMS-GUI). This software can simulate the
movements of water, pollutant, and sediment in
natural rivers with complex topography by 2D finite element numerical calculations with underlying consistency and generality. This software
would provide accurate and stable solutions to
open channel flow equation, and mass transport
equation for various types of problems. Details
about governing equations of RAMS package can
be confirmed in website (http://www.rams.or.kr).
Flow model, RAM2, is a finite element model
based on Streamline Upwind / Petrov – Galerkin
(SU/PG) scheme for analyzing and simulating

∂c
+ ∇ ⋅ ( qc ) − ∇ ⋅ ( D ⋅ ∇c ) = 0
∂t

(4)

where c is unknown variable which denotes
solute concentration in this model, q the fluid
velocity vector, and D the diffusion/dispersion
tensor.
3.2 RMA-2
RMA2 and is the 2D depth-averaged finite element hydrodynamic model of commercial soft146

ware SMS (Surface-water modeling system. It
computes a finite element solution of the Reynolds form of the Navier-Stokes equations for turbulent flow. Friction is calculated with the Manning’s or Chezy equation, and eddy viscosity
coefficients are used to define turbulent characteristics. In this model, both steady and unsteady
state problems can be simulated. The generalized
computer program RMA2 solves the depthintegrated equations of fluid mass and momentum
conservation in two horizontal directions. The
forms of governing equations are
h

try) and the electrode conductivity meter respectively. As the tracer, salt solution was used. The
density of the salt solution was adjusted to that of
the flume water by adding methanol. The tracer
solution can be instantaneously injected into water
flow as a full-depth vertical line source by using
the instantaneous injecting cylinder. The initial
concentration of the tracer was 100,000 mg/ℓ. The
interval of concentration measuring points at each
section was about 7 cm in the transverse direction.
Vertically, concentration was measured at a point
located 60 % of the depth above the bottom for
shallow water conditions (H = 15, 20 cm). For
deep water conditions (H = 30, 40 cm), concentration was measured at two points, 20 % and 80% of
the depth above the bottom. Total of 12 cases of
tracer tests were performed as listed in Table 3.

∂u
∂u
∂u h ⎛
∂2 u
∂2 u ⎞
+ hu
+ hv
− ⎜ Exx 2 + Exy
⎟
∂t
∂x
∂y ρ⎝
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∂ y2 ⎠

⎛ ∂ b ∂ h ⎞ gun 2
2
+ gh ⎜
+
⎟ + 1/3 U − ζ Va cosψ − 2hω v sin ϕl (5)
⎝∂x ∂x⎠ h
=0

Table 2. Properties of meander pattern of previous and this
research

∂v
∂v
∂v h ⎛
∂2 v
∂2 v ⎞
+ hu
+ hv
− ⎜ E yx 2 + E yy
⎟
∂t
∂x
∂y ρ⎝
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2
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∂
∂
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y
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⎝
⎠

RC /W

θ (°)

λ /W

λ / RC

Sin

2.3

-

10.9

4.7

-

Chang (1971)

3.6

90

-

-

Krishnappan &

0.6

Lau (1977)

~ 2.2

-

6.3

3

125

12

4

Guymer (1998)

3.5

120

13.7

3.9

Seo et al. (2004)

2.4

120

9.7

4

This study

2.0

150

7.5

3.8

h

Researcher
Leopold &
Wolman (1960)

=0

⎛ ∂u ∂v ⎞
∂h
∂h
∂h
+ h⎜
+
+v
=0
⎟+u
∂t
∂x
∂y
⎝∂x ∂y⎠

(7)

where ρ is density of fluid, E xx is eddy viscosity coefficient for normal direction on x axis
surface, E yy is for normal direction on y axis
surface, E xy and E yx is for shear direction on
each surface, g is acceleration due to gravity,
b is elevation of bottom, n is roughness coefficient in Manning’s formula, ζ is empirical
wind shear coefficient, Va is wind speed, ω is
rate of earth’s angular rotation, and φl is local latitude.

Almquist &
Holley (1985)

Table 3. Hydraulic conditions
Case
h (cm)
u (cm/s)
B151
15
10
B152
15
20
B153
15
40
B201
20
7.5
B202
20
15
B203
20
30
B301
30
5
B302
30
10
B303
30
20
B401
40
3.75
B402
40
7.5
B403
40
15

4 EXPERIMENTS
4.1 Laboratory Setup
In this study, flow and tracer experiments were
conducted in the S-curved meandering laboratory
channel with a rectangular cross-section which is
16.5 m long, 1 m wide, and 0.6 m high. It consists
of two circular bends connected by straight sections as shown in Figure 1. The radius of curvature of the bend region is 2.0 m, the wavelength is
7.5 m, and the arc angle is 150°. Meander properties of the laboratory channel were selected considering previous studies which are listed in Table
2. Velocity and solute concentration were measured by micro-ADV (Acoustic Doppler Velocime147
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Figure 1. Sketches of S-curved laboratory channel (upper: plan view, lower: side view; unit: cm)
S9

4.2 Experimental Results

S10

S8

In Figure 2, velocity data detected in the Scurved channel were expressed by two dimension-al vector profiles at the test sections
(S1~S12). In this figure, it is noteworthy that
transverse distribution of the primary velocity
skews toward the inner bank at the bends and at
the crossovers, al-most symmetric. The maximum velocities in each transverse section were
detected along the shortest course of the channel.
This flow pattern is opposite to the flow characteristics found in the natural meandering channels. The reason of this discrepancy in the flow
pattern is that experiments were conducted on
the rectangular cross-section channel, whereas
the cross-sectional shape of the natural stream is
usually triangular, and skewed to the outer bank.
In Figure 3, contours of the concentration
tracer cloud for Case B202 (H = 20 cm, Q = 30
ℓ/sec) were plotted. In the tracer tests, concentration data were collected at the sampling points as
a function of time. All concentration data were
filtered by the moving average to reduce the mechanical noise. In order to visualize the behavior
of the tracer clouds, the spatial contours which
were made by the interpolation technique
through the concentration-time data were generated.
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Figure 2. Vector maps of primary velocity profiles
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Figure 3. Concentration contours of tracer cloud in case B202 (H= 20 cm)

Figure 3 illustrated that entering the first bend,
high concentration was detected near the left (inner) bank. At the first apex, the tracer cloud separates into two parts and the main part skews toward the left bank which is the inner bank in the
first bend. The residual part remains the outer
bank. Passing the crossover between the first bend
and second bend, the tracer cloud moves along the
centerline of the channel. Then, entering the
second bend, again, high concentration was observed near the inner bank. Based on this finding,
it could be maintained that even through tracer
cloud travels following the maximum primary

flow, it separates both in longitudinal and transverse directions due to alternating secondary currents. Thus, secondary flow effects should be incorporated in the estimation of longitudinal and
transverse dispersion coefficients.
5 NUMERICAL SIMULATIONS
In this study, flow characteristics of the S-curved
channel were analyzed using numerical models,
RAM2 and RMA-2. Meshes for numerical simula149

tion were given in Figure 4, and propertied of the
meshes were listed in Table 4.
In Figure 5, vector maps along with contours of
two dimensional primary velocities were plotted.
This figure showed that simulated results are in
good agreements with observed velocity data given in Figure 2. In this figure, one can find that
the primary flow skews toward the inner bank at
the bends. At the crossovers, flow is almost symmetric. Thus, in this figure, the maximum velocities were found along the shortest course of the
channel.
Magnitudes of primary flow of the simulated
and observed results at the first bend (S4) and
second bend (S9) were compared in Figure 6. In
this figure, predicted values by both models are in
good agreements with the experimental data in the
apex of the bends even though RMA-2 model
overestimates the experimental result while
RAM2 model underestimates it.

a) Velocity profile using RAM2

Table 4. Properties of geometries (RAM2, RMA-2)
RAM2
RMA-2
Nodes
2625
7729
Element
2480
2480
Rectangular
Element
Rectangular
(quadratic basis eletype
(linear basis element)
ment)

b) Velocity profile using RMA-2
Figure 5. Vector maps of velocity profiles
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6 CONCLUSIONS AND FUTURE WORKS

Guymer, I. 1998. “Longitudinal dispersion in sinuous channel with changes in shapes.” Journal of Hydraulic Engineering, ASCE, 124(1), 33-40.
Krishnappan, B. G., and Lau, Y. L. 1977. “Transverse mixing in meandering channels with varying bottom topography.” J. Hydr. Res., IAHR, 15(4): 351-371.
Lau, Y. L., and Krishnappan, B. G. 1977. “Transverse dispersion in rectangular channel.” J. Hydr. Div., ASCE,
103(HY10): 1173-1189.
Leopold, L. B., and Wolman, M. G. 1960. “River meanders.” Bulletin of the Geological Society of America, 71:
769-794.
McGuirk, J. J., and Rodi, W. 1978. “A depth-averaged mathematical model for the near field of side discharges into open channel flow.” Journal of Fluid Mechanics,
86(4), 761-781.
Miller, A. C., and Richardson, E. V. 1974. “Diffusion and
dispersion in open channel flow.” J. Hydr. Div., ASCE,
100(HY1): 835-847.
Nokes, R. I., and Wood, I. R. 1988. “Vertical and lateral turbulent dispersion: Some experimental results.” J. Fluid
Mech., 187: 373-394.
Seo, I. W., Baek, K. O., and Jeong, S. J. 2004. “Evaluation
of Transverse Dispersion Coefficients in Meandering
Channel Under Unsteady Concentration Conditions,”
Advances in Hydro-Science and -Engineering, Proceedings of 6th International Conference on Hydro-Science
and -Engineering, Brisbane, Australia, May 31-June 3.
Webel, G., and Schatzmann, M. 1984. “Transverse mixing
in open channel flow.” J. Hydr. Engrg., ASCE, 110(4):
423-435.

In this research, flow and dispersion characteristics in the curved channel were investigated by
experiments and numerical models. Flow experiments revealed that, in the S-curved channel with
rectangular cross-section, primary flow skews toward the inner bank at the bends whereas, at the
crossovers, flow is symmetric. Further, the maximum velocities were found along the shortest
course of the S-curved channel. The dispersion
experiments illustrated that the tracer cloud generally followed the path of the maximum velocity.
At the first bend, high concentration was detected
near the left bank. Passing the crossover, the tracer
cloud moves along the centerline of the channel.
Then, entering the second bend, again, high concentration was observed near the inner bank.
The numerical simulation showed that simulated results are in good agreements with observed
velocity data. The predicted values by both models are in good agreements with the experimental
data in the apex of the bends even though RMA-2
model overestimates the experimental result while
RAM2 model underestimates it.
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Turbulent Flow Structure in Meandering Vegetated Open Channel
F. Jahra, H. Yamamoto, F. Hasegawa & Y. Kawahara

Department of Civil and Environmental Engineering, Hiroshima University, Higashi-Hiroshima, Japan

ABSTRACT: This study aims at revealing the flow structure of turbulent flows in a partially vegetated
open channel where the width of vegetation zone changes as a sine-generated curve. The main objective
of this paper is to gain insight into the mean flow field. Three-dimensional numerical simulation is carried
out with the standard k-ε model to explore the distribution of mean velocity and turbulence structure in
the main channel and the vegetation zone under both emergent and submerged vegetations. To capture
the effect of vegetation on the flow, two different approaches have been adopted and the simulated results
of these two approaches have been discussed. It is found that the second approach which has been developed in the field of meteorology has wide range of application to detect flow structure. The numerical results are compared against experimental observations in terms of mean velocities and Reynolds stresses,
showing a fairly good agreement between simulated results and experimental results. The effect of
change in vegetation density on flow structure is also discussed.
Keywords: Vegetated open channel,3D k-ε model, flow structure, Reynolds stresses, emergent and submerged vegetations

little is known of the effects for meandering channels under either inbank or overbank flow conditions (James & Myers, 2001). The insight into
flow distribution in straight as well as meandering
main channels and the neighboring vegetated area
is indispensable in river management.
Mean flow and turbulence characteristics of
open channel flow with vegetation have been studied through laboratory experiments and numerical computations. The k-ε model is the most
commonly used two-equation model in engineering and has proved to be a reliable tool in a wide
variety of problems in hydraulic and environmental engineering (Rodi, 1984). But none of the existing turbulence models are truly universal and
thus, each model needs to be tuned to specific
flows (Choi & Kang, 2004). Using the k-ε model,
Shimizu & Tsujimoto (1994) simulated the vertical distributions of the development of mean and
turbulent flow structures. Lopez & Garcia (1997)
also computed flow structures of vegetated open
channel and compared the calculated results with
their experimental ones. Choi & Kang (2004) explained the performance of Reynolds stress model,
algebraic stress model and the k-ε model for vege-

1 INTRODUCTION
Rivers and streams are usually in close association
with vegetation. Natural rivers are mostly meandering and vegetation can occupy nearly every
geomorphic position within the fluvial environment. Vegetations in and near streams are subjected to varying flow stages that can inundate vegetation during high flow events or leave it
exposed during low flow events. Riparian vegetation can play a critical role in the physical, ecological, and hydraulic functions of streams and
rivers. Vegetation can affect the transport of water, sediment, and nutrients both within the channel and to or between the riparian zones. The characterization of not only the mean flow, but also
turbulence structure and the associated transport
processes in presence of vegetation, has received a
lot of attention in the last decade (Lopez & Garcia, 2001). Thus, the characteristic of turbulent
flow over a vegetation layer is one of the most
fundamental topics in hydraulics of flow with vegetation (Shimizu & Tsujimoto, 1994). The effect
of marginal vegetation on flow resistance has
been investigated for straight channels whereas
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Z = 0.21sin (2πx l ) + 1.385 . Figure 1 depicts the

tated open channel flow simulation. Green (1992)
modified a k-ε model to examine the air flow
through and over an isolated stand of widelyspaced trees with PHOENICS computer program,
where he introduced additional source and sink
terms to account for the effect of forest stand on
the adjacent flow field. Using the similar source
and sink terms Liu et al. (1996) also simulated the
turbulent flow field downwind of forest edge.
The present study shows an application of the
standard k-ε model to calculate the threedimensional flow structure of partially vegetated
open-channel flow. Two different approaches
have been introduced, conventional approach
widely used in the field of river engineering and
another approach used in field of meteorology to
compute the effect of vegetation on the flow field.
The governing equation is both the short time and
spatially averaged and the effect of individual
roughness elements has been taken into account
by an averaged local drag force. The computed results have been compared with the laboratory
measurement by the authors (Jahra et al., 2009) for
two different vegetation densities and the values
of model coefficients of both the models have
been discussed.

measurement sections in the partially vegetated
meandering channel. Figure 2 shows the layout of
the flume. The channel geometry and the flow
conditions are summarized in Table 1. Flume
measurement has been carried out with two different vegetation densities, =0.13/cm and 0.033/cm,
respectively.
S2 S3

S1

S4

S5

Y=19.5cm

Y=64.5cm

Y=43.5cm

Flow

Y=138.5cm
Y=162.5cm

Y=117.5cm

Figure 1. Measurement sections in meandering channel (plan view).

2 EXPERIMENTAL SETUP
The experiments were conducted in a straight rectangular flume whose length and width are 22.0m
and 1.82m, respectively. The channel has closed
water supply system. Water is transported from
downstream reservoir to the upstream reservoir by
means of pipeline. The length of vegetation zone
is 11.0m. The vegetation is idealized with wooden
rigid cylinders of 3mm diameter and 5cm height.
Three mean velocity components were measured
by two-component electromagnetic current meters
(both L-type and I-type) of 3mm diameter. Vegetation zones were prepared on either side of the
channel in meandering shape to suppress the large
scale vortices that may develop in straight shaped
vegetation zone. The meandering wavelength is
2.2m with the sinuosity of 1.10. There are five
complete waves along the 11.0m long vegetated
zones. Two cases of experiment were carried out:
a shallow water case where vegetation was emergent and a deep water case with fully submerged
vegetation. The measurements were carried out at
the downstream section (about 8.35m from the
tailgate) over half wave length at the points
S1=12.55m, S2=12.85m, S3=13.1m, S4=13.35m
and S5=13.65m. The equations of the interface
Z = 0.21sin (2πx l ) + 0.435
and
curves
are

Figure 2. General layout of the meandering channel.
Table 1 Experimental condition for meandering channel.
Cas
e
A1
A2
B1
B2

Bed
slope

Discharge

Flow
depth

Vegetation
density

[l/s]

[cm]

[1/cm]

9.3

0.13

8.3

0.033

4.3

0.13

4.2

0.033

1/633

55.0

1/633

18.5

Vegetation
condition
Submerged
Emerged

3 MATHEMATICAL MODEL
FORMULATION
The numerical calculations were conducted using
the standard k-ε model. The computer code calculates hydrodynamics for three dimensional geome154

try. Here averaged equations in short time and
space dimensions have been used. The vegetations
are uniformly distributed on either side of the
channel in meander form with the adjacent vegetation stem distance lx and ly in x and y directions,
respectively. In present study two approaches for
predicting the effect of vegetation on the flow
structure have been discussed, where the conventional approach has been termed as “Approach 1”
and the approach proposed by Green (1992) in the
field of meteorology is termed as “Approach 2”.
The basic equations with the standard k-ε model
are as follows:
Continuity equation:
∂U i
=0
∂x i

S k = FiU i − 2 C D λ U k

Source/or sink terms Sε for ε:
In Approach 1:
S ε = C ε 1C fε

Sε =

Eddy viscosity:
ν t = Cμ

(2)

The distribution of k and ε can be expressed by the
following transport equations:
∂k ∂U j k
∂
+
=
∂t
∂x j
∂x m

⎡⎛ ν t
⎞ ∂k ⎤
+ ν ⎟⎟
⎢⎜⎜
⎥ + Prod − ε + S k
σ
⎠ ∂x m ⎦⎥
⎣⎢⎝ k

∂
∂ε ∂U j ε
=
+
∂xm
∂x j
∂t

⎡⎛ ν t
⎞ ∂ε ⎤
+ν ⎟⎟
⎢⎜⎜
⎥
⎢⎣⎝ σ ε
⎠ ∂xm ⎥⎦

ε2

ε

+ Cε 1 Prod − Cε 2
+ Sε
k
k

(5)

Prod

⎞ ∂U i
⎟
⎟ ∂x j
⎠

= C

fk

F iU

For the present experi-

(7 )

=

Z pU * ⎞
⎛
U2
U3
⎟, k p = * , ε p = *
ln ⎜⎜ E r
⎟
κ ⎝
ν ⎠
κZ p
Cμ
1

A = 8.5 − 5.57 log10 [1 + (3.3057ν U *k s )]

(14)

(15)

At the inlet all variables are specified to have
constant values whereas at the downstream end
the longitudinal gradients of all variables are assumed to be zero. Free surface is treated as a
symmetry plane.
According to Liu et al. (1996) the predicted
turbulent kinetic energy was 100% larger than
their experimental measurement when the second
term on the right hand side of Eq. (10) was ignored.

(8 )

i

is vegetation den-

κA

In Approach 1:
k

(13)

ν

where wall roughness parameter, Er = e ν / U*ks .
The equivalent roughness height, ks=1 mm and

U*

Source/or sink terms Sk for k:
S

DU i

Up

Drag force due to vegetation per unit volume of
water:
1
Fi = C D λ U i U
2

D
.
λ=
l xl y

Re d =

(6)

Production of turbulent kinetic energy:
⎛ ∂U i
∂U j
∂U i
+
=νt⎜
= −uiu j
⎜
∂xi
∂x j
⎝ ∂x j

(12)

mental vegetation layout,
=0.033/cm and
0.13/cm, CD =0.65~1.0 has been considered for
submerged and emergent vegetations, using the
imperial equation Eq. (13) suggested by Poggi et
al. (2004). The model constants are (Rodi, 1984):
Cµ=0.09, σk=1.0, σε=1.3, Cε1=1.44 and Cε2=1.92.
Approach 1 has adopted the model coefficients
Cfk=1.0, Cfε=1.33, theoretically obtained by Burke
& Stolzenbach (1983) considering model calibration result.
The basic equations are discretized by Finite
volume method. The convective term has been
discretized by Power-law scheme and the SIMPLE algorithm has been used. Along the bottom
and the side walls “wall function” technique has
been applied. The wall boundary conditions for U,
k and ε are applied at a point Z=Zp adjacent to the
wall and in the log-law region. The region between point Zp and the actual wall is related by the
following relationship (Rodi, 1984):

( 4)

ε

(11)

3ε
FiU i − 3C D λ U ε
2k

sity defined by

(3)

k2

FiU i

where, CD is drag coefficient,

Reynolds stress component:
⎞ 2
⎟ − kδ ij
⎟ 3
⎠

k

C D (Re d ) = −8.5 *10 − 4 Re d + 1.5;

Momentum equation:

⎛ ∂ U i ∂U j
− ui u j = ν t ⎜
+
⎜ ∂x j
∂x i
⎝

ε

In Approach 2:

(1)

∂ui u j
∂ 2U i
∂U i ∂U iU j
1 ∂P
− Fi −
+ν
= gi −
+
ρ ∂xi
∂x j
∂x j ∂x j
∂x j
∂t

(10 )

(9 )

In Approach 2:
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4.1 Mean Flow and Turbulent Stresses for
Submerged Vegetation

Green’s (1992) equation (Eq. (12)) for the
source and sink term of ε has been modified in the
present study as it is only an assumption where
mixing length is considered locally invariant. An
additional problem is that the second term on the
right hand side considers only the reduction in the
dissipation rate due to the reduction in k resulting
from short-circuited energy cascade and does not
include the increase in dissipation rate due to the
reduction of turbulence mixing length (Liu et al.,
1996). For present numerical model with meteorological approach the second term on the right hand
side of Eq. (12) has been modified by multiplying
factor 0.47 to obtain fair agreement with the experimental turbulent kinetic energy profile of Ghisalberti (2007). The association between experimental result of U-velocity and turbulent kinetic
energy profile with the calculated one by two approaches are shown in Figure 3. A good agreement between two approaches is due to the similar
distribution of ν t although Approach 1 yields
larger k and ε than Approach 2.

Flow in meandering cannel has complex behaviors. Figure 4(a) and Figure 4(b) show the U- velocity contours at the sections S1 and S5 respectively for both the experimental and calculated
results of two different densities. It gives the qualitative view of the cross-sectional flow structure.

(i)

Z/H

Z/H

(ii)

U (cm/s)

TKE (cm2/s2)

(iii)
Figure 4(a). U-velocity (cm/sec) contour of submerged
vegetation for Case A1, at section S1, (i): Experimental
result, (ii) Calculated result of Appr. 1, (iii) Appr. 2.

Figure 3. Profile of U-velocity (left) and turbulent kinetic energy (right). The canopy height is 8.3cm, i.e.
0.21H.

The present k-ε model is also found to reproduce all the cases of both the series R and A, simulated by Shimizu & Tsujimoto (1994), using
both approaches.
4 EXPERIMENTAL AND NUMERICAL
RESULTS
Flume experiment was carried out for both the
submerged and emerged cases with two different
vegetation densities to get a clear vision of the
flow structure and these experimental results are
compared with the simulated results of both the
approaches.
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Figure 5 describes the U, V-velocity vector distribution at Z=5cm. It has been observed that inner
apex has higher velocity than the outer one and
the velocity vector directs toward the main channel from the inner curve. Similar phenomenon
was also observed by flow visualization.
Figure 6 shows the vertical U-velocity distribution for two different vegetation densities. The
comparison has been made along the three measuring sections and at one measuring point, located in the meandering vegetated region. There is
a good agreement between the calculated results
with two different approaches and the flume measurement. With the change of vegetation density
the qualitative as well as quantitative change in Uvelocity profile can be observed. Spanwise distribution of simulated velocity profile also shows a
good agreement with the experimental result.
The performance of the present numerical
models has been tested concerning Reynolds
stresses. Figure 7 and Figure 8 explain the vertical
and spanwise distribution of Reynolds stresses,
respectively. Spanwise distribution of Reynolds
stress shows the profile of 5cm above the bed. It
has been observed that the maximum positive and
negative values of Reynolds stresses occur at the
same position of the flume, i.e. at the interface of
main channel and vegetated zone, which indicates
the two inner curves of the left and right vegetation zone (considering half wave length). It indicates that the shear becomes dominant and the
strongest along the inner curves in the main channel. It can be said that with the increase of vegetation density the Reynolds stresses increase. A
good agreement between the two different models
in terms of U-velocity as well as vertical and
spanwise profile of Reynolds shear stresses can be
observed due to the effect of similar distribution
of eddy viscosity within the main channel and the
vegetation zone. Although in Approach 1 both k
and ε are over estimated (Figure 3), both the approaches show similar ν t profile, which is due to
the ratio of k and ε in eddy viscosity. Figure 9
shows the vertical distribution of ν t within the
vegetated area and at the interface of the main
channel and the vegetation zone.
According to Choi & Kang (2004), for openchannel flows with submerged vegetation, RSM
can predict the mean velocity and turbulence
quantities better than algebraic stress model or the
k-ε model. This limitation has been overcome in
the present study.

(i)

(ii)

(iii)
Figure 4(b). U-velocity (cm/sec) contour of submerged
vegetation for Case A2, at section S5.

The maximum velocity region of primary velocity
U is shifted toward the inner curve side, which
can be explained by the pressure-driven Vvelocity over water depth. It can be observed that
both the approaches have a fair agreement with
experimental result. Approach 2 can predict the
flow within vegetation zone and in the main channel quite satisfactorily. In conventional approach
both the k and ε are over estimated than the
second approach. Although both the methods differ in terms of turbulent kinetic energy and dissipation rate, the agreement in velocity profile can
be explained by the similar distribution of eddy
viscosity (Figure 9).
Upward motions can be observed along the interface of the main channel and the inner vegetation curve and in both approaches (Figure. 4(a)).
The similar phenomenon can be observed at section S5 in Figure 4(b). Examination of the budget
of W- momentum equation reveals that the
streamwise convective term and pressure gradient
term are nearly in balance to generate this pressure-driven secondary current. Deceleration of
streamwise velocity causes an upward flow circulation near the inner wave in the channel. A
downward motion occurs at opposite side of the
inner waves of the channel.
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Cfε = 0.16 by Shimizu & Tsujimoto (1994), and
Cfk = Cfε = 0.0 by Fischer-Antze et al. (2001). It
can be seen that the drag-related coefficients hardly affect the streamwise mean velocity and Reynolds stress profiles. However, these coefficients
seriously affect the turbulence kinetic energy as
well as turbulence intensity profile. This limitation of 3D k-ε model is overcome when Approach
2 has been implemented. The advantage of this
approach is that without implementation of different sets of drag related model coefficients it can
predict the flow structure quite satisfactorily for
different vegetation densities under submerged
and emergent vegetation conditions. Figure 11
shows the spanwise distribution of Reynolds shear
stress. Here it can be observed that with the increase of vegetation density the spanwise Reynolds stress increases in terms of positive and
negative along the two inner apex of the meandering wave. The calculated result has a reasonable
agreement with the measurement.
Spanwise distribution of U-velocity can be observed in Figure 12. Both the measured and calculated points are located at 3.2 cm above the bed.
Both the calculated results have a good agreement
with the measured one. It can be observed that
with the increase of vegetation density the velocity slope at the interface of main channel and the
vegetation zone becomes steeper.

4.2 Mean Flow and Turbulent Stresses for
Emergent Vegetation
The flow structure has also been observed for
emergent vegetations with different densities.
Like submerged vegetation, emerged case also
shows a reasonable agreement with the calculations by the two models. Figure 10 gives an image
of the impact of change in vegetation density and
also makes a qualitative comparison between laboratory experiment and numerical simulations. It
has been observed that both the models could
nicely represent the presence of vegetation,
though in Approach 1 mean velocity was underestimated within the vegetation zone and overestimated in the main channel, especially near bed.
This discrepancy can be explained by the concept
of Choi & Kang (2004) and Tsujimoto et al.
(1991), claiming that the drag-related weighting
coefficients, Cfk and Cfε have to be tuned to specific flows. For Approach 1 these model coefficients
in the present study have been calibrated with the
submerged vegetation. Hence in case of emergent
vegetation, another set of model coefficients
should be introduced to obtain better results. Regarding drag-related weighting coefficients, Burke
and Stolzenbach (1983) obtained theoretically Cfk
= 1.0 and Cfε = 1.33. However, in numerical modeling, much smaller values for these coefficients
were frequently used, for example, Cfk = 0.07 and

Figure 5. Distribution of U, V velocity vector of submerged vegetation for CaseA1, Left: Experimental result, Right:
Calculated result by Approach 1.

Figure 6. Experimental and calculated vertical distribution of U-mean velocity for submerged vegetation.
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Figure 7. Experimental and calculated vertical distribution of Reynolds stress profile for submerged vegetation.
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Figure 8. Experimental and calculated spanwise distribution of Reynolds stress profile for submerged vegetation.
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tion density increases, resulting in the increase
in the vertical and spanwise Reynolds stresses
at the vegetation interface.
x The maximum velocity region of U-velocity is
shifted toward the inner wave due to the pressure driven secondary flows over water depth.
x Streamwise convective term and the pressure
gradient produce upward and downward motions at the interface of the main channel and
the vegetation zone.
x The present numerical model with conventional
approach to detect the presence of vegetation
can predict the flow structure for submerged
vegetation satisfactorily, with some discrepancy in case of emergent vegetation. This infers
that another set of model coefficients, Cfk and
Cfε is needed for better agreement with the
measurement for emergent vegetation. This limitation has been overcome by introducing
new source/sink term in transport equations.
Hence Approach 2 can be used for wide variety
of flow filed with vegetation without any implementation of drag related model coefficients.

Eddy Viscosity (cm2/s)

Eddy Viscosity (cm2/s)

Figure 9. Profile of vertical distribution of Eddy viscosity of Case A1.

5 CONCLUSIONS
Flume experiments were carried out for turbulent
open channel flows in the presence of meandering
shaped vegetation under both submerged and
emergent conditions. Numerical simulations were
also performed with the standard k-ε model with
the vegetation model in the transport equations for
k and ε. The presence of vegetation has been introduced in the transport equations using two different approaches; the conventional approach and
an approach used in the field of meteorology.
Comparisons between the measured data and the
numerical results have led to the following findings.
x The present k- ε models can reproduce the mean
velocity field fairly well.
x The U-velocity increases in the main channel
and decreases in the vegetation as the vegeta-

6 CONCLUSIONS
Flume experiments were carried out for turbulent
open channel flows in the presence of meandering
shaped vegetation under both submerged and
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emergent conditions. Numerical simulations were
also performed with the standard k-ε model with
the vegetation model in the transport equations for
k and ε. The presence of vegetation has been introduced in the transport equations using two different approaches; the conventional approach and
an approach used in the field of meteorology.
Comparisons between the measured data and the
numerical results have led to the following findings.
x The present k- ε models can reproduce the mean
velocity field fairly well.
x The U-velocity increases in the main channel
and decreases in the vegetation as the vegetation density increases, resulting in the increase
in the vertical and spanwise Reynolds stresses
at the vegetation interface.
x The maximum velocity region of U-velocity is
shifted toward the inner wave due to the pressure driven secondary flows over water depth.
x Streamwise convective term and the pressure
gradient produce upward and downward motions at the interface of the main channel and
the vegetation zone.
x The present numerical model with conventional
approach to detect the presence of vegetation
can predict the flow structure for submerged
vegetation satisfactorily, with some discrepancy in case of emergent vegetation. This infers
that another set of model coefficients, Cfk and
Cfε is needed for better agreement with the
measurement for emergent vegetation. This limitation has been overcome by introducing
new source/sink term in transport equations.
Hence Approach 2 can be used for wide variety
of flow filed with vegetation without any implementation of drag related model coefficients.
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Figure 10(a). U-velocity (cm/sec) contour of emergent vegetation for Case B1, at section S5. Left: Experimental result,
Middle: Calculated result of Approach1, Right: Calculated result of Approach 2.
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Figure 10(b). U-velocity (cm/sec) contour of emergent vegetation for Case B2, at section S5. Left: Experimental result,
Middle: Calculated result of Approach1, Right: Calculated result of Approach 2.
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Figure 11 Experimental and calculated spanwise distribution of Reynolds stress profile for emergent vegetation.
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Figure 12. Experimental and calculated spanwise distribution of U-velocity profile for emergent vegetation.
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ABSTRACT: Large Eddy Simulations (LES) are performed for an open channel flow over a mildly
sloped pool-riffle sequence that had been investigated experimentally at the Ven Te Chow hydrosystems
laboratory at the University of Illinois at Urbana-Champaign. A train of low-angled (7.2°) bedforms were
placed in a 60cm wide rectangular flume at a water-depth-to-bedform-height of H/k≈1. The Reynolds
number Re, based on the bulk velocity U(bulk) and the maximum flow depth H, is approximately
Re=20,000. Measured velocities are used to validate the simulations at selected verticals along the centerline of the flume. The code HYDRO3D is used to solve the filtered Navier Stokes equations on a curvilinear non-uniform grid. Overall, good agreement between measured and computed quantities is found. A
shear layer forms in the decelerating part of the pool-riffle sequence and alters turbulence intensities considerably. The instantaneous flow field is investigated with emphasis on the occurrence of turbulence
structures.
Keywords: LES, Pool-riffle sequence, Non-uniform flow
1 INTRODUCTION

only a few numerical simulations of the flow over
pool-riffle sequences exist. These are mainly
based on the solution of the Reynolds Averaged
Navier Stokes (RANS) equations, in which all effects of the turbulent motion must be captured by
a turbulence model. One of these studies is the
high-resolution 2D simulation performed by Harrison and Keller (2006) on a forced pool-riffle in a
boulder-bed stream in southern California. Booker
et al. (2001) employed a 3D RANS base CFD
model to simulate the hydraulics of a natural
pool–riffle sequence. The model calculations were
tested against field observations and produced
reasonable replications of measured timeaveraged velocity directions and magnitudes and
in particular velocity profiles. In terms of the instantaneous flow, numerical simulations have so
far not significantly advanced the understanding
of flows over pool-riffle sequences. However, the
success of Large Eddy Simulations (LES) in revealing details of the turbulent flow over smooth
walls has recently initiated LES studies of flow
over wavy walls (e.g. Calhoun and Street, 2001)
or over dunes (Yue et al., 2006; Stoesser et al.,
2008). These simulation yielded accurate predictions of the turbulence statistics and revealed the

Topography of river beds are formed by alternating highs and lows generating the macroscale bedforms such as bars, riffles and pools (Leopold and
Wolman, 1957; Montgomery and Buffington,
1997). These bedforms cause changes in the mean
velocity, turbulence profiles and in the sediment
transport dynamics of the flow (Kironoto and
Graf, 1995, Song and Chiew, 2001, MacVicar and
Roy, 2007, MacVicar and Rennie, 2008, Yang and
Chow, 2008). The turbulence statistics of accelerated or decelerated flow, respectively, differ significantly from uniform flow turbulence statistics
due to the non-zero wall-normal velocity component. In the accelerating flow region of the pool,
turbulence intensities and shear stresses are enhanced, while in a decelerating flow they are suppressed (Yang and Chow, 2008). These experimental findings imply that the instantaneous flow
structures are altered by non-uniformity of the
flow.
Ideally, experimental investigations should be
complemented with numerical simulations for the
further exploration of the mechanisms of the instantaneous flow but also to serve as predictive
tools to perform parametric studies. Up to now,
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flow structures over dunes and presented details of
the physical mechanisms involved.
In this paper, the flow, second order turbulence
statistics as well as longitudinal and near bed turbulence characteristics of a flow over a pool-riffle
sequence are examined. Therefore, highresolution Large-Eddy Simulations are performed
and are compared to experimental data obtained in
the Ven Te Chow hydrosystems laboratory at the
University of Illinois at Urbana-Champaign.

number, based on the bulk velocity in the pool,
U(bulk)=0.22m/s, and the flow depth in the pool,
H=0.115m, was approximately Re=20,000. Primary and secondary flow velocity components
were measured over cross sections throughout the
flow using vectrino ADVs. Measurements were
made at 101 profiles along the channel with 51
points per profile.

2 NUMERICAL FRAMEWORK
The simulations are performed with the code
HYDRO3D-GT. This is a successor of the code
HYDRO3D originally developed at Bristol, University (Stoesser, 2002). The code solves the filtered incompressible Navier-Stokes equations on
block-structured curvilinear grids using a cellcentered Finite-Volume method with collocated
storage of the Cartesian velocity components.
Second-order central differences are employed for
the convective as well as for the diffusive terms.
A fractional-step method is used with a RungeKutta predictor and the solution of a pressurecorrection equation in the final step as a corrector.
The code is parallelized and domain decomposition is used to speed-up the simulation. Message
passing between sub-domains is accomplished by
MPI.
The dynamic Smagorinsky model first proposed by Germano et al. (1991) is used herein.
This model is an extension of the original Smagorinsky model (Smagorinsky, 1963) and makes
use of the information available from the smallest
resolved scales in the LES.A double filtering procedure leads to a closed expression, commonly referred to as Germano's identity, relating filter
stresses at different filter levels to each other. This
additional information is then used to determine
the model parameter Cs through local averaging.

Figure 1. Pool-riffle sequence at the Vent te Chow Hydrosystems Laboratory, University of Illinois at UrbanaChampaign.

The LES domain covered one full pool-riffle
sequence in the longitudinal direction and approximately half the width of the flume in the spanwise direction. A geometrically periodic system
was created numerically by using cyclic boundary
conditions in the flow direction. Cyclic boundary
conditions were also applied in the spanwise direction. This treatment was chosen for the sake of
reducing the numerical effort of the LES, however
it results in neglecting the effects of the sidewalls.
For the smooth bed, the no-slip wall boundary
condition was employed, with three grid point
within the viscous sublayer. The free surface was
approximated with a rigid lid at which a slip condition was used. While this treatment does not exactly reproduce the variations of the free surface
in the streamwise direction, those are indirectly
accounted for by the non-zero dynamic pressure at
the rigid lid. A conversion of the distribution of
the time- and width-averaged dynamic pressure
into a water surface elevation results in a very
similar water surface than what was measured
(Figure 2).

3 SETUP AND BOUNDARY CONDITIONS
The setup and boundary conditions of the Large
Eddy Simulation (LES) were selected in analogy
to laboratory experiments that were carried out in
the Ven Te Chow hydrosystems lab at the University of Illinois at Urbana-Champaign. In the experiment a train of low-angled (7.2°) bedforms, mimicking pool-riffle sequences, were constructed in
a 60cm wide, 30m long rectangular flume (Figure
1). The bedforms were fabricated from Lucite,
hence the channel bed can be considered as
smooth surface. The water-depth ratio of pool and
riffle was approximately H/h=2. The Reynolds

Figure 2. Longitudinal view of the domain with the water
surface elevation as measured (dots) and the virtual water
surface computed from the dynamic pressure.
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is visible. The instantaneous flow field is characterized by vortical motion, particularly spanwise
rollers are detected, and the intermittency of turbulence can be seen. Along the bottom of the pool
a low momentum area can be identified. At the
riffle crest a shear layer forms, which grows in
size above the downward slope. This shear layer
clearly exhibits Kelvin-Helmholtz instabilities.

The domain was discretized by two different
grids in order to examine grid sensitivity. The
coarse grid consisted of 321×81×51 (~1.3 million)
points whereas the fine grid employed
577×196×101 grid points, which sums to approximately 11.4 million grid points. The grid spacing
of the fine grid in terms of wall units is Δx+ ≈ 32
in the streamwise direction, Δy+ ≈ 18 in spanwise
direction. The spacing near the bed is Δz+ ≈ 1 and
is stretched above the bed towards the free surface. Figure 3 presents a portion of the longitudinal grid, in which only every 5th grid line is plotted.

Figure 3. Longitudinal view of the grid of half of the simulation domain (only every fifth grid line is shown)

4 RESULTS AND DISCUSSION
Figure 4 presents streamlines of the time-and
spanwise-averaged flow. The mild slope at the upstream side prevents the flow from separating at
the crest of the riffle and the velocities decrease
gradually along the channel. In the experiment,
the flow near the sidewalls exhibit recirculation at
the toe of the pool. The presence of sidewalls has
a lateral contraction effect on the flow, which will
also be shown later (Figures 5 and 6). In the largeeddy simulation sidewalls were not considered,
hence the flow exhibits homogeneity in spanwise
direction.

Figure 5. Longitudinal distribution of time-averaged
streamwise velocities of the experiment (upper part) and the
Large-Eddy simulation (middle) in the center of the flume.
Also depicted is a snapshot of the instantaneous streamwise
simulation in the same longitudinal plane.

A more quantitative comparison of measured
with simulated streamwise velocities is presented
in Figure 6. The agreement between measurements (solid dots) and time-averaged LES simulations (solid line represents the fine grid LES,
dashed line represents the coarse grid LES) is fairly good especially for Profiles A and D. Underestimation of simulated streamwise velocities in the
down-slope and the pool (Profiles B and C) is apparent and is due to aforementioned reasons. Also
plotted is the instantaneous velocity profile from
the fine grid LES illustrating the prevailing intermittency of the flow. The bulging of the instantaneous profile is a result of near wall streaks (e.g.
in Profile B) or sweep and ejection events with locally increased or decreased streamwise velocities, respectively.

Figure 3. Streamlines of the time-and spanwise-averaged
flow

Figure 5 presents time-averaged streamwise velocities of the experiment (upper part) and from
the Large-Eddy Simulations (middle) as well as an
instantaneous snapshot of the simulated streamwise velocities. The qualitative agreement between measured and simulated velocities is reasonable, especially in the shallow part of the
channel. The above mentioned sidewall effect and
the associated recirculation at the end of the
downslope leads to higher velocities in the pool of
the experiment. Hence, an obvious mismatch of
velocity magnitude in the LES and the experiment
165

er streamwise velocities than the shallow part of
the channel, turbulence levels are enhanced.

Figure 7. Distribution of streamwise (upper part), spanwise
(middle) and wall-normal (lower part) turbulence intensities
along the centerline of the channel.

Figure 8. Distribution of the shear stress along the center
line of the channel.

Figure 8 shows a longitudinal distribution of
the normalized shear stresses along the centerline
of the channel. The shear stress is maximum just
downstream of the crest, i.e. on the downslope of
the channel and exhibits high values almost
throughout the pool. These shear stresses are
higher than in the boundary layer of the shallow
region. The deceleration of the flow along the
boundary of the downslope and with higher velocities above creates a shear layer and leads to the
formation of turbulence structures in form KelvinHelmholtz instabilities.
Figure 9 presents snapshots of the flow visualized with the perturbation velocity vector in a
downslope section of the domain (upper part) and
in the upslope section of the channel (lower part).
The vortical motion, in form of spanwise rollers,
is visible and the flow is characterized by sweep
and ejection events that are contributing to the
shear stress. Though Figure 8 depicts only one instant in time it is obvious that the downslope turbulence is higher than the upslope turbulence, as
is shown by the larger perturbation vectors. Similar to the flow in a channel with a uniform depth,
vortices are created in the boundary or shear layer,
respectively and are transported towards the free
surface while weakening.

Figure 6. Comparison of simulated time-averaged and instantaneous streamwise velocities with the measured data
along four selected profiles. The solid dots represent the
measured normalized time-averaged streamwise velocity,
while the solid and the dashed black lines represent the results from the fine and coarse grid LES, respectively. Profiles of the instantaneous streamwise velocity of the fine
grid LES are plotted as thin gray line.

Figure 7 presents calculated turbulence intensities of all three velocity components. The streamwise turbulence intensity distribution (upper part
of Figure 7) underlines the aforementioned increased turbulence in the shear layer on the downslope and in the pool. High values of streamwise
turbulence intensity are also found in the boundary layer of the shallow part of the channel. The
spanwise and vertical turbulence intensity distribution look very similar. The turbulence intensities attain maximum values along the downslope
and in the shear layer and these are considerably
higher in the decelerating part of the channel than
in the accelerating portion. An area of high spanwise and vertical turbulence is also found near the
toe of the slope and near the wall in the pool.
Though the pool section of the channel has small166

slope and in the shallow part of the flume, while
deposited particles on the downslope and on the
bed of the pool due not exhibit any coherence.

Figure 10 visualizes above mentioned vortices
through contours of the instantaneous spanwise
vorticity in a longitudinal plane. The largest values of spanwise vorticity are found in the boundary layer of the shallow part, but also in the shear
layer just downstream of the crest. Areas of vortices that are being convected towards the free
surface (at an angle of approximately 30 degrees)
are apparent in the pool and on the upslope,
downstream of the pool. The angle at which these
vortices are transported away from the wall is
similar to what has been found over smooth and
rough walls in channels with a uniform depth.

crest downslope

pool

upslope

Figure 11. Snapshot of near wall streaks at z+ =50.
crest downslope

pool

upslope

Figure 12. The top view snapshot of pool-riffle sequence
from experiment

5 CONCLUSIONS
Large-Eddy Simulations were carried out for the
flow in a mildly sloped pool-riffle sequence,
which had been investigated experimentally at the
Ven Te Chow hydrosystems laboratory at the
University of Illinois at Urbana-Champaign. Experimental data were used to validate the LES,
though the simulations were performed without
sidewalls. Overall, good agreement between
measured and computed quantities was found, except in areas where the sidewall considerably affects the flow. A distinct shear layer forms at the
crest and grows above the decelerating part of the
pool-riffle sequence. This results in turbulence
structures in the form of Kelvin-Helmholtz instabilities above the boundary layer on the downslope. Visualized perturbation vectors and contours of instantaneous spanwise vorticity show
that increased turbulence is found on the downslope compared with the upslope and the shallow
part of the channel. Vortices that are generated in
the shear layer are convected towards the freesurface similarly to the flow in channels with a
uniform depth. Coherent structures in the form of
near wall streaks are present along the upslope
and the shallow part of the sequence, flow deceleration and shear layer formation on the downslope
seems to lead to a break-up of these streaks, and to
incoherence of the flow near the bed in the pool.

Figure 9. Perturbation vectors at an instant in time for two
selected sections of the flow.

Figure 10. Distribution of the shear stress along the centerline of the channel.

Figure 11 shows a snapshot of near wall streak
formation in the pool-riffle sequence as visualized
by contours of the instantaneous streamwise velocity perturbation (u’). Streak size and spacing on
the upslope and in the shallow part of the channel
are very similar, however the near wall flow clearly changes at the crest. Downstream of the crest
the near wall seems very unorganized, which is
maintained throughout the pool. Once the flow exits the pool nearwall streaks are formed again and
are maintained until the next downslope.
Figure 12 shows streaks in the experiment visualized through fine clay particles that are seeded
upstream. A good number of particles settle along
the edges of the pool-riffle sequence, however the
streak formation as shown by the LES matches the
particle patterns remarkably well. Coherence of
the flow in form of streaks is apparent on the up167

The near wall flow is reorganized into streaks
along the upslope.
Further analysis is currently underway and
more detailed results will be presented at the conference.
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ABSTRACT: Large-eddy simulations (LES) and Reynolds-averaged numerical simulations (RANS) are
performed for the flow and scalar dispersion through a strongly curved open-channel bend. The aim of
the study is to investigate the performance of both LES and RANS as regards the reproduction of the key
bend flow features and the associated prediction of scalar spreading along the flume. In this respect, three
different issues are addressed. Firstly, the influence of the water depth on the flow behavior as computed
by LES and RANS is considered. Secondly, the plume statistics of the case with a continuous vertical line
source is investigated. And thirdly, the dispersion behavior of a scalar tracer is studied by means of the
case in which a blob of the scalar tracer is instantaneously injected. It is found that the LES computations
fairly well reproduce the main flow features, whereas RANS computations experience severe difficulties
in predicting the flow field. Moreover, it was found that the gradient-hypothesis of diffusion is only limitedly valid; even counter-gradient diffusion is observed. In addition, the residence time characteristics of
the instantaneously injected blob of the scalar tracer in the bend are addressed as well.
Keywords: Large-eddy simulation, Scalar spreading, Curved open-channel flows.
straight open-channels by means of Large-Eddy
Simulation (LES) (cf. Wang et al. (2005), no attention is paid to the scalar spreading prediction
through curved open-channel by means of LES.
The aim of this paper to fill this gap by computing the scalar spreading through the strongly
curved open-channel flow, as investigated by
Blanckaert (2009). Moreover, the gained results
will be used to comment on the validity of the
gradient-diffusion hypothesis for the turbulence
scalar fluxes and the dependency of the scalar
transport on the water depth. The outline is as follows. In section 3, the main flow features are
brieflyaddressed . In section 4 and 5, the results of
simulations of the spreading from a certain source
are given. First, the numerical model is described.

1 INTRODUCTION
An important issue for present day environmental
fluid mechanics and river engineering is the adequate prediction of scalar spreading through natural streams, such as the flow through urban areas,
coastal areas and rivers. For instance in the case of
river flows, water quality engineers have to cope
with several relevant aspects such as ecological
aspects, drinking water purposes and so forth. For
these purposes, one should be able to properly
predict the spreading of pollutants, for instance
discharging cooling water by surrounding factories, properly. But also the spreading and mixing
of nutrients, oxygen and heat is relevant from an
ecological point of view for instance within the
context of injection points for waste water outfalls.
Scalar dispersion in open-channels is studied
extensively by many researchers. In this context
the sizeable work of Fisher (1969) as well as the
work of, among others, Demuren & Rodi (1986),
Deng et al. (2001) and Shiono & Feng (2003) can
be mentioned. However, although some attention
is paid to the analysis of scalar spreading through

2 MODEL SETUP
2.1 The numerical model
The used LES model resolves the full threedimensional Navier-Stokes equations, spatially
filtered by a top-hat filter defined by the grid
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spacing. The subgrid-scale stresses, arising from
the filtering operation, are modeled using the
standard Smagorinsky model with an associated
model constant of 0.1, which is reduced near solid
walls with a standard Van Driest damping function. RANS type simulations have been performed
using the standard linear k-epsilon model.
The equations are discretized on a staggered
mesh using finite volumes, where all the fluxes
are approximated with central differences. The
grid is Cartesian in straight parts of the geometry
and cylindrical in curved parts. A second order
explicit Adams-Bashforth method is used for advancement in time. The pressure Poisson equation
is solved by cosine transformations in the crosssection and Gaussian elimination in streamwise
direction.
In order to adequately deal with steep gradients
in the concentration field, flux limiters are implemented to avoid spurious oscillations due to the
discretization of the advection terms. For that purpose, the Van Albada flux limiter is incorporated
in the advection-diffusion equation to be solved.
In our simulations of curved open-channel
flow, the free surface is treated as a horizontal rigid lid where free-slip conditions are applied. Hydraulically smooth solid walls are represented by
a wall-function that includes the viscous layer, the
buffer layer and the logarithmic layer. Hydraulically rough walls are treated with an associated
modified log-law.

Table 1. Hydraulic parameters of the three simulations. The
three cases are henceforth denoted as the shallow case, the
medium case and the deep case.

Figure 1. Flow geometry of the experimental setup investigated by Blanckaert (2002). The dashed lines denote the inflow and outflow boundary of the computational domain.

3 FLOW DESCRIPTION
In this section, a brief overview is offered of the
main flow features observed in the experiments
and numerical simulations of the strongly curved
open-channel flow at three different water depths
(also see Van Balen et al. (2010)).
The main curvature induced secondary flow
cell, covering the entire width of the cross-section
apart from the outer bank cell region, becomes
stronger with increasing water depth as long as the
flow is spatially developing. The computed
strength by LES is in fair agreement with their
experimental equivalents, whereas the RANS
computations underestimated the center region
cell strength, particularly at large water depths.
Van Balen et al. (2010) have shown that in the
inner bank region an internal shear layer emerges
due to the strong curvature of the flow. The curvature is not strong enough though to let the boundary layer detach from the convex inner bank.
This internal shear layer gains influences and
strength as the water depth increases and is properly simulated by LES, whereas the RANS (with
standard k-epsilon closure model) fails to reproduce it.
At the outer bank, a secondary flow cell occurs
with the opposite rotational sense compared to the
dominant curvature induced helical motion. This
outer bank cell strengthens with increasing water
depth and is the strongest in the upstream part of
the bend, both in the experimental results and in
the LES results, although it disappears far downstream in the LES results. RANS, however, did
not reproduce this outer bank cell.

2.2 The computational setup
The geometry and flow conditions of the experiment by Blanckaert (2009) are adopted (see figure
1). The discharge is 89 l/s. The bottom is hydraulically rough with a modeled roughness height of 6
mm, whereas the sidewalls are hydraulically
smooth. In the numerical simulation, both the
straight inflow and straight outflow have a length
of 3.8 meters each (figure 1). The three investigated cases, denoted as the shallow, the medium
and the deep case, are described in table 1. The
flow is simulated using LES and RANS on a
computational grid with 1260 x 192 x 24 cells in
the longitudinal, lateral and vertical direction respectively. Both in the LES and RANS computations, the solid boundaries are treated with a standard wall-function, based on the logarithmic lawof-the-wall for either flow over a hydraulically
smooth wall or a hydraulically rough wall.
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This is clearly seen in the upstream part of the
bend in figures 2 and 3.
Also as a result of this difference in center region cell strength, the concentrations near the inner bank are much higher in the LES result compared to the RANS result.

4 SPREADING FROM A LINE SOURCE
The simulation runs described in table 1, are used
for the present investigation of the spreading from
a vertical line source. This vertical line source is
located at the entrance of the bend for all the three
cases.

Figure 3. Time-averaged concentration distribution for the
deep case as predicted by the RANS computation. Distances
are in meters. The arrow denotes the flow direction.

Figure 2. Time-averaged concentration distribution for the
deep case as predicted by the LES computation. Distances
are in meters. The arrow denotes the flow direction.

The internal shear layer is analogously present
for the deep case (H = 0.206 m) and is characterized by relatively low streamwise velocities and a
reduced secondary flow strength. Figure 2 shows
for this deep case (H = 0.206 m) that in the inner
bank region accumulation of the solute occurs
(beyond approximately 90o) due to this reduction
of streamwise and transverse velocities, whereas
this is not seen in the RANS result shown in figure 3.
The outer bank cell is absent in the RANS results, whereas it is present in the LES result, be it
not along the entire flume length. This outer bank
cell has a width that is approximately equal to the
water depth. For the deep case, shown in figures 2
and 3, the outer bank cell is present in the LES result from the 0o cross-section up to approximately
the 130o cross-section. Figure 3 shows that in the
RANS computation the solute easily reaches the
outer bank, whereas figure 2 shows that in the
LES computation the outer bank region is a region
with relatively low concentrations. Apparently,
the concentration plume can hardly penetrate the
outer bank cell due to its opposite sense of rotation compared to the center region cell. Also far
downstream, as the outer bank cell has vanished
in the LES result, the outer bank region is still a
region with low concentrations.
In order to show the differences between the
three cases with different water depth, the timeaveraged contaminant concentration distribution is
shown in figure 4 for the 90o cross-section. This
cross-section is situated approximately halfway
the bend. Recall that upstream of this cross-

The line source is located half-way the width of
the flume and is stretched over the entire water
depth. The concentration c is considered as scaled
with an arbitrarily chosen reference value C0. At
the line source, the concentration is fixed on c/C0
= 1 as a constant boundary condition. The timestep of the simulation is taken constant dt = 2 ms,
in order to keep the incoming concentration flux
constant. In the following, the Reynolds decomposition of the velocities and the concentration is
denoted similarly as u = U + u’ and c = C + c’ for
the velocities and concentration respectively, in
which the mean part is denoted with a capital and
the fluctuating part is denoted with a prime.
The computational results for the timeaveraged concentration field along the flume are
shown in figure 2 for the LES computation and in
figure 3 for the RANS computation, both for the
deep case (H = 0.206 m). In figures 2 and 3, it is
seen that the scalar is rather well mixed along the
flume by the secondary flow.
In the previous section, we have identified the
inner bank region, the outer bank region and the
center region as the areas where the key features
of flow occur. These features leave a clear footprint in the pattern of the concentration plume.
The main feature is obviously the center region,
where the classical helical motion effectuates a
mixing of the solute in the cross-sectional plane.
Since we know that the center region cell strength
is much weaker in the RANS results, it is not surprising that the cross-sectional spreading of the
solute is less effective in the RANS computation.
171

tude as the concentration itself. The highest intensities of the concentration fluctuations are found
(not shown here) in the vicinity of the line source,
which is in accordance with the findings of Fackrell & Robins (1982) and Wagner et al. (2007).
Furthermore, it was found that in the inner bank
region, the intensities of the concentration fluctuations are low whereas the concentration itself is
high. This indicates the existence of persistent
moderate concentrations. In the outer bank region,
the intensities of the concentration fluctuations are
high whereas the concentration itself is low which
is associated with intermittent occurrences of
stronger concentration structures (cf. Crimaldi et
al. (2002)).
The cross-sectional components of the Reynolds fluxes u 'c' and w'c' , shown in the
second and fourth panel of figure 5, reveal the
strong influence of the secondary flow as a positive and a negative layer emanate on top of each
other. Such a two-layer structure was also found
for the v'c' fluxes up to approximately the 70o
cross-section. In the area of the bend further
downstream, this two-layer structure is spoiled.
This can be seen in third panel of figure 5. This
destruction of the two-layer structure also occurs
for the u 'c' and w'c' stresses, be it further
downstream in the bend. In the inner bank region
of the cross-section, the internal shear layer leaves
a pronounced footprint in the pattern of the v'c'
fluxes.

section the center region cell strength has been the
strongest for the deep case and the weakest for the
shallow case. Figure 4 shows, in addition to figure
2, how the initially vertical line source is skewed
by the flow. Particularly the shallow case reveals
a diagonal ribbon across the cross-section.

Figure 4. Time-averaged concentration distribution at the
90o cross-section as predicted by the large-eddy simulation.
From top to bottom: the shallow case, the medium case and
the deep case. From left to right denotes from inner bank to
outer bank.

Moreover, figure 4 shows that the outer bank
region contains little contaminant because of the
difficulty that is experienced by the plume to penetrate the outer bank cell, which has a width that
is approximately equal to the water depth. In figure 4, generally two local maxima are seen: one
near the inner bank and one in the outer half of the
cross-section. The locations of these maxima for
the three cases reflect the differences in the center
region cell strength for the three cases. Whereas
for the shallow case these maxima are found at the
bottom in the inner half of the cross-section and at
the free surface at the outer half of the crosssection, the maxima for the deep case are found at
the free surface in the inner half of the crosssection and near the bottom in the outer half of the
cross-section. This indicates that the flow at the
90o cross-section in the deep case is further in its
spiral cycle compared to the flow at the same location in the shallow case.
The 90o cross-section of the medium case (with
H = 0.159 m) is used to highlight the statistics of
the plume. The associated concentration distribution is shown in the middle panel of figure 4. The
variables u, v and w denote the velocities in transverse, streamwise and vertical direction respectively. In the upper panel of figure 5, the rootmean-square fluctuations of the concentration is
shown. In this panel, it is seen that the intensities
of the concentration fluctuations in some parts of
the cross-section are of the same order of magni-

Figure 5. Plume statistics at the 90o cross-section as predicted by the large-eddy simulation. From top to bottom: the
root-mean-square fluctuations of the contaminant concentration and the three Reynolds fluxes. From left to right denotes from inner bank to outer bank.

In order to model the spreading of pollutants,
the gradient-diffusion hypothesis is widely used.
In a cylindrical reference system, the relation be172

Figure 6. From top to bottom: the shallow, the medium and the deep case. From left to right: diffusion coefficients in transverse, streamwise and vertical direction. The coefficients (shown in the titles of the figures) are scaled with the water depth H
and the friction velocity v*. The straight lines represent linear fits through the scattered data.

since this is the location in the bend where the
contaminant is most well mixed. The results of
this approach are shown in figure 6. The values of
the obtained diffusion coefficients are shown in
the titles of the pictures, made non-dimensional
with the water depth H and the friction velocity v*.
Figure 6 shows that the linearly dependency of
the Reynolds flux on the concentration gradient is
basically only valid for the vertical direction. Particularly for the medium case (H = 0.159 m), a
clear linear profile is found. The computed nondimensional vertical diffusion coefficients vary
from 0.044 to 0.062. A clear dependency of this
value on the water depth cannot be seen. The linear dependency is much less clearly seen in the
transverse direction; however, it seems to hold for
a part of the results. The computed nondimensional transverse diffusion coefficients vary
from 0.40 to 1.13. The results for the streamwise

tween the Reynolds fluxes and the concentration
gradients is given by

− u 'i c' = Di

∂C
,
∂xi

(1)

where Di represents Dr, Dθ and Dz which are the
eddy diffusion coefficients in transverse, streamwise and vertical direction respectively.
The present results are useful for investigating
whether the gradient-diffusion hypothesis is actually valid and to what extent isotropy (i.e. Dr =
Dθ = Dz) can be assumed. To obtain the eddy diffusion coefficients, the values of the Reynolds
fluxes are plotted against the associated concentration gradient. The diffusion coefficient is then
captured as the slope of the linear fit through the
scatter-plot (cf. Muppidi & Mahesh (2008)). For
this purpose, the 180o cross-section is chosen
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The situation after 10 s shows that the contaminant in the inner bank region and the center region
have pretty well mixed up, whereas the contaminant in the outer bank region still slowly moves
forward. This indicates that the outer bank region
more or less acts like a dead zone, where the contaminant can remain present for a relatively long
time. Another interesting observation in the picture after 10 s is the presence of coherent structures at the rim of the concentration field near the
outer bank. These coherent structures represent
downwellings of fluid at the interface of the center
region cell and the outer bank cell.
The figures showing the concentration field after 15 s and 20 s show how the contaminant leaves
the flume. Again, in these two pictures it is clearly
seen how slowly the contaminant near the outer
bank is moving. After about 30 s the curved part
of the flume is fully clean again.
The residence time of the contaminant in the
curved part of the bend is investigated by means
of integrating the concentrations only over the
curved part of the domain and afterwards normalizing the obtained value by the total injected
amount of mass.
In figure 8, it is shown for the three different
cases how large the relative amount of mass in the
curved part of the domain is during about 30 s after release. The time t is normalized using the bulk
velocity Vav and the length of the curved part of
the flume along the center line, denoted as L. The
normalized time is denoted as t . Figure 8 shows
that only that part of the picture is interesting that
represents the outflow of the contaminant out of
the curved part of the domain to the straight outflow reach of the domain. The rate at which the
contaminant leaves the curved part of the flume is
defined as minus the time-derivative of the curves
shown in left panel of figure 8. The results for the
outflow rate are shown in right panel of figure 8.
This process of outflow of the contaminant can
roughly be divided into three stages: A. the period
0.7 < t < 0.9, B. the period 0.9 < t < 1.2 and
C. the period 1.2 < t < 1.9.
The overall observation for the shallow case
was that the contaminant very gently flows
through the bend and leaves the bend since the
flow in this case is hardly hindered by the decelerating effects of the internal shear layer or the outer bank cell. As shown in figure 7, these decelerating effects are present in the medium case and
very strongly present in the deep case. These decelerating effects leave a footprint in figure 8 as
follows.
During stage A., the contaminant can very effectively leave the bend in the shallow case because of the absence of the the internal shear layer
near the inner bank: figure 7 shows that the con-

direction do not show any linear dependency at
all, which gives the obtained non-dimensional
streamwise diffusion coefficients, varying from
3.3 to 6.2, a highly speculative character.
The computed eddy diffusion coefficients, although having a speculative character in some directions, show that the isotropy assumption is far
from valid, since the ratios between the coefficients in the several directions are of the order of
10. The streamwise diffusion coefficients is even
100 times larger than the vertical diffusion coefficient.
An implication of the gradient-diffusion hypothesis is that the direction of the Reynolds flux of
the contaminant is aligned with the direction of
the mean concentration gradient, since the diffusion coefficient is assumed to be a positive scalar.
As a consequence, all the points in the scatter plot
of figure 6 should be situated in the lower left quadrant and the upper right quadrant (cf. Muppidi
& Mahesh (2008)). However, since this is not the
case for the transverse transport and particularly
the streamwise transport, one might speak of
counter-gradient diffusion in some parts of the
cross-section. This counter-gradient diffusion is
also addressed by Muppidi & Mahesh (2008) in
the results of their direct numerical simulation of
skewed jet flow and is discussed in more detail by
Tagawa et al. (2002) who have performed measurements in a curved rectangular duct.
5 SPREADING OF A SCALAR BLOB
In order to further exploit the strength of the simulation method, we instantaneously inject the contaminant over an area covering the entire width
and the entire depth of the flow over a length of
approximately half a meter. The initial situation is
shown in the top left panel of figure 7. The concentration in this area is c/C0 = 1. The other panels
of figure 7 show how the injected blob disperses
throughout the flume for the deep case at several
stages in time, namely after 3 s, 6 s, 10 s, 15 s and
20 s. In these pictures, the instantaneous depthaveraged concentration is shown.
In figure 7, it can be seen in the situation that
after 3 s that the flow and the contaminant first enter the bend near the inner bank, i.e. the area the
highest velocities are found. The situation after 6 s
clearly shows the three aforementioned important
areas of the flow: the inner bank region (the area
of the internal shear layer), the center region (the
area of the classical helical motion) and the outer
bank region (the area of the outer bank cell).
These three areas are almost separate of each other as two filament-like bands of relatively low
concentrations are seen in between the three areas.
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Figure 7. In lexicographic ordering: depth-averaged instantaneous concentration field at 0 s, 3 s, 6 s, 10 s, 15 s and 20 s after
release.

the bend together with the amount of contaminant
that was hindered in the decelerating area due to
the internal shear layer. This results in a high outflow rate of the contaminant for the medium case
and particularly for the deep case.

taminant first leaves the bend near the inner bank.
As the internal layer is present with great emphasis in the deep case as well as in the medium case,
the rate of outflow during this stage is lower inthese cases compared to the shallow case.
During stage B., the bulk amount of the contaminant arrives at the exit of the bend and leaves
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During stage C., the outflow rate of the two
deeper cases is lowered since during this stage the
remnant amount of contaminant, previously
present in the outer bank region of the bend,
leaves the curved part of the flume. Because the
shallow case does not suffer from the decelerating
effect of the outer bank cell so strongly, the outflow rate is quite the same as during stage B.
After about 25 s (i.e. t > 2), the remnant
amount of contaminant is just washed out of the
flume, whereafter from about 30 s the flume is entirely clean again for each case. Effectively, the
residence time of the contaminant cloud is on average more or less the same for each case, whereas the transport processes are rather different.

tinuous line source and from an instantaneously
injected blob it was found that the downstream inner bank region and the upstream outer bank region are regions of decelerating flow and therefore regions where the contaminant tends to
accumulate. For shallow flows, it was found that
these decelerating effects are very weak which
makes the contaminant spread gently along the
flow, whereas for deep flows it was found that
these decelerating effects are very strong. Particularly the outer bank region can act like a kind of
dead zone since in this area the flow is decelerating and the velocities are small. This effect becomes stronger with increasing water depth.
An analysis of the computed diffusion coefficients resulted in the observation that the gradientdiffusion hypothesis, which implies a linear dependency of the Reynolds fluxes on the mean
concentration gradients, is only valid for the
transport in vertical direction. For the transport in
transverse direction, the linear dependency is
weak, whereas it is absent in streamwise direction.
Mainly in streamwise direction, counter-gradient
diffusion is observed which would imply a negative diffusion coefficient. It was found that the
transport in the three directions is far from isotropic. Since for these, the convection-diffusion
equation for the scalar solute is directly resolve,
there is obviously no influence of the hypothesis
to the outcome of these simulations. The main
conclusion is that care should be taken when applying the gradient-diffusion hypothesis in lowerdimensional models.
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Figure 8. Amount of mass and outflow rate in the curved
part of the flume normalized with the total injected amount
of mass.
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Measuring and modelling flow structures in a small river
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ABSTRACT: As part of a project to examine the feasibility of using new measurement techniques to
evaluate the conveyance capacity of a small river, acoustic Doppler current profiling (ADCP) has been
deployed on a 300m stretch of the river Blackwater, Hampshire, UK. This particular reach corresponds
to a doubly meandering two stage channel with various complex cross sections. Velocity data are examined for a variety of flows in order to evaluate the flow structures which exist within the channel. The
work has been undertaken over a three year period which allows the impact of changes in seasonal vegetation to be examined. Finally, the applicability of using a quasi 2-D RANS model (the SKM) to model
the depth averaged streamwise velocity distribution is examined.
Keywords: Flow measurement, Floods, Numerical models, Vegetation, Velocity distribution
1 INTRODUCTION

4 outlines the data collected and interprets the
flow structures by reference to the distribution of
streamwise velocity and secondary flow velocity
vectors. The effect of vegetation is also examined. Section 5 presents results which arise from
an application of a quasi 2-D numerical model.
The model simulates the depth averaged velocity
distribution and illustrates that for all flow conditions, reasonable agreements can be obtained in
the main channel. Finally, appropriate conclusions are drawn in section 6.

In order to accurately assess the conveyance capacity of a particular reach, it is vital to understand the resistance parameters associated with the
reach. These parameters in turn affect the velocity distribution within particular cross sections
and also the coherent flow patterns. These flow
patterns can sometimes be observed directly and
are often interpreted as flow structures or secondary flow cells. The correct representation of
these flow structures in numerical models is often
viewed as proof that the model is correctly calibrated. Whichever modelling approach is used
(e.g. 1-D, quasi 2-D, 2-D or 3-D), detailed field
measurements are important, not only for calibration, but also for yielding an insight into the true
physics of the flow. With this in mind, the following paper outlines a series of experimental
campaigns which were undertaken to provide detailed velocity data from several cross sections of
a small meandering river. The campaigns correspond to in-bank, bankfull and over-bank flow
conditions. For each campaign, information relating to the overall resistance of the reach was
also evaluated.
Section 2 of the paper provides a brief overview of the test site, while section 3 outlines the
instrumentation and methodology used. Section

2 THE TEST SITE
The field measurements were conducted in a 300
m long reach of the River Blackwater, Hampshire,
UK. Due to the realignment of a nearby road, a
reach of the river was altered and re-engineered as
a double meandering two-stage channel (Figure
1). The one-in-a-hundred year flood design capacity of the channel was 4.3 m3s-1, and the design
bank full capacity of the main channel was 1.5
m3s-1. The catchment area is approximately 35
km2 and the hydrological response of the reach is
considered as "flashy", as the upstream reach is
dominated by an urban area.
This reach has been extensively studied using a
1:5 small scale physical model (Lambert and
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section during in-bank flow conditions), the heading of the ADCP was required. This data was obtained by fitting a digital compass (PNI Sensor
Corporation TCM 3 Tilt-Compensated Heading
Module) to the boat and integrating the results
with the output from the ADCP. This simple
modification proved to be highly effective (Gunawan et al. 2010).
There are also measurement restrictions which
occur when using an ADCP. For example, it is
not possible to measure a narrow band near the
surface as a result of the ADCP being submerged
within the water. Due to technical reasons, the
bottom 6% of the water depth between the transducers and the river bed should also be excluded
from the measurement results. Furthermore, due
to the minimum water depth requirement for undertaking measurements (0.4 – 0.5 m for the
ADCP used in this research), a region at the side
of each river bank cannot be measured. Notwithstanding these restrictions, the results presented
below are considered sufficiently accurate for the
current purposes of this research.
Six gauge boards were installed along the
length of the reach in order to provide data relating to the local flow depth, from which the water
surface slope could be evaluated. The results of
this, for the events considered below are illustrated in Figure 4. In Figure 4, the horizontal
axis represents the distance from the start of the
reach and enables the location of the gauge boards
to be evaluated (the data at a chainage of ~398 m
corresponds the cross section under consideration). The vertical axis represents the level of the
water surface above ordnance datum (AOD) or
mean sea level. The dotted lines in Figure 4 represent a water surface slope (SW) of 10-3. The different sets of data in Figure 4 represent the measurements made during each of the campaigns
examined below, except for the December 2007
data, which were not available (see below). Finally, Figure 4 indicates that over a large section
of the reach 100 m < chainage < 500 m, the water
surface slope is reasonably consistent.

Sellin, 1996) and therefore an extensive database
exists which enables comparisons to be made with
the full-scale data. Although measurements were
undertaken at several cross-sections along the
reach, only the measurement results at a meandering cross-section (see Figure 1) are presented in
this paper.
Approximately 100 m upstream of the inlet to
the reach, shown in Figure 1, is a Sarasota electromagnetic gauging station. Hence, an independent record of the discharge at 15 minutes intervals exists. The cross section in which the
Sarasota device is positioned, is approximately
trapezoidal in shape. In addition, this cross section has relatively high bank elevations, which
help to ensure that throughout the year, most of
the flow remains in-bank (at this location only).

Figure 1. Plan view of the channel (after Sellin and van
Beesten 2002).

3 INSTRUMENTATION AND
METHODOLOGY
The ADCP used in the current work is the
StreamPro ADCP, manufactured by Teledyne RD
Instruments. The velocity data in a particular
cross-section of the river is obtained by attaching
the ADCP to a small boat and pulling it slowly
across the river (Figure 2). Typically five to
eight traverses across the river are required to enable an ensemble-average distribution to be constructed which is statistically robust. Hence, it is
important to ensure that the ADCP is either located at the same position in the river, or that it
traverses the same path each time. It should also
be noted that if only the discharge is required,
then this latter requirement can be relaxed since
the discharge is frame invariant.
In order to minimise errors associated with the
positioning of the ADCP, a simple winch and pulley system was devised which was fixed to the
sides of the river (Figure 3). The winch and pulley system was erected at the same location during
each of the measurement campaigns outlined in
section 4. This simple system proved to be very
effective in ensuring that the same cross section
was measured during each transect (see Gunawan
et al. 2010 for further details). In order to obtain
the velocity data in a streamwise coordinate system (i.e., the main flow being normal to the cross
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steady flow conditions. During the measurements, observation of the stage at the cross section
was made at regular intervals (typically every 30
minutes).
The experimental campaigns were undertaken
in December 2007, January 2008, August 2008
and February 2009 and correspond to in-bank
flow, in-bank flow, bank-full flow and over-bank
flow respectively. The timing of the two in-bank
flows (i.e. one in the summer and one in winter)
enabled the effect of local vegetation to be examined. The vegetation growth can be dramatic,
as illustrated in Figure 5. The main hydraulic parameters corresponding to each of these events are
shown in Table 1.

Figure 2. The ADCP being deployed during a flood event.

Table 1. Hydraulic conditions during measurements.
8/2008
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01/2008

02/2009

In-bank

In-bank

Bankfull

Over-bank

Q (m s )

0.40

0.77

1.87
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5

0.79
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Figure 3. The winch and pulley system used in the research.
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Figure 4. Water level elevations at six measurement stations
during five fieldwork campaigns.

Figure 5. Vegetation in the reach in December 2007 and
August 2008.

4.2 Flow structures

4 FIELD MEASUREMENT RESULTS AND
ANALYSIS

Figure 6 shows the normalised streamwise velocity ( U / U ) contours for in-bank, bank-full and
over-bank flows. In Figure 6, U is the local ensemble averaged streamwise velocity and U is
the discharge divided by the cross sectional area.
The bed profile at the measured cross-section was
surveyed using a total station in 2007 and 2009 in
order to monitor and record any potential changes
which may have occurred. Figure 6 indicates that
during the time between the two sets of survey
measurements, there appears to have been some
movement in the actual cross sections, with the
banks moving by approximately 0.4 m in some
cases. Based on photographic evidence, Gunawan (2010) suggests that this may been caused by
erosion and deposition which could have taken

4.1 Experimental campaigns
As outlined above, between five to eight transverse measurements were undertaken during each
measurement campaign. The exact number depended on the variation in measured discharge between each individual run (see Gunawan (2010)
for further details). Analysis of the data obtained
from the Sarasota gauge indicated that during
each field campaign it is reasonable to treat the
discharge as steady. Furthermore, changes in the
water depth during this period were always less
than 1 cm, i.e., within the accuracy of the gauge
boards, thus giving strength to the assumption of
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right hand side still exists in the over-bank condition (Figure 7d). However, an additional anticlockwise cell, at y = 1.6 m – 3 m, is apparent.
The existence of two cells rotating in the same direction may be an artefact of the presentation of
the data and could simply correspond to one large
cell driven by the centrifugal force. The magnitude of the lateral velocity appears to be directly
related to the magnitude of the streamwise velocity, e.g., the location of the strong lateral flow towards the outer bank near the right bank coincides
with the location of the maximum streamwise velocity core.
Additional measurements were also undertaken
using a Nortek 10 MHz Velocimeter (ADV) as illustrated as illustrated in Figure 7e (see Sun et al.
(2010) for further details). Although these measurements correspond to a different measurement
campaign, they confirm the above observations
for the in-bank and bank-full flow conditions.
The use of the ADV enabled velocity measurements to be made on the floodplain during
over-bank flow, as illustrated in Figure 7f (the
main channel measurements shown in Figure 7f
correspond to those presented in Figure 7d, but
using a different filtering resolution). From Figure 7f it is evident that approximately half of the
water on the floodplain flows towards the main
channel, while the other half travels in the opposite direction.

place during the high flow conditions which occurred between 6/12/2007 and 16/1/2008. It is,
therefore, envisaged that the bed profile of the
January 2008, August 2008 and February 2009
campaigns correspond to the bed profile of the
2009 survey. Most of the bed profiles measured
using the ADCP (also shown in Figure 6) agree
well with the bed profile measured using the total
station measurements of 2009. A visible difference between the bed profiles elevations measured
using both methods can be seen near the river
bank in Figure 6d. This occurs as a result of the
ADCP measurements being averaged from four
transducers which point in four different directions. Due to this averaging, the steep bank of
the cross-section is shown as a gradual change of
bed elevation.
Figure 6 illustrates that there is a wide lateral
variation in streamwise velocity for a given event.
Furthermore, as the flow depth increases, the region of high streamwise velocity can be seen to
migrate towards the inner bank of the meander
(i.e., the right floodplain). In addition, the magnitude of the maximum velocity in the river increases with rising water depth.
The effect of local vegetation can also be observed by comparing Figures 6a and 6b. The
vegetation effectively concentrates the majority of
the flow into small regions within the channel,
causing high lateral gradients of streamwise velocity.
Figure 7 illustrates the velocity vectors corresponding to the secondary flow, i.e., the flow in a
plane perpendicular to the streamwise direction.
As illustrated in Figures 7a – 7e a number of secondary flow cells can be observed.
In general, the lateral flow for the in-bank flow
case appears to be dominated by a movement towards the outer meander (Figure 7a). This is
perhaps attributable to the centrifugal force which
arises as a result of the geometry of the channel at
this location. However, a possible clockwise
secondary cell is detected between 1.6 m < y
(chainage) < 2 m. This pattern is also observed in
Figure 7b. A possible anti-clockwise circulation
appears at y ~ 3 m which may extend all the way
to the right bank. Similar circulation patterns,
but with higher strengths, appears to exist for the
bank-full condition (Figure 7c).
The interpretation of secondary flow cells is to
a large extent subjective, and as such it is acknowledged that an alternative interpretation
could be made, i.e., four smaller cells exist between y = 1.8 m – 5.8 m.
The strength of the secondary flow corresponding to over-bank flow conditions is significantly
larger than for either the in-bank or bank-full flow
conditions. The anti-clockwise circulation on the

Figure 6. Normalised streamwise velocity contours.
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= bed slope of the channel, {τyx , τxx } = Reynolds
stresses on planes perpendicular to the y and x directions respectively, τb = boundary shear stress
and s is the channel side slope (1:s, vertical: horizontal).
For flow over a flat bed, the analytical solution
for Ud from equation (1) is:

[

U d = A1e γy + A2 e −γy + k

]

12

(2)

where A1 and A2 are unknown constants which
are obtained by applying appropriate boundary
conditions, and the constants γ and k are given by
14

2⎛8⎞
γ =
⎜ ⎟
λ⎝f⎠

k=

1
H

f
8

(3)

gSo H − Γ / ρ
f /8

(4)

For flow over a linearly sloping bed is given by

[

U d = A3ξ α + A4ξ −(α +1) + ωξ + η

]

12

(5)

where the constants α, ω and η are given by
Figure 7. Velocity vectors in the lateral and vertical directions.

1
2

α=− +
ω=

5 QUASI- 2-D NUMERICAL MODELLING OF
THE RIVER BLACKWATER
As outlined in section 1, the measurements detailed in section 4 are a useful aid not only in understanding the physics of the flow but also in interpreting this behaviour in a systematic
framework, i.e., a numerical model. In this respect, the Shiono and Knight method (SKM),
which is fully described in several other places,
(e.g., Shiono & Knight (1991), Knight & Shiono
(1996) and Mc Gahey et al. (2010)), will be used.
However, for the basis of completeness the SKM
is briefly outlined below.
The governing equation for the depth-averaged
velocity in a prismatic channel is assumed to be
given by equation (1):
⎡ ∂ ( HU d2 ) ∂H (UV ) d ⎤
+
⎥ = ρ gHSo
∂y
⎣ ∂x
⎦

ρ⎢
+

∂Hτ xx ∂Hτ yx
1
+
−τ b 1+ 2
∂x
∂y
s

η=

1
s 1 + s2
1+
λ
2

8f

gS 0
1+ s ⎛ f ⎞ λ
⎜ ⎟− 2
s
⎝8⎠ s
2

−Γ
1⎛f⎞
ρ 1+ 2 ⎜ ⎟
s ⎝8⎠

(6)
(7)

f /8

(8)

In equation (5), A3 and A4 are unknown constants which are obtained by applying appropriate
boundary conditions. (See Knight et al. (2004 &
2007) for further details). f, λ and Γ in equations
(3) & (4) and (6) – (8) are the Darcy-Weisbach
friction factor, the dimensionless eddy viscosity
and the secondary flow term respectively.
In order to apply either equations (2) or (5), the
cross section of the channel is subdivided into a
number of panels. To a large extent, choosing the
appropriate number and position of the panels is
the key to obtaining an effective solution, and
these choices are often informed by knowledge of
the secondary flow cells, i.e., the number and location – see Knight et al. (2007). For the purposes of the current work, twelve panels were chosen
– nine in the main channel and three on the floodplain. It was felt that this represented a reasonable trade-off between model complexity (which
would arise as a result of increasing the number of

(1)

where the overbar or the subscript d refers to a
depth-averaged value, {U, V} are the velocity
components in the {x, y} directions, with x = the
streamwise direction parallel to the channel bed
and y = the lateral direction, H = depth of flow, ρ
= fluid density, g = acceleration due to gravity, So
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mulation and measurements are also obtained for
the bankfull and over-bank cases (Figures 9b and
c). This good agreement is also quantified in
terms of the root mean square error (RMSE),
which indicates values of 0.03-0.04 ms-1 for all
cases.

panels) and the 2-D nature of the model (i.e., the
assumptions embodied within the derivation of the
SKM). The distribution of the panel structure is
shown in Figure 8 by the alternating series of full
and dotted lines drawn on the channel bed.
0.0

Panel 1
Panel 10

Depth [m]

-0.5

-1.0

Table 2. The values of parameter f for each panel.

Panel 12
Panel 11

Panel no.

In-bank

Bankfull

1

N/A

2

1
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1
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0.25

1
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5

0.15

0.5

5

0.7

0.08

0.2

6
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0.05

7

3.5
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0.1

8

3.5

0.2

0.1

Panel 7
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0
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15

20

25

30

Chainage [m]

Figure 8. Panel structure for the whole cross section (c.f.
Figure 9c).

The calibration of the SKM was undertaken by
adjusting the values of three coefficients, namely
f, λ and Γ . Tang and Knight (2009) reported
that for wide channels with overbank flow, the
variation of λ has a minor effect on the simulations. Hence, in order to simplify the work, a
constant λ value of 0.07 was adopted for all panels. It is recognized that this is a lower limiting
value, and that values as high as 0.5 can be encountered. Initially, the parameter f was calibrated for each panel while Γ was set to zero.
The comparison between simulated Ud and measurements corresponding to this calibration approach is shown in Figure 9. It should be noted
that the in-bank flow corresponding to December
2007 was not simulated, due to unavailability of
water slope data. In what follows, it is assumed
that the water surface slope (Sw) is approximately
equal to the bed slope (So), an assumption which
is supported by Figure 4.
The values of f used in the simulation are
shown in Table 2. High f values are required in
some panels, especially those corresponding to the
in-bank case. Such high values are required to
represent the resistance due to vegetation in the
main channel (see Figure 5b) and the effect of the
channel geometry, i.e., the meander. An additional momentum sink term in the RANS equation
may be used to account for the effect of vegetation, rather than including it into the friction factor
(e.g., see Rameshwaran and Shiono, 2007; Tang
and Knight, 2009).
Figure 9a indicates the lateral distribution of
depth averaged streamwise velocity for the inbank case, August 2008. As illustrated in Figure
6a, the local velocity attains a maximum value in
the centre of the channel. The results from the
SKM simulation are shown by the full line and
indicate that the trend is represented reasonably
well. Similarly, good agreement between the si-
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Figure 9. Comparison of simulated Ud and measurement.

In order to take into account the effects of secondary flow on the numerical model, the simulation was re-calibrated using Γ values of other than
zero. This was done by altering the f values in
each panel to 50%, 75%, 125% and 150% of the
initial f values. The values of Γ were then calibrated to obtain good agreement between simula184

tion and measurement. The λ values for each panel were kept constant at 0.07. It can be shown
that when appropriate Γ values are chosen, the
simulation results (Ud) for the cases with adjusted
f values are almost identical to that for the cases
with initial f values (Gunawan, 2010). It was also
found that the appropriate Γ values for each f case
(50%, 75%, 125% and 150% of the initial f values) can be predicted using a simple linear relationship between f and Γ , e.g., the relationship
between f and Γ for the overbank case simulations, as shown in Figure 10. It has been demonstrated that various combination of f and Γ could
yield similar results. It is, however, difficult to
know which set of parameters represents the physics best, especially since the lateral distribution of
Γ values is still largely unknown. For a more indepth discussion on this topic the reader is referred to Sharifi et al. (2009).
6

Panel no.

Γ [ kgm-1s-2 ]

4
2

1

2

3

4
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7
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11

12

• the number of (and location of) secondary
flow cells for each event is highly subjective,
• a relatively simple, quasi 2-D model can
be used to simulate the events with a
reasonable degree of accuracy,
• while the calibration of the quasi 2-D
model is straightforward, the calibration
parameters can take a wide variety of
values. A physical interpretation of
these values (in terms of the physics of
the flow) is at the moment not available.
ACKNOWLEDGEMENT
The authors would like to express their gratitude
to the Engineering and Physical Sciences Research Council (EPSRC) for their financial support under EPSRC grant EP/E002250/1 through
which this work was undertaken.
REFERENCES

0

Gunawan, B., Sterling, M and Knight, D.W. 2010. Using an
Acoustic Doppler Current Profiler in a small river, Water and Environmental Journal, CIWEM. In Press. DOI:
10.1111/j.1747-6593.2009.00170.x
Gunawan, B. 2010. A study of flow structures in a twostage channel using field data, physical model and numerical modelling, PhD thesis, University of Birmingham, UK.
Knight, D.W. and Shiono, K. 1996. River channel and
floodplain hydraulics, in Floodplain Processes, (Eds
Anderson, Walling & Bates), Chapter 5, J Wiley, 139181.
Knight, D.W., Omran, M. and Abril, J.B. 2004. Boundary
conditions between panels in depth-averaged flow
models revisited, Proceedings of the 2nd International
Conference on Fluvial Hydraulics: River Flow 2004,
Naples, 24-26 June, Vol. 1, 371-380.
Knight, D.W., Omran, M. and Tang, X. 2007. Modelling
depth-averaged velocity and boundary shear in trapezoidal channels with secondary flows, Journal of Hydraulic Engineering, February, ASCE, Vol. 133, No. 1,
January, 39-47.
Lambert, M.F. & Sellin, R.H.J. 1996. Velocity distribution
in a large-scale model of a doubly meandering compound channel, Wat., Marit. & Energy, Proc. Instn Civ.
Engrs, , 118.
Mc Gahey, C., Samuels, P.G. and Knight, D.W. 2010. Practical toolset for estimating channel roughness, Water
Management, Proc. Instn of Civil Engineers, London,
In Press.
Rameshwaran, P and Shiono, K. 2007. Quasi twodimensional model for straight overbank flows through
emergent vegetation on floodplains, Journal of Hydraulic Research, IAHR, Vol. 45, No. 3, 302-315.
Sellin, R.H.J. and van Beesten, D.P. 2002. Berm vegetation
and its effect on flow resistance in a two-stage river
channel: an analysis of field data. Proc. The Interna-

-2
-4
-6
0

0.5

1

1.5

2

f

Figure 10. Calibration parameters (f and Γ) used for the
overbank case simulations.

6 CONCLUSIONS
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meander,
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Evaluation of Bed Shear Stress from Velocity Measurements in
Gravel-Bed River with Local Non-Uniformity
A. Tominaga & T. Sakaki

Department of Civil Engineering, Nagoya Institute of Technology, Nagoya, Japan

ABSTRACT: Field measurements of turbulent open-channel flow were performed in a gravel-bed river
with local non-uniformity. The velocity distributions and turbulent structures were measured by using
ADV in a river with riverside embayment and another river with a group of groynes. The local bed shear
stress was evaluated by data fitting methods for the distributions of the log-law, Reynolds stress and turbulence intensities. The data obtained by these three methods indicated almost similar values but some
differences were recognized among them. The differences are attributed to the effects of ADV noise,
boundary conditions and local flow structures. The turbulence structures in these non-uniform flow fields
conform to the universal characteristics in two-dimensional open-channel flows. The mean and turbulent
velocities obtained by ADV are reasonably accurate for evaluating turbulence characteristics and bed
shear stress.
Keywords: field measurement, ADV, bed shear stress, resistance, turbulence structure, roughness
local bed shear stress becomes essential to estimate such resistance coefficients in rivers.
For this purpose, we performed field measurements of velocity by using Acoustic Doppler
Velocimeter (ADV) in two typical river sites that
river improvement works were conducted recently. One is a site of newly constructed embayment zone in the Yada River. After construction
of the embayment, a large accumulation of sand
and gravel occurred in the embayment zone. The
other is a site around the groynes in the Shonai
River. In this area, a scoured region was generated
near the head of the most upstream groyne.
The applicability of turbulence measurements
by using ADV in actual rivers and laboratory
flumes were verified by many researchers (e.g.
Nikora & Goring 2000, Kim et al. 2000, Song &
Chiew 2001, Storm & Papanicolaou 2007). It was
also proved in the present study that the velocity
measurements using ADV are reasonably accurate
and the turbulence structures have constancy even
in these non-uniform flow fields. Therefore, we
tested several methods of evaluating friction velocity by using mean velocity and turbulence statistics values and considered the resistance characteristics in the non-uniform river flows.

1 INTRODUCTION
There are many approaches to improve ecological
environment by creating diversity of river configuration in straightened rivers. As measures to
create flow diversity, riverside embayment and
groynes were often constructed. The riverside
embayment provides a dead water zone for
aquatic-life habitat but the sand filling and the
degradation of water quality are concerned (Tominaga et al. 2009). Groynes are expected to create deep scours at their head zones and to make
sand bars in their downstream zones but the stability of themselves and impacts of bed deformation
on river courses become problems (Tominaga &
Matsumoto 2006). In order to predict changes of
river-bed form and flow structures, numerical
simulations become a powerful tool. For accurate
application of the numerical methods, it is necessary to understand resistance characteristics in actual rivers. The Manning’s roughness coefficient,
the Darcy-Weisbach’s friction coefficient or the
equivalent grain roughness is usually used according to an employed resistance law in 2D or 3D
flow calculations. It is necessary to determine the
resistance coefficient corresponding to local conditions of the bed material. The estimation of the
187

2 FIELD OBSERVATION
2.1 The Yada River Site
The embayment in the Yada River was constructed on the right bank of the main channel on
March 2008. The main channel at the target site is
almost straight, 30m in width and about 1/800 in
slope. The open-mouth length is 100m and lateral
depth is 25m at the bottom, and 140m and 35m respectively at the level of the flood plain. A rhombus-shaped deflector made by riprap is set at the
upstream side near the open mouth. Its length is
10m, width is 5m and height is 0.8m from the initial bed level.
We measured bed profile around the embayment four times by using a total station. Figure 1
shows the bed elevation contours and measured
depth-averaged velocity vectors on November 5,
2008. The bed configuration was changed by repeated floods. After 4 months from the construction, significant sand bar was created behind the
deflector. The bed form was extremely changed
after experienced over-bank floods at the end of
August. The deposition area was extended to the
upstream end and the embayment side. The upstream mouth of the embayment was completely
closed at an ordinary water level. The deep area in
the embayment was reduced but the left-bank
deep area developed. The measurement sections
were set at x = 0m, 80m and 160m in transverse
direction. Bed profiles at the measurement sections are shown in Figure 2. Grain size distributions were measured at the several sampling
points along the velocity measurement sections.

Figure 1 Bed contours and measured velocity vectors in the
Yada River in the Yada River
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Figure 2 Bed profiles at the measurement section
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Figure 3 Bed configuration and the measurement points
in the Shonai River

2.2 The Shonai River Site

2.3 Velocity Measurement Procedure

The group of groyne was constructed along the
right bank of the Shonai River on March 2009.
The groyne was composed of buildup of crushed
stone covered by metal mesh and the length is
20m, the width is 3 - 5m and the height is 1.5m
from the bed level. Eight groynes were set at 60m
interval on right bank side. We concentrated on
the flow around the first groyne. The bed configuration and the measurement points are shown in
Figure 3. A deep scour region is recognized
around the head of the first groyne. The measurement sections were set at x = -25m, 20m and 60m
as surrounding the deep region where the flow
depth is less than 1m. The velocity was measured
in the same manner as conducted in the Yada
River. The depth-averaged velocity vectors are
also shown in Figure 3. The grain size distribution
was measured at the velocity measurement points
in Figure 3.

The vertical distributions of velocity were measured by using ADV (NorTec Inc.). The ADV was
attached on a pole movable vertically along a support platform. The prove orientation was set to be
perpendicular to the normal cross section of the
river. We set the primary axis as the x direction so
that the lateral mean velocity becomes zero at
each point. The sampling frequency was 20Hz in
the Yada River and 25Hz in the Shonai River. The
sampling time was 205s and 164s, respectively. In
considering that a bursting period in open-channel
flows is 1.5 - 3 times of a flow depth divided by a
maximum velocity (Nezu & Nakagawa 1993), a
dominant turbulence time-scale is almost 3-6 seconds. As long as there is no lateral large-scale motion, the sampling time is enough for calculating
statistical values of turbulent flow.
It is well known that the turbulence data obtained by ADV has some high-frequency noise
(Nikora & Goring 1998, Garcia et al. 2005). Gar188

< 0.2 for smooth bed but, in the present cases, it
covered up to the free surface without a wake region. The equation (1) is rearranged to

cia et al. (2005) proposed a parameter,
F = Lf R / U c , where L = length scale of energy
containing eddies,
f R = ADV frequency
f
( R =25Hz or 20Hz) and U c =convection velocity. Here a water depth h and a mean velocity u
were taken as L and U c , respectively. For high
values of F, F > 20, the ADV is able to describe
the turbulent flow, but for lower values, F < 20,
the ADV does not resolve the turbulent motion. In
this study, only two points were not satisfy this
condition of F > 20 at (x=0m, y=40m and 45m) in
the Yada River. In this study, the noise was observed in the measured data from power spectrum
analyses. When the high-frequency noise was removed by filtering, filtered turbulence intensities
reduced about 3 - 4 percent from the raw
data.However, raw velocity signals of ADV were
used for analysis without processing. The noise
effects were only accounted by checking the appearance of obtained results.

U=

κ

ln z + Bu* −

u*

κ

ln k s

(2)

From the measured velocity profile, we obtain a
linear regression equation on semi-logarithmic
plotting
U = A ln z + C

(3)

By comparing equation (2) with (3), the friction
velocity and the equivalent grain roughness are
obtained as
u* = κA

(4)

⎧
κ⎫
k s = exp⎨( Bu* − C ) ⎬
u* ⎭
⎩

(5)

2) Evaluation method by Reynolds stress − uw
In a two-dimensional open-channel flow with high
Reynolds number, the Reynolds stress − uw is
distributed linearly from zero at the free surface to
the bed shear stress at the bed as

3 EVALUATION METHOD OF BED SHEAR
STRESS
The local bed shear stress can be evaluated from
velocity measurements by using various methods
(e.g. Smart 1999, Kim et al. 2000, Song& Chiew
2001, Piedra et al. 2009). In this study, three
methods were employed by using vertical distributions of the primary mean velocity, the shear
Reynolds stress and the turbulence intensity. Although these methods are valid for 2D prismatic
open-channel flows, we tested their applicability
for the present local non-prismatic flows. The friction velocity is considered in this study instead of
the bed shear stress for simplicity. Each method is
described as follows.

− uw
z
= 1−
2
h
u*

(6)

where u, w=turbulent fluctuating velocities in x
and z directions, respectively. The friction velocity can be evaluated by extrapolating the measured Reynolds stress to the bed. This value of friction velocity is designated as u*t . It is regarded
that the distribution of the Reynolds stress is liable to be affected by secondary currents and form
drag due to roughness elements (Nikora et al.
2007).
3) Evaluation method by turbulence intensity
It is well known that the turbulence intensities follow the universal profiles proposed by Nezu &
Nakagawa (1993) in 2-dimensional open-channel
flows

1) Evaluation method by log-law
The log-law equation is expressed as follows on a
completely rough bed.
U 1 ⎛ z⎞
= ln⎜ ⎟ + B
u* κ ⎜⎝ k s ⎟⎠

u*

(1)

u′
⎛ z⎞
= 2.30 exp⎜ − ⎟
u*
⎝ h⎠
v′
⎛ z⎞
= 1.63 exp⎜ − ⎟
u*
⎝ h⎠
w′
⎛ z⎞
= 1.27 exp⎜ − ⎟
u*
⎝ h⎠

where U = primary mean velocity, u* = friction
velocity, κ = von Karman constant, z = vertical
coordinate, ks = equivalent grain roughness, and B
= integration constant. The origin of the z coordinate was set to the roughness top by reference to
the scale reading of the acoustic sensor. The bed
shift to the virtual origin was not considered because of the difficulty of distinguishing the
roughness arrangement in the field. As to the constants, we adopted κ = 0.41 according to Nezu &
Nakagawa (1986) and B = 8.5 from Graf (1998).
The applicable region of the log-law is usually z/h

(7)
(8)
(9)

where u ' = u 2 , v ' = v 2 and w' = w 2 = turbulence intensities in the x, y and z directions, respectively. We can evaluate the local friction velocity from this relation. The value of friction
velocity evaluated by data fitting to the equation
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Figure 4 Vertical distribution of primary mean velocity
with log-law

Figure 5 Vertical distribution of Reynolds stress − uw

lent grain roughness k s were calculated by applying a regression analysis. The velocity and vertical distance in these figures are normalized by
these values. The obtained values are shown in
Tables 1 and 2. It is recognized that the log-law
distribution is applicable in almost all sections.
The section of x = 0m in the Yada River is just
upstream the sand bar and the flow is turning toward the left bank. The flow depth is small and
the secondary currents are significant in this section. The velocity here tends to be inflected near
the bed. At the section of x = 80m, the flow is
concentrated on the left bank and the flow depth
becomes larger. The velocity near the bed tends to
depart from the log-law. At the section of x =
160m in the Yada River and at all sections in the
Shonai River, the velocity profiles show good
agreement with the log-law over the whole flow
depth.
Figure 5 show the vertical distribution of the
Reynolds stress − uw normalized by evaluated
u*t . The profiles of − uw are rather scattered because of the difficulty and the short-time of the
measurement. At the section of x = 0m in the
Yada river, the Reynolds stress profiles depart

(7) is designated as u*r . A streamwise component
was used for the evaluation though all three components were obtained in the ADV measurements.
This is because the streamwise components can be
easily measured in comparison with the other
components in many cases.
4 RESULTS AND DISCUSSION
4.1 Universal Characteristics of Turbulence in
Open Channel Flow
At first, the applicability of universal distributions
of turbulence quantities was investigated. Then
the evaluation of friction velocity was conducted
by using the above three methods. The vertical
distributions of primary mean velocity are shown
in Figure 4 for each measured section. The solid
line in the figure is the log-law profile of equation
(1). The primary direction was defined as an average of the direction at each measuring height and
instantaneous velocity components were recalculated by coordinate conversion in horizontal
plane. The friction velocity u* and the equiva190
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Yada River. At relatively deep points, (x=-25m,
y=28m) and (x=25m, y=50m), the Reynolds stress
becomes small near the free surface. This corresponds to the reduction of the mean-velocity near
the free surface. At relatively shallow points, (x=25m, y=48m) and (x=25m, y=57m), the values become small near the bed. Except for these sections, the profiles fit the triangular distribution
though they oscillate around the theoretical line.
The distributions of turbulence intensity u '
normalized by u*r are shown in Figure 6. The
compatibility of the measured data to the universal equation (7) is almost similar to that of the
Reynolds stress. However, the distribution of the
turbulence intensity is rather steady and the degree of agreement between measurement data and
the equation is reasonably high in the region apart
from the bed. The value near the bed becomes
small characteristically in rough-bed flows. In the
section of x = 80m in the Yada River, the decrease
near the bed is not significant except y = 65m. In
the section of x = 160m, profiles become nearly
constant in the vertical direction. In any case, the
local friction velocity can be evaluated from turbulence intensity in the region z/h > 0.2.
The turbulence intensities, v' and w' ,
showed similar profile as u ' . As to the magnitude, the ratios of the depth-averaged turbulence
intensities, v' / u ' and w' / u ' are shown in Figure
7 in all cases. From the equations (7) to (9), the
following relations are obtained.

=
=
=
=
=

=
=
=
=
=
=
=
=

=
=
=
=
=

=
=
=

v′ u′ = 0.71

w' u ' = 0.55
(11)
These ratios indicate almost similar value as equations (10) and (11) in all cases. As a result, the
universal anisotropic characteristics of turbulence
intensities are robustly recognized. However, it
should be noticed that the values of turbulence intensities involve the ADV noise effects.

Figure 6 Vertical distribution of turbulence intensity u '
Ya a =
Ya a =
Ya a =
S
a

(10)

Ya a =
Ya a =
Ya a =
S
a

4.2 Evaluation of Friction Velocity
The values of friction velocity evaluated from the
measured data by applying the above three methods are shown in Tables 1 and 2. In the table, typical grain size d50 and d90 obtained by screening
test are also shown and U m is the depth averaged
primary mean velocity. Manning’s roughness n1
and the friction coefficient for Darcy-Weisbach
formula, f1, were calculated from u* as

Figure 7 Ratio of turbulence intensities

from the linear distribution near the bed and near
the free surface, and attain the peak at about z/h =
0.3. The profiles do not follow the triangular distribution at the points of (x=80m, y=65m) and
(x=160m, y=45m). It is difficult to evaluate the
friction velocity from the Reynolds stress in these
regions. The former is affected by the left bank
and the latter is near the separated flow area behind the sand bar. Except for these points, the profiles at x = 80m and 160m almost fit the triangular
distribution.
In the section of the Shonai River, the data
spread becomes larger than the sections in the

n1 =

h1 6
g

⎛ u* ⎞
⎜⎜
⎟⎟
⎝Um ⎠

⎛u ⎞
f1 = 8⎜⎜ * ⎟⎟
⎝Um ⎠
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(12)

2

(13)

Table 1 Measured and evaluated values (The Yada River)
x [m]
y [m]
h [m]
d50 [mm]
d90 [mm]
Um [cm/s]
u* [cm/s]
n1
f1
ks [mm]
u*t [cm/s]
u*r [cm/s]
x [m]
y [m]
h [m]
d50 [mm]
d90 [mm]
Um [cm/s]
u* [cm/s]
n1
f1
ks [mm]
u*t [cm/s]
u*r [cm/s]

0
40

0
45

0
50

0
55

0
60

0.10
3.1
13.5
20.2
2.85
0.031
0.159
56.5
2.70
3.07

0.12
3.1
13.5
19.7
2.68
0.031
0.148
59.3
2.90
3.03

0.23
6.9
26.5
26.9
2.59
0.024
0.074
37.7
2.36
2.60

0.30
6.9
26.5
23.8
2.60
0.029
0.096
84.7
2.86
3.05

0.43
4.2
13.5
13.9
1.26
0.025
0.066
40.9
1.79
1.77

80
56

80
59

80
62

80
65

160
45

160
50

160
55

160
60

0.20
7.6
22.0
20.7
2.02
0.024
0.076
32.1
1.74
2.05

0.35
11.9
38.0
30.0
4.21
0.038
0.158
201.0
3.03
3.23

0.53
11.9
38.0
40.6
3.67
0.026
0.065
69.3
3.41
3.43

0.66
4.6
16.0
35.5
2.74
0.023
0.048
36.7
3.83
3.93

0.52
1.0
9.0
10.0
0.92
0.026
0.068
65.9
0.96
1.48

0.32
1.0
9.0
19.8
2.10
0.028
0.090
79.3
1.48
1.88

0.31
8.3
22.0
26.9
2.69
0.027
0.083
64.8
1.84
2.37

0.31
8.3
22.0
25.8
2.95
0.030
0.105
100.6
2.22
2.78

Ya a =

Ya a =

Ya a =

S

h [m]
d50 [mm]
d90 [mm]
Um [cm/s]
u* [cm/s]
n1
f1
ks [mm]
u*t [cm/s]
u*r [cm/s]

-25
28

-25
35

-25
48

25
50

25
57

60
42

60
49

60
57

0.95
14.8
46.0
28.1
1.30
0.015
0.017
1.5
1.63
2.01

0.51
12.1
28.5
21.2
1.84
0.025
0.060
51.0
1.88
1.88

0.38
19.0
51.0
20.5
2.84
0.038
0.153
240.2
2.94
2.68

0.91
20.0
42.0
24.1
1.74
0.023
0.042
56.4
1.71
2.28

0.39
14.4
36.0
15.3
1.83
0.033
0.114
156.1
1.44
1.60

0.73
36.3
57.0
27.9
2.75
0.030
0.078
135.8
2.60
3.30

0.58
15.1
46.0
26.5
2.70
0.030
0.083
122.3
2.33
2.80

0.41
11.7
36.0
23.8
1.93
0.022
0.053
30.4
1.65
2.32

=
=
=

=
=
=

=
=
=

Figure 8 Comparison of friction velocities evaluated by
three methods
Table 3 Section averaged friction velocity
Section
Yada (x=0m)
Yada (x=80m)
Yada (x=160m)
Shonai (x=-25m)
Shonai (x=25m)
Shonai (x=60m)

Table 2 Measured and evaluated values (The Shonai River)
x [m]
y [m]

a

u* (m/s)
0.024
0.032
0.022
0.020
0.018
0.025

u*t (m/s) u*r (m/s)
0.025
0.030
0.016
0.022
0.016
0.022

0.027
0.032
0.021
0.022
0.019
0.028

with that the large grain size and contracting and
accelerating flow conditions in this region. When
the bed roughness is large, the definition of the
vertical-coordinate origin becomes problem. In
the section of x = 160m, u*t obtained from the
Reynolds stress underestimated at y ≥ 50m in
comparison with the other two methods. In this
area, the flow is diverging and the flow depth is
decreasing from narrow and deep section. These
effects may have caused the reduction of the Reynolds stress, but it should be investigated furthermore. In the Shonai River case, the agreement
among three kinds of friction velocity is also recognized. Particularly, u* and u*t are coincide
with each other, but u*r tends to be higher than
these two.
It is concluded that the three methods evaluating friction velocity employed in this study are
reasonably acceptable. This fact means that the
velocity and turbulence measurement by using
ADV has fairly good accuracy even though field
observations include various measurement errors.
It is also verified that the self-similarity of turbulence in open channel flows is established in these
non-uniform flow conditions. However, the values
of three types show considerable disagreement in
some regions. The log-law method is most popular for estimating the friction velocity. The appli-

The evaluated friction velocities u* , u*t and u*r
are compared in Figure 8. The section-average
values u* , u*t and u*r are shown in Table 3. The
average values of three kinds of friction velocities
show reasonably good agreement in all sections,
but considerable differences are recognized in
some cases. In the total average, u*r gives largest
value and u*t does smallest. The ADV noise
tends to increase the turbulence intensity but the
effect on the Reynolds stress is not apparent. This
needs further investigation.
In the section of x = 0m of the Yada River, the
lateral distributions are almost similar. At y = 55m
and 60m, u* obtained from the log-law becomes
smaller than others. In the section of x = 80m, the
values of u*t and u*r are almost equal, but u*
shows different distribution at y = 59m and y =
65m. It is considered that the friction of the left
bank increases turbulence but decrease the mean
velocity at y = 65m. The reason why u* at y =
59m becomes large is uncertain. It may be related
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cability of the log-law distribution for the primary
mean velocity is reasonable except for the separating flow regions. However, the velocity gradient
is sensitive to the shift of the profile origin. The
measurement of the Reynolds stress distribution is
rather difficult in field because it is liable to be affected by various local flow structures. The distribution of turbulence intensity u ' can provide
useful information more easily than the Reynolds
stress in field measurements.
Although these three values agree with each
other, the real value of the friction velocity has
been unknown yet. These are only possible measures of understanding the resistance characteristics of the flow in fields.

Ya a =
Ya a =
Ya a =
S
a

Figure 9 Manning’s roughness
Ya a =
Ya a =
Ya a =
S
a
a

4.3 Resistance Characteristics
The purpose of estimating the friction velocity is
to obtain the resistance characteristics of the target
flow. As the resistance parameter, Manning’s
roughness n, Darcy-Weisbach’s friction coefficient f and the equivalent grain roughness ks are
considered. In numerical simulations of open
channel flows, any one of resistance parameter is
given. For depth-averaged calculation, n or f is
usually provided. For three-dimensional calculation, ks is sometimes used as a boundary condition. If the log-law is established over the whole
flow depth, ks is related to the velocity factor
U m / u* as

Figure 10 Friction coefficient
=
=
=
S

a

=

=

=

Figure 11 Relation between equivalent grain roughness ks
and bed material size d90

Um 1 ⎛ h ⎞
1
= ln⎜⎜ ⎟⎟ + B −
(14)
u* κ ⎝ k s ⎠
κ
The values of n or f are related to ks by substituting equation (14) for U m / u* in the equations
(12) and (13). The calculated n and f are plotted
against h/ks in Figure 9 and 10, respectively. The
calculated friction coefficients coincide with the
equation. This implies that the log-law distribution is well established over the whole flow depth
in the present observation. The Manning’s roughness is not a unique function of h/ks depending on
the flow depth as h1 / 6 . The values of n become
almost constant in the region h/ks > 6.0 and n =
0.23 - 0.26 can be adopted as a representative
roughness value in these flow fields. It is noticed
that the Manning’s roughness increases with a decrease of h/ks when h/ks <6.0.
A problem is to determine the equivalent grain
roughness ks from the bed material condition. The
equivalent grain roughness is useful as a boundary
condition in 3D numerical calculations. Figure 11
shows the relation between equivalent grain
roughness and the bed material size d90. The values of ks scatter widely ranging from ks = 1.4d90 to
ks = 4.5d90. It is not easy to determine ks directly
from d90. The distribution of grain size and the

flow condition may affect the estimation of the
equivalent grain roughness.
4.4 Spectral Analysis and Dissipation Rate
Power spectra of primary turbulent velocity u
were calculated by FFT methods at every point.
Figure 12 shows an example of a power spectrum
Su against frequency fr (Hz). It is recognized that
the Kolmogoroff’s -5/3 power law is applicable in
the inertial sublayer. In the region 5Hz < fr <
10Hz, the ADV noise is observed, but it does not
influence the line fitting of -5/3 power law. The 5/3 power law can be applied at almost all points
except for (x=0m, y=45m) section of the Yada
River and some points very near the bed.
In the inertial sublayer of power spectrum, the
following equation is obtained.

A
−5 / 3
u 2 / 3ε 2 / 3 f r
(15)
(2π ) 2 / 3
where A is a constant and approximately A = 0.5.
The dissipation rate ε can be evaluated from this
equation. The vertical distributions of ε are shown
in Figure 13 for the Shonai River. A curve in this
figure is a semi-empirical formula proposed by
Nezu & Nakagawa(1993).
Su =
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εh
3

= E1 (z / h )

−1 / 2

exp(− 3z / h )

E

(16)

u*r
where E1 is a constant and E1 = 8.43 is taken here.
The vertical profiles of ε are almost similar to the
equation (16). The magnitude of ε is reasonable
though it is smaller in the region z/h < 0.3. The
small value of ε near the bed is possibly attributed
to the roughness effects. As a result, turbulence
measurements by using ADV provide reasonable
fluctuation of velocity.

E

S

E

E

E

=

=

=

E

H

5 CONCLUSIONS

Figure 12 Example of spectral distribution of u

ε

Turbulence measurements were performed in nonuniform gravel-bed rivers in order to understand
the resistance characteristics of rivers. It was confirmed that the ADV measurement has a reasonable accuracy for both mean and fluctuating velocities. It is also verified that the self-similarity
of turbulence in open channel flows is established
in these non-uniform flow conditions. The friction
velocity was evaluated by data fitting methods for
the distributions of the log-law, the Reynolds
stress and the turbulence intensities. The values of
friction velocity evaluated by these three methods
show reasonable agreement but some differences
were recognized among them due to the effects of
ADV noise, boundary conditions and flow structures.
The applicability of the log-law distribution for
the primary mean velocity is reasonable except for
the separating flow regions. The distribution of
turbulence intensity u ' can provide useful information more easily than the Reynolds stress in
field measurements. The dissipation rate could be
evaluated from power spectra of primary velocity.
However, ADV noise effects must be investigated
furthermore. These results provide useful suggestions to the expression of bed-roughness condition
for 2D or 3D numerical simulations for river flow
and sedimentation.
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Figure 13 Vertical distribution of dissipation rate ε
from Acoustic Doppler Velocimeter Data. Journal of
Hydraulic Engineering, ASCE, 126, 6, 399-406.
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Turbulent Flow in the Scour Hole Downstream of a Sluice Gate:
Erosion induced by Görtler Vortices
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ABSTRACT: Erosion and sediment transport processes in rivers and channels usually take place in arbitrary geometries and occur in turbulent conditions at high Reynolds numbers. Coherent structures that
emerge from large-scale instabilities can play a fundamental role in sediment transport, and in many cases
they constitute the most important mechanism of bed-load transport and scour in non-equilibrium conditions. The recent experiments carried out by Hopfinger et al. (J. Fluid Mech. 520, 2004) and Albayrak et
al. (J. Fluid Mech. 606, 2008) have shown that streamwise Görtler vortices have a considerable impact on
sediment transport rates and scour produced by a wall-jet flow downstream of a sluice gate. Görtler vortices emerge in an advanced stage of scour due to the concave curvature of the bed inside the scour hole
and their interaction with the bed increases the shear stress and intensifies bed-load transport. To understand better the relation between coherent structures and sediment transport, we carry out detached-eddy
simulations (DES) of the flow studied by Albayrak et al. (2008). We reproduce the original experimental
configuration, by discretizing the domain using body-fitted curvilinear grid with a total of 9.7 million
nodes. Our simulations can resolve the coherent structures of the flow at Re = 156,200, and capture the
dynamics of the Görtler vortices inside the scour hole. The model not only reproduces the unsteady flowfield, but also the dynamic features of the shear-stress induced by the Görtler vortices, which are responsible for the sediment streaks that appear on the bed. The model can therefore serve as a powerful tool to
predict sediment transport and scour under non-equilibrium conditions.
Keywords: Turbulent flows, Computational fluid dynamics (CFD), Görtler vortices, Scour, Sediment
transport.
lence fluctuations by using a gradient-diffusion
hypothesis to estimate the eddy-viscosity from
transport equations. Recent investigations (Paik et
al., 2007; Escauriaza and Sotiropoulos, 2010)
have demonstrated that URANS models fail to
capture the unsteady features of flows driven by
dynamically-rich coherent structures, such as the
horseshoe vortex system around obstacles
mounted on the bed (Escauriaza and Sotiropoulos,
2010). On the other hand, large-eddy simulations
(LES) models can resolve the most important vortical structures in the flow, but they might become
computationally expensive in complex flows at
high Reynolds numbers in engineering applications. Recently, hybrid models such as detached
eddy simulations (DES) have shown to be powerful tools to resolve the large-scale coherent structures with moderate computational resources
(Spalart et al., 1997; Spalart, 2009). DES com-

1 INTRODUCTION
Turbulent flows in fluvial systems usually take
place in arbitrarily complex topographies. They
are also highly three-dimensional, and characterized by a wide range vortical scales that dominate
sediment transport and erosion processes. These
flows are further complicated when they interact
with hydraulic structures, which produce unsteady
vortices that emerge from flow instabilities, increasing the stresses on the bed and initiating local scour.
These characteristics present a great challenge
to numerical models intended to study the effects
of unsteady coherent structures in sediment transport problems. At engineering scales, unsteady
Reynolds-averaged Navier Stokes (URANS)
models are usually employed to compute the mean
flowfield, and account for the effects of the turbu195

2 FLOW DOWNSTREAM OF A SLUICE
GATE

bines the advantages of both, URANS and LES
strategies, employing URANS models near solid
walls, and LES in the rest of domain.
Clear examples on the importance of coherent
structures arising from large-scales instabilities of
the mean flow are the studies of Hopfinger et al.
(2004) and Albayrak et al. (2008). These authors
studied experimentally the scour produced by a
wall-jet downstream of a sluice gate, and observed
that the development of a concave bed surface due
to initial scour triggered a centrifugal instability,
producing counter-rotating streamwise pairs of
Görtler vortices inside the scour hole. These vortices played a significant role in the continuous
development of scour as they generated high turbulent stresses and increased considerably the total sediment flux. Albayrak et al. (2008) performed statistical analyses of flow variables on
flat and concave walls, and observed experimentally for the second case the dynamic manifestation of streamwise Görtler vortices with a 3D
acoustic profiler (ADVP).
Görtler vortices emerge by the instability of the
turbulent boundary layer and the bed curvature
inside the scour hole (Saric, 1994). This phenomenon arises as a consequence of the bed curvature and a velocity profile that decreases its magnitude with radius of curvature. Several flows in
these conditions have been thoroughly studied,
such as Blasius velocity profiles or wall-jet profiles (Floryan, 1986). In the work of Hopfinger et
al. (2004) it can be seen that this instability modifies the turbulent structure of the flow and substantially alters the sediment transport rate. Hopfinger et al. (2004) even reported the remarkable
formation of sediment streaks due to the stresses
generated by Görtler vortices.
The main objective of this research is to study
the dynamics of Görtler vortices by carrying out
DES simulations based on the experimental setup
of Hopfinger et al. (2004) and Albayrak et al.
(2008), for the turbulent flow in a scour-hole
downstream of a sluice gate. The description of
the flow and the experiences of Albayrak et al.
(2008) are discussed in section 2. In section 3 we
show the governing equations of the flow and describe the numerical model. Section 4 and 5 contain the principal results obtained from 3D simulations, comparing the results with the observations
of Hopfinger et al. (2004) and Albayrak et al.
(2008). The conclusions in section 6 summarize
the results and outline future research.

Hopfinger et al. (2004) and Albayrak et al. (2008)
performed laboratory experiences of the flow
downstream of a sluice gate. They studied the
flowfield and the sediment erosion produced by
Görtler vortices formed inside the scour hole. The
experiments were conducted in a glass-side horizontal flume 17 m long, 0.5 m wide and 0.8 m
deep (Albayrak et al., 2008). The hydraulic flume
used in these experimental investigations is shown
schematically in figure 1. A sluice gate was installed at the middle of channel, and at a short distance from the beginning of the sand bed (Lf = 0.1
m). The mobile bed was filled with uniformly
graded sand of mean grain diameter d50 = 2 mm,
which constitutes a hydraulically rough surface.
The downstream water depth was kept constant at
h2 = 0.22 m by adjusting a gate at the downstream
end of the flume and the upstream water depth h1
was kept constant during the experiments by an
overflow gate to produce a constant water discharge Q. The characteristic jet velocity,
U = 2gΔh , where Δh = h1 − h2 , with h1 = 0.247
m. Using the downstream water depth as lengthscale of the flow, the Reynolds number is equal to
Re = 156,200. It is important to note that the
drowned hydraulic jump produced downstream
the sluice gate not alter the conditions of the free
surface yielding a low Froude number in the
scoured region.
Initially, the mobile bed was covered with a
thin plate about 1 m long and the water levels
were adjusted to the desired values. At time t = 0,
this plate was suddenly withdrawn. After this
reached in time t = tS, a quasi-steady-state maximum scour depth hS = hm. In this investigation we
perform the simulations at this state of advanced
quasi-steady erosion, for which the scour hole has
a significant curvature and Görtler vortices appear. The characteristic quasi-steady-state maximum scour depth is hs = 0.064 m (Albayrak et al.,
2008). These conditions produce a complicated
situation to be modeled, due to the locally accelerated flow and the large scour-hole produced
downstream of the gate as shown in figure 1. It is
important to note that our simulations were conducted assuming that the bed is fixed, as sediment
transport processes will be addressed in future research.
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from the wall, where the grid density can resolve
the scales of fluid motion near the size of the grid
spacing. For the rough-wall simulations performed in this investigation we also use the modification of the turbulence model proposed by Aupoix and Spalart (2003).
The system of equations is integrated in pseudo-time using a pressure-based implicit preconditioner enhanced with local time stepping and Vcycle multigrid acceleration in spanwise direction
(Paik et al., 2007; Escauriaza and Sotiropoulos,
2010). The AC form of the governing equations is
discretized using a second-order-accurate finitevolume method on a non-staggered computational
grid. The domain is discretized using a boundaryfitted structured mesh to cluster efficiently the
nodes in regions of interest, and adapt to the complex as shown in figure 2.
No-slip boundary conditions are applied to solid walls, and a rigid-lid assumption was employed
at the free surface due to the low Froude numbers
of the original experiments carried out by Albayrak et al. (2008).

Figure 1. Schematic representation of the advanced scour
conditions in the experiments carried out by Albayrak et al.
(2008). Flow downstream of a sluice gate with an opening
of b = 0.05 m, an apron of longitude Lf =0.1 m and a velocity scale equal to U0 = 0.71 m s-1.

3 NUMERICAL METHODS
To simulate the flow downstream of the sluice
gate (Hopfinger et al., 2004; Albayrak et al.,
2008), we solve the three-dimensional unsteady
Reynolds-averaged
Navier-Stokes
equations
(URANS) with a dual-time stepping artificial
compressibility (AC) scheme (Paik et al., 2007).
The system of governing equations is expressed as
follows, ∂u
i
=0
∂x i
(1)
∂ui
∂ui
∂p 1 ∂ 2 ui
∂
+ uj
=−
+
+
u 'u '
∂t
∂x j
∂x i Re ∂x j∂x j ∂x j i j
where xi are the Cartesian coordinates, ui are the
velocity components, p is the pressure plus the
diagonal component of the Reynolds stress tensor,
ui' are the velocity fluctuations, and Re is the Reynolds number. The last term in the momentum equation represents the Reynolds stresses.
Since conventional URANS models to close
Eq. (1) fail to capture the unsteadiness of coherent
structures such as Görtler vortices, and full wall
resolving LES might need large computational
resources for practical Reynolds numbers, we employ the DES approach, which is a hybrid
URANS/LES turbulence model (Spalart et al.,
1997; Spalart, 2009). This model is based on turbulence proposed by Spalart and Allmaras (1994),
which can be expressed as follows,

∂ν˜ ∂
+
(u ν˜ )= Γ + Θ + Ψ
∂t ∂x j j

Figure 2. Three-dimensional layout of the scoured bed obtained from the experimental results of Albayrak et al.
(2008). The computational domain has a total of 9.7 million
grid nodes, with 209, 521 and 89 nodes in i, j and kdirections respectively. More than 50% of nodes are concentrated in the first 10% of water depth.

4 TURBULENT FLOW STRUCTURE IN THE
SCOUR HOLE
The DES simulations are carried out in the scour
hole region, assuming no-slip boundary conditions
at solid walls. At the inlet we prescribe a converged URANS solution, previously computed in
a separate calculation, which considers the entire
length of the upstream rectangular channel and the
geometry of the sluice gate. All the results presented in this investigation are obtained by using a
non-dimensional physical time-step of t = 0.005.
In this section we first show qualitatively the in-

(2)

where the working variable ν˜ has a direct relation
with the turbulent eddy-viscosity νt, Γ is the production term, Θ is the destruction term, and Ψ is
the turbulent diffusion. In the hybrid DES approach developed by Spalart et al. (1997) the S-A
turbulence model in Eq. (2) functions as the subgrid scale (SGS) model of LES in regions away
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stantaneous resolved flow in the scour hole and
then we compute instantaneous variables to reproduce the experimental observations reported by
Albayrak et al. (2008).
The results of our simulations demonstrate that
our model can capture the coherent structures of
flow, and in particular the Görtler vortices, as
shown in figure 3. In this image we visualize the
vortices by using the q-criterion (Hunt et al.,
1988), which is calculated as follows,
q=

1
(Ωij Ωij − Sij Sij )
2

been observed as reported in the literature (Saric,
1994; Tandiono et al., 2008)

(3)

where Ωij represents the asymmetric part of the
rate strain tensor and contain vorticity terms. Sij
represents the symmetric part of the rate strain
tensor.
Theoretical and experimental studies identify
the Görtler vortices as pairs of counter-rotating
streamwise near-wall structures, which are shown
in figure 3, where intense black and white colors
represents negative and positive vorticity in
streamwise direction. Figure 3 shows clearly that
these vortices emerge downstream of the maximum depth inside the scour hole, coinciding with
the qualitative observations of Hopfinger et al.
(2004). As mentioned earlier these streamwise
vortices are developed by the effects of the concave bed on the flow structure, triggering the
boundary layer instability (Floryan, 1986). It is
important to mention, these vortices appear without imposing an unsteady pseudo-turbulent inflow
condition. The centrifugal instability is naturally
excited by the resolved flowfield inside the
scoured region.
Animations of the coherent structures visualized with q-isosurfaces show that inside the
scoured region the flow is dominated by the shearlayer that emanates from the flat-bed channel and
the wall-jet coming from the sluice gate. These
vortices exhibit smaller time-scales compared to
the Görtler vortices, which appear intermittently
above the bed and seem to be dominated by lower-frequencies.
The emergence of counter-rotating vortices can
also be studied by plotting countours of streamwise vorticity (ΩX). In figure 4 (a) we can observe
the Görtler vortices in the plane Y-Z at x/b = 0.7,
inside the scour hole. The instantaneous streamlines and vorticity contours plotted in the zoomed
area in figure 4(b), show that the flowfield is drastically altered in the concave region of the bed.
After the boundary layer reattaches in the scour
hole, highly unsteady vortices emerged and form
mushroom-like structures with converging lateral
flow, and strong vertical flow away from the wall,
a feature of Görtler vortices that has commonly

Figure 3. Instantaneous 3D vortical structures on the concave bed visualized with q-isosurfaces. In dark and bright
colors are vortices with negative and positive vorticity in
streamwise direction.

Figure 4. (a) Countours of vorticity in x-direction. (a) Nondimensional streamwise vorticity contours in the entire
plane. (b) Zoomed area inside the rectangle with instantaneous streamlines shows clearly the counter-rotating vorticity
and the mushroom structure generated by the vortex pair.

Albayrak et al. (2008) reported the vertical
magnitude of the Görtler vortices at the Y-Z plane
for x/b = 0.7. They observed that the coherent
streamwise structures had an approximate height
of 3 cm. Vorticity contours in figure 5 depict an
instantaneous image of the Görtler vortices at the
same plane, showing that the vertical scale of the
structures coincide with the experimental measurements.
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Figure 6. Instantaneous non-dimensional shear velocity at
the bed. This is a significant increase on the shear-velocity
magnitude where Görtler vortices are developed.

Figure 5. Contours of vorticity in x-direction at x/b = 0.7,
according to the reference system defined in figure 1. In
dark gray color is showed positive vorticity and in gray color negative vorticity. Magnitude of Görtler vortices that
appear at center of the channel exhibit the same scales of the
experiments.

The spatial variation of shear-stress generated
by the Görtler vortices is also responsible for the
emergence of bed forms, identified as sediment
streaks by Hopfinger et al. (2004). Their experimental visualizations showed the appearance of
streamwise oriented streaks on the mobile bed,
which were identified as evident signs of the presence of Görtler vortices and their effects on bedload transport and scouring processes.

5 SHEAR STRESS AND STATISTICAL FLOW
RESULTS
Our simulations show the turbulent Görtler vortices that are formed in the downstream section of
the concave bed. These vortices are dominated by
low-frequency unsteadiness, and they are directly
responsible for the increments on the instantaneous stresses on the bed. Figure 6 shows the instantaneous non-dimensional shear velocity (uτ) at the
bed. We can observe an increase in the intensity
of uτ in the zone where Görtler vortices are developed. Figure 7 shows the spatial variation of instantaneous non-dimensional shear velocity at the
plane x/b = 0.7, along the spanwise direction
across the Görtler vortices. When these vortices
are present, the shear-stress has a seemingly periodic variation across the channel. This effect was
reported by Hopfinger et al. (2004), as they observed considerable increments of sediment transport rates in this area of the bed.
High values of uτ in figure 7 correspond to the
positions of the streamwise vortices, while lower
values are located in between them. This plot also
has a remarkable similarity with the skin friction
profiles reported in the recent experiments of
Tandiono et al. (2009), who measured the effects
of Görtler vortices in the turbulent flow inside a
curved rectangular duct.

Figure 7. Visualization of instantaneous non-dimensional
shear velocity (uτ) at the bed. Variations of the shear-stress
at plane x/b = 7 (system reference used by Albayrak et al.
(2008), see figure 1) in the spanwise direction of the channel are associated with Görtler vortices.

In the streamwise direction we observe that the
shear-velocity presents higher magnitudes in the
section comprised by 7 < x/b < 9, at the center of
the channel. This feature, attributed to the Görtler
vortices and shown in figure 8, was also described
in the experimental investigation of Albayrak et
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tions, see for example z’/z’1/2 =1 and z’/z’1/2 =0.5
at t=8.9 s and t=9.2 s.

al. (2008). With respect to this area of high stress,
they make the following comment:
“This higher dimensionless friction velocity on
the concave wall, when x/b > 7, can be attributed
to the development of Görtler vortices. When x/b
> 9, the friction velocity on the concave wall
starts to decrease, because after that point the
boundary slope changes and the Görtler vortices
disappear.”

Figure 8. Visualization of instantaneous non-dimensional
shear-velocity at the bed and at the center of channel. Variations of shear velocity in streamwise direction show an increase at the concave surface where Görtler vortices are
developed.

From our simulations we can reproduce additional quantitative results that were also obtained
by Albayrak et al. (2008). Employing instantaneous measurements of the velocity field in a vertical profile, they compute the product of horizontal
and vertical velocity fluctuations in time, capturing upwash and downwash flow events near the
bed.
These events are characterized by positive and
negative values of the instantaneous components
of the Reynolds stress tensor. Along a vertical line
in the center of the channel, at a position x/b =
0.7, the flowfield is plotted in time. The vertical
distance is non-dimensionalized by using the
length scale z’1/2, defined as the height at which
the velocity magnitude is equal to half of the maximum streamwise velocity.
Remarkably, the simulations presented in this
research can capture the same dynamics described
by Albayrak et al. (2008). In figure 9 (a) we plot
the velocity components and contours of u’w’ in
time, using the resolved flowfield from the DES
calculation. This figure shows the predominant
contribution of upwash events on the Reynolds
stresses. In the outer layer, the downwash and
upwash flow events are dominant at several loca-

Figure 9. Two-dimensional resolved velocity vector plots
along a vertical profile at plane x/b=0.7, at the center of the
channel. The total time interval is Δt=1.6 s. The length scale
is z1/2 = 5.8 cm on the selected profile. (a) Streamwise (x,
z’)-plane, velocity vectors u’, w’; (b) Spanwise (y, z’)-plane,
velocity vectors v’, w’.

The same statistical observations were made by
Albayrak et al. (2008) (see p. 41), who linked
these dynamic processes to the unsteadiness of the
near-wall coherent vortices. Convergent flow observed in plots of v’-w’ velocity vectors which
were reported by Albayrak et al. (2008), are also
reproduced in our simulations as shown in figure
9 (b).
Another quantitative result that has a direct relation with the influence of Görtler vortices on
sediment transport rates in the scoured region is
the Reynolds stress obtained from the resolved
velocity fluctuations. Figure 10 shows the <uw>
Reynolds stress computed by Albayrak et al.
(2008) at plane x/b=0.6 and the results obtained
with our simulations. In this figure is clear that
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DES represent with a good accuracy the experimental results measured by Albayrak et al. (2008).

fluctuations. The model captured in detail the dynamics of the Görtler vortices in this complex
flow. This information is critical to employ new
methods to determine bed-load transport and
scour induced by turbulent coherent structures.
This work will be carried out in future research.
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Figure 10. Normal Reynolds stress computed in experiments
made by Albayrak et al. (2008) and the DES model. The
values of Reynolds stress are scaled by Um, which correspond to the maximum streamwise average velocity.

6 CONCLUSIONS
In this investigation we perform numerical simulations of the flow downstream a submerged
sluice gate over a rough concave bed at
Re=156,200. We reproduce the configuration of
the scour experiments carried out by Albayrak et
al. (2008).
The flow is characterized by a wide range of
time and length scales, dominated by unsteady
coherent structures induced by the complex geometry of the domain and the wall-jet coming from
the sluice gate. The resolved flowfield computed
from DES simulations shows that our model successfully captures the dynamic features of the coherent structures within the scour hole, and the
formation of Görtler vortices near the bed. Pairs
of highly unsteady counter-rotating streamwise
vortices appear inside the scoured region, forming
mushroom-like structures that have been reported
in multiple studies of turbulent boundary layer
flows over concave surfaces.
We also reproduce quantitative experimental
results reported by Hopfinger et al. (2004) and
Albayrak et al. (2008). Plots of instantaneous
shear velocity at the bed show that Görtler vortices are directly responsible for the increase of bed
stresses, and consequently for the larger sediment
transport rates that were observed by Hopfinger et
al. (2004). The simulations capture statistically the
same upwash and downwash flow events reported
by Albayrak et al. (2008) with similar time-scales,
including the increments of instantaneous Reynolds stresses obtained from resolved velocity
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ABSTRACT: There are several types of groyne, such as T-type and L-type groynes, that have been constructed worldwide in accordance with different river environments. However, little information has been
obtained on the structures of local flow and the development of large-scale vortices around differently
shaped groynes. Because these flow structures are expected to significantly affect the formation of sand
waves further downstream, this phenomenon should be considered systematically and in detail. To reveal
such flow effects, flow is visualized around several types of groyne under emerged and submerged conditions in the present study by means of particle tracking velocimetry, which was developed especially for
estimating velocity more accurately under conditions of large-velocity difference. To discuss the flow
pattern around the groynes, statistical analysis is applied to estimate mean properties such as the Reynolds stress. In addition, conditional sampling analysis and the Weiss function are applied to reveal the
coherent structures. The results show high-turbulence areas near the tips of groynes and strong vortex development downstream. The differences in flows around several types of groyne are the distributions of
large areas of turbulence downstream.
Keywords: T-type and L-type groynes, Submergence effect, Conditional sampling analysis, Weiss function
process between a main stream and an embayment
was studied by Altai & Chu (1997), Uijttewaal et
al. (2001), and Weitbrecht & Jirka (2001), who
performed experimental studies using dye concentration analysis. In addition to the above studies,
scouring processes were studied earlier by Garde
et al. (1961), Gill (1972), and Kuhnle et al.
(2002), who considered flow dynamics around the
groyne tip.
The former studies focused mainly on local
flow and local scour phenomena around straight
(I-type) groynes. There are several types of
groyne, such as T-type and L-type groynes, and
these have been constructed worldwide in accordance with different river environments. However,
little information has been obtained on detailed
flow structures and bed variations around differently shaped groynes. Because high shear forces
caused by coherent vortices in the mixing layer
between the main stream and dead zone behind
groynes largely affect the formation of sand waves
further downstream, these flow phenomena should
be considered systematically and in detail.

1 INTRODUCTION
Several types of groyne have been used for the
stabilization of banks, creating a navigation channel by confining the cross-sectional area and improving the habitat of flora and fauna, especially
for large rivers worldwide.
The most important phenomena are local flow
and local scour around the groyne tip. Therefore,
turbulent flows around groynes have been studied
experimentally and numerically in recent decades.
Furthermore, there have been various studies on
pollutant and sediment transport and related erosion (or scouring) around groynes in rivers and
coastal regions.
The number of studies on flow patterns and
transport processes around groyne-like structures
increased with improved experimental and computational techniques. Chen & Ikeda (1997), Uijttewaal et al. (2001), and Weitbrecht & Jirka
(2001) studied the flow patterns of gyres and mixing layers with respect to the aspect ratio (length
of and distance between groynes). The exchange
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Figure 2. Types and scales of groyne model

light behind the groyne model. The groyne models
are arranged beside the channel wall, as shown in
Figure 1. The sizes and shapes of the scale models
are shown in Figure 2. The scales are determined
from the sizes of groyne length and river width in
existing small Japanese rivers. The thickness of
the transparent acrylic plate is 0.5 cm for all models. There are two L-type groyne models. One
runs upstream (LU-type) and the other downstream (LD-type). Stream-wise lengths (Lf) are 2.5
cm for the L-type and T-type groyne models.
Span-wise lengths (Lg) and the heights (Hg) of the
models are 2.5 and 4.0 cm respectively in all cases. Flow discharge is defined as Q = 1000 cm3/s in
all cases and flow depths are 3.9 and 4.5 cm for
emerged and submerged conditions respectively.
The resulting Re number is about 7140.
It is necessary to conduct recording large-scale
investigation with high accuracy because large
vortices generated downstream are related to the
separated flow at the tip of the groyne as described above. Therefore, in this flow visualization, two sets of digital cameras (ImperX
VGA120) and closed circuit television lenses
(Pentax C1614-M) are used. For illumination of
tracer particles, a YAG laser light sheet (Katokoken, PIV Laser G50, 50 mW) is used with a light
slit 0.5 mm wide. The height of the slit is set close
to the surface of the groyne model. Images are
recorded using frame grabber (Epix PIXCI-CL1)
and image acquisition software (Epix XCAP-Ltd).
The image size for one camera is 520 × 480 pixels
in stream-wise and lateral directions respectively.
The frequency of the recording is 109 Hz and one
recording section with two cameras has an area of
17.65 cm by 8.17 cm with some overlap. For the
tracer particle and its supply, ion-exchange resin
(Diaion, Mitsubishi Chemical Co., diameter of
250–600 μm, density of 1.02 g/cm3) with methyl
alcohol is applied and seeded in the flowing water
ensuring a homogeneous distribution. Two thousand images are recorded for all measurements using the above-mentioned recording system and
processed as follows.

Figure 1. Experimental setup

The present study focuses on the effects of
groyne shape on largely distributed and coherent
and mean flow-structures in horizontal plane at
downstream I-type, T-type, and L-type groynes.
These flow structures are expected to affect the
coherent vortices described the above. Experiments were conducted with models of the three
types of groyne, and flow visualization and particle tracking velocimetry (PTV) were employed
to analyze the resulting images. This method is
preferred because of the large dynamic velocity
range in the horizontal plane between the outside
and inside of the dead zone behind the groyne. A
two-dimensional PTV code programmed by Kadota et al. (2007) was used in this study. In this
code, the advantages of the fast Fourier transform
(FFT), combined with direct correlation methods,
are used to speed up the calculation process because of the large number of large-sized images.
The experimental setup and analytical procedure are presented and the detailed flow structures
around the different types of groynes in emerged
and submerged conditions are discussed. Experimental results show that the distribution of large,
shear-layer, coherent vortices changes greatly
with the groyne type, and the turbulence effect for
the L-type groyne is much smaller than that for
the I-type groyne. These results will be applicable
to the design of groynes for several purposes.
2 EXPERIMENTAL SETUP AND IMAGE
ACQUISITION PROCESS
Experiments were conducted by means of flow visualization. The experimental flume is made of
transparent acrylic materials and is 14 cm in width
and 300 cm in length, as shown in Figure 1. In the
flume, water flow is provided by a smoothly adjustable pump (maximum discharge Qmax = 3000
cm3/s) that is controlled by a frequency converter
(Toshiba VF-S9). The groyne model is also made
of transparent acrylic plate to obtain enough slit

3 IMAGE PROCESSING AND ANALYSIS OF
TUBULENCE STATISTICS
In the present study, the PTV method, which was
coded for flow with a large velocity difference by
Kadota et al. (2006), is adopted and implemented
to calculate velocities quickly and accurately. This
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Figure 3. Magnitude of the mean velocity field around several types of groynes under emerged and submerged conditions

PTV code was programmed with consideration of
speeding up calculations using the advantages of
the FFT and direct correlation methods. The first
temporal velocity is estimated by FFT crosscorrelation and then the search area of direct correlation is determined around the first estimated
vector point to estimate the more accurate second
velocity. This reduces the useless search area and
results in a procedure for fast correlation calculation. Before applying this code, some image preprocessing is done, such as subtracting the background, removing noise, binarization, and labeling
of particle images.
In addition, interpolated vectors on a regular
grid are applied for statistical analysis of the turbulence, as described below, because there is no
deficit of vector points and a series of instantaneous vector profiles have to be used.
To reveal the coherent structures around the
several types of groyne, conditional sampling
analysis is applied to determine the advection of a
coherent fluctuation pattern. The conditional averaging of an arbitrary sampling signal
q ( x, z , Δx, Δz , t , τ ) is defined as
q( x, z , Δx, Δz , t , τ )

=

∫ q(x + Δx, z + Δz , t , τ) ⋅ I (x, z, t )dt

T

∫ I (x, z, t )dt

tip of the groyne. Δx and Δz are distances from the
fixed point. t and τ are the fixed and delay times
respectively. I(x, z, t) is the detection function for
target coherent flow structures. The procedure for
determining the detection function is described
below and the results discussed.
In addition to the conditional sampling analysis, the Weiss function (Q-value) is applied for the
instantaneous flow field. The function is defined
as the difference between the squared shear (S)
and squared vorticity (ω):
Q = S 2 − ω2
2

2

⎛ ∂u ∂w ⎞ ⎛ ∂w ∂u ⎞ ⎛ ∂w ∂u ⎞
=⎜ −
− ⎟
+ ⎟ −⎜
⎟ +⎜
⎝ ∂x ∂z ⎠ ⎝ ∂x ∂z ⎠ ⎝ ∂x ∂z ⎠

2

(2)

The first and second terms refer to the shear
forces and the third term refers to the rotation
force. Negative and positive Q-values indicate the
dominance of rotation and shear forces respectively. The observation of an instantaneous Q-valuedistribution can be regarded as the coherent structure of the shear and rotational motions.
4 RESULTS AND DISCUSSIONS
The turbulence flow structures around T-type and
L-type groynes are compared with those around Itype groynes.

(1)

T

4.1 Profiles of Mean Velocity and Reynolds
Stress

where q represents the magnitude of the velocity
fluctuations and the fluctuations (u, w) are determined from stream- and span-wise instantaneous
velocities. x and z are the coordinates of the fixed
point in the stream- and span-wise directions respectively. The fixed point is defined as near the

Figure 3 shows the mean vector profiles for Itype, T-type, and the two L-type groyne models
under emerged and submerged conditions. These
plane profiles are at 4.0 cm height above the
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channel bed (near the top surface of the groyne
model) and vectors are thinned to see clearly the
contour map, which indicates the magnitudes of
the vectors.
The difference between the profiles is seen in
the areas downstream and upstream of the groyne
tip. Especially for T-type and L-type groynes running upstream (LU-type), the dead zone is enlarged behind the groyne for submerged conditions compared with emerged conditions. On the
other hand, the dead zone on the upstream side of
the groyne is reduced. It is considered that the
submerged flow on the surface of the groyne decelerates the flow near the groyne and thus produces a small difference of velocity. Under
emerged conditions for these cases, flow from the
upstream end is entrained into the upstream dead
zone of the groyne. Therefore, the downstream
dead zone is reduced. These tendencies are similar
to experimental results from shallow flow visualization of an inclined groyne model (Weitbrecht
2004). In the case of the groyne running downstream (LD-type), there is less difference in the
dead zone between emerged and submerged conditions.
In the vicinity of the groyne tip, a different velocity profile is seen around the LU-type groyne
under submerged conditions. The velocity difference between the main stream and dead zone is
significantly less. It is supposed that shear stress
in the vicinity of the groyne tip is weakened, and
thus, the effects on the transport phenomena of
sediment and pollutant are small. The profile of
the L-type groyne running downstream (LD-type)
is similar to that of the I-type groyne, whereas the
profile of the T-type groyne is similar to that of
the LU-type. It is considered that these velocity

profile areas are affected by the protuberance of
the groyne. In terms of stabilizing the flow and
bed conditions, the LU-type groyne is more suitable.
The above-mentioned typical patterns are also
seen for profiles of the Reynolds stress in the
cross-wise direction. Figure 4 shows the profiles
of the Reynolds stress ( − uw ) for emerged and
submerged conditions. The Reynolds stress is
largely related to shear stress, which affects transport phenomena such as those of sediment and
pollutant materials, and is an important parameter
for considering coherent flow structures.
In the cases of I-type and LD-type groynes,
there is large negative stress distributed near the
edge of the groyne under both emerged and submerged conditions. However, a different distribution is seen for T-type and L-type groynes. The
large negative stress shifts downstream under the
submerged condition, especially for the LU-type
groyne, and it is distributed on the side surface of
the groyne. This tendency is related to the dead
zone and velocity difference area around the LUtype groyne as shown in the mean velocity profiles in Figure 3. The velocity difference area also
shifts downstream.
Downstream of the groyne, there is large Reynolds stress distributed from the tip of the groyne
caused by the velocity difference between the
dead zone and main stream. In the cases of the
groynes running upstream (T-type and LU-type),
there is a significant large positive Reynolds
stress. It is considered that a large-scale vortex
structure will be generated in the downstream
area.
Figure 5 shows the profiles of mean vorticity
(ω). Clockwise (negative) circulating patterns are
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Figure 5. Mean vorticity distribution (ω) [cm/s] under emerged and submerged conditions

seen in both upstream and downstream areas
around the groynes because the flow from upstream is entrained into dead zones.
In the case of a groyne running upstream (LUtype) under emerged conditions, there is a significant clockwise motion concentrated in the vicinity
of the groyne tip because of the large velocity difference. Under submerged conditions, the clockwise motion grows downstream for the groyne
running downstream (LD-type). Comparing with
the mean velocity profile in Figure 3, the area of
clockwise motion corresponds to the dead zone
around the groyne. In the case where the dead
zone on the upstream side of the groyne is smaller
(I-type and LD-type), the clockwise motion tends
to expand stream-wise.
In this section, the Reynolds stress and vor(a) emerged (t=0.000s)

ticity were mainly discussed in terms of mean
flow structure. In the following section, the instantaneous coherent-flow structures are discussed
by means of conditional sampling analysis and the
Weiss function as instantaneous flow structures.
4.2 Advection of instantaneous coherent flow
pattern
Figure 6 shows profiles and time variations of the
Weiss function (Q-value) estimated from Equation
(2) as instantaneous coherent flow patterns. In this
figure, a white area indicates the dominance of
shear force with a Q-value over +30 (1/s2), and a
gray area indicates the dominance of rotation with
a Q-value less than –30 (1/s2).
In all cases of emerged conditions in Figure
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Figure 6(a). Distributions and time variations of Weiss function (Q-value) [1/s] under emerged condition
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6(a), the shear force and rotation are distributed
alternatively from the tip of the groyne to the
downstream end. In the case of groynes running
upstream (T-type and LU-type), the distributions
cluster on the right side of the channel. The Reynolds stress in Figure 4 also has a similar profile
and is distributed near the right side.
The Q-value under submerged conditions is
distributed similarly and alternately as shown in
Figure 6(b). However, the distribution has a
smaller scale of shear force and rotation comparing with the distribution under the emerged conditions, and the distribution clusters in the main
stream. The velocity difference between the main
stream and dead zone decreases because of the effect of submerged flow on the top surface of the
groyne. Therefore, the shear force and rotation
decrease. This tendency is significant in the vicinity of the groyne tip.
The areas of shear force and rotation generated
from the groyne tip to the downstream show the
time variation of stream-wise advection. In the
case of groynes running upstream (T-type and
LU-type) under emerged conditions, the advection
is relatively large whereas it is smaller under
submerged conditions owing to a small velocity
difference. It is considered that the tracing of
these areas with time enables estimation of the

generation frequency of shear and rotation motion
quantitatively.
As an alternative method to analyze the coherent motions, conditional sampling analysis is applied. For the purpose of strict conditional sampling, the detection function and threshold value
have to be defined carefully. The detection function in Equation (1) is defined as
⎧1 : u < 0, w > 0 & uw / u′w′ ≥ H
I ( x, z , t ) ≡ ⎨
(3)
otherwise
0
:
⎩
where u′ and w′ are the root-mean-square values for u and w fluctuations respectively. H is the
threshold value, which is estimated from the distribution of the power spectrum density and the
typical frequency of instantaneous velocity signals
at the fixed point of Equation (1), as shown in
Figure 7. The fixed point (x, z) is defined very
close to the tips of several types of groynes. The
directions of u and w in Equation (1) are defined
to select the ejection-like motion developed from
the fixed point in this study. The coherent flow
structure as a magnitude of velocity (q) is reasonably sampled by means of the detection function
(3) and Equation (1).
Figures 8(a) and 8(b) show the conditionally
sampled space–time correlations of the velocity
magnitude under emerged and submerged condi-

Figure 7. Procedure to determine the threshold value H for the conditional sampling analysis
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T-Type

(a) emerged τ=0.255s

(a) emerged τ=0.255s
LU-Type

T-Type

Figure 8(a). Conditionally sampled space-time correlations of velocity magnitude under emerged condition

ent structure occurs with different types of groyne
and submergence.
As for time variations of these coherent patterns, large advection is seen downstream side of
emerged groyne heading upstream (T-type and
LU-type). The coherent patterns distribute whole
area of channel and show similar distribution to
the distribution of Reynolds stress of Figure 4. In
submerged condition, large coherent pattern is
seen near groyne tip and far downstream area of
T-type groyne whereas the large pattern is seen
only in downstream area of LU-type and LD-type
groynes. It can be considered that these coherent
flow structures are associated with three dimensional structures and related with shear force
around the different shaped groyne.

tions respectively. The sequence of figures indicates the evolution of velocity magnitude since
lag time τ = 0 s and at each fixed point.
In the case of groynes running upstream (Ttype and LU-type) under emerged conditions, the
momentum transport and the sampled velocity
magnitude are larger than in other cases, as shown
in Figure 8(a). However, a large velocity magnitude is seen around the edge and downstream of
the LD-type groyne under submerged conditions,
as shown in Figure 8(b). It is considered that these
opposing phenomena are related to the vicinity of
the vertical flow structure to the groyne. It is supposed that submerged flow over the surface of a
groyne generates a vertical downward flow and
then a different coherent structure is generated
downstream.
The coherent pattern of large velocity magnitude is also seen around tip of LU-type groyne
under submerged condition. This pattern is related
with velocity difference in plane areas of dead
zone and main stream. It is considered that differ-

5 CONCLUSION
The present study focuses on the effects of
groyne shapes on the instantaneous-coherent flow
and mean flow structures around I-type, T-type,
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(a) submerged τ=0.018s

(a) submerged τ=0.018s

I-Type

LD-Type

(a) submerged τ=0.127s

(a) submerged τ=0.127s

I-Type

LD-Type

(a) submerged τ=0.255s

(a) submerged τ=0.255s

I-Type

LD-Type

(a) submerged τ=0.018s

(a) submerged τ=0.018s
LU-Type

T-Type

(a) submerged τ=0.127s

(a) submerged τ=0.127s
LU-Type

T-Type

(a) submerged τ=0.255s

(a) submerged τ=0.255s
LU-Type

T-Type

Figure 8(b). Conditionally sampled space-time correlations of velocity magnitude under submerged condition

and L-type groynes. Experiments were conducted
with three types of groyne model, using flow visualization and PTV to analyze the resulting images. The experiments investigated a wide area in
detail because large-scale vortices are generated
downstream of the groynes. Conditional sampling
analysis and the Weiss function were applied to
reveal the coherent structures and their advection.
The experimental results show the distribution
of a large shear layer. Coherent patterns change
greatly with the groyne type especially for, L-type
groyne. The largely distributed coherent structures
are related with formation of sand waves downstream the groyne. To control the bed morphology, these results will be applicable.
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Three Dimensional Numerical Modeling of Flow around Bridge Piers
Using LES and RANS
Y. Aghaee & H. Hakimzadeh

Faculty of Civil Engineering, Sahand University of Technology, Tabriz, Iran

ABSTRACT: Details are given of a three-dimensional numerical model study to simulate the turbulent
flow around a vertical circular pier. The developed model is based on the solution of fully threedimensional hydrodynamic equations. These equations can be achieved with two different methods, including:-1) Reynolds Averaged Navier-Stokes equations (RANS) and 2) Space Averaged Navier-Stokes
equations. For the turbulence models the two-equation standard k-ε model of RANS type and the Smagorinsky model of large eddy simulation (LES) type have been deployed for each set of the hydrodynamic
equations. The governing equations were discretized using the structured mesh of cell-centered collocated
finite volume method, with the convection and diffusion terms being discretized using the third order upwind and second order central schemes, respectively. Also in order to discretize the temporal terms a fivestage forth-order accurate Runge–Kutta scheme has been used. The pressure-velocity coupling has been
achieved using the artificial compressibility method. Based on extensive numerical tests, the capability
and the performance of the LES and RANS models have been validated against experimental data. Then,
the numerical model results of the velocity, pressure and bed shear stress fields were compared with the
available two sets of experimental data. The numerical model results showed that the length and intensity
of the wake and also the horseshoe vortices are mainly affected with the turbulence models used.
Keywords: 3D numerical model, Finite volume, Artificial compressibility method, Circular pier, LES,
RANS
the scour around the bridge piers (Dargahi, 1990).
Dargahi also showed the formation of the horseshoe vortex around the circular pier and its frequent manner (Dargahi, 1989).
The main purpose of a numerical simulation of
flow around the bluff bodies such as circular pier
in the rivers is to estimate the bed shear stress and
consequently the scour hole. These features are
closely related to the turbulence models used for
simulation. Direct numerical simulation (DNS)
method is the most accurate solution among the
others. However, its performance has been restricted to the low Reynolds number (Re) and
needs to a high performance computer. Yuhi et al.
(2000) studied the effects of bottom topographies
on the formation of the horseshoe vortex with
DNS numerical modeling. Also, Gushchin et al.
(2002) investigated transitional regimes of separated fluid flows around a circular cylinder up to
the Reynolds of 400 using DNS method. Wissink
& Rodi (2008) performed a series of direct numer-

1 INTRODUCTION
Cylindrical bridge piers are among the most
commonly used structures in coastal, offshore and
river engineering. The scouring process and forces
on these hydraulic structures due to river current
are very important subjects in river engineering
and must be considered carefully. The formation
of local scour hole around bridge piers is closely
related to the fluid flow characteristics near the
bed and around the pier. The characteristics of
flow pattern around the vertical circular piers are
obviously fully three dimensional and complicated. The scour process around the bridge piers is
a dynamic and unsteady process and is still a
prominent phenomenon that needs to be considered by many researchers. There are a large
number of investigations for the flow field around
the circular piers both numerically and experimentally. Experimental observation has demonstrated
that the horseshoe vortices have the basic role of
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The effect of unresolved scale motion in LES is
appeared on the sub-grid scale shear stress tensor
that should be modeled. The common method for
modeling of the sub-grid scale is similar to eddyviscosity concept method, given as:

ical simulations of incompressible flow around a
circular cylinder at Re of 3300 to 3900 and with
the maximum grid number of about 5 × 108 . Many
of researchers have also studied the flow fields
around circular piers with various turbulence
models of RANS types, including: Majumdar &
Rodi (1989), Olsen & Melaeen (1993), Nagata et
al. (2000), Salaheldin et al. (2004), Roulund et al.
(2005). Nowadays due to the relatively high performance of the computers, numerical simulation
of the flow fields with large eddies is more practical. The intermediate approach between (DNS)
and (RANS) is the well-known large-eddy simulation (LES) method. In this research study, the
three-dimensional time dependent Navier-Stokes
equations are numerically solved. Since at higher
Reynolds numbers, the small scale turbulent motions can not be resolved in such calculations, it is
filtered out and only motions larger than the filter
width are resolved (Rodi, 1997). Various turbulent
models may also produce different results for flow
fields and eventually different scour estimations.
In this paper two different turbulence models
have been adopted for simulating the flow field
around the mounted circular pier on a rigid bed.
The models are based on the solution of two different approaches: 1)Reynolds Averaged NavierStokes equations (RANS) using the standard k-e
model and 2)Space averaged Navier-Stokes equations using large eddy simulation (LES) with the
standard Smagorinsky (1963) sub-grid-scale model. The results of two different models have been
compared with each other. They are also validated
with two sets of experimental data, namely, 1)
Roulund et al. (2005) and 2) Dargahi (1989).
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where C s = the Smagorinsky parameter chosen
equal to 0.1 for this investigation. Δ = volume of
the mesh, Sij = strain rate; z + =

zu∗

ν

; u∗ = friction

velocity base on the wall shear stress; z = distance
of the first grid center from wall.
The most popular method for RANS modeling
is the standard k-ε model. In this model the turbulence field is introduced in terms of the turbulent
kinetic energy (k) and its rate of dissipation (ε).
The equations of the temporal changes of k and ε
can then be written as follows:
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The three-dimensional Navier-Stokes and continuity equations can be written for two different LES
and RANS approach similarly as follows:
=0

(4)

where l s = mixing length for sub-grid scales. Taking into account the reduction of the sub-grid
length near solid walls, the length scale is usually
multiplied by a Van Driest damping function, as
(Breuer 1998):

2.1 LES and RANS

∂xi

(3)

⎠

where ν t = eddy viscosity and may be found as:

2 NUMERICAL MODEL

∂ ui
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⎝
⎠

(2)

ν t = Cμ

where xi =1, 2, 3 denotes the stream-wise, spanwise and vertical directions, respectively, ui =
time averaged or filtered velocity components in
the mentioned directions, P = time averaged or
filtered pressure, ρ = density, ν = kinematic viscosity of the fluid, and τ ij = Reynolds shear
stresses or sub-grid shear stresses.

k2

ε

2
⎞
⎟+C ε P−C ε
1ε k
2ε k
⎟
⎠

(7)
(8)

(9)
(10)

In the above equations there are five constants that
should be prescribed as: C μ = 0.09 , C1ε = 1.44 ,
C 2ε = 1.92 , σ k = 1.0 and σ ε = 1.3 .
Boussinesq proposed the eddy viscosity concept
to determine the Reynolds stresses as:
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∂u j ⎞ 2
⎟ − kδ
i +
⎜ ∂x j ∂xi ⎟⎟ 3 ij
⎠
⎝
⎛ ∂u

τ ij = ( −ui′ u ′j ) = ν t ⎜⎜

used at the inlet and outlet boundaries, respectively, where u0 = the inlet velocity and n = the normal direction to the boundaries. For the solid
walls (pier surface) the no-slip boundary condition
was used; for free surface the rigid lid with symmetry condition and free slip condition are imposed. For the pressure in all boundaries the
Neumann condition is imposed except for the outlet in which the following relation is used (Gersho
1991):

(11)

where δij = the kroneker delta.
2.2 Method of solution
The Artificial Compressibility method (AC), proposed by Chorin (1967), has been adopted to solve
the three-dimensional Navier-stokes equations. In
this method, the artificial compressibility parameter β (which is related to an artificial speed of the
sound) enables the set of equations to converge to
a solution satisfying the incompressibility condition. Continuity equation (1) in AC method is then
modified by the first term, as given:
∂P ∂ ui
=0
+
ρβ 2 ∂t ∂xi
1

⎛ ∂u ⎞
Poutlet = 2 μ ⎜ n ⎟
⎝ ∂n ⎠

(13)

where μ = the dynamic viscosity of the fluid.
Moreover, in using the rigid lid concept the following point has to be considered with more care.
The difference in the surface elevation between
the front and side edges of the cylinder may, to a
first approximation, be written as Δh / h = Fr 2 for
small Froude numbers. Using this relation, it can
be seen that Δh / h < O(0.02), a ‘head’ difference
which is small enough not to cause any significant
flow in the radial direction (practically no Froudenumber effect) when Fr < O(0.2). At this stage, it
may be noted that the Froude number in the most
practical cases (except mountainous streams) is
very small, certainly smaller than O(0.2), and
therefore the present numerical model (without
the free surface ‘facility’) can be used with no serious implications (Roulund et al. 2005). The advantage of the rigid lid assumption is that it does
not require a vast amount of CPU time as for the
free surface model (Tseng et al. 2000).
The following expression was used for the bed
shear stress (Hakimzadeh & Falconer, 2007):

(12)

For the unsteady simulation of Navier-Stokes
equations, solution is achieved by using dual time
stepping or single time stepping with larger artificial compressibility parameter (Louda et al. 2008).
The faster convergence for a small time step of the
numerical model is obtained by choosing larger
β s (Kim & Menon, 1999). In this investigation
the single time method and the constant β (which
is higher than the order of the maximum flow velocity) are selected.
Also, the finite-volume method (FVM) has
been used on the structured grids to calculate the
3D unsteady incompressible Navier–Stokes equations. Temporal discretization has been done with
an explicit five-stage forth-order accurate Runge–
Kutta scheme. For the artificial compressibility
method in order to get the unsteady solution with
a single time step, the accuracy of more than the
first order is vital. Explicit time marching works
well for LES with the small time steps being necessary to resolve turbulence motion in time
(Breuer 1998). A collocated finite-volume discretization was used with the third order upwind
(Leonard 1975) and second order central schemes
being deployed for the convection and diffusion
terms, respectively. Also, in order to rectify the
problem of the unphysical pressure oscillation occurred in the non-staggered grids, the momentum
interpolation method (MIM) proposed by (Rhie &
Chow 1983) has been used.

where d = the thickness of the bed layer and ks
= Nickorades roughness of the bed material. Also,
for the RANS modeling the wall function was
used for simulation of the flow near the bed and
cylinder in which, the first grid near the wall must
be located at the outside of the viscous sub-layer
in the range of 30 < z + < 100 . Near the bed the solution is related to the wall function and local equilibrium of turbulence in which production equals
to the dissipation of the kinetic energy (Li & Yu
1996):

2.3 Boundary condition

k bed =

(15)

For the governing equations the following boundary conditions have been imposed. A uniform
velocity profile ( u = u0 , v = w = 0 ) and Neumann
boundary condition for velocity ( ∂ ui ∂n = 0 ) are

u∗2
C 0.5

ε bed =

u∗3
0.42d

(16)

⎡
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μ

−2

(14)

the bed material, ks was chosen very small (in the
order of 10 −5 ) due to smooth walls in the experiments. The calculations were all carried out with
a time step of Δt = 0.001 . In order to compare the
numerical results of LES, RANS and experimental
data we need to use time-averaging process for
LES (Cheng et al. 2003). The instantaneous quantities were then averaged over 5000 dimensionless
time steps with a temporal resolution of
Δt / Tb = Δtu0 / D = 0.016 (corresponding to an averaging time of 50 large-eddy turnover time Tb). All
computations in LES have also been carried out
on a personal DELL LATITUDE D830 laptop (Intel Dual Core Processor T7500 @ 2.2 GHz and
2.0 GB RAM). The computational time for a single run in the LES computation, was about 3
weeks on this processor. This computational time
could be extremely reduced by using a high performance computer.

The Neumann condition has been used when
the wall was rough and transitional where
(∂k ∂n = 0) was satisfied. At the outlet and free
surface the Neumann condition was imposed, for
the inlet, however, the following expressions were
used:
kin = 0.0005u0 2

(17)

εin = C μ3 4k 3 2 C μδ

(18)

where δ = boundary layer thickness which may
be set to be equal to the flow depth. For stabilizing
concerns, constant values for k and ε have been
prescribed at the first step of numerical solution
process. The bed boundary condition for LES was
treated using the log-law-based approximation
based on the assumption that the near-wall layer
consist of a fully viscous sub-layer and a turbulent
layer above it, as follows:
+
if
⎪⎧ z
u = ⎨ −1
+
⎪⎩ κ ln(9.81z ) if
+

z + ≤ 11.6
z + ≥ 11.6

(19)

where κ = 0.42 , u + = u / u* . The wall-shear
stress τ 0 = ρu*2 at the bed boundary was calculated
using the mentioned wall-function approach without fixing the value of velocity at the bed. Only
the normal component of the velocity at the wall
is imposed to vanish.
3 RESULTS AND DISCUSSION
In order to validate the developed model, two sets
of experimental data have been used. They are rigid bed experiments (Rouland et al. 2005 and
Dargahi 1989). For the first experiment the water
depth H = 0.54 m; pier diameter D=0.536 m; the approach velocity u 0 =0.326 m/s; Reynolds number of
the pier Re D = 1.7 × 10 5 ; Fr=0.14. For Dargahi’s experiment: Re D = 3.9 × 10 4 H = 0.2 m; D=0.15 m;
u0 =0.26 m/s; Fr=0.185; D50=0.36 mm. An O-type mesh
with clustering near the solid walls has firstly
been generated (Fig. 1). Care was taken to concentrate the mesh towards the cylinder surface to
guarantee the good quality of the grid especially
in the flow separation region. The computational
domain is about 24D in radial direction. A relatively coarse mesh of 80 × 80 × 20 cells is used in
this numerical modeling for both RANS and LES
models. Although this grid is relatively too coarse
for LES models, but it was chosen due to limit
performance of the current computers which are
commonly used for simulation. It should be noted
that in LES modeling the nearest grid to the wall
located in the viscous sub-layer i.e. z + < 5 . For the
RANS, the value of the Nikuradse roughness of

Figure 1. The O-type mesh generated in this simulation with
clustering near solid walls.

The time-averaged velocity fields in the vertical plane of symmetry, for different turbulence
models and experimental data of Roulund et al.
(2005) are depicted in Fig. 2. The predicted flow
pattern with the LES and RANS methods around
the pier are similar to the flow observed in experiment. Both of the models predicted a clockwise
circulation cell and strong down-flow in front of
the pier, with the first (and bigger) one being rotated in anticlockwise direction and the second
(and smaller) one being rotated in clockwise direction. Also, there is an up-ward flow near the
free surface in front of the pier that is in agreement with other experimental observations. This
upward flow and consequently the related generated bow wave in shallow flow depths can interfere and counteract the horseshoe vortex and weaken it (Melville 1975). For RANS calculation, no
upward flow was appeared in front of the pier near
the free surface. However, this upward flow can
be seen in the backside of the pier. Also a downward flow near the bed is seen both in the front
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and backside of the pier. It should be noted that
unfortunately there was no experimental data for
the up-half of the depth in Roulund et al.’s experiment. The predicted length of the reattachment
flow at the down-stream of the pier for LES was
about 1.7 times the pier diameter. The length was
about 1.64 for RANS calculations.
Figs. 3 and 4 show the profiles of the mean horizontal velocity (u) and the vertical velocity (w)
at the up- and down-stream of the pier for different elevation of the bed in the symmetry line of
the domain (y=0) obtained from the various numerical simulations together with the experimental data of Roulund et al. (2005). As can be seen
from the figures, the numerical of the LES show
some discrepancies from experimental data for
both horizontal and vertical velocities up-stream
of the pier. The discrepancy near the bed for the
horizontal velocity at z=5 cm is relatively high
and for the vertical velocity with receding from
the bed increases; however, at the down-stream of
the pier the results are in a relatively good agreement with the experimental data. The discrepancy
may partly be due to the bed boundary condition
used and/or the estimated Smagorinsky parameter
near the wall. In RANS modeling, the results for
the vertical velocities are in good agreement with
the experiment but the horizontal velocities have
relatively high discrepancies with the experimental data. It should be noted that the results of this
investigation for both LES and k-ε are in better
agreement with the experimental data than the
numerical model results of Roulund et al. (2005).
They have used the k-ω turbulence model in their
calculations. (The results have not been given here
for brevity).
Fig. 5 shows the instantaneous horseshoe vortices simulated with LES approach at the upstream
of the pier at various time steps. This Variation
shows the quasi-periodic behavior of the horseshoe vortex (HV) system near the bed that highly
affects the scour process (since HV has the basic
role in increasing the bed shear stress near the
pier). Using FFT (Fast-Fourier Transform) the
frequencies of this vortex shedding can be found
from the time variations. Dargahi (1989) indicated
rang of 0.1 to 2 Hz for this vortex shedding. This
extent range of the frequencies shows that a comprehensive description of the behavior of HVs is
not possible. As it can be observed from Fig. 6,
there are five horseshoe vortices near the bed at
the up-stream of the pier. These time averaged
streamlines of LES modeling shows the behavior
of the flow at the up-stream of the pier. However,
the RANS model could predict only one vortex, as
can be seen from Fig. 7. The first vortex (V1) can
only be appeared in the LES modeling as can be
seen in other experimental data. These vortices

(V1 –V5) can also be found in DNS modeling of
Yuhi et al. (2000). It seems that the number of
these vortices is related to the Re number, the
roughness of the bed and boundary layer thickness. The altitude of these vortices decreases from
V2 to V5 and they are a little extended to upstream direction.

x/D
Figure 2. Comparison of the time-averaged velocity vectors
of LES, k − ε and the experiment of Roulund et al. (2005)
in the plane of symmetry (y=0).

Figure 3. Comparison of the horizontal velocity distribution
at up and downstream of the circular pier at z=5cm(top),
z=10 cm (mid), z=20 (down) from the bed, between LES,
k − ε and experimental data of Roulund et al. (2005).
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No vortex shedding was observed in the RANS
computation. LES could capture the vortex shedding of the horseshoe and wake vortices. Also, the
time-averaged pressure distribution around the
pier for RANS and LES are shown in Fig. 8.

value of the bed shear stress. It is clear from the
figure that the magnitude of the bed shear stress is
amplified by horseshoe vortices. Therefore, there
are about five picks on the graph of bed shear
stress for the LES but there is only one pick for
the k-ε model. The shear stress in LES model is
more intensive and extensive than the k-ε model.
These results indicate that choosing the correct
and accurate turbulence model is very important
in the scour modeling. It should be noted that the
graph is the time-averaged data of LES and the instantaneous flow may have numerous and larger
picks than the time-averaged model results.

Figure 4. Comparison of the vertical velocity distribution up
and downstream of the circular pier for LES, k − ε and experimental data of Roulund et al. (2005), (z=5cm (top), z=10
cm (mid), z=20 (down) from the bed).

This figure shows the negative values of the
pressure field around the pier. In the LES, the
minimum value of the pressure occurs in almost
70 degrees from the stagnation point in clockwise
direction. In the k-ε, the maximum negative value
is the same as the LES modeling but its location is
in almost 80 degrees from the stagnation point.
Also in the k-ε, a bulge can be observed in the
pressure coefficient distribution in about 100 degrees from the stagnation point, just after the minimum pressure coefficient. In Fig. 9 the contribution of the time-averaged pressure around circular
pier for LES and k-ε models, are depicted. In the
LES model some asymmetries can be observed
due to inadequate averaging time of large-eddy
turnover time.
Also, as can be seen from Fig. 9, the results of
RANS are different from those of the LES. In the
RANS the contours of the negative pressure have
been stretched to the downstream but in the LES
this stretch-ness is accompanied by the encircling
space in downstream. Therefore, in this research
and for the RANS model, there is not any complete closed vortex circulation for Lee wakes in
the free surface layer of the flow and only a reverse flow at the down-stream of the pier can be
observed. It should be noted that the other layers
have the complete circulation of the Lee wake
vortices. Finally, fig. 10 describes the magnitude
of the bed shear stress distribution along the
symmetry line (y=0) normalized with undisturbed

Figure 5. The instantaneous horseshoe vortices simulated by
LES approach upstream of the pier at various time steps and
in the plane of symmetry (y=0).
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4 CONCLUSION

6) The LES method is very sensitive to the
Smagorinsky parameter ( C s ). The dynamic procedure for calculating of this parameter may get better results.

Two different numerical models for simulation of
the turbulent flow around the circular pier have
been developed. For the first one, RANS calculations with k-ε model and for the second one, the
LES with constant Smagorinsky parameter have
been used. The developed models have been compared with two sets of the laboratory experimental
data. As a result, the following conclusions can be
drawn:
1) The RANS simulation has relatively sufficient accuracy for engineering application
and needs fewer grids for simulation.
However, this method has its drawbacks
namely, inability to show the correct periodic behavior of the vortex shedding of the
both horseshoe and Lee wake vortices and
the model results may partly be due to using wall function.
2) The main purpose of numerical modeling
of the flow field around the circular pier is
to estimate the bed shear stress around the
circular pier. The results showed that two
turbulent models predicted various bed
shear stresses at the up-stream of the cylinder. The bed shear stress in the LES
model is more intensive and extensive than
the k-ε model.
3) In this research study, in contrast to the
LES model no vortex shedding has been
captured by standard k-ε model at both upstream and down-stream of the pier.
4) The LES model has then shown better results than k-ε model, particularly in predicting the horseshoe and Lee wake vortex
shedding.
5) Some discrepancies were observed in
comparing the model results with the experimental data, there are probably due to:
the insufficient resolution near the solid
walls, domain extent and number of grid
points, using the single time method instead of using the dual time step method
and the rigid lid assumption for the free
surface that is to some extent questionable.

Figure 6. Time averaged streamline of the flow at the plane
of symmetry and the near bed plane using LES.

Figure 7. Time averaged streamline of the flow at the plane
of symmetry and the near bed plane using RANS.

Figure 8. Time-averaged pressure coefficient around the pier
for k − ε and LES modeling.
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ABSTRACT: Secondary currents are flows (usually vortices) in a cross section vertically against primary
flows. Secondary currents grow significantly in recirculation at abrupt expansions. Computational models for
simulating those secondary currents requires are usually 3D (three-dimensional) models because secondary
flows are intrinsically three-dimensional. However full 3D models are sometimes not optimal tools on practical point of view because they require the computational heavy load and larger CPU time, though 3D models
reproduce flows more accurately and realistically. On the other hand, normal 2D models are much less expensive but it is too simple to replicate secondary currents. In this paper, we examined the applicability of advanced 2D models in which effects of secondary currents are integrated. Such model is likely able to reproduce mean flows of a river with secondary currents though the computational load of the models is
competitive with normal 2D models. The performance of the models is validated by comparing the numerical
results with measured data in a real river. The USGS performed a flooding experiment in Colorado River in
March 2008 and measured stream regime in three-dimension before, during and after the flood. The performances of these 2D models are examined focussing on the secondary current in real river scales through the
comparison with the measured data by USGS. The numerical results show that the advanced 2D models can
predict reasonably the fundamental features of mean velocity profiles and qualitative aspects of the secondary
currents.
Keywords: Numerical simulation, Secondary currents, the Colorado River, plane 2D CFD model
In this paper, we tried to apply advanced 2D
models, in which effects of secondary currents are
incorporated through vertical integration, to secondary currents phenomena in real rivers. The advanced 2D models are likely able to reproduce
mean flow patterns of a river with secondary currents and their computational load is much less
than 3D models. In addition, we can reconstruct
three-dimensional flows from calculated mean
flows considering assumed velocity profiles in the
stream-wise and transverse directions.
The computations are performed under the
same conditions of the measured data in Colorado
River, USA performed by United States Geological Survey (USGS). We applied 3 different types
of depth averaged models and the model performance in each model is discussed through the comparison with the measured data.

1 INTRODUCTION
1.1 General
Secondary currents of the first kind that arise at
river bends or recirculation zone are flows (vortices) in a cross section vertically against primary
flows due to the local unbalance of pressure gradient and the centrifugal force. The rate of development and movement of the secondary currents
closely depends on the complex 3D (threedimensional) flow features. Therefore simulation
model for those secondary currents requires precise modelling of 3D process in eddies. However
3D models are not optimal tools on practical side
because the models require heavy load on computers and long CPU time. On the other hand, a
normal 2D model, which is often used for practical flow phenomena as well as sediment transport
in real rivers, is light loaded but it is too simple to
replicate secondary currents.
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1.2 Flood Experiment by USGS

Velocities were measured at 10m intervals in x
and y directions and at 33cm intervals in z direction (x:streamwise direction, y:spanwise direction,
z:vertical direction).
The focused place is at 45 river-miles downstream from the dam. (See Figure. 2) There are
two pools (side-cavities) around there. In this paper, we consider the upper one which is called
Eminence. (See Figure.3)

In March 2008, an artificial flood experiment was
conducted in Colorado River by USGS. The data
that measured during this experiment are quite
beneficial to verify numerical models focusing on
secondary currents as
- detailed 3D flow measurement data in real
rivers themselves are difficult to be obtained.
- the ratio of width / depth in the Colorado
river is high and secondary currents develop well.
- the measurement site locates in a desert and
there is little vegetation in the river channel, so unaffected flows by vegetation can
be observed.
The hydrograph of this flood is shown in Figure 1. The hydrograph was composed of a rising
limb of about 36 hours, a steady high discharge
with duration of about 60 hours, and a falling limb
of about 28hours.

Focused site

(m 3 / s)

Figure 2 Location map of the Colorado River.

1.3 Secondary currents at Eminence
Figure.3 shows measured depth-averaged velocities. A large eddy can be seen around the cavity
like area. Figure.4 shows a cross sectional flow
pattern along ① cross section which is the closest section to the centre of the large eddy.
Downward flows can be seen near the left and
right banks and an upward flow can be seen
around the centre part. Those flows indicate generation of secondary current cased by the recirculation around a pool.

Figure 1 Discharge hydrograph measured at Glen Canyon
Dam

Before, during and after the high flow period,
measurements were done at several sites along the
river by USGS scientists and surveyors (e.g., at
river-miles 30, 45, 60, 87). For verifying advanced
2D models (refer to section 2.), data collection focuses on an eddy near River-Mile 45. This area
contains two pools (Eminence and Willie Taylor
pools) connected by a small rapid/riffle. Data collection in this research includes the following:
1.
2.
3.
4.
5.

Multi-beam surveys twice a day
ADCP surveys twice a day
Suspended-sediment samples daily
Pre- and post- high flow bed grain-size surveys
Post-high flow trenching of deposits, sedimentology
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where, (x,y):spatial coordinate, t:time, h: water
depth, (u, v):depth-averaged velocity components
in (x, y) directions, (M, N):fluxes in (x, y) direction defined as(hu, hv), (u’, v’): turbulence velocities in (x, y) directions, -u’iu’j: depth-averaged
Reynolds stress tensor, v: dynamic viscosity coef:bed slope, f: friction coefficient
ficient,
(friction of Reynolds number), ( bx, by): bed friction stress vector, :momentum coefficient, f:
angle between stream line and x-axis, (Dx, Dy):
eddy diffusivity coefficients in (x, y) directions,
( bx, by): bottom shear-stresses in ( x, y ) directions, Scx, Scy, Scc: additional terms due to the secondary currents.
Components of the bottom shear-stress vector
are evaluated by

Figure 3 The upper pool which is called Eminence and its
measured depth-averaged velocities during the peak flow.
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Figure 4 Cross section at ①. Z axis means depth in meter,
X axis means X coordinate. Vectors mean velocities.
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2.1 Basic Equations
The governing equations are composed of depthaveraged continuity and momentum equations.
The equations in the Cartesian coordinate are described as follows.
{Continuity equation}
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where κ = 0.41 , As= 5.5. A simple 0-equation
model presented in eq. (9) was used to evaluate
the depth-averaged Reynolds stress tensors (Kimura & Honda, 1997).

(1)

{Momentum equation in x-direction}
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where f =friction factor related to local Reynolds
number Re '≡ uh / v , evaluated as follows:

2 NUMERICAL ANALYSYS METHOD
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2
2

⎞ 2
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is used in
where = empirical constant (
this research); u*= local friction velocity ; and
k = depth-averaged turbulent kinetic energy
evaluated by the empirical formula proposed by
Neze & Nakagawa (1993), who proposed the
universal expression in equation (9) for turbulent
kinetic-energy distribution

(2)

⎧ ∂ ⎛ ∂u ⎞ ∂ ⎛ ∂u ⎞⎫
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{Momentum equation in y-direction}
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model, An is evaluated using a transport equation.
Detailed descriptions of the model are given in the
paper by Hosoda et al (2001). Cs2, Csn and Cn2 are
model coefficients expressed with velocity profile
functions as:
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where z=direction perpendicular to the bottom
bed. The depth-averaged turbulent kinetic energy
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Hosoda et al (2001) derived the coefficients using velocity profiles proposed a model considering the change of velocity profile affected by the
development of the secondary currents (Onda,
2004). Details of models are shown in each reference.
We consider the following 4 models.
Model 1: A plane 2D model without effects of
secondary currents
Model 2: A plane 2D model with effects of
secondary cur rents. The lag between
the streamline curvature and the development of secondary currents are
not included.
Model 3: A plane 2D model with effects of
secondary cur rents. The lag between
the streamline curvature and the development of secondary currents are
considered.
Model 4: A plane 2D model with effects of
secondary cur rents. The lag between
the streamline curvature and the development of secondary currents as
well as the change of mainstream velocity profile affected by the secondary currents are considered.
The governing equations in the Cartesian coordinate shown above are transformed into the generalized curvilinear form before application to real
river flows. The detailed process of the transformation is available in Hosoda et al (2001).

(18)

(19)

(20)

The coefficient An means the magnitude of the
secondary current. In the model neglecting the lag
between the streamline curvature and the development of the secondary current, An is simply
evaluated as:
An =

2

n

where

The additional term caused by the secondary
currents Scx, Scy and Scs are given as:
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(qsu-w0cb) in the equations (4) and (5) means
suspend and deposition of sediment. sin f and
cos f can be calculated by

sin θ f =

2

0

(21)

2.2 Numerical Scheme

where R: curvature radius of the streamline. Hosoda et al (2001) proposed a more sophisticated
model, which takes into account the lag between
the curvature and secondary currents. In this

The governing equations are solved numerically
using the finite volume method on a full staggered
grid considering the conservativeness and compu222

tational stability. The grid has
gridlines with grid cells of about
. (See Figure 5). 3 hours computation time for entire high
flow period is performed using 4 models.

Figure 5 Computational grid
Table.1 Numerical conditions
i axis
j axis
Grain size
coefficient of roughness
Water depth
Discharge (during flood)
Downstream conditions for
velocity
Side wall

Figure 6 Time mean velocity vectors in the experimental result and numerical results with model 1, 3 and 4.

70 meshes (7m)
30 meshes (7m)
1.88mm
0.0164
Uniform flow depth is
given at downstream end
1210 m3/s

3.2 Flow Velocity Distribution at the centre of
the eddy
Figure 7 shows the time-mean velocity profile
across the section A-A shown in Figure 5. This
line locates on the centre of the recirculation. The
horizontal axis denotes the distance from the left
bank and V denotes the velocity component perpendicular to the A-A section. The location of
V=0 means the centre of the recirculation.
In the measured result, the location of V=0 is
60m from the left bank. In the computational results, this distance is 80m in model 1 and 60m in
models 3 and 4.
All computational results generally replicated
the velocity profile satisfactorily except the velocity around the peak near the left bank, where all
models considerably over-predicted the maximum
velocity. Through careful observation of computations, it is found that the numerical models with
effects of the secondary current (models 3 and 4)
could reproduce the velocity profile better than the
model without effects of the secondary current. In
the computations, we could not get a result with
model 2 because the calculation with model 2 gets
unstable. This is because the additional terms
caused by the secondary currents like Scx, Scy and
Scs change rapidly near large scale vortexes which
develop periodically at the interface. Around unsteady phenomena with separation vortexes, separation vortexes disappear before secondary currents fully develop and secondary currents also
decay. It is pointed out that the model considering

Gradient 0 condition

∂u ∂v
=
=0
∂ξ ∂ξ

Slip condition

3 RESULTS AND DISCUSSION
3.1 Analysis on velocity vectors
Figure 6 shows the time mean velocity vectors in
the experimental and numerical results. In the
numerical results, the colour contour of the velocity magnitude is shown together. In the result with
model 1, there are two recirculations at left side
bank though only one recirculation can be seen in
the measured data. In each model 3 and 4, one recirculation is reproduced and the scale of the reproduce vortex is in good agreement with the
measured result. When a recirculation occurs, the
velocity near the bed goes toward the centre of the
recirculation due to the generation of the secondary current. Such velocity near the bed cause a
reaction force, which has effect to enlarge the
scale of the recirculation. The comparison of the
numerical results showed that the numerical
model without effects of the secondary current
may under-predict the horizontal scale of a recirculation. (See Figure.6)
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This seems to be the reason that the secondary
current is clearer in the result by Model 4.

the lag is necessary to get stable computational results for the flow phenomena with unsteady vortex
shedding.

4 CONCLUSION
This paper presents the application of depth averaged plane 2D models with and without considering effects of the secondary currents to the field
measurement data performed at the Colorado
River, USA. 4 different types of depth averaged
2D models are applied. The comparison of the
computational results and measurement data indicated that only the models considering effects of
the secondary current could reproduce precisely
the horizontal scale of the recirculating flow
around a side-cavity. The computed flow patterns
in a vertical section across the centre of the vortex
contain a pair of vortices. The results imply that
the depth averaged model including effect of the
secondary current is a reasonable tool to predict
flow structures in river flows with recirculation.
In the next steps, we should perform the computation under unsteady conditions and also
should compute the sediment transport with bed
deformations.

Figure 7 Abscissa axis means the distance from left bank.
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Figure 8 Section B-B in model 3 and C-C in model 4.

3.3 Vertical flows at the centre of the eddy
Figure 8 shows the velocity vectors and contour
map of the vorticity at vertical sections along section B-B (model 3) and C-C (model 4). The sections B-B and C-C are chosen to go across the
centre of the recirculation in each computational
result. Those velocity patterns in vertical sections
can be calculated using assumed velocity profiles
and a three-dimensional continuity equation. In
both result, a vortex in the clockwise direction can
be seen near left bank and a vortex in the anticlockwise direction can be seen near right bank. In
the result by model 3, those two vortices show the
generation of the secondary current of the first
kind. The generation of the secondary current was
simulated clearer in the result by model 3 than that
by model 4. Model 4 includes the effect of the deformations of velocity profiles due to the generation of the secondary current. The deformation of
the velocity profile has effect to suppress the development of secondary current due to the invers
velocity profile near the surface. In other words,
Model 3 can over-predict the secondary current.
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ABSTRACT: High-resolution eddy-resolving numerical simulations of the flow at an asymmetric river
confluence with concordant bed are used to investigate the effect of the momentum ratio on the flow and
turbulence structure. The focus is on a case with a value of the momentum ratio between the two streams
close to five. To better understand the effect of the momentum ratio on the flow hydrodynamics, comparison is shown with results from a numerical simulation of the flow at the same confluence but with a momentum ratio close to one. The Detached Eddy Simulation (DES) solutions are used to investigate the
changes in the dynamics of large-scale coherent structures, in particular, the mixing layer vortices and the
streamwise oriented vortical cells forming on the sides of the mixing layer. The comparison between the
two cases shows that: (1) the quasi two-dimensional vortices shed in the mixing layer change from wake
type to vortex sheet type as the momentum ratio increases from one to five; the coherence of these eddies
and their capacity to entrain sediment from the bed is much larger in the later case; (2) while being of
comparable strength when the momentum ratio is close to one, the streamwise oriented cell on the high
momentum side of the mixing layer is much stronger than the cell on the low-momentum side of this
layer when the momentum ratio is large.
Keywords: Confluence, Detached Eddy Simulation, large scale coherent structures, mixing layer
dies have focused on the relationship between the
flow, turbulence and sediment transport (e.g.,
Boyer et al., 2006) because confluences play an
important role in regulating the movement of sediment through river systems. The main advantage
of field studies over laboratory studies is that they
are free of scale effects.
Related laboratory and theoretical studies have
been performed to quantitatively characterize the
spatial development of shallow mixing layers developing in channels with flat beds. In most cases
these investigations consider only the simplest
case of a mixing layer developing between two
parallel incoming streams (e.g., Chu et al., 1991).
The direct relevance of these shallow mixing layer
studies to river confluences, and especially for
cases with a momentum ratio between the two
streams that is close to unity, is limited. Field studies suggest that shallow mixing layers at confluences are complex (Rhoads and Sukhodolov,
2004) because the incoming streams generally are
not parallel; scour holes develop downstream of
the confluence; channel alignment downstream of

1 INTRODUCTION
River confluences are fundamental elements of
river networks. A significant change in the flow
hydrodynamics (e.g., the formation of a mixing
layer starting at the confluence apex), bed geometry, and water quality is generally observed for
some distance downstream of the confluence. Interest in flow hydrodynamics and transport
processes (sediment and contaminant transport,
heat transfer), and their morphological and ecological implications (e.g., development of large
scour holes, increase of aquatic habitat for some
river organisms), has generated a considerable
amount of research during the last few decades.
Mosley (1976) conducted one of the first laboratory experiments to understand the main characteristics of flow and mixing at river junctions.
Field studies have been performed to investigate flow and turbulence structure at river confluences quantitatively by analyzing point measurement data (e.g., Rhoads and Sukhodolov, 2001,
2008; Sukhodolov and Rhoads, 2001). Other stu225

for river confluences. The data provided by a sufficiently well resolved DES illuminates details of
the flow, turbulence structure and sediment erosion processes. Eddy resolving techniques also allow a detailed characterization of the type and
scale of the dynamically important turbulent structures controlling the momentum and mass exchange processes in the CHZ. Of particular interest is to be able to characterize the position,
spatial extent and the strength of the streamwiseoriented cells of helical motion forming on one or
both sides of the mixing layer and the position and
spatial growth of the mixing layer originating at
the confluence apex.
The momentum ratio between the two incoming streams is known to be one of the key parameters that control the flow hydrodynamics and mixing in the CHZ. In the numerical simulation
conducted by Miyawaki et al. (2009), the momentum ratio was close to unity. To understand the
qualitative and quantitative changes in the flow
structure with momentum ratio, a numerical simulation of field conditions with a high momentum
ratio (~5) is conducted in the present study and
compared to the simulation with a momentum ratio close to unity.

the confluence may be curved rather than straight,
and quasi two-dimensional (2D) mixing-layer vortices can interact with streamwise-oriented vortices that may develop on one or both sides of the
mixing layer. The mechanism responsible for the
formation of these streamwise cells of helical motion was discussed, among others, by Rhoads
(1996), Paola (1997) and Miyawaki et al., (2009).
For confluences with a large angle between the
incoming streams, these cells, rather than the predominantly vertical quasi-2D mixing layer vortices, play the most important role in the mixing and
sediment entrainment that occurs in the confluence hydrodynamic zone (CHZ) (Kenworthy and
Rhoads, 1995). For example, sediment particles
entrained at the bed beneath streamwise-oriented
helical cells can be convected over large distances
inside the core of these cells before being ejected
back into the surrounding turbulent flow. The
cells act as a pumping mechanism for sediment
over considerable distances downstream of the
confluence apex and play a determinant role in the
formation of the scour hole observed at most river
confluences.
The complexities of the flow and transport
processes in the confluence region are still to be
fully understood. Field studies provide a powerful
tool to investigate the flow, turbulence, mixing
and sediment transport processes at river confluences. However, recent advances in the numerical
simulation of complex turbulent flows at large
(field) Reynolds numbers allow an alternative approach to investigate these flows. For example,
Miyawaki et al. (2009) succeeded in reproducing
the main features of the three-dimensional flow
field at an asymmetrical river confluence with
concordant bed using Detached Eddy Simulation
(DES). Additionally, the mixing between the two
streams was investigated by Miyawaki (2009).
DES is a hybrid model that behaves like a Reynolds Averaged Navier-Stokes (RANS) model
near the solid boundaries and like a Large Eddy
Simulation (LES) model away from them. The
switch to RANS in the near-wall regions allows
simulations to be performed for Reynolds numbers typical of field settings using much less computational resources than those required by wellresolved LES.
Once validated, the advantage of such a fully
3D numerical model is that it provides the whole
three-dimensional instantaneous and mean flow
fields at a resolution that is much more detailed
than the point sampling provided by field studies.
Additionally, the distributions of the friction velocity and pressure root-mean-square (rms) fluctuations at the bed are available from these simulations. These two variables are hard to estimate
accurately for natural channels, and in particular

2 NUM ERICAL SIMULAT ION
2.1 Description of the test cases
The study site is the confluence of the Kaskaskia
River (KR) and the Copper Slough (CS) in east
central Illinois, U.S.A. KR has sandy bed material (d50 = 0.67 mm), while CS has a mixed sand
and gravel bed (d50 = 3.5 mm). The bathymetry
and flow conditions at the confluence were measured in two field studies conducted by Rhoads and
Sukhodolov (2001, 2008). The flow and geometrical parameters in the simulations are close to
those in the experiments. In this paper, the simulation for field conditions in Rhoads and Sukhodolov (2001) is called Case 1 and the simulation
for field conditions in Rhoads and Sukhodolov
(2008) is called Case 2. The field measurements in
Case 2 were obtained one year after those for
Case 1.
Table 1 compares the flow conditions for the
two test cases. The middle row in Table 1 contains
variables calculated using the average values of
the velocity and depth between the two streams.
The momentum of a certain stream (i) is defined
as ρQiUi, where Qi and Ui are the discharge and
mean velocity in the stream. The momentum ratio (Mr) between the two streams in Case 2
(Mr~5.4) is about five times larger than the one in
Case1 (Mr~1), as CS has much more momentum
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tive difference between the two bathymetries is
that the shallow region, representing a submerged
bar located between cross-sections A and C in
Case 2, is not present in Case 1. On the CS side,
the bank curvature at the entrance into the downstream channel is high.

than KR. The other important difference between
the flow conditions in the two test cases is that the
mean flow depth in Case 2 is about two thirds that
in Case 1. The physical Reynolds numbers (Re)
based on the mean velocity and the mean flow
depth in Case 1 and Case 2 are approximately
166,000 and 77,000, respectively.
The paper by Miyawaki et al. (2009) contains a
validation study of Case 1 for which detailed field
data were available at several cross sections. This
paper focuses on comparing the flow and turbulence structure in Case 2 to those in Case1.
In the following discussion, all the quantities
are non-dimensionalized using the mean velocity
(U) and the mean depth (D) in Case 1, i.e., U =
0.45 m/s and D = 0.36 m (see also Table 1).
The cross-section of both tributaries is trapezoidal. The KR tributary is close to parallel to the
downstream channel, while the CS tributary forms
an angle of about 600 with the downstream channel. As can be seen from Fig. 1 in which the datum corresponds to the position of the free surface
in Case 1 and the datum in Case 2 is situated at
z`=0.58D, the maximum depth of the scour hole is
about the same (~3.0D) in the two cases, but the
volume of the scour hole in Case 2 is significantly
smaller than that in Case 1. An important qualita-

2.2 Numerical model
A general description of the DES code is given in
Chang et al. (2007). The 3-D incompressible
Navier-Stokes equations are integrated using a
fully implicit fractional-step method. The governing equations are transformed to generalized curvilinear coordinates on a non-staggered grid. The
convective terms in the momentum equations are
discretized using the fifth-order accurate upwind
biased scheme. All other terms in the momentum
and pressure-Poisson equations are approximated
using second-order central differences. The discrete momentum (predictor step) and turbulence
model equations are integrated in pseudo-time using alternate direction implicit (ADI) approximate
factorization scheme. The Spalart-Allmaras (SA)
one-equation model was used as the base model in
DES. Time integration is done using a double
time-stepping algorithm and local time stepping is

Table 1. Flow conditions in the two incoming streams (i=1 and i=2, respectively) and
main non-dimensional parameters of the confluence flow in Case 1 and Case 2.
Case Stream

1

2

Qi

Ui

ρQi Ui

Di

(m 3 /s)

(m/s)

(kg·m/s)

(m)

KR

1.41

0.42

CS

1.34

0.46

KR

0.35

0.19

CS

0.75

0.45

0.45

0.34

597

0.48

615

0.32

65

0.28

337

0.19

Re

Fr

Mr

0.36

166,000

0.24

1.0

0.23

77,000

0.22

5.4

*KR = Kaskaskia River, CS = Copper Slough, Mr = Momentum ratio
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Figure 1. Bathymetry in the region surrounding the confluence. (a) Case 1, (b) Case 2. The bathymetry is
visualized using non-dimensional bed elevation contours, z’/D.
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used to accelerate the convergence at each physical time step. The time discretization is second
order accurate. Miyawaki et al (2009) showed
that DES predictions of the mean velocity fields
are in very good agreement with the field measurements for Case 1. Additional river engineering applications using the same DES code and validation
are
discussed
in
Kirkil
and
Constantinescu (2009) and Koken and Constantinescu (2009).

3 RESULTS
3.1 Mixing layer vortices
The DES results show that the axes of the mixing
layer (ML) vortices remain close to vertical over
the whole channel depth as they are convected
downstream – a result consistent with the field data (Rhoads and Sukhodolov, 2008). Fig. 2 visualizes the mixing layer vortices in the two cases using instantaneous out-of-plane vorticity contours
plotted on a surface situated 0.1D below the surface. The black patches contain high negative vorticity and correspond to the clockwise rotating
vortices. The white patches contain high positive
vorticity and correspond to the location of counter-clockwise rotating vortices.
As previously discussed, a shallow region exists in Case 2 between cross-sections A and C
along the KR inner bank (see Fig. 1b). The flow
depth is less than 0.1D over this submerged bar
and thus the bar intersects the horizontal plane of
vorticity contours (Fig. 2B). The bar changes the
flow pattern dramatically compared to Case 1. As
the flow from the CS tributary reaches the submerged bar, it forms relatively strong shear layers
on both sides of this feature.
In Case 1, a shear layer marked by positive
vorticity forms close to the CS side near the
downstream junction corner (section A1) and extends outward into the main flow. The development of this shear layer is related to the abrupt
change in alignment of the curved bank. Similar
shear layers develop at the inner bank in open
channel bends of high curvature (Zeng et al.,
2008). In Case 2, the effect of the submerged bar
shifts this shear layer close to the channel bank.
The shear layer detaches from the inner (CS) bank
of the downstream channel and diverges around
the bar between sections A and C, with the
strongest limb on the left side of the submerged
bar. Thus, as opposed to Case 1 in which the near-

2.3 Simulation setup
The simulation setup and boundary conditions for
Case 2 are similar to those used for Case 1. The
mean of the average depths and average velocities
in the KR and CS streams are 0.23 m and 0.34
m/s, respectively, for Case 2. These two quantities
can be used to define a physical Reynolds number
for Case 2. Based also on information from the
field study, the equivalent non-dimensional bed
roughness is close to 170 wall units corresponding
to a physical roughness height of 0.01 m. The
channel bed and lateral walls are treated as rough
no-slip boundaries.
At the two inflow sections, turbulent inflow
conditions corresponding to fully-developed turbulent channel flow are applied. The velocity
fields from preliminary periodic-channel LES simulations are stored in a file and then fed in a
time-accurate manner through the two inflow sections, KR and CS.
At the outflow, a convective boundary condition is used. The free surface is treated as a rigid
lid. This is justified, as, similar to Case 1, the
channel Froude number in Case 2 is relatively
small (Fr=0.22). The computational domain was
meshed with about 5 million cells. The physical
time step is close to 0.07 sec.
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Figure 2. Visualization of the vortical structure of the flow in a horizontal plane situated 0.1D below the
free surface using non-dimensional out-of-plane (vertical) vorticity contours. (a) Case 1, (b) Case 2.

228

counter-clockwise rotating ones. In Case 2, no
counter-clockwise rotating vortices are observed
over the upstream part of the mixing layer. The
white streak of negative vorticity present on the
CS side of the ML is due to the fact that the horizontal plane cuts through the strong streamwise
oriented vortex forming on the CS side of the ML.
This interaction explains the formation of patches
of positive vorticity on the CS side of the ML
farther downstream (sections A-C).
The large horizontal shear present in Case 2 is
responsible for the formation of a ML of vortex
sheet type. The small horizontal shear present in
Case 1 means the vortex sheet type is still present.
However, the structure and dynamics of the shear
layers developing on both sides of the confluence
apex and the ML vortices show that the ML in
Case 1 is dominantly of wake type.
Even in cases when the difference in the mean
streamwise velocity between the two streams is
small (e.g., Case 1, see Table 1), a well defined
ML-like region forms at confluences if the angle
between the two tributaries is not equal to zero. In
these cases, the usual definition of the mixing
layer thickness as the maximum slope thickness at
a certain section will predict a negligible thickness
of the mixing layer, which is wrong. In this paper, we will define the ML thickness as the width
of the region in which the ML vortices are convected downstream. As expected, the width of this
region increases downstream, at least until the ML
approaches one of the banks (e.g., the KS bank in
Case 2), or it starts interacting with large-scale
eddies generated by other flow and bathymetric
features (e.g., the eddies generated by the passage
of the flow over the submerged bank block near
section A3 in Case 1). As inferred from Fig. 2, the
ML thickness at cross-section A in Case 2 is approximately half the one in Case 1. Despite the
fact that the ML is thicker in Case 1, the coherence of the clockwise rotating ML vortices is
larger in Case 2. The dominant frequency of passage of the vortices at cross-section A1 is about
0.20U/D for Case 2 and 0.15U/D for Case 1. The
frequency for case 2 is nearly identical with the
frequency obtained from the field data (Rhoads
and Sukhodolov, 2008).
Compared to Case 1, where the ML remains
close to the channel centerline, the ML shifts
strongly toward the KR side in Case 2. This is obviously due to the large difference in the momentum ratio between the two streams and the presence of the very shallow region close to the CS
side that diverts the flow toward the opposite bank
of the downstream channel. The difference in the
mean channel depths is expected to play a relatively minor role in the shift of the ML. Again the

bank shear layer extends outward to interact with
the downstream part of the ML (around section
C), in Case 2 the inner-bank shear layer does not
affect the downstream development of the ML.
Also in Case 2, a large recirculation region forms
downstream of section C on the CS side of the
channel. Such a recirculation region is not present
in Case 1. Its formation has important consequences for the mixing processes and sediment
transport and deposition in the main channel.
Another difference observed in the vorticity
distributions shown in Figs. 2a and 2b is the absence of large-scale energetic eddies on the KS
side of the channel. These eddies are generated in
Case 1 because of the presence of a submerged
block of sediment near section A3 that formed due
to bank failure. A strong mixing layer forms as
water is pushed over the top of the block of sediment. The water depth is not large enough in Case
2 to submerge the block of failed material. Thus,
the main mechanism responsible for the generation of the strong eddies close to the KS bank is
not present in Case 2.
The structure of the ML is very different in the
two cases. As shown in Fig. 2, the ML contains
only clockwise-rotating vortices in Case 2, whereas an array of alternating clockwise and counterclockwise rotating vortices is observed in Case1.
This qualitative difference in the structure of the
ML is not a consequence of the difference in the
bathymetry in the two cases. Rather, it is directly
related to the relative differences in the mean
streamwise velocities and streamwise momentums
between the two streams.
The formation of the ML vortices in Case 2 is
mainly driven by the growth of the KelvinHelmholtz instability that develops between two
streams of different velocity (vortex sheet type).
In Case 1, the formation of the ML vortices is
mainly driven by the interaction of the detached
shear layers forming on the two sides of the confluence apex. The mixing layer vortices in Case 1
resemble the von Karman vortex street developing
behind a bluff body (wake type). The wake recirculation region is negligible in Case 2, as the
shear layers remain attached until very close to the
confluence apex. By contrast, in Case 1 the shear
layers detach some short distance upstream of the
confluence apex and the interaction of their downstream ends induces the alternate shedding of eddies containing positive and negative vorticity,
similar to the case of flow past a bluff body. Because the mean velocity on the CS side in Case 1
is slightly larger (by about 10%) than the mean
velocity on the KS side, the clockwise-rotating
vortices are, on average, slightly stronger (e.g.,
larger circulation, more compact distribution of
the vorticity within the core of the vortex) than the
229

A3

A

A3

A1

A

C

A1

C
(b)

(a)

Figure 3. Visualization of the vortical structure of the flow using the Q-criterion; the Q=0.05(U/D)2 isosurface is shown. (a) Case 1, (b) Case 2.
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Figure 4. Streamwise variation of the non-dimensional circulation of the two streamwise-oriented vortices
and of the ratio between the circulations of the two vortices. (a) Case 1, (b) Case 2. The dash dotted line
shows the level corresponding to Γin1 /Γout1 =1

confluence angle, orientation of the incoming
streams, channel curvature and the bathymetry in
the confluence region.
DES allows a quantitative comparison of the
position, extent and strength of the SVs. Figure 3
visualizes the position of the SVs in the mean
flow using the Q-criterion. Additionally, several
3-D ribbons were added to show the direction of
the flow within the SVs and visualize the helical
motions followed by the particles inside the SVs.
In both cases, two SVs are present on the CS
side of the ML (the one which is situated the closest to the ML is denoted SVin1, the other is denoted SVin2) and one SV is located on the KR side
of the ML (SVout1). Consistent with the mechanism responsible for the formation of the SVs
which induces a vertical flow component toward
the bed within the mixing layer (Rhoads, 1996),
the direction of the rotation of the two SVin vortices is opposite to that of SVout.
Fig. 3 also shows that in Case 1 SVin1 is much
stronger at all cross sections than SVin2. This is
expected to happen in most cases, at least over the
upstream part of the ML where the two incoming
streams come in contact. The formation of the
secondary cell SVin2 is directly induced by that of
the primary cell SVin1. In Case 2, the differences
between the circulations of the two cells are much
smaller. Still, analysis of the simulation results

simulation results conform with field data
(Rhoads and Sukhodolov, 2001, 2008).
3.2 Streamwise-oriented vortices
It is well known that the ML vortices drive the
momentum and mass exchange in the crossstream direction in a shallow mixing layer if the
tributaries are parallel (e.g., Uijttewaal and Booij,
2000). The situation changes dramatically in the
case when the angle between the two tributaries is
large and the relative difference between the momentums of the two tributaries is small. This is
because strong streamwise-oriented vortices (SVs)
form on one or both sides of the mixing layer
(Rhoads and Kenworthy, 1995; Rhoads and Sukhodolov, 2008). For example, Miyawaki (2009)
has shown that in Case 1 the mixing of mass in the
cross-stream direction is mainly driven by the SVs
rather than the ML vortices. If the angle between
the two tributaries is large and the relative difference between the momentums of the two tributaries is also large, one expects both the ML vortices and the streamwise oriented cells to play an
important role in the momentum and mass exchange at the confluence. Case 2 offers a good illustration of this situation. The relative roles of
different types of large-scale eddies in mixing depends on the exact values of the momentum ratio,
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this numerical simulation, the bed friction velocity
distribution (see Fig. 5) is indicative of locations
where sediment entrainment is likely to occur.
The bed friction velocities in the CS stream are
comparable in the two simulations as the mean
streamwise velocities were similar. On the other
hand, the values of uτ/U in the KS stream are
much larger in Case 1 because the mean velocity
was about 2.5 times larger than in Case 2. Also, in
Case 2 no region of strong amplification of uτ/U is
observed at the KR bank close to section A3 because the failed bank material was not submerged.
The values of uτ/U over the submerged bar are also small due to the shallow flow and low velocities in that portion of the confluence.
In both cases the largest values of uτ/U are not
associated with the fastest incoming stream (e.g.,
on the CS side in Case 2). Downstream of the confluence apex regions of high values of uτ/U correspond to the locations of the SVs. Though the
bed friction velocity is amplified beneath the ML,
the amplification is lower than that beneath some
of the SVs. This result shows that even for a confluence with a large difference in streamwise velocities and momentum fluxes between the two
incoming streams, the SVs play a primary role in
the growth of the scour hole. The importance the
SVs is related to the high angle of the confluence,
which promotes turning of the flows and the development of vorticity. Obviously, if the confluence angle decreases and the momentum ratio increases, eventually the ML vortices will induce
larger values of uτ/U compared to the SVs.
The maximum amplification of the bed friction
velocity is observed underneath the SVins in Case
2. In Case 1 the maximum amplification is observed beneath the primary SV forming on both
sides of the ML. This is expected given the variation of the coherence of the various SVs between
Case 1 and Case 2 (see discussion of Fig. 4). More
interestingly, the maximum friction velocity is
about 0.15U in both cases, and the area containing

shows the circulation of SVin1 is larger than that of
SVin2 over the upstream part of the ML. Moreover, the circulation of SVin2 becomes larger than
the one of SVin1 downstream of section A. The
two vortices also start exchanging vorticity. This
has obviously to do with the presence of the submerged bar which diverts the flow on the CS side
toward the downstream part of the ML. This primarily enhances the strength of the vortex that
first is affected by the diverted flow (SVin2).
Another obvious qualitative difference between
the two cases is the small size of SVout in Case 2.
In Case 2, the momentum of the CS stream is
about five times that of the KR stream. This imbalance pushes the ML toward the KR side and
creates the conditions for the formation of a
stronger SV on the CS side than on the KR side.
As a result, the SV on the low momentum (KS)
side is very weak.
Figure 4 shows the streamwise variation of the
non-dimensional circulation of SVin1 and SVout1 in
the two cases. At cross-section A1 situated at s =
0.66W (s is the streamwise distance measured
from the apex, W is the average width of the
downstream channel) the circulation of SVin1 is
about four times that of SVout1 in Case 2, while
they are almost the same in Case 1 (as shown in
Fig. 4a, -Γin1/Γout1~1 downstream of section A1).
As one moves downstream and the coherence of
SVin1 is gradually lost, the ratio continues to increase (e.g., it is about 8 at section A). Despite the
lower discharges in both streams and lower channel depth in Case 2 (both of these variables limit
the capacity of the flow to form strong SVs), the
circulation of SVin1 in Case 2 is comparable (two
thirds at section A1) to that in Case 1. However,
the circulation of SVout1 in Case 2 is only one
sixth of that in Case 1.
3.3 Friction velocity
Although sediment transport was not simulated in
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Figure 5. Distribution of the non-dimensional bed friction velocity, u τ/U, in the mean flow. The dashed
lines delimitate the extent of the mixing layer. (a) Case 1, (b) Case 2.
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high values of uτ/U is slightly larger in Case 2 despite the fact that the circulation of the SVs is always larger in Case 1. The reason is that the flow
is shallower in Case 2 and the cores of the SVs are
situated closer to the bed surface.

namic conditions at the confluence apex (Rhoads
and Sukhodolov, 2008).
REFERENCES
Boyer, C., Roy, A. G., Best, J. L. 2006. Dynamics of a river
channel confluence with discordant beds: Flow turbulence, bed load sediment transport, and bed morphology,
J. Geophys. Res., 111, F04007.
Chang, K., Constantinescu, G., Park, S.O. 2007. Assessment
of predictive capabilities of Detached Eddy Simulation
to simulate flow and mass transport past open cavities.
ASME J. Fluids Engineering, 129(11), 1372-1383.
Chu, V. H., Wu, J. H., and Khayat, R. E. 1991. Stability of
transverse shear flows in shallow open channels. J. Hydraul. Eng., 117 (10), 1370-1386.
Kenworthy, S.T. and Rhoads, B.L. 1995 Hydrologic control
of spatial pattern of suspended sediment concentration at
a small stream confluence. J. Hydrology, 168, 251-263.
Kirkil, G., Constantinescu, G. 2009. Nature of flow and turbulence structure around an in-stream vertical plate in a
shallow channel and the implications for sediment erosion. Water Resources Research, 45, W06412,
doi:10.1029/2008WR007363.
Koken, M., Constantinescu, G. 2009. An investigation of
the dynamics of coherent structures in a turbulent channel flow with a vertical sidewall obstruction. Physics of
Fluids, 21, 085104, DOI 10.1063/1.3207859.
Mosley, M. P. 1976. An experimental study of channel confluences. J. Geology, 84, 535-562.
Miyawaki, S. 2009. Numerical investigation of scalar transport at a river confluence. CD-ROM Proceedings of the
33rd I.A.H.R. congress, Vancouver.
Miyawaki, S., Constantinescu, G., Kirkil, G., Rhoads, B. L.,
and Sukhodolov, A. N. 2009. Numerical investigation of
three-dimensional flow structure at a river confluence.
Proc., 33rd I.A.H.R. congress, Vancouver, Canada.
Paola, C. 1997 When streams collide. Nature, 387, 232-233.
Rhoads, B.L., and Kenworthy, S.T., 1995. Flow structure at
an asymmetrical stream confluence. Geomorphology, 11,
273-293.
Rhoads, B. L. 1996. Mean structure of transport-effective
flows at an asymmetrical confluence when the main
stream is dominant. Coherent flow structures in open
channels. John Wiley & Sons Ltd., 491-517.
Rhoads, B. L. and Sukhodolov, A. N. 2001. Field investigation of three-dimensional flow structure at stream confluences: 1. Thermal mixing and time-averaged velocities. Water Resour. Res., 37 (9), 2411-2424.
Rhoads and Sukhodolov, 2004. Spatial and temporal structure of shear layer turbulence at a river confluence. Water Resour. Res., 40, W06304.
Rhoads, B. L., Sukhodolov, A. N. 2008. Lateral momentum
flux and spatial evolution of flow within a confluence
mixing interface. Water Resour. Res., 44, WR08440;
doi:10.1029/2007WR006634.
Sukhdolov and Rhoads 2001. Field investigation of threedimensional flow structure at stream confluences. Water
Resour. Res., 37, 2393-2410.
Uijttewaal, W. S. J. and Booij, R. 2000. Effects of shallowness on the development of free-surface mixing layers.
Physics of Fluids, 12 (2), 392-402.
Zeng, J., Constantinescu, S. G., Blanckaert., K., and Weber,
L. 2008. Flow and bathymetry in sharp open-channel
bends: Experiments and predictions. Water Resour. Res.,
44 (9), W09401, 1-22.

4 CONCLUSIONS
DES simulations of flow at an asymmetric confluence were conducted to understand the effects of
the momentum ratio on the flow structure and the
capacity of the stream to entrain sediment from
the bed in the confluence hydrodynamic zone. The
simulation data were used to perform a detailed
quantitative analysis of fluid turbulence, in particular the large-scale eddies that control mass and
momentum transport in the CHZ.
The simulations demonstrate the important role
played by the streamwise-oriented cells of helical
motion in the entrainment of sediment particles
from the bed and their downstream transport at
confluences between non-parallel streams, regardless of the value of the momentum ratio. When the
momentum ratio is close to one, the primary
streamwise vorticies (SVs) are of comparable
strength (some differences are induced by the
asymmetry of the confluence and the relatively
high curvature of the river reach downstream of
the confluence), whereas when the momentum ratio is much larger than one, the SVs on the high
momentum side of the ML are much stronger than
the ones on the low-momentum side.
Analysis of the distributions of the bed friction
velocity shows that if the momentum ratio is close
to unity, the SVs developing on both sides of the
ML are the main eddies responsible for the formation of the scour hole. As the momentum ratio between the two streams increases, the scour is
mainly driven by the primary SV forming on the
high momentum side of the confluence and by the
eddies shed in the ML. The ML eddies are much
more coherent than those observed in the case
with Mr ≈ 1. When the momentum ratio is close to
unity, the eddies convected within the mixing
layer are similar to those forming downstream of a
bluff body –von Karman vortex street- (wake
type), whereas when the momentum ratio is much
larger than one, the formation of the quasi 2D eddies is primarily driven by the velocity differential
between the two streams, which drives the growth
of Kelvin-Helmholtz instabilities (vortex sheet
type). The second type of mechanism can generate
much stronger ML eddies than the first type. The
simulation results are consistent with findings
from field investigations, which have suggested
that ML turbulent structure is related to hydrody232
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ABSTRACT: The confluence zone of two moderate size rivers (mean discharge around 50 m3/s each) in
Hungary was chosen to investigate three-dimensional flow structures typical to such zones. Two field
survey campaigns were carried out using up-to-date ADCP technology. Measurements were done by applying two methods: moving boat with systematic, continuous crossings on one hand, and in stationary
mode in selected verticals, on the other hand. The former offered an overall, though locally instantaneous,
spatial velocity field, whereas the latter resulted in local time-averaged velocity profiles. Helical flow
structures of the confluence zone were shown by representing secondary current strengths and orientation
in a vector form. In parallel, first a three-dimensional RANS flow model was also used to reproduce the
essential of the spatial flow structure. Model validation was accomplished by comparing calculated velocity fields with measured ones, moreover, the above mentioned vectors quantifying the secondary currents
were also looked at. Besides steady-state RANS modeling, attempts were made to capture the space-time
behavior also on a LES modeling-basis, focusing on the reasonable reproduction of the rather complex
vortical motion in the post-confluence channel reach, as a possible combination of vortex shedding at the
blunt tip of the confluence and shear layer instabilities turning to Kelvin-Helmholtz type of vortex formation at the interface zone of the two rivers, all this besides the developing helical flow components.
Keywords: Confluence zone, ADCP, CFD modeling, RANS, LES
1 INTRODUCTION

dimensional numerical simulations. As to the field
measurements Rhoads and Sukhodolov (2001a)
examined the three-dimensional time averaged
flow structure at three confluences using Acoustic
Doppler Velocimeter (ADV). They introduced, in
one of the three sites, that helical motion can be a
characteristic feature of confluence flow structure.
It was shown that two surface-convergent helical
cells exist within the confluence and that the dual
cell structure transforms into a single-cell structure as flow enters the downstream channel. By
postprocessing ADV velocity data turbulence characteristics were quantified (Rhoads and Sukhodolov, 2001b). They showed that the developed
shear layer in the confluence zone generates higher turbulence, however, the intense turbulence
does not appear to be highly effective at mixing
the two flows. De Serres et al. (1999) collected
three-dimensional data of the mean and turbulent
structure of flow at a river confluence and illustrated how these features vary in relation with
changes in bed morphology and fluctuations in the

Exploring space-time flow structures and reproducing them by numerical modeling in river confluence zones is still a challenging task in hydraulic research and engineering. Fortunately, rivers
carrying suspended solids different in color make
visible these features on the surface as one can
find at a lot of confluences, see e.g. the joining of
three rivers at Passau in Germany or the fascinating pattern developed at the junction of Thomson
and Fraser rivers in Canada. However, the development mechanism, the role of various 2- and 3D
coherent structures, the generation of helical flow
components need significant research efforts. In
doing so, field measurements can provide valuable information and straightforward validation data to advanced numerical models, which can be
then used to study even details hardly measurable.
Recently, several articles have dealt with riverconfluence zones and presented field and laboratory measurements as well as two- and three233

cy of 3 Hz, with a vertical space resolution of 10
cm was used. The main goal was to detect the
swirling character of flow, pointing out the deviation of flow velocity vectors along the verticals.
Most likely, such flow structures can not be evaluated from typical moving boat measurements,
where instantaneous velocities show strong scattering due to turbulence motion. Therefore, 13
points were chosen downstream of the junction,
where long-term velocity measurements were
done.
During the measurement campaign the river
discharges were QMD=65 m3/s, QRába=75 m3/s, respectively. From the survey time averaged velocities were derived and plotted. Due to the bends of
upstream channels swirling flow structures are
developing as the flow approaches the confluence.
The phenomenon can also be called helical flow,
which can be explained with the accumulated effects of primary and secondary flows. Reaching
the junction the two swirling flows are joining
each other and a two-cell helical motion is developing here. Figure 2 shows time averaged velocities confirming the mentioned behavior of the
flows.

ratio of momentum flux between the confluent
rivers. It was shown that both relative difference
of depth between the two streams and momentum
ratio have a strong effect on the flow structure.
To study the hydrodynamically complex flow
features in confluence zones several numerical
simulations were carried out, though in very few
cases together with laboratory and/or field measurements. Biron et al. (2004) studied mixing
processes in laboratory and field confluences applying a 3D RNG k-ε turbulence model called
PHOENICS (RNG refers to the Re-normalisation
Group Theory discussed, for example, in Pope,
2001). They commented on the difference between concordant (i.e. equal in both rivers) and
discordant (conversely, uneven) bed levels. They
also reported that planform curvature of the channels affects mixing and underlined the role of bed
level differences between the two channels, as
well. It was shown that in case of discordant bed
the mixing process is much faster. Effect of the
junction angle was also investigated and it was
shown that at higher angles, mixing is more rapid.
The main purpose of this paper is to study the
nature of hydrodynamics in a complex way with
the mentioned methods fixed-boat ADCP measurements as well as Reynolds Averaged (RANS)
and Large Eddy Simulation (LES) modeling approaches.
2 FIELD SURVEYS
2.1 Study site
In this study the junction of two rivers in the urban area of Győr in north-western Hungary, was
chosen and investigated in detail (Fig. 1). Here,
the main stream is a regulated secondary branch
of the River Danube, known as Mosoni-Duna,
with a mean flow of around 50 m³/s rather constant over the year, that can be, however, affected
by significant backwater when the Danube floods.
The second stream is the River Rába with a similar mean discharge that, in contrast, can rise to
several hundred cubic meters per second in flood
events owing to a catchment area nearly as large
as 10,000 km².
For this study, river bed geometry was surveyed
using an ultrasonic depth sounder. Measurements
were carried out in cross-sections with an average
spacing of 20 m apart.

Figure 1. Topography of the studied river confluence.

2.2 Fixed boat measurements

Figure 2. Plan view of time averaged velocity vectors
(grayscale indicates vector location in the vertical; black
vectors: close to river bed, white vectors: close to free surface).

For the flow measurements an RDI four beam 600
kHz Rio Grande ADCP, vertically down looking,
was deployed from a vessel. A sampling frequen234

structure in a river bend shows a helical motion.
Flow close to free surface moves toward the outer
bank because of centripetal acceleration, whereas
near-bed flow tends to the direction of inner bank.
Additionally, it is also shown that in natural
bends this helical motion is present only in the
outer part of the river in case of a point bar development at the inner bank. The interaction between
flow and scour hole development was explained
by Bradbrook et al. (2000). They pointed out the
steering effect of bed topography marking the difference in flow structure between flat bed and real
bed geometry. As the flow interacts with the scour
hole a strong downwelling zone appears in the
shear layer enhancing secondary circulation, as
was found here.

For the characterization of the strength of secondary current a circulation vector (S) was defined, which can be calculated for each profile
(Fig. 3). It is created based on the difference vector between the flow velocities closest to the water
surface (utop) and to the river bottom (ubed). This
difference vector is projected onto the plane perpendicular to the direction of depth averaged flow
(uav), then rotated with 90° clockwise or anticlockwise depending on the sense of helical motion (according to a left-handed system). Since
ADCP measures three-dimensional velocity,
depth averaged velocities presented represent the
total velocity vector.
According to Stokes theorem the resulted vector represents the circulation per unit width. The
horizontal components of the circulation vector of
the secondary currents can be derived from the
following formula:
SX =

U av
u top − u bed c sin(δ − ε)
u av

SY =

V av
u top − u bed c sin(δ − ε)
u av

c = sign (ϕ top − ϕ bed )

Figure 4. Circulation vectors from the two measurement
campaigns.

3 RANS MODELING
3.1 Solver
The numerical tool exploited in this study is the
CFD code called SSIIM, which stands for Sediment Simulation In Intakes with Multiblock option (Olsen, 2002).
SSIIM solves the 3D RANS equations with the
k-ε turbulence closure (see e.g. Pope, 2001) by using a finite-volume method and the SIMPLE algorithm (Patankar, 1980) on a three-dimensional,
non-orthogonal, structured grid. The momentum
equations are in complete form, without resorting
to the hydrostatic assumption.
Dirichlet boundary conditions have to be assigned at the inflow boundary. At the outflow
boundaries, zero-gradient conditions are used for
all variables. On the bed the velocity profile is
calculated from the well-known formula
(Schlichting, 1979):

Figure 3. Applied notation for calculation of circulation vector.

Helical flow structure was studied plotting the
above defined secondary current vectors from two
different measurement campaigns (Fig. 4) Vectors
pointing in the flow direction mean a swirling
character of clockwise direction, looking at a
cross-section from downstream. As expected the
discharge ratio of the rivers determines the extension of helical cells, i.e. the secondary flow developing from the higher discharge will represent
larger areas in the confluence zone. Strongest
swirling characters arise in the shear layer, which
may probably be the complex effect of the characteristic flow pattern in river curvatures, and the interaction between flow and scour hole development. As to the characteristic flow pattern in river
curvatures, it can be stated that the basic flow
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U=

Two counter-rotating secondary circulations
result in a considerable downwelling at junction
apex as it can be seen from Figure 5, where
stream-traces starting from free surface close to
inner banks are moving toward the river bottom,
while the ones from outer banks are concentrating
in the confluence centerline. Since strong helical
motion is present only from the apex to a distance
of approximately one river width, stream-traces
that got to river bed due to downwelling are remaining in that horizontal layer. Although, it was
also shown that post-confluence channel planform
and bed topography also influence the flow structure, as a strong one-cell swirling flow develops
owing to significant sediment deposition on right
bank and low-radius bank curvature at left side.

u* 30 z
ln
κ
ks

where U is boundary aligned velocity, u* is friction or bed shear velocity, κ is von Karman constant (0.41), z is distance from the wall and ks is
the Nikuradze roughness. At the water surface,
Ux, Uy, P and ε have zero gradient boundary conditions, whereas Uz is set to a certain value and k
is equal to zero.
3.2 The numerical domain
The rivers' elevation model was mapped onto a
single-block structured grid fitted to the banks
with 150 streamwise and 48 spanwise cells, corresponding to an average cell size of 6x3 m. A limited number of cells were blocked out to
represent land areas. Vertically, 10 cell layers
were used refined toward the bottom so as to capture strong gradients. Overall, there were approximately 70000 active cells.

4 LARGE EDDY SIMULATION OF THE
FLOW FIELD
4.1 Numerical model and simulation setup
The results of the field experiments analyzed in
the previous section clearly show the high complexity of the flow field downstream of the river
confluence. Further insight on the highly threedimensional flow patterns can be obtained through
a numerical analysis, resolving the free-surface
mass and momentum equations.
Although the statistical approach based on the
solution of the RANS allows to obtain a complete
description of the time-averaged flow field, it is
well known that RANS results frequently show a
somewhat poor agreement with experimental data
in problems characterized by strong secondary
currents. An example of this is given in the recent
paper of Miyawaki et al. (2009), focused on a river confluence problem. In the paper the authors
show that the streamwise-oriented helical cells
predicted by RANS solutions are not strong
enough to capture the presence of two zones of
high velocity in the cross-section, as obtained in
field experiments.
On the other side, in meandering flows in compound cross-sections RANS solutions were obtained using standard k-ε turbulence modeling that
exhibited very good agreement with experimental
results (De Marchis & Napoli, 2008). Since in this
case secondary currents play a very important role
too, the weak performance of RANS approach in
river confluence analysis seems to be mostly assignable to the inability to describe the interaction
of two helical flows.
Miyawaki et al. (2009) overcame this problem
using DES (Detached Eddy Simulation) to simulate the flow at the confluence of two small rivers
in Illinois (USA). DES is a hybrid technique

3.3 Results
The main purpose of numerical investigations was
to see the feasibility of reproduction of spatial
flow structures and to gain a better knowledge on
the nature of confluence flows. RANS modeling
results show significant spatial behavior of confluence flow. Due to river curvatures a helical motion develops connecting to and enhancing each
other in the post-confluence channel. This mechanism is similar to the flow pattern in a river
bend and can be explained with the interaction between centripetal acceleration and the counteracting pressure gradient force.

Figure 5. Stream-traces colored by elevation in the confluence zone (Perspective view).
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accuracy of the numerical method has been demonstrated in Lipari and Napoli (2008)).
Time derivatives are calculated using an Euler
scheme, providing second-order accuracy at the
time level n + 1/2 (that is at time (n + 1/2) Δt,
where Δt is the time step). The terms containing
spatial derivatives are calculated at the time level
n+1/2 using an implicit discretization of the vertical turbulent terms based on the Crank-Nicolson
scheme, whereas explicitly treating the other
terms by the Adams-Bashfort scheme.
In order to overcome the incompressible pressure-velocity decoupling, a fractional-step method
is applied for the solution time-marching.
At each time step, the free surface elevation is
recalculated according to the kinematic condition
for the free-surface,

where wall regions are resolved using the RANS
approach, while Large Eddy Simulation (LES) is
used elsewhere. In Large Eddy Simulation, the
large scales of fluid motion are solved from the
Navier-Stokes equations and a sub-grid scale
(SGS) model is applied to describe the effect of
the small scales on the large ones. Miyawaki et al.
(2009) used a large number of computational cells
(4.5 million cells) in order to be able to resolve
the wall region without recurring to any wall law.
The discharge downstream of the confluence in
the flow field analyzed by these authors was 2.75
m3/s, with a Reynolds number close to 166,000
and a momentum ratio between the incoming discharges very close to unity. These values are
much lower than in the problem analyzed in this
paper, where the discharge and the Reynolds
number are more than about 50 and 100 times
higher, respectively. These very high values do
not allow to perform a proper “resolved” LES, in
which the viscous sublayer is directly resolved
without using wall laws. The main aim of the numerical analysis in this paper is to investigate the
ability of LES with wall models to properly reproduce the measured flow field, providing a fine
description of the helical flow due to the confluence of two curved tributary channels.
The filtered Navier-Stokes and continuity equation for free surface flows
− ∂τ
∂u−i ∂u−−
∂2 −
ui
1 ∂q−
∂η
iuj
ij
∂t + ∂xj −ν ∂xj∂xj + ρ ∂xi +g ∂xi + ∂xi = 0
∂u−i
∂xj = 0

−
−
−
∂η
∂η
∂η
−
−
−
∂t + u1 ∂x1 + u2 ∂x2 − u3 = 0

(3)

which is obtained prescribing that the free-surface
is a material surface. Equation (3) is discretized
using central formulae as in eq. (1)-(2).
For a detailed description and validation of the
numerical code, the reader is referred to Lipari &
Napoli (2008).
In the present LES, the anisotropic part of the
SGS stress tensor is modeled using the Smagorinsky model,

(1)

a
τij

⎛∂u− ∂u− ⎞
i
j
= − νt ⎜ ∂x + ∂x ⎟
⎝ j
i ⎠

(4)

with

(2)

−
νt = (Cs Δ)2 |S|

are resolved, where ui (i=1,2,3) are the velocities,
xi are the coordinates (with the x3 axis vertical and
oriented upward), t is the time, g is the gravity acceleration, ρ is the water density, ν is the kinematc viscosity, η(x1,x2) is the free-surface level, q
is the pressure excess over hydrostatic, τij = u−−−
iuj −
−
−
ui uj is the SubGrid Scale (SGS) stress tensor and
the overline indicates filtered values. The PANORMUS (PArallel Numerical Open-souRce
Model for Unsteady flow Simulation) code is used
to resolve equations (1) and (2), whose ability to
solve LES equations on curvilinear grids has been
demonstrated in Napoli et al. (2008) and De Marchis et al. (in press).
Equations are discretized using a collocated finite volume method, employing curvilinear nonorthogonal structured grids consisting of nonoverlapping hexahedral cells. First and second
spatial derivatives are discretized using secondorder accurate central formulae (the second-order

−
− − 1/2
and |S| = (2 SijS ij)
1/3

(5)

where Δ = ( Δx1 Δx2 Δx3) and the value Cs = 0.1
is used as closure coefficient. The dynamic calculation of the closure coefficient (Dynamic Smagorinsky Model, Germano et al. (1991)) has not been
used since the range of resolved turbulence scales
is not large enough to ensure effective use of the
Germano identity.
The domain is meshed with 332 x 132 x 20
cells in the streamwise, spanwise and vertical directions, respectively. Inflow boundary conditions
were obtained on both the tributary rivers using
separate simulations of fully developed turbulent
flows, using periodical boundary conditions in the
streamwise direction. The obtained instantaneous
velocity field is then used to feed the inflow sections with data having the appropriate spatial correlations. To this aim the procedure proposed by
Kempf et al. (2005) is used.
The relatively coarse grid does not allow to directly resolve the viscous sublayer. A logarithmic
wall-law is thus used to obtain the wall boundary
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strong downward current appears to be the main
responsible for the formation of the pronounced
scour hole just downstream of the confluence.The
figures show that the flow coming from River
Mosoni-Duna mostly contribute to the hole excavation. The streamlines with origin in the River
Rába, in fact, reach lower depths before being
captured by the high speed streamwise current,
causing their upwelling toward the free-surface.
By contrast, streamlines with origin in the Mosoni-Duna quickly drop toward the hole bottom, to
be only partially captured by surface current.

conditions. Null derivatives for the velocity are
prescribed at the outflow boundary.
The PANORMUS code has been fully parallelized using the Message Passing Interface (MPI)
paradigm. Simulations have been conducted on a
cluster machine with four nodes each with two
processors.
4.2 Results
The analysis of the results will be mostly conducted on time averaged data, with the aim to
show the ability of the employed technique to
adequately describe the complex flow field downstream of the river confluence. Some analysis of
the instantaneous hydrodynamic field will be
shown too.
The river confluence is characterized by a
strong asymmetry of the tributary rivers, since the
ratio of the incoming current momentum is about
1.8. Moreover, the Mosoni-Duna approaches the
confluence with a slight bend, whereas the River
Rába does so with a sharp bend after flowing
around Radó Island (see Fig. 1). As a consequence, the latter tributary exhibits a pronounced
secondary flow pattern just upstream of their
merging with each other. On the contrary, secondary flow in the River Mosoni-Duna is quite weak,
as it can be seen in figure 6, where the tangent velocity field in two cross sections upstream of the
confluence is plotted. The figure clearly shows a
clockwise-rotating streamwise-oriented vortex in
the River Rába. In the River Mosoni-Duna the
secondary flow pattern is much simpler, with the
current relatively weakly flowing toward the right
bank.
Downstream of the confluence the vortex in the
River Rába is convected toward the left (close to
the center of the river), while the surface high
speed streamwise current is diverted downward.

Figure 7. Streamlines with origin in the River MosoniDuna. Color scale indicates the height.

Figure 8. Streamlines with origin in the River Rába. Again,
color scale indicates the height.

Figure 6. Secondary flow patterns in two cross-sections upstream of the confluence.

Further insight into the complex flow pattern
can be obtained through the analysis of streamwise velocity contour-lines in some cross-sections
just upstream and downstream of the confluence.
In Figure 9a the velocity distribution is shown in
two cross-sections upstream of the confluence. As
noticed above, the flow current in the River Rába

This pattern is easily identifiable in Figures 7
and 8 showing some streamlines with starting
points in both the tributary branches. The streamlines after the merging rapidly deflect toward the
bed. In the figures the colors indicate the height,
thus clearly highlighting the downward flow. This
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5 CONCLUSIONS

is quite stronger than in the River Mosoni-Duna.
Moreover, the strong secondary flow in the former
branch causes the formation of a zone of high velocity extending toward the bottom, with the maximum at the mid-depth instead than at the freesurface. Comparison of the velocity distributions
in Figures 9b and 9c then highlights the important
role of the scour hole in the tributary flow merging. In correspondence of the scour hole (Fig. 9b),
in fact, the velocity distribution has still one maximum on the River Rába side, while just downstream of it (Fig. 9c), two maxima can be clearly
identified. A strong mixing thus occurs in that region, that some tenth of meters downstream (Fig.
9d) results in an almost complete mixing. The results shown in Figures 9a-d are in good agreement
with the spatial velocity distribution obtained
from moving boat ADCP measurements. Some
velocity over-prediction in the River MosoniDuna can be seen, which is probably due to a
slightly too large imposed discharge in that branch
in numerical simulations, as obtained from crosssection integration of experimental data.
LES results allow identifying flow structures
that cannot be displayed when analyzing Reynolds-averaged hydrodynamic fields. Specifically,
the instantaneous vertical vorticity field at the free
surface in the wake region downstream of the confluence, plotted in figure 10, provides important
insights in the mixing process. The figure shows
patterns somewhat analogous to the typical mixing-layer vorticity structure. Nevertheless, since
the much higher flow complexity with respect to
the “simple” mixing-layer phenomenon (due to
the bed configuration, the presence of bends upstream of the merging, and the angle of incidence
of the tributaries), vortical structures are much
less regular than one would expect in that case. In
the wake region downstream of the confluence, an
alternating pattern of positive and negative almost
isotropic (in the horizontal plane) vorticity areas
develops. This zone extends for about 50 m. Then,
the coherent structures assume a progressively
elongated shape, while being characterized by an
undulating pattern. Finally, at about 200 m
downwind of the confluence, the vorticity regions
are even more elongated and definitely streamwise oriented. These vorticity areas far from the
confluence are mostly driven by the bottom morphology. Moreover, an high vorticity (mostly positive) area develops close to the left bank of the
river after the confluence, clearly due to the flow
separation caused by the submerged spike easily
identifiable in figure 1, showing the bottom topography of the analyzed area.

The flow structures at a confluence zone of two
moderate size rivers were investigated by several
tools. Moving boat and stationary ADCP measurements offered on one hand an overall, though
locally instantaneous, spatial velocity field, and
local time-averaged velocity profiles, on the other.
Helical flow structures of the confluence zone
were shown by representing secondary current
strengths and orientation in a vector form. 3D
RANS type of modeling could be validated to reproduce the essentials of the spatial flow structure.
Furthermore, successful attempts were made to
capture the space-time behavior also on a LES
modeling-basis, focusing on the reasonable reproduction of the rather complex vortical motion in
the post-confluence channel reach, as a possible
combination of vortex shedding at the blunt tip of
the confluence and shear layer instabilities turning
to Kelvin-Helmholtz type of vortex formation at
the interface zone of the two rivers, all this besides the developing helical flow components.

a)

b)

c)

239

Germano, G., Piomelli, U., Moin, P., Cabot, W.H., 1991. A
dynamic subgrid-scale eddy viscosity model. Phys. Fluids A 3, p. 1760-1769.
Kempf, A., Klein, M., Janicka, J., 2005. Efficient Generation of Initial- and Inflow-Conditions for Transient Turbulent Flows in Arbitrary Geometries. J FLOW TURB
COM, Vol. 74 (1), pp. 67-84.
Lipari, G., Napoli, E., 2008. The impacts of the ALE and
hydrostatic-pressure approaches on the energy budget of
unsteady free-surface flows. COMP FLUIDS, vol. 37,
pp. 656-673, ISSN: 0045-7930.
Miyawaki, S., Constantinescu, G., Kirkil, G., Rhoads, R.,
Sukhodolov, A., 2009. Numerical Investigation of
Three-Dimensional Flow Structure at a River Confluence. Proceedings of the 33rd IAHR Congress: Water
Engineering for a Sustainable Environment, Vancouver,
Canada.
Napoli, E., Armenio, V., De Marchis, M., 2008. The effect
of the slope of irregularly distributed roughness elements
on turbulent wall-bounded flows. J FLUID MECH, Vol.
613, pp. 385-394.
Olsen, N. R. B. 2002. A three-dimensional numerical model
for simulation of sediment movements in water intakes
with moving option. User’s Manual, Department of Hydraulic and Environmental Engineering, The Norwegian
University of Science and Technology, Trondheim,
Norway.
Patankar, S. V. 1980. Numerical heat transfer and fluid
flow. McGraw-Hill Book Company, New York.
Pope, S. B. (2001), Turbulent Flows. Cambridge University
Press.
Rhoads, B. L. and Sukhodolov, A. N., 2001a. .Field Investigation of Three-Dimensional Flow Structure at Stream
Confluences: 1. Thermal Mixing and Time-Averaged
Velocities., Water Resour. Res., vol. 37, 2393-2410.
Rhoads, B. L. and Sukhodolov, A. N., 2001b. .Field Investigation of Three-Dimensional Flow Structure at Stream
Confluences: 2. Turbulence., Water Resour. Res., vol.
37, 2411-2424.

d)
Figure 9. Contour-lines of the streamwise velocity distribution in four cross-sections upstream and downstream of the
confluence.

REFERENCES
Biron, P. M., Ramamurthy, A. S. and Han, S. 2004. ThreeDimensional Numerical Modeling of Mixing at River
Confluences., Journal of Hydraulic Engineering, vol.
130, 243-253.
Bradbrook, K. F., Lane, S. N., Richards, K. S., Biron, P. M.
and Roy, A. G. 2000. Large Eddy Simulation of periodic
flow characteristics at river channel confluences. Journal
of Hydraulic Research, vol. 38, 207-216.
De Marchis, M., Napoli, E., 2008. The Effect of Geometrical Parameters on the Discharge Capacity Of Meandering
Compound Channels. Adv. Water Res., Vol. 31 (12), pp.
1662-1673.
De Marchis, M., Napoli, E., Armenio, V., in press. Turbulence structures over irregular rough surfaces, J TURBULENCE.
De Serres, B., Roy, A. G., Biron, P. M. and Best, J. L.,
1999.Three-dimensional structure of flow at a confluence of river channels with discordant beds. Geomorphology, vol. 26, 313-335.

240

Figure 10. Instantaneous vertical vorticity distribution at the free-surface
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A.2 Bed roughness and flow resistance

243

244

River Flow 2010 - Dittrich, Koll, Aberle & Geisenhainer (eds) - © 2010 Bundesanstalt für Wasserbau ISBN 978-3-939230-00-7

Biomechanics of aquatic plants and its role in flow-vegetation
interactions
O. Miler, I. Albayrak, V. Nikora & T. Crane

School of Engineering, Fraser Noble Building, University of Aberdeen, Aberdeen, United Kingdom

M. O’Hare

Centre for Ecology & Hydrology Edinburgh, Bush Estate, Penicuik, Midlothian, United Kingdom

ABSTRACT: The reconfiguration of aquatic plants in water flow to reduce drag forces strongly depends
on their ability to withstand bending and tension forces and as a consequence on their biomechanical
properties. We studied the relation between biomechanical traits and flow conditions with tension, bending and cyclic loading/unloading tests on the stems of four river plant species inhabiting a spectrum from
low to high flow velocities: Glyceria fluitans, Ranunculus penicillatus, Myriophyllum alterniflorum and
Fontinalis antipyretica. The length, diameter, cross-sectional area and second moment of area of the
stems were determined with an image analysis software from captured photos of stems and stem crosssections. Uniaxial tension tests were performed by measuring the force-displacement curve during extension and calculating breaking force, breaking stress, breaking strain, work of fracture and ‘tension’
Young’s modulus. From uniaxial three-point bending tests flexural rigidity and ‘bending’ Young’s
modulus were calculated. Under high water velocities plants have flexible stems with a low ‘bending’
Young’s modulus and flexural rigidity and a high ‘tension’ Young’s modulus, breaking force and breaking stress. In habitats with less fierce flow plants possess less flexible stems with lower breaking stresses
and breaking forces. The most rigid stems are found for plant species in slow-flow habitats. These characteristics have further implications for the reconfiguration of leaves and stems to alter drag forces, masstransfer at the leaf surface and turbulence dynamics around plant stems, individual plants and plant
patches. This study allows determining critical flow conditions under which invasive, exotic species can
be eradicated or rare, protected species can be preserved.
Keywords: Biomechanics, Macrophyte, Hydraulic resistance, Plant reconfiguration, Drag force, Bending, Tension, Cyclic loading/unloading, Young’s modulus, Flexural rigidity, Breaking force
in hydraulic resistance by massively growing
freshwater plants are of major economical concern.
The ability of a plant shoot to reconfigure
largely depends on its biomechanical traits, especially its bending and tensile properties. Although a large amount of research on this has
been done so far with a focus on terrestrial plants
(Niklas 1992, Schulgasser & Witztum 1997,
Niklas et al. 2006), studies on aquatic plants are
rare and focused on marine plant species, especially seagrasses (Patterson et al. 2001, Davies
2007, Fonseca et al. 2007) and macro-algae
(Boller and Carrington 2007, Harder et al. 2006,
Mach et al. 2007).
Marine seagrasses and macro-algae have evolutionarily adapted to resist high, oscillating
wave forces (Boller & Carrington 2007, Patterson et al. 2001). Their stems (or stipes for ma-

1 INTRODUCTION
Water plants in many riverine ecosystems occur
in a wide range of habitats. To a large part,
freshwater macrophyte distribution in streams is
governed by the physical environmental conditions, especially flow velocities and associated
drag forces acting on the plants. To persist and
grow under certain flow conditions stream macrophyte species have developed specific morphological and biomechanical adaptations. Under high flow velocities aquatic plants show
shape reconfiguration, i.e. they become more
compressed and adopt a streamlined shape, thereby reducing their drag coefficient (SandJensen 2003, O’Hare et al. 2007). A strong reconfiguration under high flow velocities reduces
the drag forces acting on an organism, e.g. a
plant species (Vogel 1994), and hence its hydraulic resistance. Floodings due to an increase
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resolution and accuracy of the used 100 N load
cell were too low to measure the small forces
during the bending of the highly flexible F. antipyretica stems.
For each plant stem three stem sections from
the bottom, middle and top of the stem were cut.
For tension and bending tests stem diameter to
length ratios of 1:10 and 1:15 were used to minimise the effect of shear stress when measuring
‘tension’ and ‘bending’ Young’s modulus. The
stem section length for tension and bending tests
was standardised to 25 mm and 45 mm for F. antipyretica, M. alterniflorum and R. penicillatus

cro-algae) have a high breaking strength and
high flexibility. Comparable adaptations to wave
forces have been found for freshwater plants in
lakes (Brewer & Parker 1990, Schutten et al.
2005, Etnier & Villani 2007)
However, in rivers, water flow is unidirectional and in order not to be washed away
downstream and to keep their position, forces
exerted by water flow on plants have to be balanced by the bending, tension and dampening
biomechanical characteristics of the plant. If the
biomechanical properties of river plant species
are known, their persistence and growth under
specific flow conditions can be predicted. This is
important for the preservation of rare native species or for the destruction of invasive species. In
this study we investigated the relation between
the biomechanical properties of four freshwater
macrophyte species (Ranunculus penicillatus,
Myriophyllum alterniflorum, Glyceria fluitans
and Fontinalis antipyretica) from Northeastern
Scotland and their occurrence in river habitats
that are varying in their flow characteristics,
ranging from high to low water velocities. The
biomechanics of plant stems were investigated
with tension and bending tests and analysed with
respect to the species-specific habitat conditions
in order to understand their adaptations to water
flow.
2 MATERIALS AND METHODS
2.1 Experimental preparation
The tension and bending properties of the stems
of the four species G. fluitans, R. penicillatus, M.
alterniflorum and F. antipyretica (Fig. 1), collected from 9 March to 27 April 2009 in streams
around Aberdeen (Scotland), were studied using
a Hounsfield S-series bench top testing machine
Model H10K-S UTM with a 100 N load cell.
Contrary to homogeneous materials, composite
(i.e. inhomogeneous) materials such as plant tissues (Niklas 1992) may show different results
for the Young’s modulus determined from tension and bending tests, since tissue structure and
properties differ when measured along and
across the plant stem. Hence we refer to the
Young’s moduli derived from tension and bending tests as ‘tension’ (Et) and ‘bending’ (Eb)
Young’s modulus, respectively.
Due to slippage of the stem between the
clamps, only ‘tension’ Young’s modulus, but not
breaking stress, breaking force, breaking strain
and work of fracture could be measured during
the tension tests of G. fluitans. The bending tests
were not conducted for F. antipyretica, since the

Fig. 1. Morphology of shoots (a) and stem cross-sections
(b) of M. alterniflorum (I), R. penicillatus (II), G. fluitans
(III) and F. antipyretica (IV). The bars in a and b have a
length of 2 cm and 4 mm, respectively. F. antipyretica
stems were very small in diameter (mm) so that no crosssectional areas could be measured.

and 50 mm and 70 mm for G. fluitans, respectively. A length of 10mm was provided on the
end of each stem part for fixation to the testing
device. Cross-sections of M. alterniflorum, R.
penicillatus and G. fluitans with a thickness
thinner than 1 mm were cut with a razor-blade
and pictures of cross-sections were taken with a
photo camera (Fuji FinePix S1000fd, Fujifilm,
Tokyo, Japan) on a light table ((Illuma System,
Bencher Inc., Chicago, U.S.A.). F. antipyretica
stems were too thin to dissect and hence pictures
of the whole stem to measure the diameter were
taken. Cross-sectional area and diameter mea246

until breakage (work of fracture per volume
([W/V]break) in J m-2) were also calculated.

surements were taken with the software Makrophyt (developed by the University of Konstanz,
Konstanz, Germany). Two cross-sectional areas
from each end of a plant stem section were
measured. At each end of the thin F. antipyretica
stem sections two diameters were measured.
Subsequently, the cross-sectional areas were calculated as A = πd2/4 where A = cross-sectional
area and d = diameter. From the four measured
values of the cross sectional area the mean cross
sectional area for each plant stem section was
calculated. For uniaxial tension tests the ends of
the stem parts were glued into 10 mm long brass
tubes with cyanoacrylate glue to protect the plant
tissue against mechanical deformation when
clamped into the testing device.

2.3 Bending tests
A metal bar was lowered from above on a stem
part that was located centrally on two support
bars at a displacement rate of 10 mm min-1. The
vertical deflection Δ in mm and the corresponding force F in N were recorded (Fig. 3). The
flexural rigidity EI = (s3F)/(48Δ) was calculated
from the slope of the force-deflection curve, using s as the horizontal span of stem.

2.2 Tension tests
The ends of each stem section were placed into
friction grips, which trap the stem between a
rough textured sprung cylinder and a piece of
sand paper, and stretched at a displacement rate
of 10 mm min-1 until the breakage of the stem.
The Hounsfield (now: Tinius Olsen, Salfords,
UK) computer software recorded a force - displacement curve to determine the breaking force.

Fig. 3. Force-displacement curve from a bending test performed on a R. penicillatus stem piece. The slope of the
initial linear part of the curve is used to calculate the
‘bending’ Young’s modulus.

The second moment of area was calculated as Ic
= πr4/4 = πd4/64 for a circular cross-section (F.
antipyretica, M. alterniflorum and R. penicillatus, r = stem radius = d/2, d = stem diameter) and
as Ie = (a3b – a13b1)π/4 for a hollow elliptic
cross-section (G. fluitans, a = conjugate radius, b
= transverse radius, a 1 = inner conjugate radius,
b 1 = inner transverse radius). From the flexural
rigidity EI and the second moment of area I the
‘bending’ Young’s modulus Eb was calculated as
Eb = EI/Ic = ((s3F)/(48Δ))/(πd4/64) =
(4s3F)/(3Δπd4) for a circular cross-section and as
Eb = EI/Ie = ((s3F)/(48Δ))/((a3b – a13b1) π/4) =
(s3F)/(12Δπ (a3b – a13b1)) for hollow elliptic
cross-sections.

Fig. 2. Stress-strain curve and calculated biomechanical
parameters from a tension test performed on a R. penicillatus stem piece. The slope of the initial linear part of the
curve is used to calculate the ‘tension’ Young’s modulus.

2.4 Statistical analyses
A one-way analysis of variance (ANOVA) was
performed with SAS 9.1 to analyse differences
in biomechanical parameters between the species.

Subsequently the force-displacement curve was
transformed into a stress-strain curve (Fig. 2)
with ε = δ/L, σ = F/A, ε = strain (m m-1), δ = displacement (m), L = length of the stem piece (m),
σ = stress (N m-2), F = force (N) and A = crosssectional area (m2). From this curve the ‘tension’
Youngs modulus Et was determined as the slope
of the initial linear part. Breaking strength σtmax
was obtained as the maximum nominal stress,
breaking strain εtmax as the maximum nominal
strain and the area under the stress-strain curve
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3 RESULTS

terniflorum, being significantly higher than for
R. penicillatus (Table 2).

3.1 Tension tests

3.2 Bending tests

The stress-strain curves of all species have a
characteristic shape (Fig. 2), with an initial linear
part, which is used for the calculation of the
‘tension’ Young’s modulus and then a gradually
flattening slope until breakage occurs at maximum breaking stress (Fig. 2). G. fluitans as the
strongest species has a significantly higher ‘tension’ Young’s modulus than the other three species. Breaking stress, breaking strain, breaking
force and work of fracture could only be measured for F. antipyretica, M. alterniflorum and R.
penicillatus, since G. fluitans slipped inside the
clamps or the brass tubes at high forces. ‘Tension’ Young’s modulus, breaking stress and
work of fracture were significantly different between the species (Table 1).
All three parameters were highest for F. antipyretica, medium for M. alterniflorum and lowest
for R. penicillatus, at least partially as a consequence of the small stem diameter of F. antipyretica stems (Table 1). The breaking force was
significantly larger for R. penicillatus than for
both F. antipyretica and M. alterniflorum (Table
2). The highest breaking strain, i.e. the highest
extension before breakage, was found for M. al-

Since no bending tests to calculate the flexural
rigidity and the ‘bending’ Young’s modulus of
F. antipyretica could be performed due to the
sensitivity of the used load cell which was too
low, we can assume that F. antipyretica had the
highest flexibility of all four studied species. For
the other three species the ‘bending’ Young’s
modulus and the flexural rigidity were calculated
from the slope of the initial part of the forcedisplacement curve (Fig. 3). However, no breakage occurred, since the flexible stems at the end
of the experiment slipped from the bars of the
experimental setup.
The ‘bending’ Young’s modulus of R. penicillatus was significantly lower than that of M.
alterniflorum and G. fluitans. G. fluitans is the
stiffest species, having a significantly higher
flexural rigidity than M. alterniflorum and R.
penicillatus due to its higher second moment of
area. G. fluitans has the highest second moment
of area of all four species as a consequence of
the large stem diameter (Table 1). This compensates for its hollow stem which would lead to a
reduced second moment of area when compared
to a solid stem with a similar diameter.

Table 1: Mean ± S.D. of the morphological and biomechanical characteristics of the studied species R. penicillatus, M. alterniflorum, G. fluitans and F. antipyretica (n=30) and velocity ranges for the river sections where the respective plant species
where sampled. Please note that we report here values for flexural rigidity (EI) obtained from bending tests which provided direct measurements of EI. # For the hollow elliptically shaped G. fluitans stems the transverse diameter, calculated as two times
the transverse radius b (see Materials and Methods section, Bending tests) is given here. ## Since no bending tests were performed for F. antipyretica the second moment of area calculations are based on diameters measured in stems for tension tests
parameter

unit

Mean ± S.D.
F. antipyretica
R. penicillatus
0.44 ± 0.053
2.39 ± 0.39
0.15 ± 0.037
4.19 ± 1.5

Mean diameter
Mean area
‘Tension’ Young’s modulus
Breaking stress
Breaking strain
Breaking force
Work of fracture
‘Bending’ Young’s modulus
Second moment of area
Flexural rigidity
Velocity

mm
mm2

G. fluitans
4.03 ± 0.54#
6.79 ± 2.09

MN m-2
kN m-2
%
N
kJ m-3

80.84 ± 27.5
-

379.1 ± 146.16
19338.8 ± 5858.58
14.46 ± 3.73
2.94 ± 0.94
1814.64 ± 814.51

14.8 ± 5.7
972.9 ± 276.63
12.86 ± 3.75
3.82 ± 1.15
87.36 ± 38.27

19.3 ± 16.21
1820.2 ± 612.61
15.87 ± 4.47
3.11 ± 0.94
194 ± 62.38

MN m-2
mm4
N mm2
m s-1

89.82 ± 33.07
8.39 ± 4.07
678.14 ± 276.94
0.28 – 0.47

0.0017 ± 0.00084##
0.59 – 0.64

12.53 ± 7.12
1.8 ± 0.96
21.57 ± 14.26
0.85 – 1.14

89.43 ± 37.63
0.3 ± 0.13
25.22 ± 10.68
0.73 – 0.91

248

M. alterniflorum
1.59 ± 0.19
1.78 ± 0.58

Table 2: Comparison of the morphological and biomechanical stem characteristics that are described in Table 1 between the
four studied species R. penicillatus, M. alterniflorum, G. fluitans and F. antipyretica with an one-way ANOVA. Values that
are significantly different between the species are indicated by A, B, C and D. Please note that we report here values for flexural rigidity (EI) obtained from bending tests which provided direct measurements of EI. # For the hollow elliptically shaped
G. fluitans stems the transverse diameter, calculated as two times the transverse radius b (see Materials and Methods section,
Bending tests) is given here. ## Since no bending tests were performed for F. antipyretica the second moment of area calculations are based on diameters measured in stems for tension tests.
parameter

df

F

p

Mean diameter
Mean area
‘Tension’ Young’s modulus
Breaking stress
Breaking strain
Breaking force
Work of fracture
‘Bending’ Young’s modulus
Second moment of area
Flexural rigidity

3
3
3
2
2
2
2
2
3
2

952.12
753.18
317.62
1164.54
3.36
4.81
425.37
155.37
785.65
256.71

<0.0001
<0.0001
<0.0001
<0.0001
0.05
0.0163
<0.0001
<0.0001
<0.0001
<0.0001

G. fluitans
A#
A
B
A
A
A

Duncan test result
F. antipyretiR. penicilca
latus
D
B
D
B
A
D
A
C
AB
B
B
A
A
C
B
D##
B
B

M. alterniflorum
C
C
C
B
A
B
B
A
C
B

creased ‘tension’ Young’s modulus and flexural
rigidity in the aquatic species Ranunculus fluitans. Values for breaking stress, breaking strain,
‘tension’ Young’s modulus, ‘bending’ Young’s
modulus, second moment of area and flexural rigidity of the related species R. fluitans were very
similar to those for R. penicillatus in our study.
An interesting aspect offers the comparison of
the Young’s modulus calculated on the basis of
tension (‘tension’ Young’s modulus) and bending tests (‘bending’ Young’s modulus). For G.
fluitans and R. penicillatus both Young’s moduli
were similar, so that we can regard the tissues of
these species as consisting of reasonably homogeneous materials. The stems of G. fluitans are
hollow, whereas R. penicillatus stems are solid,
i.e. completely filled with cellular material (Fig.
1). In contrast to this, the ‘bending’ Young’s
modulus of M. alterniflorum is more than four
times higher than its ‘tension’ Young’s modulus,
suggesting inhomogeneity in plant tissue structure. A possible explanation is the ‘wheel’-like
cross-sectional structure of M. alterniflorum
stems (Fig. 1), where large air-filled spaces occur between elongated tissue structures that are
extending distally until the stem surface. This
structure might strengthen the stem more against
bending than against tension forces. The crosssectional structure of macrophyte stems with regard to the Young’s modulus should be studied
in more detail and by employing analyses comparing ‘bending’ and ‘tension’ Young’s modulus
of a range of macrophyte species.
The found biomechanical traits enable the
plant species to grow and survive in the flow environments, which they inhabit. The four species
inhabit a gradient from low to high flow veloci-

4 DISCUSSION
In this study the biomechanical properties of G.
fluitans, M. alterniflorum and R. penicillatus
were analysed in detail for the first time. For F.
antipyretica some preliminary data on tension
and bending characteristics already exist (Biehle
et al. 1998).
In general our tension and bending experiments on F. antipyretica resulted in values comparable to those achieved by Biehle et al. (1998).
Biehle et al. (1998) found significant differences
in ‘tension’ Young’s modulus between specimens from two river sites differing in flow velocities with values of 488 ± 160 MN m-2 at slow
flow (0.04 m s-1) and 633 ± 171 MN m-2 at high
flow (0.66m s-1). Interestingly our value for the
‘tension’ Young’s modulus of 379.1 ± 146.16
MN m-2 (Table 1) is closer to that of plants sampled at the slow flow site although measured
flow velocity in our study was appr. 0.61 m s-1 at
the site, where F. antipyretica was sampled.
Since the study of Biehle et al. (1998) was conducted in a different geographical region, in
Southern Germany, this observed discrepancy in
the ‘tension’ Young’s modulus mght be due to
differences in environmental and climatic conditions. However, we have to take into account
that the ‘tension’ Young’s modulus in our study
has a high standard deviation, so that it might
hence be not statistically different from the ‘tension’ Young’s modulus value for the high flow
habitat of the study of Biehle et al. (1998).
For the genus Ranunculus Usherwood et al.
(1997) compared several terrestrial, amphibious
and aquatic species and found a strongly de249

ties: Whereas G. fluitans lives in slow-flowing
streams (Preston & Croft 2001), F. antipyretica
preferentially grows in fast-flowing mountain
streams (Haslam 2006). M. alterniflorum and R.
penicillatus can be found in flow velocities ranging between the habitats of these two species.
The adaptations to their typical habitats are reflected in their biomechanical characteristics to
resist flow forces.
G. fluitans as an aquatic grass that can grow
also emerged has a high ‘tension’ Young’s
modulus and is very rigid, since it has a high
flexural rigidity. The latter is caused by the high
‘bending’ Young’s modulus and a high second
moment of area of the G. fluitans stems, which
are hollow, but have a large diameter. Hence G.
fluitans is adapted to survive and grow in slowly
flowing burns, where the development of
emerged, upright growing terrestrial shoots for
reproduction is possible. At high flow velocities
tension forces become dominant in determining
plant biomechanical and morphological properties. F. antipyretica is the most flexible of the
four species, since its flexural rigidity and ‘bending’ Young’s modulus could not be calculated as
the sensitivity of the load cell was too low. It has
the highest ‘tension’ Young’s modulus as well as
a higher breaking stress and work of fracture
than M. alterniflorum and R. penicillatus. This
enables F. antipyretica to survive even in swiftly
flowing mountain streams (Haslam 2006). Although M. alterniflorum and R. penicillatus
show the lowest values of ‘tension’ Young’s
modulus, breaking stress and work of fracture,
the flexural rigidity and the second moment of
area of both species ranges between the values
for G. fluitans and F. antipyretica. The intermediate flexural rigidity together with the weak
traits to resist forces (Table 1 and 2) allows M.
alterniflorum and R. penicillatus to grow in the
middle reaches of rivers with moderate flow velocities, where they are often found in coexistence (Haslam 2006).
The above considerations support the concept
of tensile and bending plants introduced by
Nikora (2010). Plant with a high flexural rigidity
(bending plants, e.g. G. fluitans) experience
mainly pressure drag since they are growing
more upright in the water column. In contrast,
plants with a low flexural rigidity (tensile plants,
e.g. F. antipyretica) are mainly subject to viscous drag forces as they follow the flow. From
an evolutionary perspective the biomechanical
properties of freshwater macrophytes are constantly changing through evolutionary processes
and selection pressures. A plant species under
exposure to enhanced flow forces will evolve
within its specific developmental constraints

from a bending to a tensile plant. It will become
increasingly flexible thereby avoiding bending
forces and it will become resistant to breakage
and deformation by tensile forces.
The results of our study will be of use to predict under which flow conditions specific plant
species will survive and grow. Hence precise
measures can be taken to eradicate invasive species or to protect endangered native species. As
floodings due to increased hydraulic resistance
by a massive growth of river macrophytes can
cause major economical damage, our results will
be widely applicable to model plant population
growth and to estimate hydraulic resistance in
order to take specific and precise decisions in the
management of streams and rivers.
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ABSTRACT: The effect of leaf shape and flexural rigidity on drag force imposed by flowing water and
its time variability are experimentally studied in an open-channel flume at seven leaf Reynolds numbers
ranging from 0.5 x 104 to 3.5 x 104. The study involved artificial leaves of the same surface area but with
three distinctly different shapes (‘rectangular’, ‘elliptic’, and ‘pinnate’) and with three flexural rigidities.
Instantaneous drag forces and flow velocities have been measured using a drag measurement device synchronized with two ADVs. The results revealed that when exposed to a fluid flow, the elliptic leaf has
better hydrodynamic shape as it experienced less drag force, with the rectangular leaf showing slightly
less efficiency. However, the pinnate leaf experienced higher drag force than the other leaves due to its
complex geometry with six leaflets, larger perimeter, width and frontal area. Flow separation from six
leaflets of the pinnate leaf prevents leaf reconfiguration such as leaflets folding and/or streamlining. Experiments show that the magnitude of the leaf shape effect on drag force depends on leaf rigidity. A linear
relation between the drag force and velocity was found for flexible elliptic and rectangular leaves with
low rigidity. For more rigid elliptic and rectangular leaves, the drag force scaled with squared velocity.
This suggests that lower rigidity allowed the elliptic and rectangular leaves to undulate and streamline
better in the flow in order to reduce the drag forces. However, for the pinnate leaf, no significant effect of
rigidity on the relation between the drag force and velocity was found. The Vogel number ranged from 0.41 and -0.34 and the drag coefficient decreased with increase in Reynolds number for all rigidities for
the pinnate leaf. The results indicate that leaf geometry and flexural rigidity play an important role in the
leaf reconfiguration and thus in the adaptation of aquatic plants to flow conditions.
Keywords: Aquatic plants, Leaves, Drag force, Drag coefficient, Reconfiguration, Flexural rigidity, River
flow
hancement of plant performance (Usherwood et
al. 1997, Sand-Jensen 2003, Nikora 2009).
Compared to terrestrial plants, aquatic plants
are much less studied with respect to drag control.
There is practically no information available in relation to flow-plant interactions at the leaf scale.
Vogel (1989) investigated the drag acting on
broad leaves of a variety of terrestrial species and
reported that broad-leaved species reconfigured
their leaf shapes into cones to reduce the drag
force exerted by wind. Schouveiler et al. (2006)
investigated the mechanism of reconfiguration of
broad leaves subjected to wind force and derived a
scaling law from the mechanical equilibrium for a
circular plastic sheet. Langre (2008) reviewed the
effect of wind on plants in relation to the mechanical interactions between wind and plants,
from plant organs to plant systems. In relation to

1 INTRODUCTION
Aquatic plants encounter drag forces imposed by
flowing water at multiple scales such as patch,
plant, stem and leaf scales. In general, plants may
minimize drag forces by minimizing their surface
area or/and streamlining in the flow direction. Although the role of individual plant leaves in drag
reduction and control is important, very little is
known about the physical mechanisms involved.
To resist successfully high flow loads without
damage, plants develop different strategies such
as the shape reconfiguration of the leaves and the
bending of the stems into the canopy. These help
plants to streamline and reduce the surface and
projected area exposed to the flow that results in a
reduction of the drag force and drag coefficient
with increasing flow velocity leading to the en253

University of Aberdeen. Below we first outline
our experimental set up, then present experimental
results and their discussion in connection to plant
performance in flows.

aquatic plants, Sand-Jensen (2003) investigated
drag and reconfiguration of freshwater macrophytes and found that increasing flexibility leads
to greater reconfiguration and lower drag coefficients. Flexible plants experience a steeper decline
of drag coefficients with increasing water velocity
compared to rigid plants, i.e., flexible plants
mounted vertically on a horizontal substratum
bend over in fast flow attaining a shielded nearbed position of low drag. This shows the importance of bio-mechanical properties such as bending and tensile properties of plants and leaves in
the reduction of drag force.
The hydrodynamic effects of shape and size
change during reconfiguration of a flexible macroalga were studied by Boller et al. (2006). In
this study, whole-plant realignment at low velocities and compaction of the crown reducing the
frontal area at higher velocities were found as two
separate mechanisms of reconfiguration. In hydraulic engineering, aquatic plants are considered
as roughness creating resistance to flow and thus
many experimental studies of vegetation resistance in open channel flows have been completed
(Kouwen and Fathi-Moghadam 1997, 2000; Armanini et al. 2005).
The flow-induced drag force F is typically parameterized as:
F = 1 / 2 ρAC DU 2

2 EXPERIMENTAL SET-UP
All experiments were carried out in a glass sided
tilting flume with a flat bed. The flume is B =0.3
m wide, L=12.5 m long and H=0.45 m deep (Figure1). Seven different flow rates with the constant
water depth h=0.15 m and bed slope 1:1000 were
studied (Table 1). Since the depth and the bed
slope were fixed, the hydraulic conditions deviated from the uniform flow regime. This deviation, however, was not critical for our study that
focused on the local phenomenon of flow-leaf interactions. Measurements were carried out at a location 7 cm from the bed within the flume section
5 to 6 m from the flume entrance, where the flow
field was fully developed with nearly homogeneous vertical profile of the longitudinal velocity. A
standard experiment involved synchronous measurements of instantaneous drag force and flow
velocities (with two ADVs, one in front of a leaf
and another in the leaf wake), which have been
supplemented with leaf video recordings. A range
of three shapes and three rigidities of specially
manufactured artificial leaves have been studied.
Table 1 presents the hydraulic parameters for the
experiments performed for each leaf type (see definitions and explanations in the following subsections). In Table 1, the ‘leaf’ Reynolds number
( Re ) and ‘depth’ Reynolds number ( Re h ) are
computed as follows:

(1)

where U is flow velocity, ρ is fluid density, A
is a representative area, and Cd is the drag coefficient. Application of (1) for aquatic plants and
leaves is not straightforward because they are
flexible and tend to reduce the drag force by
changing their forms and representative area via
bending and folding. For instance, the deviation
from the velocity-squared relationship may be associated with reconfiguration rather than with a
change in the Reynolds number Re. Vogel (1989,
1994) expressed this in terms of an exponent v
(known today as the Vogel number), so the drag
force scales with velocity as U 2+v . If a leaf is rigid
and Re is very high (so we can assume that
CD = const ), its drag force is a function of U 2
(i.e., v = 0 ). For a flexible leaf, v < 0 and in many
cases one may observe v ≈ −1 because of leaf reconfiguration (Vogel, 1989).
The objective of this study is to investigate experimentally the effect of leaf shape and flexural
rigidity on the drag force and its time variability
in relation to reconfiguration and associated drag
control/reduction. In order to achieve this objective, a series of experiments with artificial leaves
of different shapes and rigidities has been completed in the Fluid Mechanics Laboratory of the

Re = U a S / υ

(2)

Re h = U d h / υ

(3)

where U a , U d are leaf approaching and depthaveraged velocities, respectively, S is the surface
area of a leaf (equal to 0.0016 m2), h is the water
depth and υ is the kinematic viscosity.
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0.05m 0.05m

Measurement Section

Figure 1. Schematic diagram of a glass sided tilting flume set-up, measurement section, and position of ADVs and DMD.

Table 1. Hydraulic parameters for the experiments.
1 N Load Cell

Q
m3/s
0.009
0.014
0.018
0.022
0.027
0.032
0.036

Ud
m/s
0.20
0.30
0.40
0.50
0.60
0.70
0.80

Re

Reh

8.02 x 103
12.09 x 103
16.00 x 103
19.90 x 103
23.91 x 103
28.09 x 103
31.87 x 103

30.07 x 103
45.33 x 103
60.00 x 103
74.63 x 103
89.66 x 103
105.33 x 103
119.51 x 103

water level

8 cm

h
m
0.15
0.15
0.15
0.15
0.15
0.15
0.15

SMD S100
thin film load cell

Full Wheatstone
Bridge, strain gage

stainless steel
rectangular rod

2 mm (0.2mm width)

Flow direction

4mm
9 mm

Brass tube

Force

cross-section
of pipe

Force
side view

side view

a) Drag Measurement Device (DMD)

2.1 Measurement Devices
2.1.1 Acoustic Doppler Velocimeter (ADV)
Velocity measurements were carried out by two
Acoustic Doppler Velocimeters (ADV) at 7 cm
above the flume bed (Figs. 1 and 2). The upstream ADV was placed 30 cm away from the
submerged tube of the Drag Measurement Device (DMD, Figure 2) in order to measure the
approach velocity and turbulence characteristics
of the flow without any effect of a leaf. The
downstream ADV was placed 5 cm way from the
back tip of a leaf to measure velocity and turbulence characteristics in the wake region of a leaf
(Figure 1). Two ADVs were synchronized with
DMD by an in-house electronic circuit. The
ADVs and DMD were set to work at a sampling
rate of 50 Hz for 5 minutes, as a standard set-up
for each experimental scenario. The coordinate
system is defined in Figure 2b.

Flow Direction

W,z
V,y
U,x

b) Acoustic Doppler Velocimeter (ADV).

Figure 2. (a) Drag Measurement Device (DMD), (b)
Acoustic Doppler Velocimeter (ADV).

2.1.2 Drag Measurement Device (DMD)
The DMD for this study has been specially developed by the authors to measure drag force on
a leaf and/or shoot (Figure 2a). The design of the
DMD is based on a small range load cell with an
extended beam allowing to measure micro scale
drag forces (mN) with high accuracy and temporal resolution. The DMD works at sampling
frequency from 1 Hz to 1000 Hz and measures
mNewton range forces. The DMD shown in Figure 2a consists of a load cell, an elliptic shaped
brass tube and a 10 cm high, 2 mm wide and 0.2
mm thick stainless steel rod. The rod is attached
to the load cell as an extension of the beam and
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S1

For visualization of flow-leaf interaction, a half
megapixel DV camera with sampling rate of 25
Hz was used in all experiments and 5 minutes
video recording were made synchronously with
drag force and velocity measurements. A 40 cm
by 30 cm area was covered and recorded by the
camera.

6.25 x 10-17

60 x 108

0.375 x 10-6

R3

6.65 x 10-16

58.8 x 108

3.9 x 10-6

R5

6.63 x 10-14

12.5 x 108

83.2 x 10-6

16 cm

For each of 9 leaf types (Table 3), velocity and
drag force measurements and video recordings
were carried out with synchronized ADVs, DMD
and DV camera for 5 minutes at 7 different flow
rates (Table 1). First, a leaf was glued to the tip
of the steel rod of the DMD and then a zero-call
of the DMD was made in a fishing tank where
leaf was 8 cm below the water surface. Vishay
model 6000 scanner was used for data recording.
Second, the DMD was positioned in the center of
the flume between two ADVs as shown in Figure
1. The centers of the leaf and the ADVs’ sampling volumes were on the same horizontal axis
positioned at 7 cm above the flume bed and at 8
cm below the water surface. The data collected
from the ADVs, DMD and video camera were
transferred to a high-speed computer for the
post-processing and data analysis. The drag coefficient ( C d ) was calculated by using the following equation:

Cd = 2 F /( ρAwU a2 )

(4)

where F is the drag force, ρ is the density of
water, Aw is the leaf wetted area (0.0032 m2) and
U a is the leaf approaching velocity.
In this paper, we focused on the effects of leaf
shape and rigidity on the mean drag force and
the drag coefficient at different flow velocities.
The shape and rigidity effect on drag and velocity statistics and the image analysis will be reported in the follow up study.

Table 2. Properties of the plastic leaves used in the experiments.

R1

S3

2.3 Experimental Procedure

To simulate basic geometries of a leaf in our experiments, elliptic, pinnate and rectangular geometric shapes were chosen (Figure 3). The leaf
surface area of each shape was kept constant and
was equal to 0.0016 m2. Elliptic, pinnate and rectangular shapes were coded as S1, S2 and S3, respectively. In order to examine the effect of rigidity of a leaf on drag force, leaves were made
of plastic materials with different values of
Young modulus and thickness. The mechanical
properties of simulated leaves (Young’s modulus, flexural rigidity, and second moment of
area) are shown in Table 2. The details of tension and bending tests of the materials can be
found in Miler et al. (2010). Based on the flexural rigidities of the experimental leaves, flexible,
moderate rigid and highly rigid leaves were
coded as R1, R3, and R5, respectively.

Young modulus
(Tension )
E, Nm-2

S2

Figure 3. Leaf shapes.

2.2 Experimental Leaves

Second moment
of area
I, m4

Rectangular

1 cm

2.1.3 Video Recording

Exp. Code

Pinnate

Elliptic

placed vertically in the center of the brass tube.
A leaf can be easily attached to the tip of the rod
by using super-glue. Any force applied to the rod
and an associated leaf along the flow direction
(Figure 2a) results in deflection of the rod and
the beam, leading to deflection of full wheatstone bridge and generation of a voltage signal.
The measured drag force on the tip without a leaf
did not exceed 10% of the total measured drag
(i.e., tip + leaf), being around 2.5-5% in most
cases. The DMD data analysis involved subtraction of the rod contribution from the total measured drag so that only drag force acting on the
leaves was used in the interpretations.

Flexural
rigidity
IE, Nm2
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Table 3. Experimental matrix and codes of experiments.
Rigidity
S1

S2

S3

Code

R1S1

R1S2

R1S3

0.016
0.014

Shape

S1

S2

S3

Code

R3S1

R3S2

R3S3

Shape

S1

S2

S3

Code

R5S1

R5S2

R5S3

Force, F(N)

R3

Rigidity

R1S1
F=0.01*U^1.293
R1S2
F=0.020*U^1.591
R1S3
F=0.013*U^1.677

0.018

Shape
Rigidity

0.020

a)

R1

R5

0.012
0.010
0.008
0.006
0.004
0.002

3 EXPERIMENTAL RESULTS AND
DISCUSSION

0

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.7

0.8

0.9

0.7

0.8

0.9

Velocity, Ua (m/s)
b)

0.020
R3S1
F=0.011*U^1.483
R3S2
F=0.020*U^1.696
R3S3
F=0.014*U^1.534

0.018

3.1 Effect of leaf shape on drag force and drag
coefficient

0.016

Force, F(N)

0.014

In Figure 4, the time-averaged drag forces of elliptic, pinnate and rectangular shape leaves at
three different flexural rigidities (R1, R3 and R5)
are shown as a function of mean upstream velocity. There are large differences in the drag force
experienced by the pinnate leaf and the other two
leaf shapes for all three rigidities. The drag force
on the pinnate leaf is the largest at all velocities
and significantly diverging from the drag force
on the other two leaves as velocity increases, irrespective of leaf rigidity.
In Figure 4a, at lower velocities the drag on
the rectangular leaf is slightly lower than the
drag on the elliptic leaf, but with increase in velocity this trend changes to opposite. At medium
rigidity (R3), the elliptic leaf has the lowest drag
at all velocities, with the rectangular leaf having
slightly higher drag. This situation changes with
increase in rigidity (Figure 4c), i.e., the drag
forces on the elliptic and rectangular leaves are
almost the same for the velocity less than 0.6
m/s, with only a small difference at higher velocity. On average, the drag forces on the pinnate
leaf are 75%, 65% and 105% more than on the
elliptic leaf, and 70%, 30% and 90 % more than
on the rectangular leaf at the lowest, moderate
and highest rigidities, respectively. This result
indicates that the effect of leaf shape on drag
force is strong and may be significantly enhanced by leaf serration. Indeed, it is most likely
that the pinnate leaf experiences the highest drag
force because of its complex geometry with six
leaflets, and larger perimeter, width, and frontal
area. Flow separations from six leaflets of the
pinnate leaf enhance instabilities that prevent reconfiguration in the form of folding and streamlining of its leaflets.

0.012
0.010
0.008
0.006
0.004
0.002
0

0

0.1

0.2

0.3

0.4

0.5

0.6

Velocity, Ua (m/s)
c)

0.020
R5S1
F=0.015*U^1.771
R5S2
F=0.028*U^1.665
R5S3
F=0.018*U^1.978

0.018
0.016

Force, F(N)

0.014
0.012
0.010
0.008
0.006
0.004
0.002
0
0

0.1

0.2

0.3

0.4

0.5

0.6

Velocity, Ua (m/s)

Figure 4. Drag force F of elliptic, pinnate and rectangular
leaves as a function of mean upstream velocity for flexural
rigidities R1 (a), R3 (b), and R5 (c).

The drag coefficients Cd=f(Re) for the different leaf shapes at three different rigidities are
shown in Figure 5. For the rigidity R1, a considerable decrease of the drag coefficient with increasing Re for all leaf shapes is noticeable. Also, the drag coefficient of the pinnate leaf is
approximately 60-70% higher than the drag
coefficients of the elliptic and rectangular leaves,
respectively. The drag coefficient of the rectangular leaf at small Re is slightly lower than that
for the elliptic leaf whereas it is slightly higher at
larger Re (Figure 5a). For the medium rigidity,
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R3, the curves Cd=f(Re) for different leaf shapes
are separated within the whole range of Re, with
the highest Cd for the pinnate leaf and the lowest
Cd for the elliptic leaf, as one would expect.
(Figure 5b).
With further increase in rigidity (Figure 5c),
the shape of Cd=f(Re) curve for the pinnate leaf
remains similar to that for lower rigidities although Cd values become much higher. The drag
coefficients of the rectangular and elliptic leaves
nearly coincide and are approximately constant,
being 50-250% less than Cd for the pinnate leaf.
The results clearly show that, overall, the elliptic
leaf has the best hydrodynamic shape among the
leaves as it experiences the least drag force, with
the rectangular leaf performing slightly worse
but still much better that the pinnate leaf.
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Figure 7 shows the drag force-velocity and
drag coefficient-Reynolds number relations for
the pinnate leaf. For the rigidities R1 and R3, the
drag forces on the leaves have similar tendency
and magnitude, whereas for the highest rigidity
R5 the pinnate leaf is exposed to much higher
drag force, with significantly higher drag coefficients.

0.020

0.5

0.5

Figure 6. (a) Plot of the drag force versus the mean upstream velocity; and (b) the drag coefficient versus Reynolds number for the elliptic leaf with three different rigidities.
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0.035
Drag Coefficient, Cd
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Force, F(N)
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function of mean upstream velocity for the rigidities R1, R3 and R5. The drag force increases
with the velocity, as expected, but the effect of
rigidity becomes visible only at velocities higher
than 0.5 m/s. For this range of higher velocities,
drag force increases with increase in rigidity. A
similar effect is also seen in Figure 6b showing
dependence of the drag coefficient on Re. Such a
behavior suggests that decrease in rigidity leads
to a higher capability of a leaf for re-configuring
and fluttering leading to a drag reduction.

3.5
4
4
x 10

Figure 5. Effect of leaf shape and rigidity on drag coefficient for a range of Re (R1a, R3b, and R5c).

3.2 Effect of flexural rigidity on drag force and
drag coefficient
In this section, we consider the effect of the
flexural rigidity on drag force and drag coefficient for each leaf shape separately. Figure 6a
shows the drag force on the elliptic leaf as a
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Figure 7. (a) Plot of the drag force versus the mean upstream velocity and (b) the drag coefficient versus Reynolds number for the pinnate leaf with three different rigidities.

Figure 8. (a) Plot of the drag force versus the mean upstream velocity and (b) the drag coefficient versus Reynolds number for the rectangular leaf with three different
rigidities.

With regard to Figure 8, the drag force on the
most rigid rectangular leaf is the highest, followed by the moderate and low rigidity leaves.
This difference becomes more significant with
increasing velocity. Also, the effect of rigidity on
the drag coefficient is most profound at low Re,
becoming negligible at high Re.
The artificial leafs we used in this study were
similar in shape and flexural rigidity to natural
leaves. The pinnate, rectangular and elliptic
leaves broadly resemble the leaves of aquatic
plant species, e.g. Myriophyllum alterniflorum
(pinnate shape), Glyceria fluitans (rectangular
shape) and Elodea canadensis (elliptic shape).
The flexural rigidity of G. fluitans leaves is the
same order of magnitude of the most flexible
leaves in our study (Miler and Albayrak, unpublished data). Hence, we can conclude that the
drag reduction through leaf reconfiguration in
natural strap-like leaves of G. fluitans will be
similar or better than in the artificial rectangular
leaf with rigidity R1 in our study. However, in
addition to shape and rigidity, also other leaf
properties like serration, thickness and roughness
influence the reconfiguration and drag reduction
of the leaves. Therefore, the further investigation
on these properties of leaves is needed in order

to better understand flow-plant interactions at the
leaf scale.
4 CONCLUSION
Extensive and systematic experimental measurements of drag force and velocity were conducted in an open-channel flow for three leaf
geometries (elliptic, pinnate and rectangular)
covering three flexural rigidities ranging from
low to high.
When exposed to the load of a fluid flow, the
pinnate leaf experienced higher drag force and
drag coefficient than the other leaves due to its
complex geometry with six leaflets, larger perimeter, width, and frontal area. Flow separation
from six leaflets of the pinnate leaf
creates a variety of instabilities preventing reconfiguration of the pinnate leaf such as folding
and streamlining in order to reduce the drag imposed by flow. On the other hand, the elliptic
leaf has a better hydrodynamic shape than the
other leaves as it experiences less drag force due
to a streamlined shape and smaller frontal area.
The rectangular leaf presented a behavior similar
to the elliptic leaf.
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The effect of flexural rigidity on drag force
and drag coefficient for each leaf shape was examined. For the elliptic and rectangular leaves
with lower rigidity, it was found that the drag
forces on the leaves were lower and scaled quasi-linearly with the velocity similar to a flexible
body in the flow (Vogel 1994). Low rigidity allowed the elliptic and rectangular leaves to undulate and streamline in the flow that reduced the
drag. For the highest rigidity, the elliptic and rectangular leaves experienced higher drag forces
than those with lower rigidity. For this case, the
drag force was a function of squared velocity
while the drag coefficients were quasi-constant
(i.e., largely independent on Re). However, for
the pinnate leaf, the drag coefficient was decreasing as Reynolds number was increasing for
all rigidities. The most rigid pinnate leaf experienced the highest drag forces at all flow rates,
while the pinnate leaves with moderate and low
rigidities showed much lower drag forces.
To summarize, our results yield a first step
towards the understanding of plant-flow interactions at the leaf scale and indicate that geometry
and flexural rigidity strongly affect leaf performance, i.e., their potential capabilities for adaptation to different habitats. The focus of the follow up study will be on the shape and rigidity
effects on drag and velocity statistics.

Nikora, V. 2009. Hydrodynamics of aquatic ecosystems:
an interface between ecology, biomechanics and environmental fluid mechanics. River Research and Applications, DOI: 10.1002/rra.1291.
Sand-Jensen K. 2003. Drag and reconfiguration of freshwater macrophytes. Freshwater Biology, 48, 271–283.
Schouveiler L., Boudaoud A. 2006. The rolling up of
sheets in a steady flow. J. Fluid Mech., 563, 71-80,
Usherwood J. R., Ennos A. R., Ball D.J. 1997. Mechanical
adaptations in terrestrial and aquatic buttercups to their
respective environments. Journal of Experimental Botany, 48, 1469–1475.
Vogel, S. 1989. Drag and reconfiguration of broad leaves
in high winds. J.Exp. Bot. 40, 941-948.
Vogel, S. 1994. Life in Moving Fluids (2nd edn). Princeton: Princeton University Press.

ACKNOWLEDGEMENTS
The work was partly supported by the Leverhulme Trust, Grant F/00152/Z ‘Biophysics of
flow-plant interactions in aquatic systems’. The
authors are grateful to Giulia Pagello for her help
with the experimental work.
REFERENCES
Armanini, A., Righetti, M., Grisenti, P. 2005. Direct measurement of vegetation resistance in prototype scale. J.
Hydraul. Res., 43, 481–487.
Boller, M. L., Carrington, E. 2006. The hydrodynamic effects of shape and size change during reconfiguration
of a flexible macroalga. J. Exp. Biol., 209, 1894-1903.
Langre E. 2008. Effects of wind on plants. Annual Review
of Fluid Mechanics, 40, 141-168.
Kouwen, N., Fathi-Moghadam, M. 1997. Nonrigid, nonsubmerged, vegetative roughness on floodplains. J.
Hydraul. Eng. ASCE, 123(1), 51–57.
Kouwen, N., Fathi-Moghadam, M. 2000. Friction factors
for coniferous trees along rivers. Hydraul.Eng. ASCE
,126(10), 732–740.
Miler, O., Albayrak, I., Nikora, V., O’Hare, M., Crane, T.
2010. Biomechanics of aquatic plants and its role in
flow-vegetation interactions. Conference paper, RiverFlow, Braunschweig, Germany.
260

River Flow 2010 - Dittrich, Koll, Aberle & Geisenhainer (eds) - © 2010 Bundesanstalt für Wasserbau ISBN 978-3-939230-00-7

Flow resistance law in open-channel flows with rigid and flexible
vegetation
Taka-aki Okamoto & Iehisa Nezu

Department of Civil Engineering, Kyoto University, Kyoto 615-8540, Japan

ABSTRACT: A lot of aquatic plants are observed in actual rivers and they have a potential to improve
water quality. A large-scale coherent vortex is generated near the vegetation edge, which dominate the
momentum and scalar transport. Thus, estimating the flow resistance of vegetated flows is of great importance in river management. In such vegetated open-channel flows, both the geometry of the vegetation
elements (shape, size, flexibility and vegetation density) and turbulence characteristics affect the hydrodynamic resistance significantly. However, any important relation between the vegetation motion and the
flow resistance property is not yet established. Therefore, in the present study, we highlighted these important topics and measured the instantaneous velocity structure and coherent motion in open-channel
flows with flexible vegetation by using PIV technique. As the results, the hydro-mechanic interaction between the flow and flexible plant motion was revealed.
Keywords: Flow resistance, Flexible vegetation, Plant motion, PIV
mine the relationship between the hydraulic
roughness and the deflected height of vegetations.
The analysis of the velocity measurements
showed that the zero plane displacement of the logarithmic law was correlated with the deflected
plant height.
Velasco et al. (2003) have investigated a hydro-mechanical interaction between the flow and
flexible plants by using ADV, and found some interesting relations between the flow field and the
local plant deformation.
Carollo et al. (2005) pointed out that the application of Kouwen‘s method produces a systematical overestimation of flow resistance in natural
flexible vegetation flow. To obtain good agreement with experimental data, the coefficients appearing in the log-law type flow resistance were
re-estimated.
Nikora et al. (2008) examined the effects of
aquatic vegetation on hydraulic properties in a
range of vegetation types and their characteristic
patch patterns. They suggested simple qualitative
relationships to predict these effects using the vegetation parameters. Comparisons among the vegetation parameters indicated that the submergence depth ratio was the best parameter for
roughness.
Righetti (2008) investigated the mean flow and
turbulence structure in an open-channel flow with
flexible vegetation by using a 3-D ADV. They
conducted the time- averaging and space-

1 INTRODUCTION
Aquatic plants are fundamental components of a
natural water environment, and the current environmental river management prefers to preserve
natural wetland and floodplain vegetation, although a lot of aquatic plants have been removed
to prevent water disaster in actual rivers. A largescale coherent vortex is generated near the vegetation edge, which dominate the momentum and
scalar transport between the over- and within vegetation. Thus, estimating the flow resistance of
vegetated flows is of great importance in river
management. In such vegetated open-channel
flows, both the geometry of the vegetation elements (shape, size, flexibility and vegetation density) and turbulence characteristics will affect the
hydrodynamic resistance significantly.
Kouwen & Unny (1973) conducted the earlier
experiments of flexible vegetated open-channel
flows by Pitot tube. The log-law distribution described well the velocity profile above the vegetation layer.
Jarvela (2002) investigated the flow resistance
of the flexible and stiff vegetation in a laboratory
flume. They revealed that the friction factor was
dependent mostly on the deflected height of flexible vegetation, the flow velocity and water depth.
Stephan & Gutknecht (2002) conducted the velocity measurements above the flexible vegetation
by acoustic Doppler velocimetry (ADV) to deter261

Table1 Hydraulic condition
Type

a (1/m)

H (cm)

h (cm)

H/h

R
5.0

15.0
F5

0.061
7.6

F7

F9

7.0

21.0

31.5

Re

Fr

10.0
12.0
15.0
17.0
20.0
25.0
10.0
12.0
15.0
17.0
20.0
25.0
30.0
35.0
10.0
12.0
15.0
17.0
20.0
25.0
30.0
35.0

15000
18000
22500
25500
30000
37500
15000
18000
22500
25500
30000
37500
45000
52500
21000
25200
31500
35700
42000
52500
63000
73500
27000
32400
40500
45900
54000
67500
31500
37800
47250
53550
63000
78750

0.08
0.10
0.12
0.14
0.16
0.21
0.08
0.10
0.12
0.14
0.16
0.21
0.25
0.29
0.07
0.08
0.10
0.12
0.14
0.17
0.21
0.24
0.06
0.07
0.09
0.10
0.12
0.15
0.06
0.07
0.09
0.10
0.11
0.14

9.0

10.0
12.0
15.0
17.0
20.0
25.0

10.5

10.0
12.0
15.0
17.0
20.0
25.0

27.0

F10.5

3.0

U m (cm/s)

y
V, v

LLS

fluorescene
marker

z

W, w

x

U, u

H

Rigid(R)

Swaying(S)
Monami(M)
Swaying(S)
Monami(M)
Swaying(S)
Monami(M)
Swaying(S)
Monami(M)

the properties of vegetation elements and turbulence characteristics may affect the hydrodynamic
resistance significantly. Therefore, in the present
study, turbulence measurements were conducted
for rigid and flexible vegetation flows by using
PIV techniques. As the results, the characterization of flow resistance due to flexible vegetation
roughness was examined by changing vegetation
height.

Ar-ion Laser

model plant

Classification of plant motion

Flow

hd

control
computer

2 EXPERIMENTAL METHOD

high-speed

CCD camera
CMOS

2.1 Experimental setup and vegetation model
Laboratory experiments were carried out in a 10m long and 40cm wide tilting flume, as shown in
Figure1. x, y and z are the streamwise, vertical
and spanwise coordinates, respectively. The vertical origin, y = 0, was chosen on the channel
~ ≡ W + w are
bed. u~ ≡ U + u , v~ ≡ V + v and w
the instantaneous velocity components in each
coordinate. U and V are the time-averaged velocity components for streamwise and vertical directions, respectively. u and v are the corresponding
velocity fluctuations.
H is the water depth, h is the vegetation height
and hd is the deflected height of flexible vegetation. The rigid vegetation was modeled as rigid
strip plates (h=50mm height, b=8mm width and
t=1mm thickness) in the same manner as conducted in laboratory experiments by Nezu & Sanjou (2008). The present flexible vegetation elements were all the same and made of h=50, 70,

Figure 1 Experimental set-up

averaging (Double-averaging) method and revealed that the mean velocity, the vegetation density and the plant flexibility are the driving parameters for the developing of a mixing layer near
the canopies.
Recently, Okamoto & Nezu (2009) have conducted the simultaneous measurements of turbulence and vegetation motion in open-channel
flows with flexible vegetation by using a combination of PIV and PTV techniques. They examined the relation between coherent vortices and
organized plant motion, so-called Monami phenomena.
These vegetated open-channel flows have received much attention in the past decades. However, in such vegetated open-channel flows, both
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1) Erect or rigid

1

U* / U*c

Flow

0.8

L x ≅ 1 .5 h

H

Monami
Swaying

0.6
0.4

Ls

5.0

h

hI

h (cm) U *c (cm/s) M

0.2
0

2) Swaying

Flow

0

5.8

S
□

Present data

7.0

5.0

●
●

○
○

(H/h =3.0)

9.0

3.7

▲

△

10.5

3.3

0.2

0.4

0.6

0.8

1

hd / h

Figure 3 Classification of Swaying type and Monami type
in flexible vegetation

no organized

In the present study, the instantaneous velocity
components (u~, v~ ) were calculated by PIV algorism, in which the fluid tracers were Nylon-12 particles of 100 μ m diameter and 1.02 specific density. The illuminated flow pictures on the x-y plane
were taken by a high-speed CMOS camera
(1024 × 1024 pixels) with 500Hz frame rate and
60s sampling time. A laser light sheet (LLS) was
projected into the water vertically from the free
surface. The 2mm thickness LLS was generated
by 3W Argon-ion laser using a cylindrical lens.

Lx ≅ h

3) Monami (organized)
Flow

organized motion
Lx ≅ h

2.2 Classification of vegetation motion
Table 1 shows the hydraulic condition. Experiments were conducted for both rigid and flexible
vegetations on the basis of six flow scenarios, in
which the flexible vegetation height h was
changed from 5.0cm to 10.5cm. However, the relative submergence depth H/h and the bulk mean
velocity U m were kept constant for all cases.
The classification of plant motions is indicated in
Table 1. ‘‘S’’ means Gently Swaying (nonorganized waving), and ‘‘M’’ means Monami (organized waving).
The flexible vegetation motion was classified
into four types on the basis of both the hydrodynamic action of the flow and the flexural rigidity
EI. Four types have been observed experimentally
in flexible vegetated flows, e.g., see Carollo et al.
(2005) and Okamoto & Nezu (2009):
1. Vegetation elements are Erect and do not
change their tip position in time
2. Vegetation elements are independently waving
each other (Gently Swaying), i.e. without organized motions
3. Vegetation elements are deflected more significantly and the coherent waving motion of vegetation is observed (Monami)

4) Prone

Flow

Figure 2 Flow patterns in dense flexible vegetation

90, 105mm height, b=8mm width and t=0.1mm
thickness OHP film strip sheets. The flexural rigidity J (= E × I ) of this vegetation element was
2
J = 7.3 × 10 −5 Nm by preliminary experiments, in
which E is the stiff modulus and I is the inertial
moment of vegetation. The present value is in the
same order of magnitude as J = 1.7 × 10 −5 Nm2 of
Velasco et al. (2003) for aquatic vegetation elements.
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For low EI values and higher flow velocity, the
flexible vegetation elements assume the Prone poρU *
sition. As the flexural rigidity EI increases, the
4
higher values of flow velocity are necessary in order to reach the Prone type. Kouwen & Unny
3.5
(1973) proposed that the flexible vegetation shows
a Prone configuration when the friction velocity
3
U * is higher than a critical value U *C . They found
then
that the value of U *C is a function of the
2.5
Vegetation
EI
h
Measured data
vegetation
height h, the vegetation density a and
density m (×10 Nm ) (cm)
Emprical
Okamoto
950
7.6
7.0
●
2
the
flexural
rigidity J.
curve
& Nezu(2009)
5000
28.0
10.0
□
Figure 3 shows the variations of the friction
5000
130.0
10.0
○
Kouwen
5000
2.0
10.0
△
1.5
velocity
U * / U *C against the time-averaged def2200
42.8
15.0
＋ & Unny(1973)
41.8
×
1500
15.0
lected
height
hd h for the different flexible ve■
750
41.8
15.0
1
getation heights of h= 5.0, 7.0, 9.0, 10.5(cm). In
0
0.2
0.4
0.6
0.8
1
1.2
this figure, the vegetation density a and the flexhd / h
ural rigidity EI of the flexible vegetations are kept
Figure 4 Relation between aggregate stiffness mEI and the def- constant (a=7.6(1/m), EI = 7.3×10-5 [Nm2]). This
lection h d
figure shows that the larger friction velocity, i.e.,
the higher velocity, causes the deflection of plants
Type h(cm) hh d//hh
more significantly, which is in good agreement
3 □ R
5.0
with Kouwen & Unny (1973). Of particular signi0.84
y / h ■● FF 5.0
ficance is that the Monami occurs at U * / U *C ≥
7.0
0.80
say 0.75, whereas, the Swaying occurs at the lowF
9.0
0.67
□
F
10.5
0.58
▲
er friction velocity, i.e., the lower flow- resistance
2
force. These results are interesting findings and
should be further investigated in more detail.

(
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)1 / 4 / h
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●
□
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△
＋
×

d

3

1

RESULTS

3.1 Mean flow
0

0

0.5

Figure 5 Mean velocity

1

1.5

2

Figure 4 shows the deflected flexible vegetation
heigh hd / h 1versus
a non-dimensional parameter
2 /4
(mEI / ρU * ) / h , in which m is the vegetation
density used by Kouwen & Unny (1973). The values of hd / h were obtained from PTV measured
data by Okamoto & Nezu (2009). The present data
are compared with those of Kouwen & Unny
(1973). They evaluated the deflection of flexible
vegetation elements by the use of the rigidity factor, EI. On the basis of experiments carried out in
laboratory flume with flexible vegetation of six
different patterns, Kouwen & Unny (1973) deduced the following empirical formula:

2.5

U / Um

4. Vegetation elements assume permanently a
Prone position
Figure 2 schematizes the flexible vegetation
motion patterns. The undeflected height h of a
flexible vegetation element corresponds to the rigid vegetation height. In contrast, hd is the timeaveraged value of the fluctuating deflected height
hd (t) of a typical flexible-vegetation element. In
Type 1, the flexible vegetations assume a Erect
behavior for low flow velocity. This Erect flow
pattern is analogous to the ‘Rigid’ vegetated openchannel flows. In Types 2 and 3, the vegetation
motion depends on the flow condition and the
plant morphology. It is important to note that a
shear-layer is generated only when the vegetation
density increases above a threshold value and the
momentum absorption by the canopies is sufficient to produce an inflection point in the velocity
profile, which is needed to trigger Monami phenomena.

hd 3.57 ⎛ mEI
⎜
=
h
h ⎜⎝ ρU *2

⎞
⎟
⎟
⎠

1/ 4

− 0.286

(1)

The present data are in good agreement with
Kouwen & Unny (1973)’s data and also with
Eq.(1), although there are some scatters among
data. Consequently, Eq.(1) of Kouwen & Unny
(1973) may be used to evaluate the deflected vegetation height hd , which is necessary to consider the resistance law. Eq. (1) is written in the following form:
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Several researchers have pointed out that the
velocity over the submerged canopy obeys the
log-law profile of Eq.(3).

U U*
15

hlog

U /U* =
10

0

Type
R
F
F
F
F

1

h (cm)
5.0
5.0
7.0
9.0
10.5

h log /h d
1.80
1.64
1.60
1.62
1.51

d/h d
0.80
0.81
0.80
0.78
0.87

y 0 /h d
0.19
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0.13
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0.12

y−d
y0
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100

Figure 6 Semi-log plot of mean velocity over canopy
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□
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Figure 7 Zero-plane displacement

mEI =

4
1
(
hd + 0.286h ) ρU *2
3.57

25

(3)

in which, d and y0 are the zero-plane displacement thickness and the roughness height, respectively. Figure 6 shows the semi-log plot of the
mean velocity U / U * against the normalized
coordinate ( y − d ) / y0 . The values of U / U * are
shifted upwards by 2 units. The friction velocity
U* was defined as the peak value of the Reynolds
stress − uv .
It is observed that the mean velocity profile
U(y) obeys the log-law of Eq.(1) very well farther
from the canopy edge. hlog is the lower limit position of the log-law zone, in which turbulence characteristics are more analogous to those of boundary layers rather than mixing-layers, as pointed
out by Nezu & Sanjou (2008). The values of
hlog / hd are almost constant of 1.6 for flexible
vegetation, which is in the same order of magnitude as hlog / h = 1.8 of Nezu & Sanjou (2008)
for rigid vegetation.
The zero-plane displacement d corresponds to the mean level of momentum absorption,
as follows:

5
□
■
●
□
▲

⎛ y−d ⎞
⎟
ln⎜⎜
κ ⎝ y 0 ⎟⎠
1

h

d =∫ (y
0

hd (cm)

h
∂uv
∂uv
)dy / ∫ (
)dy
0
∂y
∂y

(4)

Eq.(4) was also used in aquatic canopy flows
by Nepf & & Vivoni (2000) and Nezu & Sanjou
(2008). The roughness height y0 was determined so that the experimental values of U /U *
might be best-fitted to the log-law of (3). Figure 7
shows the zero-plane displacement d, against the
deflected vegetation height hd . The zero-plane
displacement seems to be correlated well with the
deflected plant height, resulting in d/hd=0.78. This
value is in good agreement with Stephan & Gutnecht (2002)’s data of d/hd=0.83. The zero-plane
displacement becomes larger with an increase of
the vegetation length h.
The values of y0 / hd are also indicated in the
legend of Figure 6. As the averaged values,
y0 / hd =0.14 was obtained for flexible vegetation.
This value is consistent with Nepf & Vivoni(2000), who obtained y0 / h =0.11. These results suggest that the mean plant height hd becomes an important parameter for describing the
influence of roughness on the overall flow field.

(2)

For natural vegetation, the value of flexural rigidity EI may be estimated from (2) by measuring h,
hd , m and U*.
Figure 5 shows the mean velocity profiles U(y)
for different vegetation height. The values of U
are normalized by the bulk mean velocity U m . The
values of U / U m are shifted in the longitudinal
axis by 0.2 units. The strong shear layer near the
top of the canopy is produced and a significant inflection-point appears near the vegetation top
(y=h for rigid canopy and y= hd for flexible one),
which is in good agreement with Nepf & Vivoni
(2000).
The values of hd / h are indicated in the legend of Figure 5. The flexible vegetation is deflected more significantly, as the plant height h increases. Consequently, the height of the
inflection-point decreases with an increase of the
vegetation length (or height) h.
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Figure 11 Vertical distribution of the time-averaged vorticity

larger. These results are in good agreement with
Jarvela (2002)’s data.
Kouwen & Unny (1973) suggested that the
friction factor is a function of the deflected plant
height hd for ‘Swaying’ and ‘Monami’ canopies.
In contrast, the flow boundary becomes a smooth
wavy surface for the ‘Prone’ type flow. This
‘Prone’ canopy flow has not been fully investigated as yet.

3.2 Flow resistance law
The estimation of the friction factor is very important in river engineering. Figure8 shows the values
2
of the friction factor f = 8(U * / U m ) of DarcyWeisbach for Rigid and Flexible vegetations. For
a comparison, the Flexible vegetation data of Velasco et al. (2003) are also included in Figure8.
The friction factor f decreases as the Reynolds
number Re increases. It is also observed that the
values of f for flexible canopy are smaller than
those for rigid canopy. This implies that the deflection of the flexible vegetation reduces the flow
resistance.
Figure 9 shows the variations of the friction
factor f against the time-averaged deflected height
hd h for the different flexible vegetation length
of h= 5.0, 7.0, 9.0, 10.5(cm). The friction factor f
increases as the deflected height hd h becomes
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Figure 12 Instantaneous velocity vectors and vegetation motions for Monami

Figure 13 Time series of streamwise velocity u(t) and the
deflected-vegetation height, hd(t)

3.3 Turbulence structure

Ω=

Figure10 shows the vertical distribution of the
Reynolds stress − uv normalized by the bulk
mean velocity U m for different height plant models. This ratio − uv / U m2 is a measure of momentum exchange efficiency. The − uv distribution
for Swaying (S) canopy is similar to that for Rigid
(R) canopy one, which have a sharp peak near the
vegetation edge (y/h=1.0).
In contrast, in the Monami canopy, the − uv
has a milder peak structure. The peak values of
− uv become smaller for Monami canopy than
for Rigid canopy, which is consistent with the observation of Ghisalberti & Nepf (2006). This implies that for Rigid canopy, the strong shear layer
near the vegetation edge generates a large-scale
coherent vortex and the larger momentum is
transported toward the within-canopy, as pointed
out by Nezu & Sanjou (2008). In contrast, for
Monami (M) canopies, the oscillations of flexible
vegetation increase the momentum absorption
near the canopy much higher compared to Rigid
(R) canopies.
Figure 11 shows the vertical distribution of the
time-averaged vorticity Ω ( y ) for Rigid and
Flexible vegetation flows. The corresponding instantaneous vorticity Ω is defined as

∂v~ ∂u~
−
∂x ∂y

(5)

Ω ( y ) is a measure of the vortex rotation. The
distributions of Ω have the peak value near the
vegetation edge. This indicates that the large-scale
coherent vortices are generated at the vegetation
edge. The values of Ω for Rigid vegetation become lager than those for Flexible vegetation.
Nepf & Ghisalberti (2008) also suggested that the
Rigid canopy generates comparatively larger and
more rapidly rotating vortices than the Flexible
canopy.
Figure 10 and 11 indicate that the flexible vegetation elements are deflected significantly for
Monami canopies and the coherent vortices become weaker and smaller. This conclusion is supported by the observed Reynolds stress distribution − uv / U m2 shown in Figure10.
3.4 Instantaneous structure
PIV techniques are much more powerful to capture a whole velocity field and to examine the trajectory of the instantaneous coherent motion than
point measurements such as LDA and ADV. Figure 12 shows some examples of the instantaneous
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velocity vectors ( u~ , ~
v ) for flexible canopy
(h=7.0cm, Monami). The colored contour indicates the value of u . The tip positions (Δx , Δy )
of vegetations are also included by triangular
symbols in Figure12.
At t=0.0s, the Sweep motion is observed above
the vegetation edge and the flexible vegetations
are deflected most significantly in the region of
x / Lv = 1.0-4.0. At t=0.98s, the Sweep motion is
followed by the Ejection motion and the instantaneous flexible vegetation height hd(t) increases at
x / Lv = 1.0-4.0.
Figure 13 shows the time-series of the streamwise velocity u(t) at the vegetation edge (y/h=1.0)
and the flexible vegetation height hd(t). The vegetation elements 1, 2, 3, 4 correspond to the flexible vegetations 1, 2, 3, 4 in Figure13. At t=0.00.5s, the flexible vegetations are deflected by the
Sweep motion in Figure 12. At t=0.6-1.2s, the
Ejection motion in Figure 13 appears near the vegetation edge and the instantaneous flexible vegetation height hd(t) increases. It is also observed
that the coherent waving motion of flexible plants
is convected in the downstream. Figs. 12 and 13
show the periodical generation mechanism of
sweeps and ejections for Monami canopy. These
results are consistent with Okamoto & Nezu
(2009).

4. The flexible vegetation elements are deflected
significantly for Monami canopies and the coherent vortices near the vegetation edge become weaker and smaller.
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4 CONCLUSIONS
In the present study, we highlighted these important topics and measured the instantaneous velocity structure and coherent motions in open-channel
flows with flexible vegetations by using PIV
technique. Furthermore, we revealed the hydromechanic interaction between flow and flexible
plant motion.
The significant results obtained in this study
are as follows:
1. We classified the flexible vegetation motion by
using the critical friction velocity U *C . The
Monami occurs at the higher friction velocity
( U * / U *C ≥ 0.75), whereas the Swaying occurs
at the lower friction velocity.
2. Mean velocity profile obeys the log-law very
well farther from the canopy edge. The zeroplane displacement is correlated well with the
deflected plant height. These results suggest
that the mean deflected plant height becomes
an important parameter for describing the influence of roughness in overall flow field.
3. The friction factor f increases as the deflected
height becomes larger. It is also observed that
the values of f for flexible canopy are smaller
than those for rigid canopy.
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Hydraulic resistance of vegetated flows: Contribution of bed shear
stress and vegetative drag to total hydraulic resistance
T. Schoneboom, J. Aberle & A. Dittrich

Leichtweiß-Institute for Hydraulic Engineering and Water Resources, Technische Universität
Braunschweig, Braunschweig, Germany

ABSTRACT: Hydraulic resistance of floodplain flows depends on both drag forces exerted by vegetation
elements and bed friction. Until today, the contribution of bed shear stress to total hydraulic resistance has
often been neglected in hydraulic flume investigations. This has been justified with the dominance of
form drag over surface friction for densely vegetated flows. However, in riparian forests where shrubs
and bushes are predominant, vegetation density can be relatively low. Therefore, neglecting bed shear
stress contribution can result in a significant underestimation of total flow resistance. The objective of this
paper is to investigate the contribution of bed shear stress to the overall flow resistance for vegetated
flows. Drag forces acting on up to 10 flexible vegetation elements were measured directly and simultaneously with specifically designed drag force measurement sensors in laboratory experiments. The measurements were carried out for three different vegetation densities, two vegetation patterns, mean flow velocities ranging from 0.1 to 0.7 m/s, and just submerged flow conditions. The hydraulic and drag force
data are used to estimate bed shear stress and to assess its contribution to total hydraulic resistance dependent on vegetation density, vegetation pattern and hydraulic conditions. Existing relationships for the hydraulic resistance of vegetated flows are tested and the significance of plant specific parameters such as
streamlining is highlighted.
Keywords: Vegetation, Flow resistance, Bed shear stress
1 INTRODUCTION

The hydraulic resistance of vegetated channels
depends on many factors including vegetation
density, volumetric and areal vegetation porosities, seasonality, foliage, plant morphology, patchiness, age, plant mechanical properties, and bed
surface friction. In traditional approaches vegetation has been typically reduced to boundary
roughness by combining all sources of flow resistance, including vegetation, into a single bulk
roughness coefficient. Such bulk coefficients have
been used widely in the analysis of practical engineering problems and are typically selected with
the help of reference publications (e.g., Chow,
1959; Hicks & Mason, 1999). However, bulk approaches are appropriate for one-dimensional considerations only and a detailed investigation of the
influence of the vegetation on flow resistance using this approach is not possible (e.g., James et al.
2004, Wilson et al. 2006).
Based on the superposition principle (e.g., Yen,
2002) it is possible to distinguish between the
contribution of surface friction and form drag to
total flow resistance. Considering steady uniform

The ecosystems of riparian zones have high levels
of biodiversity and the growing awareness of the
ecological importance of these zones has resulted
in the objective to maintain the functionality of
channel and floodplain ecosystems (e.g. Horn &
Richards, 2007). Riparian vegetation is an integral
part of these ecosystems covering a wide range of
conditions from highly flexible low grass to dense
bushes to trees with rigid stems. However, vegetation increases flow resistance, changes backwater
profiles, and modifies sediment transport and deposition (Yen, 2002). Hence, vegetation also plays
a key role for flood risk assessment and sediment
transport studies. Thus, it is indispensable to develop sustainable river management strategies
which are in accordance with both flood plain
management and ecology. The key to developing
such strategies is the identification and assessment
of physical processes dominating the complex interaction between water flow and vegetation.
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flow in a control volume with unit width and
equating the driving force (downslope weight
component of the water in the volume) with the
resisting force of the bed and the vegetation elements yields (e.g., Petryk & Bosmajian, 1975):

ρ ghS = τ 0 '+

FD
ax a y

classical behavior of an isolated cylinder for
which the drag coefficient reaches a plateau for
stem Reynolds numbers ≥ 1000. Hence it is questionable if drag coefficients estimated from studies with a single vegetation element can be applied unambiguously in canopy studies. It is also
not clear how the drag coefficient can be estimated appropriately for flexible and naturally
shaped vegetation elements.
From experiments with single elements it is
known that flexible plants bend and adapt to the
flow, resulting in a more hydrodynamic shape and
a reduction of flow resistance compared to stiff
vegetation elements (e.g., Vogel, 1994, Järvelä,
2004; Wilson et al., 2008). This deformation directly affects the CD-value, plant projected area
Ap, and the wake flow structure. Thus, within a
canopy, the vegetation elements may bend and deform slightly different and therefore one could expect slightly varying drag forces. This indicates
the need for specifically designed experiments in
which drag forces exerted by vegetation elements
in the canopy are measured directly so that the
spatial distribution of drag forces can be investigated. Eq.(1) further shows that such measurements are useful to determine bed shear stress in
canopy flows (see also Aberle et al., 2010). Until
today, the contribution of bed shear stress to total
hydraulic resistance has often been neglected in
hydraulic flume investigations. This has been justified with the dominance of form drag over surface friction for densely vegetated flows. However, in riparian forests where shrubs and bushes are
predominant, vegetation density can be relatively
low.
The main objective of this paper is to investigate the spatial variability of drag forces within a
canopy composed of flexible elements. Based on
preliminary results from specifically designed experiments, the spatial drag force variability will be
discussed with regard to the canopy pattern. The
data will also be used to assess bed shear stress
contribution to overall resistance and to test approaches found in the literature for estimating
flow resistance within canopies.

(1)

where ρ = water density, g = gravitational acceleration, h = flow depth, S = slope, <FD> = spatially
averaged plant drag force, τ0' = bed shear stress,
and ax, ay = longitudinal and transversal spacing
of the vegetation elements, respectively. Note that
in Eq.(1) the canopy porosity has been neglected.
The vegetative drag acting on a single element is
usually defined as
FD =

1
ρ CD Ap uc2
2

(2)

where CD = drag coefficient, Ap = plant projected
area, and uc = characteristic approach velocity.
The use of this formulation is straightforward for
simple-shaped rigid objects such as cylinders.
However, for complex-shaped natural vegetation
CD and Ap are difficult to determine.
Within a canopy the application of Eq.(2) becomes even more complicated as the approach velocity is not the undisturbed one. Therefore, Armanini et al. (2005) and Kothyari et al. (2009)
recommend using the cross-sectionally averaged
flow velocity as characteristic velocity uc while
Stone & Shen (2002) recommend using the maximum depth averaged velocity between stems.
However, the latter depends on plant arrangement
and is difficult to estimate for random plant arrangements.
A further problem is associated with the estimation of the drag coefficient CD. In many studies, CD-values have been used which were determined in experiments with single isolated stems
(or cylinders) as a function of stem Reynolds
number. However, these CD-values are not appropriate for natural flexible vegetation elements and
depend on the definition of plant projected area
and approach velocity (e.g., Statzner et al., 2006).
Furthermore, the flow structure in a canopy differs
substantially from the flow structure around a single isolated element as wake flow and sheltering
effects dominate the flow pattern.
Methods for the calculation of the drag coefficient for arrays of cylinders have been developed
by, e.g., Li & Shen (1973) and Lindner (1982) and
recent studies of Poggi et al. (2004) and Tanino &
Nepf (2008) showed that the drag coefficient CD
of rigid rods decreases in canopy flows monotonically with the local stem Reynolds number due to
sheltering effects. This finding is in contrast to the

2 EXPERIMENTAL SETUP
Experiments were carried out in a 32 m long,
0.6 m wide and 0.4 m deep tilting flume in the laboratory of the Leichtweiß-Institute for Hydraulic
Engineering and Water Resources, Technische
Universität Braunschweig, Germany. In the experiments, the discharge Q was controlled by a valve
and measured by an inductive flow meter. Water
depth in the flume was adjusted by a tailgate located in a distance of 25 m to the flume inlet. Ten
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piezometers installed along the flume allowed for
water level measurements. These measurements
were used to calculate water surface slope from
linear regression and water depth h. The latter was
obtained by subtracting the local flume bottom
height from the piezometer readings as the flume
tilted around its downstream end. The bed roughness consisted of a rubber mat with 3 mm high pyramidal shaped roughness elements.
In order to ensure fully developed canopy flow
conditions, the canopy was constructed with a total length of 18.5 m starting at a distance of 6 m
from the flume inlet. The canopy consisted, depending on the investigated plant pattern, of up to
450 identical artificial poplars. The 23 cm high artificial plants (see Figure 1), described in detail in
Schoneboom & Aberle (2009), are composed of a
3 mm thick coated wire stem, a blossom, and four
branches with three leaves each. The leaves are
made of fully flexible dyed textile and the single
sided leaf area varies between 14.32 to 57.6 cm2
with a total cumulative leaf area of 373.57 cm2. It
is worth mentioning that the results described in
Schoneboom et al. (2008) indicate that the flexural rigidity of the artificial poplar is similar to its
‘natural’ counterpart. The artificial plants were
used to ensure that the plant characteristics do not
change during the experiments.
The experiments were carried out with both inline (L) and staggered (S) canopy arrangements
and three different vegetation densities of 11.1,
25, and 44.4 plants/m² (spacing between plants
ax/ay = 0.3/0.3 m, 0.2/0.2 m, and 0.15/0.15 m, respectively). Figure 2 provides an overview of the
investigated vegetation patterns in the 1.5 m long
test section which is located at a distance of 15.1
m to the flume inlet. In case of the densest vegetation pattern, the canopy length was reduced to a
total length of 10 m starting at a distance of 10 m
from the flume inlet due to the limited number of
available vegetation elements. For the staggered
pattern, some plants had to be placed close to the
flume wall (see Figure 2). Thus, to ensure a constant plant density and a homogeneous leaf mass
distribution six of the twelve leaves were removed
from these plants. In addition, the plant blossom
was removed from every second 'half-plant'. The
additional stem in every other row affects the
overall flow resistance only marginally due to the
low stem diameter of 3 mm (see also Schoneboom
& Aberle, 2009).

Figure 1: Setup of DFS test section and artificial poplars under flow action.

Drag forces exerted on the vegetation elements
were measured with up to 10 drag force sensors
(DFS) described in Schoneboom et al. (2008). The
DFS were mounted in a box below the flume bottom in the test section (Figure 1). This setup ensured that the DFS did not disturb the flow and
that they could be easily rearranged to match the
corresponding plant patterns. The vegetation elements attached to the DFS are highlighted in Figure 2 for each setup (light gray elements).
1.5m

flume wall

0.6m

0.3m

0.2m

0.15m

Figure 2. Vegetation setup in the measurement section (top
view). Left side staggered; Right side in-line. Lateral and
horizontal spacing in top-down direction 30, 20, 15 cm. Vegetation elements highlighted in grey were attached to DFS.

In contrast to the DFS setup described in
Schoneboom et al. (2008), the sampling rate was
reduced to 200 Hz in the present experiments. For
the measurements, the DFS were synchronised
and drag forces were recorded for a sampling interval of 60 s. Each measurement was repeated
two times. These repeating experiments showed a
high degree of reproducibility. Furthermore, a preliminary time series analysis showed that the
mean value of the drag forces became, in general,
stable after a sampling time of 30 s (not shown
here) indicating that the sampling time of 60 sec
was sufficient.
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All experiments were carried out with steady
uniform and just submerged flow conditions. In
order to achieve these flow conditions, discharge,
flume slope, and water depth were adjusted so that
the deflected plants were just submerged (see Figure 1) and that the average water surface slope
was identical to bed slope in the test section. The
hydraulic boundary conditions are summarised in
Table 1 (see end of paper) showing that 5 to 7 different flow conditions were investigated for each
plant arrangement. Mean flow velocities, calculated by the continuity equation (neglecting vegetation volume) varied between um = 0.11 0.78 m/s and the water depth varied between h =
0.25 m -0.20 m. It is worth mentioning that the
flow depth exceeds the blossom of the plant at the
top of the element by approximately 2 cm because
a part of the upper leaves were bent towards and
penetrated through the water surface. As a consequence, the water depth was increased to ensure
that the top parts of the plans were just submerged.

Figure 3: Spatial variability of drag forces exemplarily
shown for setups 30S (full symbols) and 30L (open symbols). Each circle indicates a DFS element; lines indicate
spatially averaged drag forces.

3 RESULTS & DISCUSSION
In the following we present data that enables the
investigation of the spatial variability of the drag
forces and the performance of existing approaches
for the determination of flow resistance in canopies.

Figure 4 Drag force variability dependent on DFS

Independent of the plant arrangement it was
found that the coefficient of variation (or normalized random error; defined as the standard deviation of the drag force measurements divided by
the spatially averaged drag force; Bendat & Piersol, 2000) decreased with increasing flow velocity. This means that the drag force variability was
larger for low flow velocities than for higher ones.
The observed spatial drag force variability indicated that it is difficult to estimate the spatially
averaged drag force considering the drag force exerted on only a single element. Inasmuch this result applies to rigid vegetation elements (cylinders) will be investigated in further experiments
which are currently carried out.
Despite the observed spatial variability of drag
forces, the spatially averaged drag force <FD> followed a linear relationship with mean flow velocity (solid and broken lines in Figure 3). The linear
relationship was also confirmed by the results of
our further measurements shown in Figure 5. A
linear relationship between FD and um has also
been reported in studies carried out with isolated
flexible elements by (e.g., Fathi-Maghadam &
Kouwen, 1997, Oplatka, 1998, Armanini et al.,
2005, Wilson et al., 2008). Measurements with an

3.1 Drag forces
Figure 3 shows the time averaged drag forces
measured for the staggered (full symbols) and inline (open symbols) setup with the lowest density
(30 x 30 cm) for various mean flow velocities.
The figure reveals a large variability of the measured drag forces for both arrangements. For selected plants, the relationship between FD and um
is shown in Figure 4 for experimental series 30S
(for visual clarity only the drag forces measured
by DFS01 – DFS05 are shown). Figure 4 shows
that the individual relationships between FD and
um were approximately linear although some scatter was observed. The gradient of the straight lines
varied between the elements and this variation
was associated with plant deformation and sheltering effects. In fact, for the flexible elements used
in this study the maximum variation of the drag
force within the canopy corresponded to more
than 50%. Visual observations showed that the
vegetation elements did behave and deform differently although the individual elements were identical and great care was given to plant arrangement during the experimental setup to ensure that
all canopy elements were aligned similarly.
272

orded during the experiments for each vegetation
element using a submersible camera.

isolated artificial poplar are also shown in Figure
5 and are in agreement with these findings.

3.2 Bed shear stress
Figure 6 shows the bed shear stress τ0', calculated
using equation (1), as a function of the total stress
ρghS. The figure shows that the bed shear stress
increased with increasing total stress for both
vegetation patterns and that the absolute value of
bed shear stress depended on the vegetation spacing. For comparable total stresses, bed shear stress
was, in general, largest for the lowest density and
lowest for the densest canopy. Moreover, bed
shear stress was larger for the in-line setup than
for the staggered pattern for comparable densities.
This follows also from Figure 5 where it was
shown that <FD> was larger for the staggered
than for the in-line setup.
However, the data shown in Figure 6 did not
follow a systemic pattern and some scatter was
present which we associate with the flow pattern
and plant morphology. In this context it is worth
mentioning that the plant shape allowed the formation of a sub-canopy flow as the leaf density
close to the bed was relatively low (see Figure 1).
Hence, the near bed flow velocity may resemble a
jet flow regime and may be larger than the depth
averaged flow velocity resulting in larger bed
shear stress (e.g., Bölscher et al., 2005). This issue
will also be investigated in our further analyses.

Figure 5 Spatially averaged drag forces as a function of
mean velocity.

The linear relationship between FD and um is
generally associated with plant flexibility and deformation. In this context it is worth mentioning
that the linear extrapolation of the FD - um relationship towards the origin would result in negative drag forces for low velocities. This is a strong
indicator that the linear relationship is only valid
for larger flow velocities. This was also observed
by Oplatka (1998) reporting that for very low flow
velocities the FD - um relationship of flexible single vegetation elements follows a squared relationship (i.e., FD ~ um2). In this case, the flow
force is too low to deform the plants and hence the
plants act as rigid bodies. The influence of plant
deformation mechanisms on the FD - um relationship has also been highlighted in Schoneboom &
Aberle (2009).
Our data further suggests that the drag forces
were consistently larger for the staggered than for
the in-line pattern (Figure 5). It is also interesting
to note that the FD - um relationships collapsed on
single lines for the staggered and in-line setup, respectively. The observed difference in drag forces
indicates the importance of the flow structure
within canopies (e.g., Li & Shen, 1973) affecting
the approach velocity of individual plants, plant
deformation (i.e., plant projected area) and as a
consequence the CD-values. In fact, our results indicated that drag force within a staggered pattern
was, for comparable mean velocities, consistently
1.23 times larger compared to an in-line pattern. It
is interesting to note that the FD - um relationship
for an isolated artificial poplar coincided with the
FD - um relationship of the in-line arrangement
(Figure 5). The reason for this is not yet clear and
this issue will be further investigated by analyzing
the flow field which has been measured using
Acoustic-Doppler Velocimetry (ADV). This analysis will be enhanced by considering the drag
coefficients CD which will be estimated using information on plant projected area as Ap was rec-

Figure 6 Bed shear stress as a function of total stress.

A closer analysis of the bed shear stress revealed that the minimum and maximum contribution of bed shear stress to total stress corresponded to 5% and 25%, respectively. The
relatively large contribution of the bed shear stress
to the total stress suggests that bed friction should
not be neglected when investigating vegetated
flows. A similar conclusion has been drawn by
Righetti (2008) who found that the plant drag per
unit bed surface is of the same order of magnitude
as the shear resistance at the bed.
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3.3 Flow resistance

application of Eq. (6) yields, for a given water
depth, a certain discharge. If additional form
roughness is present the discharge is reduced for
the same water depth. Thus, as the bed roughness
is not the only source of energy loss, equation (6)
will not give the correct friction factor. In fact, our
results showed that the effect of bed friction is
generally underestimated using Eqns. (6) and (7).

It is common practice to express flow resistance in
terms of the Darcy-Weisbach friction factor f. For
vegetated flows there is the need to distinguish between surface friction and form drag using the superposition principle f = f' + f'' (e.g., Yen, 2002).
The friction factor representing form drag f'' is defined as
FD
f ''
=
ρ um2 ax a y
8

(4)

and the friction factor representing bed friction f '
can be calculated using the information on bed
shear stress τ0' according to
f'=

8τ 0 '
ρ um2

(5)

Existing approaches for the determination of
the total flow resistance are based on the assumption that bed friction can be estimated using standard flow resistance formulae such as the Chézyequation (e.g., Baptist et al. 2007), the log-law
(e.g., DVWK 1991; Mertens 2006) or the Strickler
relation (e.g., Huthoff, 2007). Using our bed shear
stress estimates it is possible to test the performance of these approaches. In the following, we focus on the log-law and the Strickler relation which
are defined as:
8
1 h
= ln + 6.27
f' κ k

Figure 7 Observed and calculated surface friction as a function of relative submergence.

Furthermore, our results indicated that surface
friction increased with increasing relative submergence. On the other hand, according to equations
(6) and (7), the friction factor f ' decreases with increasing water depth for 2D-flow conditions. This
somehow unexpected result shows the need for
further investigations focusing on the complex interaction between near bed flow, surface structure
and form drag. In fact, it is not yet clear inasmuch
plant deformation and plant morphology affects
the results shown in Figure 7. In order to explore
this issue further, we plan additional experiments
with a rigid rod canopy.
As indicated by Eq. (4), form drag is often expressed in terms of f ''.Our drag force data allowed
the direct estimation of f '' while in other studies
formulations for f '' have been derived neglecting
bed surface friction. Besides, relationships derived
for rigid rod canopies are not directly applicable
to canopies composed of flexible elements. In the
literature, only a few approaches are found which
can be used to assess the form drag friction factor
f '' taking into account plant specific parameters.
For example, Kouwen & Fahti-Moghadam (2000)
and Järvelä (2006) reported f '' - um relationships
that can be well described by a power law. The
approach of Kouwen & Fahti-Moghadam (2000)
requires information on the vegetation index
which depends on the resonant frequency, mass,
and length of a tree. This information is not necessarily available and complicates the application of
this approach. The approach of Järvelä (2004) is
relatively straightforward and can be calibrated
using experimental data:

(6)

and
1

8
⎛ h ⎞6
= 16 2 ⎜ ⎟
f'
⎝k⎠

(7)

respectively. In these equations, κ defines the
Karman constant (κ = 0.4) and k the geometric
roughness height (k = 0.003 m).
Figure 7 shows the measured and calculated f 'values (using equations 6 and 7) as a function of
the relative submergence h/k. The figure shows
that both the Strickler formulation (eq. 7) and the
log-law (equation 6) underestimate f '. At a first
glance, this difference may be surprising. However, the overall resistance causing the water level h
is composed of form drag and surface friction. Resistance laws such as the log-law are based on the
assumption of 2D-flow conditions with surface
friction as predominant source of energy loss and
the existence of a logarithmic velocity profile.
Such flow conditions do not prevail in vegetated
flows where form drag plays an important role.
For example, considering a 2D-flow where surface roughness is the only source of friction the
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⎛U
f" = 4 Cd χ LAI ⎜ m
⎜U
⎝ χ

4 SUMMARY AND CONCLUSIONS

χ

⎞ hp
⎟⎟
⎠ h

(8)

The results presented in this paper highlight the
importance of bed surface friction as well as vegetation pattern for the estimation of flow resistance
in riparian zones. Using data from specifically designed experiments the spatial variability of drag
forces exerted by flexible vegetation elements
within a canopy was shown. In accordance with
the findings for single flexible elements it was
found that the spatially averaged drag force increases linearly with flow velocity and that the relationships for individual plants are also almost linear. However, the gradients for these individual
relationships varied considerably indicating the
complex flow structure within flexible canopies.
The results further revealed an influence of the
plant pattern on both drag forces and flow resistance. It was found that flow resistance and drag
forces exerted by the vegetation elements were
larger for the staggered than for the in line-pattern.
Similarly, it was found that bed shear stress is in
general larger for the in line setup than for the
staggered setup. In the experiments, bed surface
friction was not negligible, as the maximum contribution of bed friction to total resistance was up
to 25%. The analysis of bed friction also revealed
that existing approaches underestimate bed friction.
In our future analysis we will investigate this
issue in more detail using ADV-data and taking
into account plant flexibility. The ADV-data will
be used to describe the spatial heterogeneous flow
field as well as near bed turbulence. Additional information on plant flexibility is available from
photographs taken with a submersible camera.
This information can be used to determine the
drag coefficient CD for single plants within the canopy and hence to develop methodologies for the
estimation of vegetative drag as a function of
plant specific parameters. Such data is a prerequisite for the adequate estimation of bed shear stress
which, as shown in this study, is an important parameter in vegetated flows.

with Cdχ = species specific drag coefficient, LAI =
leaf area index, Uχ = lowest mean flow velocity
used when determining χ, χ = species specific vegetation parameter, and hp = deflected plant
height.
Figure 8 shows the friction factor f '' normalized with leaf area index (LAI) as a function of
U/Uχ. The shape of the curves are similar to the
shape of the f '' - um relationships shown in Järvelä
(2006) for natural flexible vegetation. Our data
showed distinct differences between the in-line
and staggered setup which are associated with the
aforementioned differences in drag forces (see
Figure 5). Therefore, calibrating Eq. (8) resulted
in Cdχ = 0.40, χ = -0.875, and Uχ = 0.11 m/s for
the staggered and Cdχ = 0.28, χ = -0.765, and Uχ =
0.13 m/s for the in-line setup, respectively. These
values are in the same order of magnitude as the
values reported by Järvelä (2006) for natural vegetation.
Deriving Eq. (8), Järvelä (2004) assumed that
the influence of plant arrangement in case of
dense vegetation is insignificant but did not provide an exact value for the density limit. Furthermore, Järvelä (2002) reported that different spacing for the same number of leafless willows with
grasses did not have a significant effect on the
friction factor in his experiments. FathiMaghadam & Kouwen (1997) stated that, for nonsubmerged flow, the vegetation density is always
a dominant parameter regardless of tree species or
foliage shape and distribution. On the other hand,
Li & Shen (1973) reported larger flow resistance
for rigid rod canopies for staggered than for inline patterns. The same was found in our study
with relatively sparse distributions. Thus, these
somewhat contradicting results indicate that the
density and pattern issue should be explored in
more detail in further research.

ACKNOWLEDGEMENTS
This research was conducted under contract AB
137/3-1 from DFG (Deutsche Forschungsgemeinschaft). The authors are grateful to U. Ecklebe for
technical support and B. Herzberg and S. Niewerth for support in conducting experiments.

Figure 8 Friction factor f”/LAI as a function of Um/UΧ for
staggered (full symbols) and in-line arrangement (open
symbols).
275

REFERENCES

Kouwen, N., Fathi-Moghadam, M. 2000. Friction factors for
coniferous trees along rivers. J. Hydraul. Eng., 126(10),
732-740.
Li, R.M., Shen, H.W. 1973. Effect of tall vegetations on
flow and sediment. J. Hydr. Div., 99(HY6), 1085–1103.
Lindner, K. 1982. Der Strömungswiderstand von Pflanzenbeständen. Mitt. Leichtweiß-Institut für Wasserbau,
Technische Universität Braunschweig, No. 75, in German.
Mertens, W. 2006. Hydraulisch-sedimentologische Berechnungen naturnah gestalteter Fließgewässer. Deutsche
Vereinigung für Wasserwirtschaft, Abwasser und Abfall
e.V., Hennef, in German.
Oplatka, M. 1998. Stabilität von Weidenverbauungen an
Flussufern. Mitt. Versuchsanstalt für Wasserbau, Hydrologie und Glaziologie, No. 156,
ETH Zürich,
Switzerland, in German.
Petryk, S., Bosmajian, G. 1975. Analysis of flow through
vegetation. J. Hydraul. Div., 101(HY7), 871-884.
Poggi D, Porporato, A., Ridolfi, L., Alberston, J.D., Katul,
G.G. 2004. The effect of vegetation density on canopy
sublayer turbulence. Boundary-Layer Meteorology, 111,
565-587.
Righetti, M. 2008. Flow analysis in a channel with flexible
vegetation using double-averaging method. Acta Geophysica, 56(3), 801-823.
Schoneboom, T., Aberle, J. 2009. Influence of foliage on
drag force of flexible vegetation. 33rd IAHR Congress,
9-14 August 2009, Vancouver, Canada. Papers on CDRom.
Schoneboom, T., Aberle, J., Wilson, C.A.M.E., Dittrich, A.
(2008). "Drag force measurements of vegetation elements." ICHE 2008, Nagoya, Japan, Papers on CDROM.
Statzner, B., Lamoroux, N., Nikora, V., Sagnes, P. 2006.
The debate about drag and reconfiguration of freshwater
macrophytes: comparing results obtained by three recently discussed approaches. Freshwat. Biol., 51, 21732183.
Stone, B.M., Shen, H.T. 2002. Hydraulic resistance of flow
in channels with cylindrical roughness. J. Hydraul. Eng.,
128(5), 500-506.
Tanino, Y., Nepf, H.M. 2008. Laboratory investigation of
mean drag in a random array of rigid, emergent cylinders. J. Hydraul. Eng., 134(1), 34-41.
Vogel, S. 1994. Life in moving fluids: the physical biology
of flow. 2nd edition. Princeton, Princeton University
Press.
Wilson, C.A.M.E., Yagci, O., Rauch, H.P., Stoesser, T.
2006. Application of the drag force approach to model
the flow-interaction of natural vegetation. Int. J. River
Basin Manag., 4(2), 137-146.
Wilson, C.A.M.E., Hoyt, J., Schnauder, I. 2008. Impact of
foliage on the drag force of vegetation in aquatic flows.
J. Hydraul. Eng., 134(7), 885-891.
Yen, B. C. 2002. Open Channel Flow Resistance. J. Hydraul. Eng., 128(1), 20-39.

Aberle, J., Järvelä, J., Schoneboom, T., Dittrich, A. 2010.
Flow resistance of rigid and flexible emergent vegetation
revisited. Proc. 1st European IAHR Congress (submitted).
Armanini, A., Righetti, M., Grisenti, P. 2005. Direct measurement of vegetation resistance in prototype scale. J.
Hydraul. Res., 43(5), 481–487.
Baptist, M. J., Babovic, V., Rodriguez Uthurburu, J., Keijzer, M., Uittenbogaard, R. E., Mynett, A., Verwey, A.
2007. On inducing equations for vegetation resistance. J.
Hydraul. Res., 45(4), 435-450.
Bendat, J. S., Piersol, A. G. (2000). Random data: analysis
and measurement procedures, John Wiley & Sons, New
York.
Bölscher, J., Ergenzinger, P., Obenauf, P.-J. 2005. Hydraulic, sedimentological and eco-logical problems of multifunctional riparian forest management - RIPFOR the scientific report. Heft 65, Berliner Geographische
Abhandlungen.
Chow, V.T. 1959. Open-channel hydraulics. New York,
McGraw-Hill.
DVWK 1991. Hydraulische Berechnung von Fließgewässern. Merkblätter zur Wasserwirtschaft, Verlag Paul
Parey, Hamburg, Berlin, Merkblatt 220, in German.
Fathi-Maghadam, M., Kouwen, N. 1997. Nonrigid, nonsubmerged, vegetative roughness on floodplains. J. Hydraul. Eng., 123(1), 51-57.
Hicks, D.M., Mason, P.D. 1999. Roughness characteristics
of New Zealand Rivers. NIWA, Christchurch.
Horn, R., Richards, K. 2007. Flow-vegetation interaction in
restored floodplain environments. Hydroecology and
Ecohydrology: Past, present and future, eds. Wood, P.J.,
Hannah, D.M., Sadler, J.P., John Wiley & Sons, 269294.
Huthoff, F. 2007. Modeling hydraulic resistance of floodplain vegetation. PhD thesis, University of Twente, Enschede, The Netherlands.
James, C.S., Birkhead, A.L., Jordanova, A.A., O'Sullivan,
J.J. 2004. Flow resistance of emergent vegetation. J. Hydraul. Res., 42(4), 390-398.
Järvelä, J. 2002. Flow resistance of flexible and stiff vegetation: a flume study with natural plants. J. Hydrol. 269,
44-54.
Järvelä, J. 2004. Determination of flow resistance caused by
non-submerged woody vegetation. Int. J. River Basin
Manag. 2(1), 61–70.
Järvelä, J. 2006. Vegetative flow resistance: characterization
of woody plants for modeling applications. In: R. Graham (ed), Proc. of the World Water and Environmental
Resources Congress 2006. 21-25 May 2006, Omaha,
USA, papers on CD-Rom.
Kothyari, U. C., Hayashi, K., Hashimoto, H. 2009. Drag
coefficient of unsubmerged rigid vegetation stems in
open channel flows. J. Hydraul. Res., 47(6), 691-699.
Table 1 Experimental boundary conditions
Index
30S
30L
20S
20L
15S
15L

spacing
[m]
0.30
0.30
0.20
0.20
0.15
0.15

pattern
staggered
in-line
staggered
in-line
staggered
in-line

No. of
DFS
8
8-9
10
10
8-9
7-8

No. of flow
conditions
6
5
6
7
5
5

Slope S
[%]
0.097 - 0.924
0.094 – 0.698
0.183 – 1.5
0.14 – 1.447
0.227 – 1.73
0.428 – 1.91
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h
[m]
0.249 - 0.198
0.247 – 0.204
0.259 – 0.205
0.254 – 0.204
0.25 – 0.216
0.251 – 0.217

Q
[l/s]
23.15 – 93.3
26.5 - 88
20.7 - 81
20 - 86.6
16.5 – 66.4
30 - 80

um
[m/s]
0.155 – 0.78
0.179 – 0.72
0.13 – 0.66
0.13 – 0.706
0.11 – 0.512
0.20 – 0.615
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Evaluation of the flow resistance in mobile bed vegetated rivers
Aronne Armanini, V. Cavedon & M. Righetti
Department of Civil and Environmental Engineering, University of Trento, Italy, via Mesiano 77, 38123,
Trento, Italy

ABSTRACT: A new theory to evaluate the sediment transport rate in vegetated channels was developed
by Armanini and coworkers. (Armanini et al, 2010). This method was obtained through a rational modification of Einstein’s sediment transport theory, in order to properly account for the presence of vegetation. The method allows the definition of sediment transport rate in terms of global flow resistance,
other than as a function of the density of plants. In this investigation the problem to evaluate a priori
the global flow resistance is faced, in particular as far concerns the evaluation of the plant resistance. In
this paper we describe the results of an experimental investigation in which the resistance of the plants
was measured using two different methods. In the first one the plant resistance was indirectly derived by
the measurement of the global resistance. In the second method the drag of the single plant was directly
measured. The results of the two procedures are in very good agreement.
Keywords: Rivers, Vegetation, Sediment transport.
1 INTRODUCTION

A general formulation able to link the flow parameters to the main characteristics of vegetation
is still far to be known, despite the fact that there
is a huge amount of theoretical models and experimental data on hydrodynamics of plants and
on velocity flow field and turbulence characteristics in vegetated channels. Most of theoretical and
experimental studies (Freeman et al., 2006; Ishikawa et al., 2000; James et al., 2004; Järvelä,
2004; Lindner, 1982) on flow resistance in vegetated channels are focused on the definition of a
friction coefficient which can account for the
plants drag and a few of them also for the bed
shear stress suitable for uniform flow formulations
(that is relationships among slope, velocity and
flow depth).
The interaction between vegetation and sediment transport is rarely studied; nowadays there is
still a lack of theoretical approaches and of experimental data in the literature on this topic. The
majority of the rare studies on these problems are
based on partitioning the total resistance into
vegetation resistance and the bed resistance in order to estimate the sediment transport in vegetated
beds (e.g. Lòpez & Garcìa, 2001; Baptist, 2003;
Negrassus, 1995; Furukawa et al., 1997; Wu et
al., 2005).

The morphological characteristics of most of the
natural watercourses are strongly influenced by
the presence and by the typology of vegetation
along the stream, by vegetation density, flexibility
and degree of submergence (Nepf, 1999; Kouwen
& Fathi-Moghadam, 2000; Righetti & Armanini,
2002; Armanini et al., 2005).
Plants exert a strong influence primarily on the
resistance to the flow, but they influence also the
mechanism of sediment entrainment and sediment
transport, because their presence in the flow reduces the bed shear stress and modifies the turbulence field. Vegetation modifies the structure of
the flow field especially close to the bed. The
straining of motion due to presence of stems and
the turbulent wake they generate, significantly affect the turbulent dynamics. Stagnation zones alternate with high velocity and high shear regions
and the turbulent vertical momentum fluxes from
and towards the bed are substantially modified
with respect to the vegetation free conditions
(Righetti, 2008). Therefore bed particles entrainment and transport is strongly affected by plants
presence.
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2 SEDIMENT TRANSPORT IN VEGETATED
STREAMS

rangements and dimension and different grain size
and grain density (Figure 1).
One of the most relevant differences between
Einstein’s original formulation and eq. (1) is that
in this last equation the shear velocity u* appearing in the flow intensity parameter is calculated
respect to global resistance of the flow, including
the resistance induced by the bed forms and the
drag of vegetation, while in Einstein’s original
formulation u* = τ o' ρ is the shear velocity relevant to the grain shear stress τ o' .
In no-vegetated channels, in fact, the total
stress τ 0 can be expressed as sum of the grain
stress τ 0 ' and the bed forms effects τ 0 ' ' :

The original theory of H.A.Einstein’s (Einstein,
1950) for the evaluation of bed load in a stream
was revised by Armanini et al. (Armanini et al.,
2010) to account for the effect of the presence of
vegetation on sediment transport rate.
The modification of Einstein’s formulation is
based on the idea that vegetation reduces the active surface for sediment entrainment and affects
substantially the velocity scale of the sediment
transport process. The formulation proposed by
these authors is:

Φ=

1
A*1 (1 − Ω v )ψ v0.5

τ 0 = τ 0 '+τ 0 ' '

−1
⎞
⎛⎛
1
⎞
B*1ψ v −
⎟
⎜⎜
ηo
⎟
2
⎟
⎜⎜ 1
e −ξ dξ ⎟ − 1⎟ (1)
∫
⎜⎜ π
⎟
⎛
1 ⎞
⎟⎟
⎜⎜ ⎜
− ⎜⎜ B*1ψ v + ⎟⎟
⎟
ηo ⎠
⎝
⎠
⎠
⎝⎝

Eq. (5) can be expressed in terms of mobility
parameters:

θ = θ '+θ ' '

where Φ = q s / d gΔd is the Einstein’s dimensionless sediment transport rate. Δ = (ρ s − ρ ) / ρ
is the relative submerged density of the sediments. Ω v = A p Atot represents the density of vegetation, that is the ratio between the horizontal
cross section of plants, A p , and the related total
wetted area of the wall Atot .
A*1 , B*1 and η o are three constants, similar to the
respective Einstein constants, for which Armanini
and coworkers (Armanini et al., 2010) found the
following set of values:
A*1 = 15 ; B*1 = 0.214 ; ηo = 0.5

gΔd
gD fv
u*2

θ=

τ0
u*2
=
gΔd gρΔd

(7)

Engelund (1966) demonstrated that the grain
parameter of mobility, θ ' , depends only on the total mobility, θ , that is θ ' = fct (θ ) . This fact permits to express the sediment transport rate as a
function of the total mobility parameter (total bed
shear stress).
In presence of vegetation, especially in the case
of a densely vegetated bed, the grain resistance is
often negligible and the sediment transport rate is
strongly influenced by the vegetation, for this reason it is necessary to make reference to the total
mobility parameter θ (or to the total flow intensity parameter Ψ = 1 θ ).
In this paper we will present a method with
which to calculate the global resistance, that is the
total flow intensity parameter to insert into the sediment transport formula (equation 1) and the relevant experimental verification set up in a laboratory channel under clear water condition and
sediment transport condition.

(2)

(3)

f v is a suitable function of density and relative
size of vegetation, accounting for the effect of vegetation on the sediment transport velocity scale.
g D is a function1 / 3of the characteristic diameter D* = d gΔ ν 2 , accounting for the possible
influence of viscosity (particle Reynolds number)
on the transport rate.
For these two functions the same authors proposed the following expressions:
1
h
(4)
gD =
f v = 1+ 40Ω v
1 − 2 D*−1
dp
Equation (1), with the constants in equation (2)
and the functions in equation (4) was checked on
a large number of experimental data obtained in a
laboratory channel under different vegetation ar-

(

(6)

where θ is the Shield parameter defined as:

The original flow intensity parameter ψ (the
inverse of Shields mobility parameter) is here
modified to account for the possible influence of
vegetation on the flow field:

ψv =

(5)

)
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3 THE PROBLEM OF THE DEFINITION OF
THE RESISTANCE

10 3

The global resistance in vegetated channels is due
to the contribution of different effects: the grain
roughness, the bed forms stress and the drag resistance exerted by the vegetation.

Φ

10

2

101
10 0

10 −1
10 −2

10 −3

Figure 2 Image of the bed forms in the mobile vegetated
bed.

In this first approach of the problem of total resistance, the roughness due to the possible presence of bed forms was not considered. In fact, we
have observed in almost all the test the formation
of a dune like bed forms directly related with the
arrangement of vegetation (Figure 2).
The validity of the hypothesis of neglecting the
contribution of bed forms resistance respect to the
global resistance will be verified at the end of the
present analysis.
We write now the longitudinal momentum balance in a control volume of a vegetated channel
(Figure 3), long enough to include a considerable
number of plants. In uniform flow condition the
balance is reduced to the balance of the forces:
gravity force, wall resistance and drag resistance
of the plants.
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Figure 1 Experimental data of sediment transport rate
compared to equation (1) calculated according to the
functions (4) and to the constants (equations 2 continuous line) (Armanini et al., 2010).

Figure 3 Sketch of the forces on the control volume and
symbols.

The component of the gravity force in longitudinal direction is:
W = ρgLBh(1 − Ω v )ib
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(8)

where ib is the slope of the bed and B and h the
width and the depth of the flow. L is the length of
the control volume.
The bed resistance due to the grain stress is:
Rb = τ 0 ' BL(1 − Ω v )

from the free surface. Plants were modeled with
different staggered configurations.

(9)

The grain stress, τ o' , in eq. (9) can be evaluated
using one of the classical uniform flow formulation as a function of the average velocity U (Einstein & Banks, 1950; Li & Shen, 1973; Petryk &
Bosmajian, 1975; Lindner, 1982; Pasche &
Rouvè, 1985; Righetti & Armanini, 1998; Dittrich, 1998). By adopting the Gauckler-Strickler
formula (Gauckler, 1867), we have:

τ0'
g
= U 2 2 1/ 3 ,
ρ
k s ,b R h

Figure 4. Flume partition: three zones with elements in
staggered configuration and a downstream zone without cylindrical elements. A) reach with dense configuration, B)
reach with intermediate density, C) reach with sparse configuration, D) vegetation-free reach.

The total flume was partitioned into four zones
(Figure 4), each of which had different density
and configuration of elements (
Figure 5). The downstream final reach of the
flume (D in Figure 4) was kept free of plants in
order to have also undisturbed flow for each feeding condition.

(10)

where k s ,b [ L1 / 3T −1 ] is a suitable roughness coefficient and Rh is the hydraulic radius. In Eq. (9)
the factor BL(1 − Ω v ) is the area interested by the
wall stress, which coincides with the reduced area
interested by sediment entrainment.
With regard to the plants, it is possible to express the resistance R p , j offered by a single plant
as a function of a drag coefficient C Dp , the vertical
cross section of the submerged part of the plant
Ap , j and the average flow velocity:

R p , j = C Dp ρAr , j

U2
.
2

50
7.5

20
10

2.5
7.5
7.5

ρgBLh(1 − Ωv )i f =
n

15

5
A

(11)

p
U2
g
= ρU 2 1 / 3 BL(1 − Ω v ) + ∑ CDp ρAr , j
k s ,b Rh
2
j =1

2.5 2.5

10

50

B

C

Figure 5 The three different configurations used for experiments and the distances between two adjacent elements. A)
reach with dense configuration: density=200 plants/m2, influenced area=50 cm2; B) reach with intermediate density:
density=93.33 plants/m2, influenced area=107.14 cm2; C)
reach with sparse configuration density=50 plants/m2, influenced area=200 cm2.

The balance of the forces acting in the longitudinal direction gives:

2

50

In the mobile bed tests the channel was fed
with constant liquid discharge and constant sediment transport rate in each test. In this case the
duration of tests was long enough to reach the
steady condition for all the parameters, local bed
elevation included.
It is important to underline that, because the
liquid and solid discharges were kept constant in
time, when the stationary condition along the
flume was attained, in each partition of the channel the uniform flow condition was established.
This assumption can be easily demonstrated by
considering the continuity equations of solid (Exner equation) and of liquid phases (or of the total
mass) integrated along the depth in a prismatic
channel with constant stems density and arrangement, and imposing steady condition. That is:

(12)

where n p is the number of plants in the control volume.
In eq. (12) the representative parameter of the
resistance due to vegetation is the drag coefficient,
C Dp . For this reason this paper is focused on the
definition and determination of this coefficient.
4 EXPERIMENTAL INVESTIGATION
A series of experiments was carried out in a rectangular flume 15 m long and 0.50 m wide. The
sidewalls and the bottom of the flume were made
of glass. Vegetation was simulated by two types
of cylindrical elements: aluminum stems whose
average diameter was 1 cm, and rigid plastic
stems whose average diameter was 3 cm; both
types of cylinders were inserted into the channel
bottom and in all the experiments they emerged

∂z
∂h ∂
+ (Uh ) + b = 0
∂t ∂x
∂t

and:
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(13)

∂
(Ch ) + ∂q s + (1 − p) ∂z b = 0
∂x
∂t
∂t

just a few centimeters long, near to the transitions
between two consecutive partitions.

(14)

where (Figure 6), h is the water depth, U is the
mean velocity of the flow, z b is the bed elevation,
C is the depth averaged concentration, q s is the
sediment transport rate and p is the porosity of
the bed.
From the condition of steady flow, we have
∂
≡ 0 everywhere along the flume, and the eqs.
∂t
(13) and (14) become:
U

∂h
∂U
+h
=0
∂x
∂x

Figure 6 sketch of the bed and free surface behaviour on
each one of the four partitions of the flume: the figure in not
in scale.

(15)

This configuration is particularly convenient,
because the duration of each test is quite long, and
the possibility to analyze four different conditions
with only one test has allowed to considerably reduce the duration of the experimental investigation, without losing accuracy.
The values of water depth and of the slopes of
the free surface and of the bed in each reach were
measured together with the values of the liquid
and solid discharges. With these parameters the
Einstein’s parameters Φ and Ψ v were calculated
for each test in each of the four reaches of the
flume, including the one without vegetation.
Generally, the water surface and the bed elevation was measured, using a pointer gauge, in a
sufficient large number of points along each
reach.
Then, to obtain the slopes, the data were fitted
with least-squares linear regression, while the water depths were calculated as double averaging
quantities. As far concern the accuracy in the free
surface slopes measurements, in the case of more
difficult measurements (for example very small
values), also piezometers were used to confirm the
first results.
Two different types of experiments were carried out. The first one in sediment transport condition and mobile bed. The second one using the
flume with fixed bed and clear water.
With these parameters it is also possible to calculate indirectly the value of the drag coefficient C Dp , as we will better explain in the course
of the paper.
In the second type of tests, the one without sediment transport, the bed was kept fixed with the
same roughness of the mobile bed tests and the
uniform flow was obtained imposing the same water depth and the same slope as in the corresponding mobile bed tests.

and
∂q s
=0
∂x

(16)

Assuming for the solid transport rate a formulation of general validity, in which the solid discharge depends on the velocity and on the water
depth, if density and arrangement of vegetation is
constant (as it is along each partition), we have:
q s = q s (U , h )

(17)

By differentiating eq. (17) and substituting it
into eq (16) and this into eq. (15) we obtain:
⎛ ∂q s h ∂q s ⎞ ∂U
−
=0
⎜
⎟
⎝ ∂U U ∂h ⎠ ∂x

(18)

For U ≠ h ≠ 0 , the only possible solution is the
uniform flow condition, that is:
∂h
∂U
=0=
∂x
∂x

(19)

Uniform flow in this case must be intended respect to a length scale containing a sufficient
number of stems, in practice a length of order of
the flow depth.
Because of the change in the density of the
stems, the flow condition is different in each partition. In according with the shallow water approximation, between each partition and the next one a
step in the bed and a step in the free surface
should allow the transition from a uniform condition to the next one (Figure 6).
In real case, the step is substituted by a gradual
variation of the bed, which regards a small strip in
proximity of the section of change in plant density.
Finally, the experimental investigation has confirmed the existence of a uniform flow all along
the length of each partition, except in a small strip
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C Dp

13
g ⎛ d 50 ⎞ ⎞⎟
π 1 − Ω v d p ⎛⎜ ghi f
(23)
=
−
⎟
⎜
2 Ω v h ⎜⎝ U 2 (21.1) 2 ⎝ h ⎠ ⎟⎠

in which U = Q B(1 − Ω v )h is the average velocity.
In the second type of experiments, instead, the
value of the drag coefficient has been obtained directly, using the measurement of the force and the
expression in eqs. (11) and (21)
5.1 Analysis of the results
Figure 7 Schematic draw of the load cell fixed to the cylinders in the second type of experiments (direct measurement
of the drag coefficient of the stems).

We are expecting that the drag coefficient C Dp
depends on Reynolds number relevant to the single plant Re p = ρUd p μ , on the relative dimension of the stems d p h and on the stems density
Ωv .
In the following graphs (Fehler! Verweisquelle konnte nicht gefunden werden.8 and Fehler!
Verweisquelle konnte nicht gefunden werden.9)
we plotted C Dp versus plants Reynolds number
for different values of the plant density Ω v , according the two different measurement procedures.
As emerges from the figures 8 and 9 the drag
coefficient, as expected, is independent of the
Reynolds number if this is not too small
( Re p > 6000 ~ 8000 ), but it depends primarily on
the density of vegetation.
Moreover the drag coefficients measured and
valuated with the two methods are substantially
coincident.
This means that the original assumption of neglecting the bed forms is consistent with the results
but also that the method here adopted to evaluate
the grain roughness coefficient is correct, or that it
is consistent with the other assumptions.
In Figure 8 and Fehler! Verweisquelle konnte
nicht gefunden werden.9, also the confidence interval of each value is reported. It represents the
uncertainties in the measurements due to the combination of instrumental and systematic errors.
In the direct measurements in particular, the
uncertainties are due to the combination of the instrumental errors and the errors related to (small)
fluctuations of the cylinders induced by the turbulence, due to the fact that the cylinders are not
completely rigid.
In the indirect measurements, the instrumental
errors (pointer gauge and discharge) are combined
with the uncertainties related to the calculation of
the water depth and of the slope.
In the direct measurements the uncertainties
are smaller than in the case of indirect measurements. This difference is due mainly to two reasons: firstly because the errors considered in the
indirect measurements are, to a great extent, lar-

In this case the value of the drag coefficient
was obtained through direct measurements of the
drag force on the cylinders. The measurements
were made with a load cell attached to two rows
of cylinders (Figure 7). At each load cell were attached at least five stems. The stems were lifted a
few millimeters over the bed so that the load cells
measured the total drag force.
5 DRAG COEFFICIENT
As already prefaced, the methods to evaluate the
drag coefficient in the two arrangements of the
experiments were different.
In the experiments with mobile bed, the equation for calculating C Dp was derived by eq. (12).
The number n p of the plants in the control area
BL can be expressed as a function of the density
Ω v and of the diameter d p of the stems:

np =

4 BL
Ωv
π d p2

(20)

Besides, the vertical cross section of the plants
Ar , j is:

Ar , j = d p h

(21)

In eqs. (10) and (12) the value of the GaucklerStrickler coefficient for the bed roughness k s ,b
can be evaluated using one of the empirical formula as a function of the characteristic diameter
of the grain, for example d 50 (Strickler, 1923),:

k s ,b =

21.1
with [k s ,b ] = [m1 / 3 s −1 ] ; [d 50 ] = [m] (22)
16
d 50

From equation (12), in which we have assumed Rh ≅ h , and from equations (20-22), it is
possible to express the drag coefficient as an explicit function of the experimental data:
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ger. In particular in the indirect measurements the

dures. This effect is mainly due to the error in the
slope measure, which increases significantly when
the slope decreases and consequently also when
the Reynolds number decreases. To some extent,
however, the errors in this range of Reynolds
numbers is not important in a natural context,
where usually the Reynolds numbers do not assume the smaller value considered in the data.

errors exerting the major influence on the results
are the ones associated with slopes and water
depths. Whereas in the direct measurements the
instrumental uncertainties are smaller that the others.
Ω v =0.0039 d p =0.01 m
2.5
C Dp

indirect measurement
direct measurement

2.0

Ω v =0.0353 d p =0.03 m
2.5
C Dp

1.5

indirect measurement

2.0

1.0

direct measurement

1.5

0.5

1.0

0.0
0

2000

4000

6000

8000

10000 12000 14000
Re p

0.5
0.0
0

Ω v =0.0073 d p =0.01 m
2.5
C Dp
2.0

2000

indirect measurement

4000

6000

8000

10000 12000 14000
Re p

Ω v =0.0660 d p =0.03 m

direct measurement

2.5
C Dp
2.0

1.5
1.0

indirect measurement
direct measurement

1.5

0.5

1.0

0.0
0

2000

4000

6000

8000

0.5

10000 12000 14000
Re p

0.0
0

Ω v =0.0157 d p =0.01 m

2.5
C Dp
2.0

2000

4000

indirect measurement

6000

8000

10000 12000 14000
Re p

Ω v =0.1414 d p =0.03 m

direct measurement

2.5

C Dp

1.5

2.0

1.0

1.5

0.5

1.0

0.0
0

2000

4000

6000

8000 10000 12000 14000
Re p

indirect measurement

0.5

direct measurement

0.0

Figure 8 Value of the drag coefficient measured according
the two procedures versus Reynolds number for different
stems density and stems diameters. In indirect measurement
the drag coefficient is calculated trough the global forces
balance, in the direct measurements the drag coefficient is
derived by the direct measurement of the drag force on a
single plant.
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Figure 9 Value of the drag coefficient measured according
the two procedures versus Reynolds number for different
stems density and stems diameters. In indirect measurement
the drag coefficient is calculated trough the global forces
balance, in the direct measurements the drag coefficient is
derived by the direct measurement of the drag force on a
single plant.

Secondly, due to the propagation of errors, in
the direct measurements the total error of the drag
coefficient is given by the combination of a lower
number of errors.
Moreover, the errors at low Reynolds number
are larger, both in the indirect and direct proce-

Within the confidence interval of all the possible errors, the assumption made on the possibility
of neglecting the resistance of the bed form, results to be acceptable.
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In this paper, we faced the problem of the resistance exerted by the plants on the flow in a vegetated river. Knowledge of global resistance as a
function to the flow characteristics is aimed at developing an expression for the sediment transport
rate in vegetated riverbeds.
The evaluation of the resistance is obtained
through the experimental analysis of the drag
coefficient of a stem belonging to an array of cylinders in a laboratory channel.
We adopted two different methods to calculate
the drag coefficient: through the direct measurement of the drag forces and considering the balance of forces in a control volume of the channel
(indirect measurements). In this last method, the
effects due to the bed forms have not been considered.
The results obtained by the two different methods were compared. The drag coefficients were
reported as a function of the Reynolds number of
the plants and of the densities of vegetation. We
did not consider in this approach the effect of relative grain size of the sediments and the relative
diameters of the stems. The comparison of the data demonstrates that the data obtained with direct
and indirect measurements are in good agreement
and consequently that is possible to neglect the effects of bed forms in the momentum balance.
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ABSTRACT: In rivers, flooding can be attributed to the effects of increased flow resistance due to riparian vegetation. Simply removing vegetation from river banks cannot be considered as a solution to aid
flood mitigation, because vegetation plays a vital role in river environment. The flow structure in a compound channel with vegetation along edge of river bank is still not well understood. To better apprehend
the influence of flow resistance of such vegetation to flow structure and boundary shear stress, laboratory
experiments were carried out at Loughborough University.The experiments were conducted in a 12 m
long, 0.306 m wide compound channel. The channel had a single line of emergent 3 mm diameter rods
with 35 mm diameter brush bristles along the edge of the floodplain. The rods were spaced at rod distance
to diameter ratios of L/d=8 and L/d=16. These ratios are compatible with those of trees in the River
Thames. Boundary shear stress was measured using a Preston tube and velocity using a Pitot tube. The
velocity distribution showed velocity dip caused by the presence of brushes. The boundary shear stress
significantly decreased when compared with that of without brushes. The drag force of brushes was estimated from the force balance using weight component and boundary shear force. The drag force increases
almost linearly with water depth. Stage discharge curves exhibited unexpected behaviour from other researcher findings (Sun and Shiono 2009).
Keywords: Compound channel, vegetation, boundary shear stress, drag force
In Nepf (1999), Nepf highlighted the impact of
the wake structures on the flow resistance of arrays of cylinders set up in different configurations.
For cylinders in tandem, for example, the rod distance to diameter ratio L/d is a determining parameter in the suppression of the drag coefficient on
the downstream cylinder, due to the wakes generated by the upstream cylinder.
Sun and Shiono (2009) carried out experiments
with one-line of rods placed on the edge of floodplain. The flow structures resulting from the line
of rods were totally different compared to that of a
standard compound channel without rods. The velocity, discharge and boundary shear stress in the
rod cases were considerably reduced compared to
those in the no rod cases. Sun and Shiono (2009)
used smooth wooden rods in their experiments
and investigated two rod densities of approximately L/d=4.4 and 13.3.
The main aim of this paper is to investigate the
boundary shear stress and flow structures in compound channels with one-line emergent rods with

1 INTRODUCTION AND AIMS
Observations of river banks reveal that one-line
vegetation growing along the edge of floodplain is
a common arrangement. Such vegetation may be
trees or bushes of different kinds and may be
spaced in different ways. A single line of riparian
vegetation may be used for bank stabilisation, to
promote environmental diversity or for landscape
amenity purposes (Hubble et al., 2009). The impacts of such arrangements on the boundary shear
stress and flow structure of a compound channel,
however, have been little studied in literature.
Pasche & Rouvre (1985) conducted experiments in a compound channel with vegetated
floodplain, measuring velocity with an LDV and
boundary shear stress with a Preston tube. Coherent structures were observed in the flow, reflecting the intensive momentum exchange taking
place between the roughened floodplain and the
main channel.
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bristles along the floodplain edge. The impacts of
such vegetative structures on the stage discharge
relationship, velocity distribution and boundary
shear stress distributions are first presented. The
evolution of drag force with relative depth and
vegetation density is also examined.
2 EXPERIMENTAL METHODOLOGY
2.1 Physical modeling of riparian vegetation
An attempt was made to physically model vegetation with foliage along the floodplain. For that
purpose, a series of test tube brushes from Fisher
Scientific (code BUR-610-030G) with 3 mm diameter steel tube and 35 mm brush strand diameter, as shown in Figure 1, were lined along the
floodplain edge to represent trees. The effective
frontal area percentage of the brush was estimated
by analyzing detailed photographs and is approximately 72%.
Each brush was prepared for the experiments
by cutting the cotton end with wire cutters to obtain a constant density along the length of the
brush. The final brushes were 50 mm high.

Figure 2. Vegetation survey along the River Thames

2.2 Experimental methodology
The measurements were conducted in a 12 m long
Perspex tilting flume in the hydraulic laboratory at
Loughborough University. Figure 3 illustrates the
trapezoidal cross-section shape of the flume. The
total width B of the flume was 0.306 m, the floodplain width Bfp was 0.150 m and the side slope s
was 1. The flume bed slope (S0) was set to be
0.001. The flow rate (Q) was measured by weighing the outlet water mass per unit time. The water
depth was measured by a digital point gauge.
0.035 m

Figure 1. Brush

In order to adopt pertinent rod spacings, guidelines on planting trees found in literature were
first studied to define applicable spacing ratios of
rods. Spacings between 8 to 16 times the diameter
of rods were found to be representative (Sun and
Shiono, 2009; Terrier, 2010).
In addition, tree spacings were also surveyed
along the floodplain of a stretch of the river
Thames. The frequency diagram shown in Figure
2 presents the results of the survey.
Spacing ratios of L/d=8.0 and 16.0 were used
to investigate the effects of vegetative density on
the flow. The applicability of these spacing ratios
was therefore confirmed via literature review and
collection in field studies.
It is important to note that these spacing ratios
are greater than the critical spacing ratios of
3.5~3.8 described in Zdravkovitch (1977), beyond
which periodic vortex shedding is observed behind cylinders aligned in tandem.

1

0.150 m

1

0.120 m

0.036 m

Figure 3. Compound channel cross-section at the brush

To minimize the effects of inlet turbulence on
the flow development, a 0.1 m long Kraft honeycomb with uniform hexagonal holes was placed at
the inlet to straighten the flow and a 0.25 m long
float foam plate was fixed to the honeycomb to
avoid the propagation of waves in the water surface downstream.
Quasi-uniform flow conditions were achieved
by ensuring that the average water surface slope
was parallel to the bed slope. In addition, detailed
measurements of mean velocity were performed
with a 2.2 mm diameter Pitot tube at the measuring sections and at approximately one meter upstream and downstream of the measuring section
to verify the uniformity of the flow. The discrepancy between the mean velocity measured at
these different sections was below 5% for all the
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rod scenarios, by up to 50% for case B16c. The
flow reduction due to the brushes increases notably with relative depth.

measured data points, hence providing confidence that the flow was quasi-uniform. The recording time for the Pitot tube was set to 1 min as
this ensured that the measurements had converged.
Discharges were also calculated by integrating
the velocity measured with the Pitot tube. The
calculated discharges were then compared with
the measured discharges. Errors were typically
less than 5%, thereby ensuring some consistency
in the measurements.
Boundary shear stress τB was measured using a
Preston tube. The diameters of the static and dynamic pressure pipes of the Preston tube used in
this study are 3.00 mm and 2.72 mm respectively.
Patel’s method was used (Patel, 1965). The recording time for the Preston tube was set to 3 min
as this ensured convergence in the measurements.

Relative depth Dr

0.6
0.5
0.4
0.3
0.2
0.1
0
0.0000

0.0020

0.0040

0.0060

Flow rate (m3/s)
No vegetation case L/d=8 L/d=16
Figure 4. Stage discharge for the no vegetation and brush
cases

Interestingly, the increase in vegetative density
along the floodplain edge leads to a greater discharge for all channel stages when compared to
the less dense vegetation. It had been expected
that increasing the brush density (L/d decreasing)
would lead to an increase in the chances of flooding, as was the case with the smooth rod cases
presented in Sun and Shiono (2009). However,
these results suggest that there is a threshold at
which closer spacing of brushes can result in an
increase in discharge, thereby reducing flooding
effects.
Figure 5 gives a breakdown of the percentage
of total discharge carried by the main channel and
the floodplain. The discharge distribution is derived by integrating the depth-averaged velocities
over the main channel and floodplain areas. In the
no rod case, the floodplain carries a greater proportion of the total flow. As relative depth increases towards unity, the percentage of discharge
in each section of the channel tends towards 51%
and 49% for the main channel and floodplain respectively.

2.3 Summary of experiments
In total, nine cases were investigated. Three no
rod cases (Sa, Sb and Sc) provided reference cases. For a further six cases, rods with bristles were
used (B8a, B8b and B8c) and (B16a, B16b and
B16c) with spacing ratios of 8.0 and 16.0 respectively. The experiments for each rod density were
conducted for three relative water depths (ratio
between the floodplain water depth to the main
channel water depth). The summary of the experiments carried out is given in Table 1.
Table 1. Summary of the Investigated Flow Cases
Spacing raRelative ReyFlow Flow rate
depth
nolds
tio (L/d)
case
(m3/s)
number
Sa
0.00220
0.24
23163
N/A
Sb
0.00352
0.37
35218
N/A
Sc
0.00543
0.50
50569
N/A
B8a
0.00183
0.25
12850
8.0
B8b
0.00225
0.35
17040
8.0
B8c
0.00330
0.51
25825
8.0
B16a 0.00178
0.25
13228
16.0
B16b 0.00210
0.35
15946
16.0
B16c 0.00273
0.51
22567
16.0

Percentage flow in
sub-section (%)

100

3 RESULTS
3.1 Stage discharge

80
60
40
20
0
0

0.2
0.4
Relative depth Dr

Main channel - L/d=8
Main channel - L/d-16
Main Channel - No rod

Figure 4 presents the stage discharge curves for all
nine cases. As expected, the channel discharge is
seen to increase as the flow depth increases and
the brushes provide a drop in total discharge compared to the no rod case. For all cases, the brushes
significantly decrease the channel's total discharge
in the compound channel when compared to no

0.6

Floodplain - L/d=8
Floodplain - L/d=16
Floodplain - no rod

Figure 5. Discharge distribution for the brush cases

The Manning’s n values were calculated using
Equation 1.
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1

2

0.50

(1)

0.40
Ud (m/s)

2

R 3 S0
n=
Um

R is the hydraulic radius and U m is the measured
bulk velocity. Figure 6 gives the Manning’s n values for the different cases.
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Relative depth Dr
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Figure 7. Depth-averaged velocity distribution for the no
rod cases
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Figure 6. Mean calculated Manning's values

The brushes have for effect to increase significantly the Manning's n values, as they are comprised between 0.013 and 0.022. The L/d=8 cases
have lower Manning’s n values compared to the
L/d=16cases, correlating the results of the stage
discharge presented above, as should be.

0.00
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0.6

0.8
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L/d=8.0 - Dr=0.25

L/d=8.0 - 0.35

L/d = 8.0 - Dr=0.51

Figure 8. Depth-averaged velocity distribution for the brush
cases with L/d=8 (Cases B8)

The depth-averaged velocity U d ( y ) at a position
y was calculated using Equation 2.

0.50
0.40
Ud (m/s)

H ( y)

∫ U ( y)dz

0.20
0.10

3.2 Velocity distributions

1
U d ( y) =
H ( y)

0.30

(2)

0

Where H ( y ) is the water depth at the position
y. Figures 7 to 9 give the depth-averaged velocity
distributions for the no rod cases (Cases Sa, Sb
and Sc), the L/d=8 cases (Cases B8a, B8b and
B8c) and the L/d=16 cases (Cases B16a, B16b
and B16c) respectively. The maximum velocities
are suppressed further as flow depth increases,
with it being pushed closer to the boundary wall
with increasing flow depth in the main. The velocity in the brush area appears more affected by the
smaller water depths as vegetation density is
changed.

0.30
0.20
0.10
0.00
0

0.2

0.4

0.6

0.8

1

Y/B
L/d=16.0 - Dr=0.25

L/d=16 - Dr=0.35

L/d=16.0 - Dr=0.51

Figure 9. Depth-averaged velocity distribution for the brush
cases with L/d=16 (Cases B16)

Cases B8 (Figure 8) indicates a larger discharge
through the main channel than for Cases B16, and
generally shows an increase in the floodplain area.
At the point of vegetation, the velocity is slightly
smaller for the denser vegetation, which is to be
expected. For each case, the velocity in the main
channel is slightly greater at lower flow depths
whereas in the floodplain the greatest velocity occurs for the larger flow depths.
Although the brushes have a clear detrimental
effect on the water levels from an engineering
viewpoint, they also contribute to lower the velocities.
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TauB (N/m2)

3.3 Boundary shear stress
The results of bed shear stress measurements are
presented in Figures 10 to 12 for the no rod case,
the L/d=8 cases and the L/d=16 case.
The lateral distributions of boundary shear
stress follow the distributions of depth-averaged
velocity. For both vegetative densities, the boundary shear stress distributions in the main channel
are similar for all relative depths. On the floodplain, the larger relative depths provide a larger
boundary shear stress with the maximum moving
closer to the boundary wall with smaller relative
depths, as was the case with the depth-averaged
velocity distributions.
The differences in the magnitude of boundary
shear stress between cases B8 and B16 are more
significant in the floodplain than in the main
channel. These differences increase with relative
depths.

0.30
0.20
0.10
0.00
0

L/d=16.0 - Dr=0.25

0.4

0.6

0.8

1

L/d=16 - Dr=0.35

L/d=16.0 - Dr=0.51

Figure 12. Boundary shear stress distribution for the brush
cases with L/d=16 (Cases B16)

The reduction in boundary shear stress compared to the no rod case increases with relative
depth. This reduction varies between 30.6% and
52.3% for cases B8a and B8c respectively and
27.3% and 54.9% for cases B16a and B16c respectively.
3.4 Apparent shear stress
A depth-averaged apparent shear stress τ a is defined following Shiono and Knight (1991)'s definition (Equation 3).

0.40
0.30
0.20

τ a ( y) =

0.10
0.00
0

0.2

0.4

0.6

0.8

1

No rod - Dr=0.24

No rod - Dr=0.37

No rod - Dr=0.50

Figure 10. Boundary shear stress distribution for the no rod
case
0.50
0.40
0.30
0.20
0.10
0.2

0.4

0.6

0.8

(4)

τ a ( B) = −τ right wall

(5)

Apparent shear stress
(N/m2)

L/d=8.0 - 0.35

τ a (0) = τ left wall

Figures 13 to 15.

1

Y/B
L/d=8.0 - Dr=0.25

(3)

The lateral variations of τ a are presented in

0.00
0

y

1 ⎡
1 ⎞⎤
⎛
ρgHS 0 − τ B ⎜1 − 2 ⎟⎥ dy
⎢
∫
H 0⎣
⎝ s ⎠⎦

Equation 3 can be solved provided boundary
conditions are given. In this study, we assume that
the depth-averaged apparent shear stress at y = 0
is equal to the left mean wall shear stress τ left wall
(Equation 4). Similarly, the depth averaged apparent shear stress at y = B is taken as the opposite of
the right mean wall shear stress τ right wall (Equation
5).
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TauB (N/m2)

0.2

Y/B

0.50
TauB (N/m2)

0.40

L/d = 8.0 - Dr=0.51

Figure 11. Boundary shear stress distribution for the brush
cases with L/d=8 (Cases B8)
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Figure 13. Apparent shear stress distribution for the no rod
cases
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Figure 15. Apparent shear stress distribution for the with
L/d=16 (Cases B16)

The brushes completely modify the distribution
of apparent shear stress compared to the no rod
case. The brushes have for clear impact to increase the amplitude of apparent shear stress either side of the vegetated interface. For each spacing ratio, the apparent shear stress remains similar
in the main channel although one notes a slight
decrease when relative depth increases. On the
other hand, the apparent shear stress increases remarkably with relative depth in the floodplain.

Drag coefficients
derived from force
balance
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Figure 17. Variation of drag coefficients derived from force
balance method against relative depth

The total drag force per unit length in the channel
can be calculated by force balance using Equation
6.
B
FD = WG − ∫ τ B ( y ) dy

(7)

Where C D is the drag coefficient, AP is the projected area and U is taken as the mean depthaveraged velocity across the section. In order to
obtain the drag coefficient corresponding to the
drag force per unit length derived from force balance, FD is divided by the distance L between
two brushes. The results are presented in Figure
17 against relative depth.

Y/B
L/d=16 - Dr=0.25

L/d=16

The drag force can also be determined via the
analytical formulae presented in Equation 7.
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Figure 16. Drag force derived from force balance for the
brush cases

Figure 14. Apparent shear stress distribution for the with
L/d=8 (Cases B8)
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The drag coefficients derived from force balance are typically greater than one and vary between 1.32 and 4.13, the highest drag coefficients
being obtained for the denser case. The discrepancy between the drag coefficients of cases B8 and
B16 increases with relative depth.
In literature, drag coefficients are also found to
be derived from references taken for a unique cylinder and related to the rod Reynolds number
Re rod (Equation 7), such as in Schlichting and
Gersten (1968).

(6)

0

The results of drag force calculations for the
brush cases using the force balance approach are
presented in Figure 16. It has been shown that as
the water depth increases, the boundary shear
force changes very little. However, drag force increases very rapidly as the water depth, and hence
the weight component, increases for both vegetative densities.
As seen in Figure 16, the drag force varies almost
linearly with relative water for both rod densities.

Re rod =
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UD

ν

(7)

Where ν is the kinematic viscosity. Drag coefficients derived for a unique cylinder from the rod
Reynolds numbers remain close to unity for all
cases.

The results were compared to corresponding no
rod cases.
Inspection of the stage-discharge curves shows
that increasing vegetative density in the case of
brushes can lead to an increase in the total channel
discharge. This suggests that, although increasing
vegetative density can lead to an increase in the
chances of flooding, there is also a point at which
closer spacing of brushes can result in an increase
in discharge, thereby reducing flooding effects.
This depends on foliage density. It is therefore
important to consider how the vegetative density
and discharge relate to flow depth when planting
trees instead of simply increasing the spacing ratio
with the aim of reducing the cumulative drag effects.
The flow reduction increases with relative
depth and reaches approximately 50% when compared to the no rod. In the main channel, the maximum depth averaged velocity is pushed closer to
the boundary wall with increasing flow depth,
which correlates the results of Sun and Shiono
(2009).
The lateral distributions of boundary shear
stress follow closely the distributions of depthaveraged velocity. On the floodplain, boundary
shear stress increases with relative depth with the
maximum moving closer to the boundary wall
with smaller relative depths, as was the case with
the depth averaged velocity distributions.
The boundary shear stress is strongly reduced
compared to the corresponding no rod cases as
drag contributes to flow resistance. The reduction
in boundary shear stress varies between 30.6%
and 52.3% for cases B8a and B8c respectively and
27.3% and 54.9% for cases B16a and B16c respectively.
In the brush cases, the amplitude of apparent
shear stress either side of the line of the interface
is increased compared to the no rod case. For each
spacing ratio, the apparent shear stress remains
similar in the main channel. However, the apparent shear stress increases remarkably with relative
depth in the floodplain.
Drag force per unit width can be calculated by
force balance, by subtracting the boundary shear
stress integrated over the wetted perimeter to the
corresponding weight component. The results
show a linear variation of drag force for both
spacing ratios.
The drag coefficients calculated from the analytical formulae and deducted from the above drag
force values were all greater than 1 and reached
4.13. This is significantly greater than the values
of drag coefficients for a unique cylinder derived
from rod Reynolds numbers, which all remain
close to unity.

4 DISCUSSION
The experiments highlighted a clear change in the
velocity and boundary shear stress distribution
due to the line of brushes placed on the edge of
floodplain. These results have similarities with
those presented by Sun and Shiono (2009), where
experiments were carried out with a line of
smooth wooden rods on the edge of floodplain.
Both depth-averaged velocity and boundary shear
stress profiles “dive” in the rod area, as they are
reduced.
Perhaps the most striking result of these experiments lies in the increased channel discharge
with increased density. It had first been expected
that an increase in the brush density would lead to
a decreased flow capacity in the channel. However, these results suggest a more complicated relationship between stage, discharge and vegetation
density. It can be inferred that there is a threshold
at which a closer spacing of brushes can result in
an increase in discharge.
The drag coefficients calculated from force
balance method are all greater than one. These results correlate the results from Jarvela (2004),
who investigated the drag of non submerged leafless woody vegetation and who advocates the use
of drag coefficients greater than 1 to account for
the branch structure. The drag coefficients presented in this paper are also to be related to those
presented in James et al. (2008), where the values
of the plant drag coefficient for a single reed stem
with different degrees of foliage were studied. The
plant drag coefficients increased from approximately 5.4 for a stem with 6 leaves to 7.5 for a
stem with full foliage for the range of vegetative
Reynolds number investigated. The results suggest that adopting a drag coefficient from rod
Reynolds number would underestimate drag force.
5 CONCLUSIONS
Experiments were carried out in a straight compound channel at Loughborough University for
three relative depths. Two sets of experiments had
lines of rods with bristles spaced out at rod distance to diameter ratios of L/d=8 and L/d=16. Velocity and boundary shear stress were measured
with a Pitot tube and a Preston tube respectively.
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ABSTRACT: At high water stages obstacles in the flood plains of a river contribute to the flow resistance. In particular the elevated and vegetated parts are expected to play an important role. The objective
of this study is to estimate and parameterize the form drag due to vegetated weir-like obstacles. An Experimental study has been carried out in the Laboratory of Environmental Fluid Mechanics of Delft University of Technology. The prototype dike and groyne have been modeled as a weir with various downstream slopes (1:4, 1:7, 1:15) and vegetation has been represented in various shapes ( such as cylinders ,
cones and gaze with different mesh sizes) placed on top of the crest of weir with 25% blockage area inside the vegetated region. Measurements for energy head losses were carried out for a range of discharges
and downstream water levels covering submerged and subcritical flow conditions. The head loss due to
submerged vegetated dikes and groynes has been modeled by an expansion loss form drag model (Energy
and momentum balance principles). Expansion loss form drag models have been derived from a one- dimensional momentum conservation equation and accounts for the energy loss associated with a deceleration of the flow downstream of a sudden flow expansion. Predicted results by the expansion loss form
drag model show some deviation from experimental results due to the downstream slope effects and nonuniform velocity distribution at the vegetated cross section on the crest of weir.
Keywords: Vegetated weir, Expansion loss form drag model, Flow resistance, Groyne
separating flow and the vegetation-induced turbulence. Computer models (1D and 2D flow models)
often don’t include such features and should therefore be improved with respect to representation of
vegetated dike resistance. The resistance to the
flow due to vegetation has been studied extensively. The same holds for simple weirs but the combined effect of submerged vegetated dikes and
groynes has not yet been studied in depth. These
flood plain features (summer dike, access road and
spur dikes) could be schematized as a weir or as a
drag generating obstacle in the flow. Many researchers investigate the weir properties; Such as
Rehbock (1929) Villemonte (1947), Chow (1959),
Abou-Seida and Quraishi (1976), Henderson
(1966), Govida Rao and Muralidhar (1963), Swamee (1988), Lakshmana Rao (1975), Jain (2001),
Chanson (1999). Yossef (2005) considered groin
as an obstacles and concluded that to reduce the
effect of the spur dikes on flood level, their height
should be decreased. Azinfar and Kells (2009) develop a relationship for the spur dike drag coefficient. The effects of submerged and unsubmerged

1 INTRODUCTION
For a river reach at high water stages, three different zones could be distinguished such as; main
channel, groyne field and flood plain. All of these
parts contribute to the flow resistance due to the
different features. In the main channel, the flow
resistance is mainly caused by the bed roughness
and the small scale features like ripples and dunes.
The flow resistance in the groyne field is caused
by a combination of bed roughness and the
groynes. In the flood plain there are many features
such as the summer dikes, approach roads, ditches,
bushes, trees and the plain gross land. Some weirlike structures such as access roads, summer dikes,
groynes are also covered with vegetation and
could be oriented perpendicular to the flow like
plain weirs or at an angle to the flow like oblique
weirs. The combination of vegetation and elevation gives rise to a high resistance to flow, so it
causes flood level rise in the rivers. Hydraulic resistance of these features is difficult to estimate as
there is a strong mutual interaction between the
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tively as shown in figure 1. q is the specific discharge. So the respective energy and momentum
equations take the following form.

rigid and flexible vegetation on the flow has been
studied by Kouwen and Unny (1973), Li and Shen
(1973), Nepf (1999), Kouwen and FathiMoghadam (2000), López and García (2001),
Järvelä (2004) and Baptist (2005). Objective of
this study is to estimate the form drag due to vegetated weir- like obstacles. To this end, the expansion loss form drag model has been derived based
on 1-D momentum conservation equation to account the energy loss caused by the decelerating
flow downstream of a sudden expansion. The predicted results by a form drag model based on expansion loss have been compared against the laboratory data of flow over the vegetated dikes.

d0 +

α =

∫ V dA
V ∫ dA
3

3
m

ΔH bed = c f

(3)

β =

∫V
V

2
m

2

dA

∫ dA

(4)

2
Lu 2
, ΔH wf = c f Lu
gd
gW

(5)

Here ΔHbed and ΔHwf are energy head loss due
to bed friction and wall friction respectively. L is
the length between the flume section 0 and 2. W is
the flume width. cf (Friction coefficient, 0.002 for
finished surface) is calculated as follows.

cf =

g
C2

(6)

The Chézy coefficient C = 18 log (12 d k s ) . Here
d is water depth and ks is roughness height.
2.2 Case -2 Groynes with Vegetation
2.2.1 Emerged vegetation
Energy dissipation in this situation is due to the
wake of the weir and the wake behind the cylinders. There probably is an interaction between the
wake turbulence generated by the weir and by the
cylinders and also between the wake regions of the
cylinders but here these interactions have been ignored and only the depth averaged velocity distribution is considered. The effect of vegetation on
the cross sectional area is considered and the depth
averaged velocity is calculated at this section with
reduced cross sectional area due to section contraction and bed rise (weir effect and vegetation
cross sectional contraction). In this case the
groyne has a row of cylindrical rods on the top of
weir crest, these vegetation elements are considered emerged. The velocities at the three cross
sections could be written as

If the obstacle is only the groyne, the depth averaged velocities can be written as,

q
q
u2 =
d1
d2

(2)

2 gd12

Here Vm is the mean velocity over the cross
section. The additional head loss due to bed friction and flume walls is calculated by the following
formulae,

2.1 Case-1 Groyne

u1 =

= Δ + d1 +

α’s and β’s are energy and momentum correction coefficients for the respective cross sections.

Yalin (1964) and Engelund (1966) assumed that
the effect of bed forms on the flow is analogous to
a sudden expansion in a pipe flow. The Energy
loss due to a sudden pipe flow expansion is determined by applying the one dimensional momentum and energy conservation equations over the
expansion region. Karim (1999) and Van der Mark
(2009) considered the effects of bed form on flow
as sudden expansion for free surface flow rather
than a pipe flow.
To determine flow velocity and water depth
around the weir-like structures such as a submerged groyne or spur dike, following assumptions can be made.
1. Energy is conserved over the upstream face
of the groyne or spur dike
2. Momentum is conserved over the downstream side of the groyne.
On the upstream side the streamlines are contracting, energy is conserved there and on the
downstream side, there is a sudden expansion so
due to expansion loss, energy conservation is not
possible. The flow is considered subcritical which
happens mostly during the high water stages.
For the upstream side of the groyne, the depth
average energy conservation has been applied with
assumptions; the flow is steady, frictionless and
incompressible. The Pressure is assumed to be the
hydrostatic.

q
d0

2 gd 02

α1 q 2

β1q2 1
β2 q 2
1
2
2
ρ g (Δ + d1 ) + ρ
= ρ gd2 + ρ
d1
d2
2
2

2 THEORETICAL FRAME WORK

u0 =

α0q2

(1)

Here d0, d1, d2 are water depths and u0, u1, u2
are average velocities at sections 0, 1, 2 respec294

Figure 1. Definition sketch of the free surface flow over a weir.

Figure 2. (a) Cross section of vegetated weir at section1.

u0 =

q
q
, u1 = q(b + D) = 4q , u2 = ,
d0
d2
(d1b)
3d1

Figure 2. (b) Flow around the pseudo vegetation on the weir
crest.

(7)

Here b is the clear distance between two adjacent cylinders and D is the diameter of a cylinder.
The spacing b is 3*D producing a 25% blockage.
(Energy conservation)

d0 +

α0q2

2 gd 02

= Δ + d1 +

16α1q 2
2(9 gd12 )

(9)

u2 =

q
q
=
(d1 −l +3l /4) (d1 −l /4)

(10)

α0 q2

2 gd02
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α1q2
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(Momentum conservation)

β q2
β q2
1
1
= ρgd22 + ρ 2
ρg(Δ+ d1)2 + ρ 1
2
(d1 −l /4) 2
d2

For the submerged case (Figure 2), the energy loss
is due to the wake of the weir, the wake behind the
cylinders and also due to the shear turbulence
above the vegetation. There can be a large difference in flow velocities between the vegetated region and overlying region. There are also the interactions between these different turbulent regions.
Here these interactions have been ignored and the
form drag due to the combined effect of the weir
and the vegetation is determined. The depth averaged velocity distribution has been assumed. In
this case the vegetation on the weir crest are submerged. Energy and momentum balance upstream
and downstream of the weir with the velocities in
the 3 cross-sections can be expressed as

q
d0

u1 =

d0 +

2.2.2 Submerged vegetation

u0 =

q(b + D)
q
=
((d1 − l)(b + D) + lb) ((d1 − l) + lb /(b + D))

Here l is the vegetation length
(Energy conservation)

(8)

Here Δ is the crest height of the weir.
(Momentum conservation)
1
4β q2 1
β q2
ρ g (Δ + d1 )2 + ρ 1 = ρ gd22 + ρ 2
2
3d1
2
d2

u1 =

(12)

The energy head loss (Δ H0,2) can be calculated
as follows.

ΔH 0,2 = d 0 +

q
d2
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q2
q2
−
d
−
2
2 gd 02
2 gd 22

(13)

scaled approximately 1:50, doing so a Froude
number scaling is achieved. The low Reynolds
number is not considered a problem as long as the
flow is fully turbulent. The Reynolds number is of
order 104. Selected discharges for different setups
are 0.02, 0.025, 0.03, 0.035, 0.04, 0.045, 0.05,

3 EXPERIMENTS
In order to perform experiments those are representative for the processes on a prototype scale,
requirements regarding Froude number and Reynolds number have to be fulfilled. To this end the
prototype conditions are schematized and down

Figure 3.Experimental rectangular flume.

Figure 4. Prototype Dike and Model weir (scaled 1:50).

0.06 m3/sec. A 14 m long glass flume (Figure 3)
was used for tests. The Flume was rectangular 0.4
m wide and 0.4 m deep. To control the downstream water level a vertical gate was placed at the
downstream end of the flume. The discharge to the
flume was regulated by means of a valve and
measured by using a calibrated Rehbock weir in
the return section. The flume bed as well as the
weir has been made hydraulically rough by gluing
5 mm to 8 mm diameter gravel to the bed to
represent the actual field conditions as in the
floodplain.
For this study a trapezoidal dike shape is used.
It has a height of 6 m, crest width of 3 m and a
side slope of 1V:4H on the upstream side and
1V:4H, 1V:7H, 1V:15H downstream. The model
of the prototype (Figure 4) is made of polished
wood on a scale of 1/50. So the model weir has a
height of 12 cm and a crest width of 6 cm. The
side slopes of the model weir were the same as
with the prototype. The surface was made hydraulically rough by gluing gravels to it. The vegetation
on the weir crest is modeled by using circular cy-

linders, cones and gaze with mesh sizes 5 mm and
10 mm. The Blockage area on the top of the weir
due to the model vegetation is 25 % (in side the
vegetated region). The Height of all plants is
equivalent to the weir crest height (12cm).On the
top of flume point gages were installed to measure
the water level at section 0, 2 m upstream of the
weir, section 1 at the crest of weir (upstream and
downstream of the vegetation) and section 2, 4 m
downstream of the weir with an accuracy of 0.1
mm. A Laser Doppler velocimeter has been used
to measure the velocity profiles at different locations around the vegetated weir.
4 RESULTS AND DISCUSSION

4.1 The Skin resistance compared with the form
resistance of the weir
Figure 5 is showing the comparison of energy
head loss due to the rough bed (ks is 6 mm) with296

4.2 Comparison of head loss for different types of
pseudo vegetation on the weir

Energy head loss (mm)

out the weir and with the weir of down stream
slopes 1:4 and 1:7. It could be seen from this
graph that the energy head loss due to the bed
roughness is almost 50% of the energy head loss
with the weir (down stream slope 1:4). The energy
head loss due to the weir with a down stream slope
1:7 is 25% less than the weir with a down stream
slope 1:4. The weir with a less steep downstream
slope has a smaller separation zone resulting in
less energy head loss. In these measurements the
skin friction has a substantial contribution to the
total energy head loss so this contribution can not
be ignored when analyzing the results.

12

1:4

10

1:7
Rough bed

8

Figure 6 shows the comparison of the energy head
loss due to the vegetated weir with different vegetation shapes. Though the differences are small, it
is clear from this graph that maximum energy
head loss is due to the gaze with mesh size 5 mm
and the minimum energy head loss is due to the
cylinders. The energy head loss due to the gaze is
more because the more turbulence is produced at a
small scale resulting in a more dissipation. Perhaps the vertical non-uniformity results in enhanced turbulence. Here in the figure 6, the 10%
deviation bars with respect to the energy head loss
due to the gaze with a mesh size 5 mm, are shown.
It can be concluded that the energy head loss due
to the different shapes of vegetation is varying
within 10 %. So the effect of the shapes of vegetation is not more than 10%, where as the vegetation
itself causes up to a doubling of the losses.
4.3 Measured vertical profiles of longitudinal
velocity around a vegetated weir

6
4

Figure 7 shows the vertical profile of horizontal
velocity at different cross sections around the weir
for down stream slope 1:4 and with a discharge Q
= 40 l/sec , the downstream water depth is 0.34 m.
The vegetation on the crest of the weir is submerged. The values for α1 and β1 are calculated
from the measured velocity profiles behind the vegetation on the crest of the weir according to equation (4) and are found to be 1.18 and 1.03 respectively. The velocity profile becomes again
logarithmic behind the weir at a distance 1.5 m
downstream from the crest of the weir for the case
without vegetation. This distance is about 12.6
times the weir height. In case of the vegetated weir
this distance is 2 m from the crest of the weir. It is
about the 16.7 times the crest height. If we would
raise the crest height corresponding to the blockage area of the vegetation, then the effective crest
height is 0.15 cm and the distance at which we got
the logarithmic profile again is 13.3 times the effective weir height. So we can see the effect of vegetation here causing a wake which delays the recovery of the logarithmic profile.

2
0
0,2

0,25

0,3

0,35

0,4

Dow n stream w ater depth(m)

Figure 5. Comparison of energy head loss due to the bed
roughness and different weir configurations (Q = 30 l/sec,
Down stream slope 1:4 and 1:7).
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4.4 Analysis of energy head loss using expansion
loss form drag model

Figure 6. Comparison of energy head for different types of
vegetation on weir crest (Q = 30 l/sec, Down stream slope
1:4).

The expansion loss form drag model was applied
to analyze the form drag of the vegetated weir.
Due to the contraction in flow, velocity is increased, after the contraction, there is the sudden
expansion resulting in a decelerating region. So
the energy head loss is established in this expan297

mentum balance on the down stream side in two
steps. Doing so, the energy head loss predicted by
the model is comparable to the measured head
loss. In case of the submerged vegetation, there is
a shear layer due to the velocity difference through
the vegetation and the upper flow layer. This shear
layer is also contributing to the energy loss. To
compensate for this effect we are using the kinetic
energy and the momentum correction factor (α,

sion region. In case of the weir with the down
stream slope 1:4, large separation zone is at the
downstream side and in this separation zone, the
turbulence is generated. But for the case of a weir
with a down stream slope 1:7, the separation zone
is small, and sometimes absent. Due to this reason
the energy head loss is less in comparison with the
sudden expansion. To calculate the head loss due
to a gentle down stream slope we apply the mo-

Cylinder

Figure 7. Measured Horizontal velocity profiles for rough weir (with cylinders) with downstream slope of weir 1:4 (Submerged flow conditions, Froude No. at the crest of weir is 0.34) Q = 40 l/sec.

Figure 8. Energy head loss predicted by the expansion loss form drag model versus experimental results. (Along x-axis- experimental data and along y-axis predicted results). (Vegetated weir (cylinders) downstream slope of weir 1:4).

β).These coefficients are needed to take into account the effect of the non-uniform velocity distribution. We are using here α1=1.18 and β1= 1.03
(Chaudry, M.H.1994). Figure 8 is showing the
comparison of the predicted and the experimental
results. The expansion loss form drag model can
predict the energy head loss within 15%. Some
points are deviating more; these are for Froude
number more than 0.4 at the weir crest in side the
vegetation.

5 CONCLUSIONS
It is found that the vegetation on the crest of the
weir give rise to a substantial increase in energy
head loss. The shapes of vegetation do matter but
the difference in head loss due to different vegetation shapes is small. Also it is found that the gaze
with mesh size 5 mm on the crest of the weir
cause more resistance than others shapes like cylinders, and cones but this effect is within 10% of
298

the total energy head loss. It is obvious from the
experimental results that the flow resistance due
to the weir-like structure with the gentle downstream slope is less than steep slope.
The energy head loss predicted by the expansion loss form drag model has been compared
with the experiments for the submerged vegetated
weirs. The expansion loss form drag model appears to provide a good basis for the prediction of
the energy head loss for submerged and subcritical flow conditions. In case of submerged vegetation, due to difference in flow velocities in the vegetated and the surface layer, the velocity
correction factors are needed. When the Froude
number is 0.4 or more above the crest of weir, the
flow starts undulating on the downstream slope of
the weir. It is due to the slope, as on the slope the
flow accelerates, it becomes critical and the flow
surface starts to undulate. In this case predictions
by the expansion loss form drag model deviate
from measured values due to the non- hydrostatic
pressure distribution. So this model is applicable
for submerged and subcritical flow conditions only.
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ABSTRACT: Totally 34 cross-sectional ADV measurements were carried out at five cross-sections of
two small lowland river sections. One of the sections was returned to a near-natural condition. Abandoning river maintenance led to undulating bars at the second river section. Velocity distributions at these investigated sections indicated, that the stream characteristics did not agree with laws of the theorems of
two-dimensional boundary layer and turbulence. Additional analysis of momentum fluxes were carried
out and demonstrated the dominating contribution of secondary currents and the negligible contribution
of Reynolds stresses to total momentum transport at these river sections.
Keywords: Nonuniform flow, Secondary currents, Shear stress, ADV, Field Site
et al. 2002). As a result of these studies, the velocity distributions deviated from a logarithmical and
the shear stress distributions deviated from a linear relationship to the boundary in vicinity to
roughness elements (Stephan & Gutknecht 2002)
and in the outer flow (Wang et al. 2001) as well as
in the whole flow field, if the relative flow depth
is low (Nikora et al. 2007). That means, that even
a mild three-dimensionality of flows caused by
secondary currents will produce false results of
two-dimensional turbulence models (Bradshaw
1987).
Secondary currents, i.e. currents of perpendicular direction to the main flow, cause momentum
fluxes, which equal local imbalances of forces.
One can distinguish secondary currents of
Prandtl's first kind or skew induced secondary
currents caused by inertia driven forces, and secondary currents of Prandtl's second kind, i.e. turbulence induced secondary currents. Some cases
of both secondary currents were already investigated in detail. Examples are the inertia induced
secondary currents at curvatures (Boxhall et al.
2003), at groyne fields (Sukhodolov et al. 2002)
or at confluences (Rhoads & Sukhodolov 2001) as
well as turbulence induced secondary currents
above roughness distributions (Nezu & Nakagawa
1993) or at composed cross-sections (Sanjou et al.
2006).

1 INTRODUCTION
Knowledge about fluid motion and forces is necessary for planning and assessing near natural
flows. However, the computation of the hydraulic
conveyance, sediment transport and river bed stability of natural flows is – as far as possible –
much more complicated in comparison to the
computation of flows in technical constructed
straight sections. Natural flows are mainly nonuniform. This non-uniformity is the result, but also the cause of heterogeneous river bed forms and
irregularly distributed river bed roughness.
However, most of the models of open channel
flows are based on approximations and cognitions
concerning pipe flows. E.g. Prandtl's mixing
length hypothesis for estimating turbulent covariance, hence the Reynolds shear stress and furthermore the law of the wall are suitable in open
channel flows under the assumption of stationary
uniform flow conditions without secondary currents. Because it is still impossible to describe the
secondary currents in natural rivers (Sukhodolov
et al. 2009), flow equations derived from the law
of the wall are common approaches for nonuniform flows (Bravard & Petit 2009). Numerous
studies focused on the flow and turbulence structures and on the shear stresses in natural flows or
above morphological structures (Falcón &
Kennedy 1983, Manga & Kirchner 2000, Carollo
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centerline radius of approximately four meter.
Cross-section No.3 represented a straight section
with a slightly higher slope of the riverbed than
the two other cross-sections. The investigated Nebel-section was a straight constructed channel for
drainage the riverine grassland. Undulating bars at
this section were caused by deposition of sediments and organic material in dense reedvegetations. At the cross-section No.4, the reedbank was on the right-hand side. At the crosssection No.5, it was on the left-hand side. Threedimensional velocity components were measured
at a sampling frequency of 25 Hz by an acoustic
Doppler velocimeter (ADV) device (Lohrmann et
al. 1994, McLelland & Nicholas 2000). The ADV
was mounted on a cable car like structure,
spanned over the cross-section by three points.
Two abutments at the top of the banks and a guide
bar to the bottom fix the ADV probe and hence
the sampling volumes in one measurement plane.
This structure caused no disturbances at the natural developed cross-sectional shapes and its interaction with the stream was negligible. At each
cross section the currents were measured at a series of points: small sampling volumes of approx.
0.25 cm³ were distributed along a series of vertical
profiles located at various lateral positions along
cross sectional width. Vertical displacements of
2 cm to 15 cm between the measurement points
and lateral displacements of 0.50 m to 0.75 m between the verticals were chosen in respect to visually expected velocity gradients also observed
in the on-line data. Therefore short displacements
were chosen close to the river bed and at the
boundaries of wakes, while large displacements
were chosen, e.g. in dead zones. The total point
densities were 25 m-2 at the Hellbach and 12 m-2
at the Nebel. Every ADV-point was sampled
about 90 s to 120 s, which achieved the minimal
record length ascertained by Lesht (1980) and
Buffin-Bélanger & Roy (2005). Water surfaces

But little is known about the secondary currents and their contribution to the momentum
fluxes in complex flow fields caused by patchy
and mutual hydraulically interacting morphological structures. At small natural rivers, it is unlikely, that secondary currents are distinguishable into
first and second kind. The scope of this study is to
present velocity distributions, combined secondary currents of both types and momentum fluxes
of natural flows from extensive field measurements at five cross-sections of two creeks. The
non-uniform river bed and the dynamics of discharge and morphology are posing a challenge for
collecting and processing the data. Therefore field
sites and methods to filter and to align the velocity
data will be shown in front of the results.
2 FIELD MEASUREMENTS AND DATA
PROCESSING
Three-dimensional velocity distributions were
measured at totally 34 dates at two small rivers,
Hellbach and Nebel, in north-east Germany.
These measurements were performed at different
discharge rates. Fig. 1 shows the five investigated
cross-sections. The Hellbach has been restored to
a near-natural condition ten years ago. The shape
of the Hellbach river bed was highly non-uniform
and a broad range of morphologic structures, e.g.
of woody debris or different grain sizes, was distributed irregularly. The river bed geometries, especially the cross-sectional geometries and the
water levels were measured by an automatic level
and by a tachymeter to estimate, e.g., the wetted
perimeter, the cross-sectional area or the water
level slope. Cross-section No.1 (Fig. 1) was situated at an approximately straight backwater section with a slightly widening behind a washed out
root at the left bank side. Cross-section No.2 was
situated at the apex of a strong curvature with a

Figure 1. River reaches and cross-sections at Hellbach and Nebel
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This condition leads to the rotation angles

were measured at the beginning and at the end of
each cross-sectional measurement to check stationary conditions during the collection of velocity
data. Acquired data exhibit noise and outliers, socalled spikes and were filtered by the PhaseSpace-Threshold method as described in detail by
Goring & Nikora (2002). The original progression
of spike-filtering was modified by (a) keeping the
initial value, acceleration and skewness of the velocity and renewing the thresholds for spikefiltering on basis of the remaining velocities not
detected as spikes until the iteration has finished,
(b) an additional noise filter and (c) interpolating
lags through a spline. Only small lags with less
than 11 contiguous spikes in the series were filled
up. Series with larger lags or totally more than 10
% spikes were removed to prevent analyzing artificial data.
Subsequent to the filtering, the raw velocity data must be realigned, because the raw velocity
components were aligned in respect to EastNorth-Up or to the local coordinate system of the
ADV-probe mounted on the cable car structure. It
is unlikely, that the axes of these co-ordinate systems are identical with the longitudinal x-axis
along the cross-sectional streamline, the lateral yaxis and vertical z-axis perpendicular to the
streamline. Even at the same cross-section, the
streamline has to be recalculated for every measurement due to the morphodynamic of the river
bed and different discharge rates. We suggest
transforming the velocity components on the assumption that the sum of all measured longitudinal velocity components in a cross-section should
be maximized, while the sum of all lateral and the
sum of all vertical velocity components should be
zero, i.e. no in- and outflow occurs across the river bed and the water surface of the cross-section.

⎛ vm ⎞
⎟
⎟
u
⎝ m ⎠

α = arctan⎜⎜

(1)

around the measured vertical axis of the ADVprobes or Up-axis and
⎛

β = arctan⎜⎜

wm

⎝ u m ⋅ cos α + v m

⎞
⎟
⋅ sin α ⎟⎠

(2)

around the new lateral y-axis, where um = longitudinal, vm = lateral, wm = vertical measured, but already filtered velocity components in the longitudinal, lateral and vertical direction of the ADVprobes and in east, north, up direction, respectively. The squared brackets denote spatial averaging,
in this case across the cross-section. The transformation matrix
⎛ cos β cos α
⎜
[T ] = ⎜ − sin α
⎜ − sin β cos α
⎝

cos β sin α
cos α
− sin β sin α

sin α ⎞
⎟
0 ⎟
cos α ⎟⎠

(3)

enables to realign the velocity components u in
parallel, v lateral and w vertical to the streamline.
Mean velocities are the flow velocity u and the
secondary currents v and w , where the overline
denotes time-averaged and Reynolds-averaged,
respectively.
3 ANALYSIS AND RESULTS
Tab.1 shows the observed ranges of hydrometric
parameters at the investigated cross-sections. All
flows were turbulent and subcritical.
Fig.2a-e shows examples of the flow velocities

Table 1. Range of hydrometric data at the investigated cross-sections
Cross-Section
No.
Hellbach
No.1
No.2
No.3
Nebel
No.4
No.5

Q
[m³ s-1]

A
[m²]

rHy
[m]

Re
[×104]

Fr
[1]

u*
[m s-1]

0.06 ... 1.56
0.06 ... 1.56
0.06 ... 1.56

0.98 ... 3.77
1.46 ... 4.86
0.44 ... 4.44

0.26 ... 0.65
0.24 ... 0.62
0.12 ... 0.62

5 ... 82
3 ... 60
5 ... 73

0.03 ... 0.14
0.02 ... 0.11
0.09 ... 0.18

0.04 ... 0.07
0.05 ... 0.09
0.08 ... 0.12

0.50 ... 2.18
0.47 ... 2.18

4.09 ... 6.98
4.44 ... 6.56

0.51 ... 0.64
0.51 ... 0.69

22 ... 60
16 ... 69

0.04 ... 0.12
0.03 ... 0.11

0.07 ... 0.07
0.04 ... 0.06

Q = Discharge from interpolation of the flow velocities over the cross-sectional flow area.
A = Mean cross-sectional flow area.
rHy = Hydraulic Radius, ratio of A to the wetted perimeter.
Re = Reynolds-number, ratio of inertia induced forces to viscous forces.
Fr = Froude-number, ratio of mean velocity to wave propagation.
u* = Shear velocity, u* ≈ (g rHy IE)0.5, with gravitational acceleration g and slope of energy IE from surrounding water
levels.
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Figure 2. Examples of flow velocity and secondary currents at cross-sections a) No.1, b) No.2, c) No.3, d) No.4 and e)
No.5 with the operative date, discharge rate and reference arrows above each plot. Isolines of the same flow velocities
represent the distributions of 0.05 m/s steps. Arrows denote the secondary currents. Dots denote the ADV-sampling sites.

and secondary currents at the investigated crosssections. These plots clearly reveal the nonuniform flow field in natural rivers. Lateral and
vertical velocity gradients are of the same order of
magnitudes suggesting a non-negligible bank
roughness. Therefore velocity distributions were
regarded in relation to the minimal distance ζ instead of the vertical distance z to the river bed
(Fig.3). But even spatial averaged mean flow velocities with identical distances to the river bed
were just weakly or not correlated to the logarithmic law of the wall obtained from least square fitting. The highest correlation coefficient was estimated once with r < 0.9 at cross-section No.4 and
once with r < 0.7 at cross-section No.1. The plots
of the secondary currents discover predominant

converging (Fig.2a+e), circulating (Fig.2b), diverging (Fig.2d) or partly diverging and converging (Fig.2c) flow fields. These secondary currents
were characteristic for the five cross-sections observed during every measurement and were
caused by contracting or broadening river bed
forms and by morphological structures upstream
of the investigated cross-sections. In contrast,
clear cellular or cylindrical inertia induced secondary currents were not detected. Even at the apex
of a strong curvature (cross-section No.2), the
present circular secondary currents (Fig.2b) rotated contrary to well known secondary currents
of bankful meander flows (Kikkawa et al. 1976,
Boxhall et al. 2003). Tab.2 contains the percentages of the secondary currents on the total veloc304

covariance of the vertical and lateral velocity fluctuations as well as the product of the mean vertical and lateral velocities do not cause any shear
stress in longitudinally aligned layers, hence do

ity for the cross-sections. Ratios were higher at
the restored river section (cross-section 1-3), but
not negligible at both river sections.

Figure 3. Examples of flow velocity distributions vs. relative bed normal distances. Numbers refers to the cross-sections.

not affect the longitudinal velocity distribution
and are furthermore neglected. To total shear
stress from fluctuating and mean velocities, one
can simplify

Table 2. Ratios between secondary currents and total velocity
Cross-Sections
n
η
σ
No.
[%]
[%]
1
8
17
5
2
6
51
13
3
5
37
14
4
8
9
2
5
7
15
2
n = number of measurements
η = <(v²+w²)0.5/(u²+v²+w²)0.5>; Note: < > denotes spatial,
here geometrical mean values of all measurements at individual cross-sections.
σ = standard deviation of η

τ = τ u 'n ' + τ u n

where τ u 'n ' = turbulent, Reynolds shear stress,
τ u n = shear stress from secondary currents. Note

that n is the two-dimensional vector of v and w.
The covariance between u and n can be estimated
applying the mathematical rules to sum and multiply complex numbers. Therefore the velocity
components can be described as complex numbers
ur = u, ui = 0, nr = v and ni = w with the indices r
for the real and i for the imaginary part. Hence,
the time-averaged shear stress will be expressed
through the magnitude |τ| and the angle ϕ of the
principal shear stress

As a result, the whole flow field is threedimensional and hence the momentum flux
through turbulence as well as the momentum flux
through secondary currents must be considered to
total the momentum flux
d I = d m⋅v

(5)

τ = τ exp (i ϕ )

(4)

(6)

In contrast to dividing each component of the
shear stress into two (Cartesian) parts, this transformation into a complex manner enables presenting the shear stress and its components in single
plots, where the magnitude and the angle of the
principal shear stress are directly observable.
Fig.4 shows one example of the three terms of
Eq.5, each estimated with Eq.6. It is obvious, that

where d m = mass flux and v = velocity vector.
d I equals a force with the direction of v exerted
on its surrounding area. The longitudinal component of the force relating to the parallel plane corresponds to the shear stress, which in respect to its
temporal mean depends on the covariance between the longitudinal components u and its perpendicular component n of the velocity v . The

Table 3. Mean shear stresses in the flow field, averaged about the cross-sectional areas and over all measurements, and mean
river bed shear stress, averaged along 10...100 m sections (see text) and over all measurements at the cross-sections
Cross-Sec.

τ

τ u 'n '

τ un

τ u 'n ' τ u n

τ0

No.
No. 1
No. 2
No. 3
No. 4
No. 5

[N m-2]
4.24
6.38
6.82
6.81
3.96

[N m-2]

[N m-2]

[%]
10
16
23
12
17

[N m-2]
3.16
5.27
9.65
4.87
2.65

0.56
1.02
1.01
0.69
0.54

3.71
5.74
5.32
6.43
3.49
305

Figure 4. Example of a) total shear stress and shear stresses from b) secondary currents and c) turbulence at cross-section
No.1 at the same operation date as the current profile in Fig.2a. The isolines and the arrow length denote value of the shear
stress. Isolines of the same shear stress represent the distributions of 1 N m-2 steps. The angle of the principal shear stress ϕ
is represented by the arrow alignment

the momentum fluxes were independent from the
distances to the river bed. Tab.3 displays the geometric mean values of the shear stresses and the
average ratio between the percentages of turbulence to secondary currents at the cross-sections.
Therefore secondary currents always dominated
the influence of turbulence and prevent the development of two-dimensional shear layers. The
mean bed shear stress was estimated through

τ 0 = ρ ⋅ g ⋅ rHy ⋅ I E

sistance in natural river flows are caused by momentum fluxes through secondary currents.
4 DISCUSSION AND CONCLUSION
Field measurements in highly non-uniform rivers
and creeks are posing a challenge. The necessary
time for measurement is limited by the requirement of quasi-stationary time-spans or time-spans
of daylight. Therefore, in comparison to laboratory studies, only few ADV-samples of relatively
short record length have been used to analyse the
flow and the momentum flux distributions and
mean values. This circumstance may limit the accuracy of the hydraulic parameter and individual
data, but do not change the general finding, that
secondary currents resulting from mainly patchy
morphological structures and river beds deliver
the main contribution to the momentum flux. Vice
versa Reynolds shear stresses, i.e., turbulent momentum fluxes are negligible for total momentum
fluxes, independently from discharge rates at the
cross-sections. As a result from all 34 crosssectional measurements, recurrent pattern of momentum flux and velocity distribution were observed at the individual cross-sections, but without clear relationships to the river bed distances,
as an essential characteristics of two-dimensional
shear layers. In consequence, it is not suitable to

(7)

where ρ = water density, g = gravity acceleration, rHy = hydraulic radius, which is the ratio between cross-sectional area and wetted perimeter
and the energy slope IE approximated by the ratio
of water level difference along a 10...100 m longitudinal distance. At non-uniform flows it is not
reasonable to estimate the bed shear stress by the
local flow depth and the river bed slope. It must
be noted, that τ0 is the mean river bed shear stress
of 10...100 m long river section, while τ, τ u 'n ' and
τ u n belong to particular cross-sections. Although
the parameters represent different scales, resulting
values are similar, especially for the comparison
between the river bed shear stress and the shear
stress caused by secondary currents. However,
deviations up to one order of magnitude exist between the river bed shear stress and the Reynolds
shear stress. Therefore, one may suggest that most
of the shear stress and hence most of the flow re306

use models and equations of two-dimensional
shear layer flows. Preceding data-processing, especially the realignment of velocity components
in respect to the cross-sectional stream-line, is indispensible for analysing non-uniform flows. Otherwise, flow velocities will be under- and secondary currents will be overestimated. Actual
investigations of open channel flows over different kinds of surface and form roughness used spatial averaged Reynolds-equations, i.e. doubleaveraged Navier-Stokes-equations to model flow
and shear stress distributions (Nikora et al. 2007,
Aberle et al. 2008). This concept could also be
helpful to investigate particular or combinations
of morphological structures in complex flow
fields. Averaging should be performed simultaneously at different spatial scales within planes
parallel to the river bed or to the morphological
structures to estimate the hydraulic interaction of
these structures. The present shear stresses from
secondary currents correspond to the forminduced shear stress caused by structures of the
scales up to the river bed within the respective
cross-sectional plane.
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Turbulent Flow in a Meander Bend of a Lowland River: field
measurements and preliminary results
A. Sukhodolov
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ABSTRACT: Many river restoration projects include the reconstruction of meander bends on previously
canalized rivers as a primary measure for recovering degraded fluvial ecosystems. Secondary currents
evolving on account of channel curvature are the dominant features that alter initially uniform openchannel flow, shape riverbed morphology, and create diverse habitats. Although the flow structure in
meander bends was the focus of numerous experimental, theoretical, and numerical research, accurate
prediction of flow and up-scaling of experimental results is restricted by the insufficient information
about flow in natural rivers. In this paper we report on the field studies that were completed on a meander
bend of the lowland river Spree in Germany. Analysis of historical maps revealed that the planar
configuration of the meander bend in this study was stable over the period of more then two hundred
years. The length of the bend in a centreline is 760 m and the wave length is 485 m. The channel is 30 to
40 m wide with the bathymetry characteristic of meander patterns which includes a riffle-pool sequence.
The maximal depth varies from 1.6 m in the riffle to 3.2 m in the pool. Accurate and detailed
measurements of three-dimensional velocity vectors were completed in 7 cross-sections uniformly
distributed along the meander path. In each cross-section from 12 to 20 verticals each composed of 11
measuring points were measured with the use of acoustic Doppler velocimeters. Preliminary results
indicate that the measurements were capable to assess the development of secondary circulations and to
investigate their interactions with the shear stresses imposed by friction over the riverbed. The results of
this study have direct relation to the studies of benthic invertebrates on the reach (Blettler et al. 2010).
Keywords: Meanders, Secondary flow, Hydrodynamics, Turbulence, Shear layers
1 INTRODUCTION

distribution and delivery and accumulation of
organic carbon.
Although systematic studies of river
meandering have been carried out for more than a
hundred years and yielded the information
relevant for solving many engineering problems
(Fargue 1868, Rozovskii 1957, Seminara 2006),
further integration of the knowledge on physical
processes into the practice of stream ecology
necessitates a deeper understanding of turbulent
flow structure in natural streams and its relation to
the biotic component of ecosystems. Recently
Leibniz Institute of Freshwater Ecology and
Inland Fisheries (IGB, Germany), Delft University
of Technology (TUD, the Netherlands), and Ecole
Polytechnique Fédérale Lausanne (EPFL,
Switzerland) have formed a research cluster that
exploits a synergy of field, laboratory and
numerical methods in order to gain closer insight

Meandering pattern is the most widely known
feature of a fluvial network which for general
public is inevitably associated with a pristine state
of rivers. Not surprisingly that river revitalization
projects that boomed over the last decade consider
re-meandering of canalized and trained river
reaches as the primary measure for improving
ecosystem services of rivers by enhancing
diversity of in-stream habitats (Figure 1).
Morphology of meandering channels is extremely
heterogeneous and comprised of
riffle-pool
sequences with zones of shallow and deep water.
A complex flow composed of spatially nonuniform primary flow, spiraling secondary flow
and areas of separated flow evolves in river bends
and facilitates heterogeneity in riverbed substrate
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into bio-physical interactions in meandering
streams. The joint research program titled
“Environmental Fluid Dynamics Laboratory in the
Field” includes field studies on the rivers Spree,
Tollense, Mulde (all three rivers in Germany), and
Ledra (Italy). These rivers allow investigation to
be carried out under a wide range of controlling
variables as channel curvature, flow rates,
riverbed and floodplain material (Blanckaert et al.
2009).

surveys (Nikolaevich et al. 2004, Figures 4 and 5).
This river bend has an arc angle α = 150°, path
length S m = 760 m, bend wavelength λ = 485 m,
and sinuosity S m / λ = 1.57 (Figure 2). Hydraulic
and morphologic characteristics of the flow and
channel of the river are presented in Table 1.

Figure 1. Aerial view of a river revitalization site on the
Spree River near Möchwinkel in Germany.

Figure 2. Bathymetry of the field site on the Spree River
near Neubrück (arbitrary datum).

In this paper we report preliminary results of a
detailed field study of mean and turbulent flow
structure completed in a meander bend of the
lowland Spree River in Germany. The analysis is
focused on: (1) the cross-sectional patterns of
principal statistical characteristics of flow; (2)
spatial variation of the patterns induced by the
curvature of the channel; and (3) comparison of
measured data with available analytical models.

Table 1. Characteristics of field measurements

B,
m

H,

U,

m

33.6
29.5

Um,
m/s

Re
×10-5

Fr

m

hm ,
m

1.15

0.20

1.56

0.27

2.30

0.07

1.80

0.14

3.18

0.18

2.34

0.03

where B is river width, H is mean depth, U is
bulk flow velocity, hm is maximal depth in a
cross-section, U m is maximal velocity, Re is
Reynolds number, and Fr is Froude number (first
row is riffle and the second row is pool). The
mean discharge during measurements was Q = 7.5
m3/s and the slope of the free surface of the flow
S = 2.63×10-5. The mean diameter of riverbed
material is around 0.6 mm.

2 FIELD MEASUREMENTS
2.1 River reach
Field measurements for this study were carried out
in a reach of the Spree River near the village of
Neubrück in Germany. The Spree River is a
typical lowland river about four hundred
kilometers in length, running from the Lusatian
mountains through several shallow lakes to Berlin,
where it joins the Havel River. Historical maps, as
for instance “Lauf des Spree Strohms von
Cossenblad über Beeskow und Fürstenwalde, und
von Wusterhausen bis Berlin ” dated 1796 from
Berliner Hauptarchiv, indicate that during the preindustrial period the channel of the Spree River
was meandering practically on all its length
(Nikolaevich et al. 2004).
Measurements were completed on a river bend
which was evidenced as a naturally formed by the
comparative analysis of the historical and recent
cartographic materials and the results of field

2.2 Field equipment
Measurements of 3-D mean and turbulent velocity
fields were completed in this study with an
acoustic Doppler velocimeter (ADV, Nortek AS).
Individual ADV units were mounted using the
equipment which was designed and manufactured
in IGB (Figure 3). The basis of the mounting
system is a portable platform made of aluminum
profiles (1). Holders (2), secured to a plastic pad
with clamping screws, enable traversing of the
devices along the platform and positioning with a
proper heading while tribrach screws (3) of the
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2.3 Program of measurements

holders provide an accurate vertical alignment of a
guiding rod (4) and respectively of the ADV
sensors (8). A 50 cm long beam (5) removes the
sensor from the area of possible backwater effect.
Another end of the beam houses the ADV signal
conditioning module (9). The beam together with
an ADV sensor and conditioning module can
be moved along the guiding rod using a deploying
rod (6) and fixed at a desired flow depth with a
screw (7). Lateral vibration of the sensor can
appear when a deployment depth is more than 2 m
and the flow velocity is larger than 20 cm/s.
Chains (10) attached to the sides of the beam and
tightened to the platform were effectively used to
prevent lateral vibration of the sensor.

The main purpose of the experimental program
was to obtain detailed spatial patterns of mean and
turbulent flow characteristics on a river reach.
Seven cross-sections were designed and
constructed along the river reach (Figure 2). The
design of the cross-sections assumed uniform
distribution of cross-sections along the reach and
orientation of the cross-sections in a curvilinear
system of coordinates. The construction of crosssections was assisted by accurate positioning of
benchmarks (1 m long steel pipes molded into a
concrete pillow) with a laser total station.
Temporal bridges were built at every crosssection prior to the measurements (Figure 4). The
bridges spanned a half width of the river at a time
leaving the second half for navigation. After
completion of the measurements in the first half
part of the cross-section, the bridges were
relocated to the second half. Correct alignment of
each ADV holder in the curvilinear coordinate
system was achieved by tuning the orientation of a
plastic pad of ADV holders with the help of a total
station.
Measurements were completed by an array of
three ADV units operated synchronously (Figure
4). Three-dimensional velocity vectors were
collected in 7 cross-sections uniformly distributed
along the meander path. In each cross-section
from 12 to 20 vertical profiles each composed of
11 measuring points were measured. The
sampling period was 240 s for each point at the
sampling rate of 25 Hz. Deployment of the
devices was assisted from a support boat - a rodeo
kayak; the ADV devices were interfaced to the
portable computer on a base boat (Figure 4).
Water levels were monitored manually every
hour during the measurements on the three
gauging stations located at the upstream, middle,
and downstream sections of the river reach. Local
depth of the flow was measured with a sounding
road. Samples of riverbed material were collected
manually by a diver.

Figure 3. Field mounting equipment for ADV.

3 RESULTS AND ANALYSIS
3.1 Theoretical background
Centrifugal forces that develop in a curved
channel produce superelevation of the water
surface along the outer bank of the channel, which
generates a counteracting pressure-gradient force.
Local imbalances between these forces over the
flow depth produce outward motion at the surface,
downward motion along the outer bank and
upward, lateral motion along the bed. The
resulting pattern of helical motion redistributes

Figure 4. Measuring equipment and setup.
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strongly asymmetrical shape (cross-section 4).
Further downstream velocities also appear
reduced near both the outer and inner banks of the
bend (cross-section 5) indicating the flow
separation zones. Similar patterns remain in the
downstream part of the bend (cross-sections 6 and
7) where the secondary pool is located (Figure 2).

momentum shifting the zone of maximum
streamwise velocity towards the concave bank
near the bend apex. In a curvilinear system of
coordinates with r (radial), θ (tangential), and z
(vertical) coordinates, dynamical equations are
presented in the following form (Rozovskii 1957):
ur

u2
∂u
∂ u r uθ ∂ u r
+ w r − θ = − gS r +
+
R ∂θ
R
∂z
∂r
∂ ⎛ ∂ ur
⎜ν t
∂ z ⎜⎝ ∂ z

ur

(1)

⎞
⎟⎟
⎠

∂u
∂ uθ uθ ∂ uθ
uu
+ w θ + r θ = gSθ +
+
∂z
∂r
R ∂θ
R

(2)

∂ ⎛ ∂ uθ ⎞
⎟
⎜ vt
∂ z ⎜⎝
∂ z ⎟⎠

where ur, uθ , and w are radial, tangential, and
vertical mean velocities, R is radius of curvature,
and Sr, Sθ are radial and tangential slopes. The
system (1) – (2) can be solved analytically for the
radial component, which represents the secondary
currents, if the distributions of tangential
velocities and of turbulent viscosity are presented
in an analytical form. For natural streams with
large radii of channel curvature the distribution of
mean velocities usually differs little from the
logarithmic law and the parabolic distribution
ν t = κ u* z 1 − z / h for ν t applies, then
ur =

1

κ

Uθ
2

⎤
g
h⎡
F2 (η )⎥ ,
⎢ F1 (η ) −
κC
R ⎣⎢
⎦⎥

1

Figure 5. Depth-averaged mean velocity vectors.

Typical distributions of tangential velocity
components in the cross-sections are illustrated in
Figure 6. It can be seen that the structure of the
mean flow over the riffle (cross-section 2)
resembles pattern similar to the open-channel flow
(Sukhodolov et al. 1998). Maximal velocities are
located near the free surface and in the central part
of the channel. Velocities are gradually decreasing
toward the riverbed and banks. Patterns of flow in
the pool area of the bend exhibit progressive shift
in the location of velocity maxima towards the
outer bank and at the same time towards the mid
depth of the flow (cross-sections 4 and 6). The
phenomenon of deepening of velocity maxima is a
well- known and characteristic feature of flow in
In the pool area the vectors display classical
pattern of secondary spiraling flow with a large
gyre occupying almost whole cross-section and
rotating towards the outer bank (cross-sections 4
and 6). Near the outer bank flow displays a
smaller counter-rotating gyre similar to those
observed in laboratory flows (Mockmore 1943,
Kondart’ev et al. 1959, Thorne and Hey 1979,
Blanckaert and Graf 2004). Comparison of the
patterns for primary (tangential) and secondary
(radial and vertical) flows indicate that maxima of
the primary flow are located at the outer margins
of large-scale secondary gyres while the centers of
the gyres are located at the mid-channel.

(3)

1

2 lnη
ln 2 η
dη , and F2 (η ) = ∫
dη
η −1
η −1
0
0

F1 (η ) = ∫

where C is Chezy coefficient, g is specific
gravity, h is flow depth, u* is shear velocity, U θ
is depth-averaged tangential velocity, κ is von
Karman parameter, and η = z / h .
3.2 Mean flow structure
Measured depth-averaged mean velocity vectors
( uθ , u r ) show a pattern which is characteristic for
flow in bends with self-formed alluvial channels
(Figure 5). Initially asymmetrical and skewed
toward the outer bank of the upstream bend, flow
in cross-section 1 gradually transforms into
relatively symmetrical and accelerated stream
over the riffle in the cross-section 2. As the flow
inters the meander bend it became skewed again
toward the outer bank (cross-section 3).
Magnitude of velocity became significantly
reduced over the pool area where flow attains
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1957). This also implies that Reynolds stresses
− u 'θ w ' are distributed linearly in the vertical
plane similarly like in the open channel flow

2-2

u 'θ w '
z
(4)
= 1−
2
u*
h
Patterns of − u 'θ w ' measured at the riffle
(cross-section 2) of the meander bend (Figure 8)
show that the shear stresses are distributed in good
correspondence with the linear model (4). Their
maxima are located near the riverbed and
gradually decrease to zero values near the free
surface. In the cross-sections located at the pool
area, the patterns of − u 'θ w ' indicate that zero
values are attained beneath the free surface of the
flow (cross-section 4) and that values of the shear
stress became negative at some areas coincident
with the locations of the upper parts of the
secondary flow cells (cross-section 6, Figure 8).
−

4-4

6-6

2-2

Figure 6. Time-mean tangential components of velocity
vector (velocity scale is in cm/s).
2-2

4-4

4-4
6-6

6-6
Figure 8. Patterns of − u 'θ w ' (kinematic units cm2/s2).

Figure 7. Time-mean V ( u r , w ) velocity vectors.

3.3 Turbulent flow structure
Analytical solution (3) for vertical distribution of
radial velocity is obtained using parabolic
distribution
of
turbulent
viscosity
vt = −u 'θ w ' / ( ∂ uθ / ∂ z )
and
logarithmic
distribution of tangential velocity (Rozovskii

Figure 9. Pattern of − u 'θ w ' along the river
centerline.

Figure 9 shows vertical profiles of − u 'θ w '
measured on the verticals in the centerline of the
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section 6) the plane of symmetry with zero
− u 'θ u 'r shifts towards the inner bank and a zone
of slight non-zero stresses appears attached to the
inner bank (Figure 10). The symmetry plane is
shifted because of flow separation in the bend
downstream the apex. The separation was clearly
depicted by a zone of reverse flow in the crosssection 5 and in the cross-section 6 by a vertical
shear layer with enlarged values of − u 'θ u 'r
(Figure 10).

river. The dashed line in Figure 9 marks the
positions of zero values of − u 'θ w ' . Vertical
profiles measured over the riffle area display a
segmented pattern that is attributed to the effect of
small-scale morphological features – sand waves
on the riverbed (Sukhodolov et al. 2006, Blettler
et al. 2010). Although vertical distribution of
− u 'θ w ' measured in the pool area deviate
systematically from linear relation (4), their shape
reveal a qualitative agreement with the shape of
distributions measured in
recent studies in
schematized laboratory setups (Blanckaert 2009).
Patterns of shear stresses in the riffle area,
except near left bank, are indicative of relative
uniformity of shear stress distribution in the lateral
direction. Near the left bank the flow is affected
by the separation at the apex of the upstream
meander bend. In the pool area the maximal shear
stresses are observed at the foot of the outer bank
and slightly over the deepest place of the pool.
The stresses greatly reduce over the inner bank
slope of the point bar and in the areas very near
the bank they are practically zero (Figure 8).
Horizontal components of turbulent stresses
− u 'θ u 'r are formed either by friction on the
banks or at the inte Meanders, secondary flow,
hydrodynamics, turbulence, shear layers rfaces of
flows of different velocities as for example
between the main flow in the river and
recirculating flow in separation zones.
Horizontal components of the shear stresses
− u 'θ u 'r measured in representative crosssections of the river are shown in Figure 10. In
symmetrical channels turbulent stresses − u 'θ u 'r
are maximal near the river banks and are zero at
the center plane which represents the plane of
symmetry (Sukhodolov and Sukhodolova 2010).
Such pattern is characteristic for the flow over the
riffle zone of the bend (cross-section 2). In this
section − u 'θ u 'r is nearly zero in the central part
of the channel while near the banks two areas of
− u 'θ u 'r which are comparable in the magnitude
to − u 'θ w ' are present (Figure 10).
In the pool the pattern of − u 'θ u 'r is no more
symmetric and skewed towards the outer bank.
Although at the apex of the bend (cross-section 4)
the zero values of the stresses are located near the
centerline of the stream, the zone of zero stresses
is stretching over the slope of the point bar (Figure
10). Furthermore, in the apex the zone of
maximal − u 'θ u 'r is located at the area of maximal
depth and hence is collocated with the lower part
of the cell of secondary circulation. The largest
values of lateral stresses are measured at the outer
bank at the presurface area and it is collocated
with the outer bank cell of secondary flow
(Mockmore 1943, Rozovskii 1957, Blanckaert and
de Vriend 2005). Further downstream (cross-

2-2

4-4

6-6

Figure 10. Patterns of − u 'θ u ' r (kinematic units cm2/s2).

Integral insight into the spatial arrangement of
turbulence structure and locality of energy sources
is provided by the distributions of turbulent
kinetic energy (Figure 11). It can be seen that in
the riffle area (cross-section 2) the maximal values
of k = 0.5 u 'θ2 +u ' 2r + w '2 were measured near the
riverbed and they are much smaller near the free
surface of the flow. The transition from large to
smaller values is gradual (cross-section 2). In the
pool area there are two sources of turbulent
energy. The most prominent and primarily related
to the friction over the riverbed is depicted by a
band of increased values near the foot of the outer
bank (cross-sections 4, and 6). Near the bend apex
the secondary source of energy is collocated with
the counter-rotated smaller gyre (cross-section 4).
In the Meanders, secondary flow, hydrodynamics,
turbulence, shear layers downstream sections of
the pool the secondary source of energy is
produced by the lateral shear layer at the flow
separation zone (cross-section 6). The magnitude

(
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)

shift of velocity maxima into flow core and near
bed region is the precondition for the development
of adverse velocity gradients that will affect the
vertical distribution of turbulent viscosity (Booij
2003).
We used the obtained values of shear
velocities, mean tangential velocity computed
from the vertical velocity profiles and the value of
κ = 0.41 to make predictions of vertical
distributions of tangential velocities according to
(3). The results of computations for some
representative vertical profiles measured in the
central parts of cross-sections 4, 5, and 6 are
presented in Figure 12. It can be seen that
predictions of Rozovskii (1957) method is in
relatively good agreement with the measured data.
Mostly strongest deviations between predicted and
measured values can be concluded for the lower
parts of the velocity profiles. These deviations are
most probably due to strong influence of the
riverbed roughness. Thus, despite of some
violations in basic assumptions underlying
Rozovskii (1957) method it is capable of
reasonable accurate predictions. However, the
question what makes the method so robust – the
insensitivity of the model to the parameters
perturbation is still not clear and requires further
study. Some clue to this question is provided
already in the monograph by Rozovskii (1975)
who in the absence of accurate measurements of
shear stresses applied methods of indirect
estimates from the velocity profiles and used
values of κ in the range from 0.38 to 0.94
(Rozovskii 1957, p. 143, Figure 67). Obtained
data sets offer unique opportunities for testing of
different approaches and techniques with the
benefits of independent estimates of turbulent and
mean flow characteristics. Our further work on the
analysis of the data and interpretation will also
include methods of numerical modeling for testing
the assumptions and implications of the study for
ecological research.

of this source is even exceeding the magnitude of
the bed-friction (Figure 11).
2-2

4-4

6-6

Figure 11. Turbulent kinetic energy k (in cm2/s2).

4 DISCUSSION AND CONCLUSIONS
The results of the study show that the structure of
mean and turbulent flow in the meander bend is
essentially three dimensional and highly
heterogeneous. This complexity of flow naturally
raises the concern on the applicability of the
analytical approach (3) of Rozovskii (1957) which
is based on the assumption that shear stress is
linearly distributed over the depth (4), tangential
velocity follows the logarithmic law while the
eddy viscosity is parabolic.
This study shows that in the pool sections,
where the influence of flow curvature is
significant, the shear stresses are greatly
redistributed in the vertical plane and also
laterally. The shear stresses cannot be correctly
predicted by the equation of uniform flow (4) and
their accurate assessment also requires to account
for radial component of shear stress tensor
− u ' r w ' in agreement with the recent laboratory
studies by Blanckaert (2009). However, the shear
velocities can be estimated from local vertical
profiles of − u 'θ w ' by linearly extrapolating the
linear relationship (4) into the near bed region.
This approach was used in this study.
The patterns of mean velocity (Figure 6) are
also suggestive that the logarithmic law cannot
hold over the entire vertical profile and only can
be valid near the riverbed in agreement with
previous studies of Booij (2003). Moreover, the
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Cohesive sediment processes in vegetated flows: preliminary field
study results
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ABSTRACT: Understanding cohesive sediment processes in complex vegetated flows is fundamentally
important in ecohydraulics. Therefore, a multi-year field study has been designed to improve the knowledge of flow–vegetation–sediment interaction in environmentally preferable channels. This paper reports
the instrumentation and preliminary results of the study. The field site is a vegetated brook that serves as a
drainage channel for the surrounding agricultural fields. The brook’s water level and turbidity were continuously monitored during the autumn high flow season. The monitoring was accompanied by highresolution cross-sectional surveys and sampling of water, sediment and soil. Vegetation patches on the
brook’s bottom and debris accumulations affected the local geomorphological development, and woody
vegetation was associated with greater bank erosion than grassy vegetation. The suspended sediment concentration exhibited a strong correlation with the rate of discharge increase, highlighting the significance of
flow unsteadiness. The positive hysteresis in suspended sediment concentration and the changes in the hysteresis pattern during the high flow season suggested that the easily erodible sediment was slowly depleted
during the season. Particle size distribution of the suspended sediment changed according to discharge, indicating that cohesive sediments underwent selective erosion.
Keywords: cohesive soil, river bank erosion, vegetation, suspended sediment
1 INTRODUCTION

flow structure, but also by modifying the erosion
properties of the soil (Wynn & Mostaghimi 2006).
Most models do not take into account certain important cohesive sediment processes occurring in
natural flows, including the aggregation of suspended sediment particles (McAnally & Mehta
2002) and the consolidation of the deposited sediment (Parchure & Mehta 1985).
Sediment processes are governed by both the
flow hydraulics, most notably turbulence characteristics, and the sediment properties. For instance,
the vertical movement of cohesive suspended
sediment is determined by the balance between the
vertical turbulent mixing, diffusing the sediment
upward, and the gravitation-induced fall velocity
that depends on the density and form of the particles. The existence of sedimentation threshold has
been debated, but findings of Maa et al. (2008)
suggest that although fine sediments may settle
even at high boundary shear stresses, sedimentation occurs only when local boundary shear stress
is below a critical value. Another critical value, the
critical shear stress for erosion, is the main factor
governing the onset of entrainment. Non-cohesive

A good understanding of the cohesive sediment
processes in vegetated channels of complex geometry is essential for promoting environmentally
sound hydraulic engineering. Cohesive sediment
processes are directly linked with issues such as
channel degradation or aggradation, design of
treatment wetlands or habitat restoration projects,
and modelling of the transport of sediment-bound
substances. Vegetation particularly influences the
sediment processes and geomorphological development in environmentally preferable channels and
restored streams. Models developed for predicting
the impacts of vegetation on the 3-dimensional
flow structure can satisfactorily simulate sediment
transport within artificial vegetation (Liu & Shen
2008). However, to advance environmentally
sound hydraulic engineering practices, the models
and the findings of the research need to be applicable to natural conditions. Characteristics of natural
vegetation, such as flexibility, differ from those of
artificial vegetation. Further, vegetation influences
the sediment processes not only by altering the
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sampled above the average water level, and the
sediment samples were collected from the bottom
of the brook with sediment tubes (diameter 45
mm). The soil and sediment samples were analysed
for water content (WC) and organic content (OC)
according to the Finnish standard SFS 3008. The
grain size distribution of the soil was determined in
a hydrometer test. The water samples were analysed for turbidity, suspended solids concentration
(SSC), volatile solids concentration (VSC), total
solids concentration (TSC), total volatile solids
concentration (TVSC) and settling velocity. SSC
represents the solid matter that does not pass the
selected filter and was analyzed according to the
standardized method EN 872:2005 as the average
value of two parallel samples. Two filter types
were used: GF-52 glass fibre filters (pore size 1.2
μm), hereafter referred to as GF, and the Nuclepore polycarbonate filters (pore size 0.4 µm),
hereafter referred to as Np. The Np filters have a
smaller pore size and a more regular pore pattern
than the glass fibre filters, and they were chosen
because previous studies have found them suitable
for waters with very fine, clayey suspended solids
(e.g. Valkama et al. 2007). VSC, TSC and TVSC
were determined according to the standard SFS
3008 as the average value of two parallel samples.
TSC represents the total amount of particle and
dissolved substances present in the sample and was
determined by evaporating the unfiltered sample
and weighting the residue. The concentration of
organic matter was determined for both the matter
remaining in the filter (VSC) and the unfiltered
sample (TVSC) by heating the samples at 550 °C
and measuring the weight loss. The ratios between
TVSC and TSC, and between VSC and SSC, express the total and particle-form organic content
(OC, in %) of the sample. Turbidity was analysed
from both mixed and settled (2–3 hours) samples
following the standard ISO 7027:2000. Approximate settling velocity was measured for four samples with different SSC by letting a mixed water
sample settle in a decanter. Maximum settling velocity was obtained when the first particles hit the
bottom.
A continuous monitoring station was set up at
the Ritobäcken Brook. A turbidity sensor and a
pressure transducer to determine water level were
installed in a culvert. A weather station was instrumented with sensors measuring solar radiation,
rainfall, air temperature and relative humidity. Sensor values were recorded every 15 minutes with a
data logger, and the monitoring period lasted 48
days. The recorded turbidity values were the average over 20 consecutive measurements in 10 seconds. The monitoring station functioned reliably,
and the sensors produced smooth, continuous
datasets. Approximately 1% of the turbidity data

points were significantly above the otherwise
smooth turbidity curve; however, these outliers
occurred temporally close to each other and might
thus represent single greater erosion events. The
turbidity data were somewhat scattered at low turbidity levels (20–40 NTU) when the water temperature was -0.2–0 °C, but it is not known
whether this represented the real behaviour of the
system or was noise. The data of the turbidity sensor was validated by comparing them against turbidity analysed from the water samples. Squared
correlation coefficient was slightly better with the
settled sample (R2=0.99) than with the mixed sample (R2=0.98). Sensor turbidity correlated well
with the SSC analysed from the water samples
(R2=0.98), so the turbidity data were transformed
to SSC with a linear regression equation. Discharge was obtained at five water levels by integrating the point flow velocities measured with a
propeller-type current meter. A polynomial rating
curve was developed between the water levels obtained from the pressure transducer and the measured discharges (R2=1.00).
3 RESULTS AND ANALYSIS
3.1 Geomorphological processes
Visible erosion and sedimentation was observed in
many locations along the Ritobäcken Brook. Unvegetated banks showed more erosion than banks
covered by dense grassy vegetation. On the other
hand, locations with woody in-stream and bank
vegetation demonstrated bank erosion and local
broadening. In these locations, the ground was
bare and almost devoid of grassy vegetation, making the top layer of the soil susceptible to erosion.
On the bed of the brook, vegetation patches tens
of centimetres higher than the surrounding channel
bottom were observed. There were visible sediment deposits on the vegetated floodplains, and
almost stagnant water was observed there during
the high discharges. Several small debris accumulations were found in the brook, and small meanders
were observed downstream from the debris accumulations.
Two of the monitored cross-sections showed
statistically significant bottom erosion during the
high flow season (Figure 2b, 2c). Their erosion
depths averaged over the bottom were 6.8±0.8 cm
and 1.5±0.6 cm (at 95% confidence level). In the
third cross-section, the measuring error (0.5 cm)
was larger than the average bottom erosion (0.4
cm) (Figure 2a). Geomorphological development
was uneven across the cross-sections as some verticals exhibited significantly higher erosion than
others. Erosion depth strongly correlated with the
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hydraulic radius, and thus the average boundary
shear stress, of the cross-section (R2=0.89). The
differences in measuring error between the crosssections were mainly caused by the bottom characteristics: the fluffier the bottom, the higher the
measuring error. Other factors causing error were
the bank vegetation and woody debris below the
surface. Excluding the significant outliers, the
overall measuring error of the equipment was 0.6
cm at 95% confidence level.

Table 1. Ranges and average values (in parentheses) of
concentration in water (C), water content (WC) and organic
content (OC) for different solid fractions.
C (mg/l)
Soil
Sediment
SSC (GF)
SSC (Np)
TSC

The hydrometer tests showed that over 90% of the
soil was formed of clay and silt fractions, the clay
fraction constituting 30–40%. The soil and sediment had similar water and organic contents (Table 1). The top layer of the sediment had a higher
organic content than the deeper layers. The organic content of the sediment was also higher
where the bottom was fluffier and the local topographical gradient smaller.
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20–43 (30)
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SSC varied notably during the autumn high flow
season (Table 1), and the higher concentrations
occurred during greater discharges. The SSC obtained with Np filters was on average 160%
greater than with GF filters. A second-order polynomial regression equation could best represent
the correlation between SSC obtained with GF and
Np filters (R2=0.93). TSC represents the amount
of all the suspended and dissolved matter and was
on average 630% higher than the SSC obtained
with GF filters (Table 1). The analysed concentration distributions can be compared by calculating
their coefficient of variation, cv, which is defined as
the ratio between standard deviation and mean.
The coefficient of variation was significantly higher
for the distributions of SSC (cv=0.57 for GF and
cv=0.49 for Np filters) than of TSC (cv=0.18), indicating that SSC reacts more strongly to flow
variations than TSC. TSC had a higher organic
content than SSC, but the correlation between the
concentration and organic content was negative
for both SSC (R2=0.71) and TSC (R2=0.46). Suspended sediment particles had a wide range of settling velocities. The highest settling velocities were
1–4 mm/s, the greater values associated with
higher SSC. However, the settling velocities were
1–2 orders of magnitude smaller for a significant
portion of the suspended matter.
Linear regression equations were determined
between sensor turbidity and different variables describing the amount of solid and dissolved matter
present in the water samples (Figure 3). The highest correlation coefficient was obtained for SSC
(GF) and the lowest for TSC. This indicates that

3.2 Sediment characteristics
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Figure 3. Linear regression between sensor turbidity and
TSC, SSC (Np) and SSC (GF).

Figure 2. Cross-sectional geometry of the three crosssections before and after the high flow season, and water
level during the “before” survey.
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discharge–SSC plot. Even though SSC was generally higher for the greater discharges, relatively
high discharge values were sometimes associated
with low SSC. SSC was mostly higher on the rising stage than the falling stage at each discharge
value. Correlations between discharge and SSC
were somewhat better if rising and falling stages
were considered separately (Table 3). Higher correlations were found for the rising stage if the rate
of discharge increase (m3/s2) was considered instead of the absolute discharge (m3/s). The best
correlations were obtained between the 3-h average increase in discharge and the 3-h average increase in SSC for the rising stage. The correlation
was the highest if a 15-min or 30-min shift was introduced between the discharge increase and the
SSC change. Correlations between the rate of discharge decrease and the SSC decrease were very
weak for the falling stage and were not improved
by introducing any time-shift. Absolute discharge
and the SSC change correlated very weakly. The
peak SSC (1-h average) of each discharge event
was only slightly correlated with the peak discharge of the event but was more strongly correlated with the average rate of discharge change
(m3/s2) during the rising stage.
Different patterns of SSC–discharge curves for
single discharge events have been described by e.g.
Williams (1989). In the Ritobäcken Brook, the
clock-wise, or positive, hysteresis in SSC was very
clear for most discharge events. However, as the
high flow season progressed, discharge events of
similar peak discharge showed less hysteresis, and
the discharge required to achieve a certain SSC
level increased (Figure 4). In addition, greater
rates of discharge increase were required to create
a certain peak SSC. The linear regression equation
between the average rate of discharge increase
(m3/s2) and the peak SSC (1-h average) tended to
under-estimate the peak SSC in the beginning of
the season and over-estimate it in the end of the
season, and there was an increasing trend in the error between the observed and modelled peak SSC
as the high flow season progressed (R2=0.32).

Table 2. Mean and coefficient of variation, cv, of relative
differences between parallel samples.
SSC (GF)
VSC (GF)
SSC (Np)
TSC
TVSC

Mean (%)

cv

8.3
13
9.3
15
25

0.79
0.61
0.55
0.75
0.89

turbidity was a good surrogate for the concentration of coarser suspended matter but was not as
reliable a surrogate for the concentration of very
fine suspended or dissolved matter.
The accuracy of the laboratory analyses was assessed based on the difference between parallel
samples relative to their average value. Table 2
compares the parameters by showing the mean
value (in %) and the coefficient of variation for the
distributions of the relative differences. A low
mean relative difference signifies that the analysis
method generally produces accurate results while a
low coefficient of variation is an expression of the
overall reliability. For example, SSC (GF) had the
lowest mean but a rather high cv, indicating that
the method had a high accuracy for the majority of
samples but a low accuracy for some samples. The
overall reliability of SSC (GF) was thus lower than
that of SSC (Np).
3.3 Flow and sediment dynamics
The continuous monitoring data included 17 rainfall-induced discharge events. A discharge event is
here defined as the period between two consecutive local minima in discharge. The average discharge during the monitoring period was 168 l/s
and the average SSC amounted to 17 mg/l. The
Ritobäcken Brook’s response to rainfall was rapid:
the discharge began to grow 1–4 hours after the
beginning of a rain and achieved its highest value
2–5 hours after the end of a rain. The SSC curve
followed the pattern of the discharge curve on the
rising stage, and SSC reached its maximum value
0–6 hours before the discharge. The monitoring
period’s peak SSC (1-h average) was 67 mg/l and
the peak discharge 567 l/s. In most discharge
events, SSC decreased more rapidly than discharge
on the falling stage. After the discharge peaks,
SSC decreased to a background level of 7–11 mg/l
in approximately 2 days independently of discharge
or the peak SSC. During the monitoring period,
the Ritobäcken Brook carried approximately 13
tons of suspended sediment.
A power-type sediment rating curve fitted best
to the monitoring data, but the correlation was
weak (R2=0.36) and there was much scatter in the

Table 3. Squared correlation coefficients between discharge
and
SSC for both absolute values and rates of changes.
______________________________________________
Discharge
Discharge
change
____________
_____________
Rising
Falling
Rising
Falling
______________________________________________
SSC
0.49
0.36
0.56
0.16
Peak SSC
0.29
0.63
SSC change
0.08
0.02
0.69
0.04
0.04
SSC change +15min
0.70
SSC change +30min
0.70
0.04
SSC
change
+45min
0.67
0.04
_____________________________________________
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Figure 4. Hysteresis curves for discharge events of similar peak discharge (numbering represents the consecutive order of all
the discharge events during the monitoring period).

4 DISCUSSION

section, leading to modified flow patterns on their
sides. For instance, woody floodplain vegetation
decreases the near-bed turbulence and boundary
shear stress on the floodplain but increases them in
the main channel and the main channel–floodplain
interface (McBride et al. 2007). In addition to the
sideward development, the vegetation patches
likely develop by downward extension due to fine
sediment deposition inside and downstream of the
vegetated area (Tsujimoto 1999).
The correlation between both SSC and discharge, and peak SSC and peak discharge, was
poor even though the data were obtained during
one high flow season and the rising and falling
stages were considered separately. Physically
based models would probably tackle the cohesive
sediment processes better than statistical methods
due to the physical phenomena involved, including
the hysteresis and depth-limited erosion. The highest correlations were found between the rate of
discharge increase and the rate of SSC increase or
the peak SSC. These results agree with the findings of De Sutter et al. (2001), who discovered
that the unsteadiness of the discharge increases the
erosion of cohesive sediments for the same maximum discharge. The positive hysteresis in SSC is
often attributed to either sediment depletion, or
depth-limited erosion, or early sediment supply
from a major downstream tributary (e.g. Williams
1989; Asselman 1999). Rising stage may also experience greater erosive forces since laboratory
studies have shown that it is associated with higher
turbulence and bed shear stress than the falling

The role of dense, flexible vegetation in decreasing
erosion and increasing sedimentation has been confirmed in other studies (e.g. Samani & Kouwen
2002; Cotton et al. 2006). Two mechanisms contribute to this finding: firstly, flow resistance of
vegetation decreases the boundary shear stresses
(e.g. Baptist 2005). Secondly, roots of vegetation
reinforce the soil, and particularly woody vegetation characterized by large roots and high root
density decreases the erodibility of cohesive soil
(Wynn & Mostaghimi 2006). In addition, herbaceous vegetation regulates the local micro-climate,
decreasing the amount of freeze–thaw events and
thus the erodibility of soil (Wynn & Mostaghimi
2006). This regulating effect may be particularly
important in the Ritobäcken Brook since woody
vegetation was associated with more erosion than
grassy vegetation, and since the air temperatures
were changing between freeze and thaw during the
autumn high flow season.
Another reason for erosion observed in conjunction with patchy woody vegetation could be
the increased near-boundary turbulence caused by
sparse vegetation (Baptist 2005; Luhar et al.
2008). Single trees decrease the near-surface velocities and increase the near-bottom velocities in
their wakes which may increase erosion (Yagci &
Kabdasli 2008). Geomorphological development
associated with vegetation patches on the channel
bed as well as debris accumulations may be attributed to their non-uniform location in the cross322

stage (Nezu et al. 1997). In the Ritobäcken Brook,
positive hysteresis indicates that sediment entrained from the channel formed a significant
source of suspended sediment during discharge
events. The decreasing trend between the rate of
discharge increase and the peak SSC as well as the
changes in the SSC hysteresis pattern indicate that
the easily erodible sediment was slowly depleted
during the high flow season.
Higher discharges were able to erode coarser
particles since they were associated with a higher
ratio between SSC (GF) and SSC (Np). The same
result has been found by Valkama et al. (2006).
Selective erosion, well known for non-cohesive
sediments, was thus occurring with cohesive sediments. Results of the settling test confirmed that
higher suspended sediment concentrations were
associated with coarser matter since they had
higher settling velocities. However, the higher settling velocities may also be partly due to the more
effective aggregation that increases the deposition
of fine cohesive sediments (e.g. McAnally & Mehta 2002). The Ritobäcken Brook had a 160% difference in SSC between GF and Np filters while
other studies have reported differences of 10–90%
for similar streams (Hirvikallio et al. 1979; Valkama et al. 2006). There is thus much fine suspended matter in the Ritobäcken Brook that passes
through the GF filter.
Catchment processes are important for cohesive
sediments. The rather steady SSC between the discharge peaks likely represented the background
concentration originating from catchment runoff.
Suspended sediment had a markedly higher organic content than the bottom sediments and bank
soil, suggesting that a significant amount of the
suspended matter originated from sources other
than the brook material, such as sub-surface runoff
from the agricultural fields and the decaying bank
vegetation. The organic content of suspended
sediment decreased with increasing discharge,
which is an indication of the increasing role of
channel erosion at high discharges. The differences
in the organic content of the bottom sediment were
great, and a high organic content was likely associated with recent sedimentation.

hysteresis in suspended sediment concentration
and the changes in the hysteresis pattern during the
high flow season suggested that the easily erodible
sediment was slowly depleted during the season.
Cohesive sediment processes were found to be selective since higher discharges were characterized
by coarser particles. To improve the understanding
related to natural vegetation and to promote environmentally sound hydraulic engineering practices,
the next step in the field study is to physically
model the interaction between flow, different types
of floodplain vegetation and cohesive sediment as
well as determine the seasonal changes in the
processes.
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ABSTRACT: Flow resistance under low flow conditions has been studied by many researchers because
of its importance in practical applications, and different modifications of resistance coefficients such as
Manning’s n, Chézy C and the Darcy-Weisbach f for application under appropriate conditions have been
proposed. The strong variation of these coefficients with flow depth suggests that the form of these equations is not appropriate for shallow flows. An alternative equation form for resistance prediction under
low flow conditions is proposed. It distinguishes between the influences of large-scale and intermediatescale roughness on flow resistance by a coefficient that depends on the relative submergence. The equations performance is confirmed by comparison of predicted and measured velocities using published experimental and field data.
Keywords: Flow resistance, Roughness, Resistance prediction, Low flows
From laboratory experiments (Bayazit 1976)
found that flow resistance depends on the ratio of
flow depth, y, to height of the bed roughness, h,
and once relative submergence (y/h) is less than
about 4, the resistance is higher than predicted by
the logarithmic resistance equations. According
to the relative submergence, the roughness has
been divided into three scales: large, intermediate
and small (Bayazit 1976, Bathurst et al. 1981).
The roughness is large-scale if the roughness elements affect the free surface, a condition when
relative submergence, y/h is less than about 1.
The roughness is intermediate if the relative submergence lies between 1 and 4. When the relative
submergence is higher than 4, the roughness is
small.
Flow resistance under low flow conditions has
been studied by many researchers because of its
importance in practical applications (e.g. Bathurst
et al. 1981, Griffiths 1981, Jarrett 1984, Thorne &
Zevenbergen 1985, Lawrence 1997, Jonker et al.
2001, Bathurst 2002, Smart et al. 2002). Furthermore, components of flow resistance and physical
variables contributing to overall flow resistance
have been documented (e.g. Bathurst 1978, Bray
& Davar 1987, Lawrence 1997, 2000) Various
different equations and resistance coefficients related to low flow conditions have been developed

1 INTRODUCTION
Flow resistance describes the process in streams
by which the physical shape and bed roughness of
the channel control the depth, width and velocity
of flow. Theoretical aspects of open channel flow
resistance are documented by, for example, Leopold et al. (1960), Rouse (1965), Bathurst (1982),
and Yen (2002). Successful prediction of flow resistance depends on an understanding of flow resistance phenomena as well as application of appropriate formulas accounting for them.
Flow resistance is a term used to describe the
net effect of the forces driving and resisting water
movement, and is commonly represented by the
ratio of the bed shear velocity, V*, to the mean
flow velocity, V. When the flow depth, y, is much
higher than the height of the bed material, h, the
flow resistance can be considered to result from
an effective friction of the material forming the
surface of the boundary, and can be described by
well known friction coefficients such as the Chézy
C, Manning’s n and the Darcy-Weisbach f:
(V / V * = (8 / f )1 / 2 = (C 2 / g ) = R1 3 /( gn 2 )

(1)

where R = hydraulic radius; g = gravitational acceleration.
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intermediate scale roughness that have been developed from experimental work under controlled
and idealized situations. The new resistance equations distinguish between the influences of largescale and intermediate-scale roughness on flow
resistance. The equations have been tested using
published experimental and field data, and show
good results.

(e.g. Jonker et al. 2001, Nikora et al. 2001, Stone
& Shen 2002). Some of these are very complicated and require comprehensive field data (e.g.
Bathurst 1978), while others are based on the relative submergence and require consideration only
of the bed grain roughness (e.g. Bathurst 2002,
Jonker et al. 2001).
In most cases, development of equations was
based on laboratory or field data representing the
large and intermediate roughness scales. For example, Bathurst (2002) proposed two new resistance relationships for (8/f)0.5 (where f is DarcyWeisbach friction factor) as functions of the relative submergence y/D84 (D84 is the size of the
median axis of the bed material which is larger
than 84% of the material). The relative submergence of the field data ranged from 0.37 to 11.4,
covering all three roughness scales, large, small
and intermediate.
Other researchers described three types of flow
regime that related to the relative submergence,
viz. flows with high relative submergence, flow
with small relative submergence, and flow over a
partially inundated rough bed (Lawrence 1997,
2000, Nikora et al. 2001, Smart et al. 2002). Different modifications of the Chézy C, Manning’s n
and the Darcy-Weisbach f for application under
appropriate conditions were proposed.
Generally, Chézy C, Manning’s n and the
Darcy-Weisbach f all apply to uniform flow and
can be related. There is therefore no clear advantage of one coefficient over the others. The
Darcy-Weisbach f for regular canals can be estimated from the Moody diagram, and the most
common sources for Manning’s n are books of
Barnes (1967) and Hicks & Mason (1998). There
is no generally recognized source for Chézy C coefficient (Yen 2002).
Under low flow conditions, resistance is largely
the consequence of the drag forces imposed by individual roughness elements; with high relative
submergence the resistance effects of the elements
can be treated as for a distributed bed shear stress.
The intermediate roughness represents a state of
flow in which the influence of the roughness elements on flow resistance is manifest as a combination of both element drag and boundary shear,
or friction. Under such conditions flow resistance
expressed by the Darcy-Weisbach or Manning’s
equations requires their coefficients to vary significantly with the flow depth, suggesting that these
equations are inappropriate for the intermediate
roughness scale in their original form.
In this paper we propose different equation
forms for resistance prediction for large-scale and

2 RESISTANCE PREDICTION
When the channel bed material is large relative to
the water depth, the flow resistance is exerted by
the roughness elements’ drag rather than boundary
shear, or friction.
Assuming that skin drag is not significant, the
resisting force of N independent roughness elements in the considered bed area is
Fd =

1
Cd ρ V 2 N Ap
2

(2)

where N = number of roughness elements per
unit area and Ap = projected cross-sectional area
of the individual roughness element, given as
(3)

A p = yD

where y = flow depth and D = roughness element diameter.
The weight component of the flow balanced by
the resisting force under steady uniform flow conditions is given by
W = γ S (1 × 1 × y − N Vr .el )

(4)

where γ = unit weight of water, S = energy gradient, N = number of roughness elements per unit
area, and Vr.el = submerged volume of an individual roughness element.
The component in brackets in Equation (4) is
the volume of overlying water per unit plan area
of bed and is known as the volumetric hydraulic
radius, RV (Kellerhals 1967). Equating Equations
(2) for unit plan area and (4), with (1x1x y – N
Vr.el) = RV gives
V=

1
C D N Ap

RV

2 gS

(5)

Equation (5) can be written on more general
form as (Jordanova and James, 2007; Jordanova,
2008)
V=

1
F

Rv

2 gS

(6)

where F = resistance coefficient.
Because the drag coefficient Cd depends on a
number of variables such as the Froude number,
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the Reynolds number, the roughness element
shape and the relative depth, estimating its value
is not easy (Flammer et al. 1970). Lawrence
(2000) found that experimental drag coefficient
values were not only significantly higher than values estimated for an isolated cylinder and sphere
in a free stream, but also exceeded reported values
for free surface flows around isolated hemispheres. Estimation of Cd aside, it is debatable
whether a drag type model in general is appropriate for these conditions (Smart et al. 2002). To
obviate the necessity for estimating Cd, experimental data were used to estimate the resistance
coefficient F directly from Equation (6).
When the relative submergence lies between
one and four, the roughness scale is intermediate.
This regime represents a state of flow in which the
influence of the roughness elements on flow resistance is manifest as a combination of both element
drag and boundary shear equal to or friction.
To estimate the flow resistance under such
condition the following hypothesis was applied:
 If the relative submergence is equal or
greater than four, then friction resistance
dominates, and velocity can be estimated
as
8g
R S
f

V =





3 LABORATORY INVESTIGATION
An experimental programme was carried out in
laboratory flumes under controlled and idealized
situations to establish the effects of roughness
elements on flow resistance under different hydraulic conditions determined by bed slope, S, and
discharge, Q, and to develop and test resistance
prediction methods. Experiments were carried out
using different sizes and different densities, , of
roughness elements. Roughness elements were
simulated by hemispheres formed of concrete.
Two series of laboratory experiments were conducted (Jordanova and James, 2007). The experimental data related to the intermediate-scale
roughness are summarized in Table 1.
3.1 Series 1.1 experiments
Series 1 experiments were conducted in a 0.38 m
wide, 15.0 m long, glass-sided tilting laboratory
flume. A tailgate at the downstream end of the
flume was used to control the flow depth in the
channel to ensure uniform flow. Water was supplied to the flume through a closed circulation
system, and two valves situated in the supply pipe
at the head of the experimental flume were used to
control the discharge. The discharge was varied
by opening and closing these valves and measured
using a V-notch, which was installed at the downstream of the flume and an electronic flow meter
in the supply water pipe. All experiments were
carried out under uniform conditions (Table 1)

(7)

If the relative submergence is equal to or
less than one, the drag effect of individual
roughness elements on flow resistance will
dominate and the proposed Equation 6
should be used.
As the relative submergence increases
from one to four, the dominant resisting
effect changes gradually from element
drag to friction. The velocity can be estimated by

⎛1⎞
V =⎜ ⎟
⎝F⎠

a

⎛ 4⎞
⎜
⎟
⎜ f ⎟
⎝
⎠

(1− a )

2 g Rv S

Table 1. Experimental conditions
*
Slope y/h
Q
Series
Test D
mm %
l/s
Series 1.1 1
47
82 0.0011 1.4-3.6 0.4-5.3
2
47
82 0.0021 1.0-4.0 0.4-10.9
3
47
47 0.0011 1.0-3.6 1.4-4.2
4
47
30 0.0011 1.0-3.6 0.9-4.3
5
47
22 0.0011 1.0-3.2 0.4-4.0
Series 2.1 1
116 15 0.001 1.0-1.2 11.0-17.4
6
116 15 0.001 1.0-1.4 13.8-27.3
7
54
3
0.001 1.0-1.9 7.0-27.6
8
54
3
0.001 1.0-2.0 5.3-28.3
Series 2.2 1
108 55 0.0005 1.0-3.5 1.6-55.7
2
108 22 0.0005 1.0-3.0 3.3-54.7
3
108 12 0.0005 1.1-2.4 8.2-55.2
4
108 6
0.0005 1.1-2.2 14-55.2
5
72
3
0.0005 1.0-3.0 6.6-55.2
6
72
10 0.0005 1.0-3.5 2.8-60.0
7
72
24 0.0005 1.4-4.1 4.1-55.2
12
46
4
0.0005 1.0-4.65 3.6-55.7
15
108 75 0.0005 1.0-2.3 1.2-25.0
16
108 63 0.0005 1.0-2.1 1.4-21.4
*
Per cent areal roughness concentration (density).

(8)

where a = coefficient related to the relative submergence and varies from 1 to 0. When the relative submergence is equal to one, the roughness is
large-scale and Equation (8) reduces to Equation
(6). With a equal to 0 Equation (8) will take the
form of Equation (7) for small-scale roughness.
Application of the proposed Equation (8) requires specification of the coefficient a as a function of the relative submergence. Laboratory experiments were carried out to determine a suitable
relationship form for the coefficient a.
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together with the perfect fit line and 15 % accuracy limits for Series 1 and 2 experiments are plotted in Figure 2.

3.2 Series 2 experiments
The Series 2 experiments were conducted in a 2.0
m wide, 15.0 m long, tilting laboratory flume. Series 2 experiments were conducted with bed
slopes of 0.001 (Series 2.1) and 0.0005 (Series
2.2) and different sizes of hemispheres (Table 1).

0.35

0.30

Predicted velocity (m/s)

0.25

4 ESTIMATION OF COEFFICIENT
The experimental data (Table 1) were divided into
two sets. One set of data (Series 1.1, experiments
1, 4 and 5, Series 2.1, experiments 6 and 8, and
Series 2.2, experiments 1, 3, 5, 7, 14 and 16) was
used for development of a suitable functional relationship of the coefficient a as a function of the
relative submergence. The remaining data constituted a set used for confirmation of the relationship. Equation (8) was applied to evaluate a from
the measured V and Rv to each experimental run.
Application of Equation (8) required input of the
resistance coefficient F and friction factor f. These
values were calculated from the experimental data
for the relevant flow conditions. Experimentallyderived values of the coefficient a together with
the related relative submergence are plotted in
Figure 1. A suitable relationship form of the coefficient a as a function of the relative submergence
was fitted as
⎛ y⎞
a = − 0.67 Ln ⎜ ⎟ + 0.992
⎝h⎠

Coefficient a

0.0

-0.2
4.0

4.5

0.20

0.25

0.30

0.35

Series 1

5.1 Verification of proposed Equations (8) and
(9) with Bathurst et al. (1981) published
experimental data

0.2

3.5

0.15

Table 2. Average absolute errors in velocity prediction by
application of Equations (8) and (9)
Series
Average
Std
(%)
(%)
1.1
7.55
6.30
2.1
1.79
1.68
2.2
7.49
6.13

0.4

3.0

0.10

The calculated average absolute errors in velocity prediction by application of Equations (8)
and (9) for Series 1.1, 2.1 and 2.2 experiments are
listed in Table 2.
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Figure 2. Measured and predicted (Equations 8 and 9) velocities with 15 % accuracy limits
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0.00

1.2

0.5

0.20

5.0

Relative submergence (y/h)

Figure 1. Functional relationship of relative submergence
and coefficient a

Published experimental data of Bathurst et al.
(1981) were used for further verification of Equations (8) and (9). Bathurst’s experiments were
carried out at Colorado State University in a flume
with a length of 9.54m and a width of 1.168m
width. The resistance of five bed materials with
roughness heights 12.7, 19.5, 38.1, 50.8 and
63.5mm were tested. Experiments were performed with 3 flume slopes of 0.02, 0.05 and 0.08.
Experimental conditions used for verification of
proposed Equations (8) and (9) are summarised in
Table 3.
Table 3. Summary of Bathurst et al, (1981) experimental
data
Depth measured
Bed roughness Discharge
(m)
mm
(m3/s)
12.70
0.0019-0.0490
0.012-0.046
19.05
0.0021-0.0546
0.016-0.054
38.10
0.0018-0.0802
0.023-0.101
50.80
0.0025-0.0495
0.041-0.095
63.50
0.0037-0.0497
0.049-0.108

5 EQUATION CONFIRMATION
The performance of the proposed Equation (8)
with a given by Equation (9) has been assessed by
comparison of measured and predicted values of
velocity for the second set of the experimental data (Series 1.1, experiments 2 and 3, Series 2.1, experiments 1 and 7, and Series 2.2, experiments 2,
4, 6 and 15). Measured and predicted velocities,

Application of the proposed Equations (8) and
(9) required estimation of the resistance coeffi328

cient F, friction factor f, and the relative submergence. For each experimental run values of F and
f were calculated. For each test, graphs of F and f
as functions of the relative submergence were
plotted and were extended, if necessary, to relative
submergences equal to one for graphs of F and to
four for graphs of f. These graphs were used to
estimate the values of F and f.
Measured and predicted (Equations (8) and (9))
velocities together with the perfect fit line and 25
% accuracy limits for experiments with five flume
beds are plotted in Figure 3.

5.2 Verification of proposed Equations (8) and
(9) with Bathurst (1985) and Hicks and
Mason (1998) published field data
Further verification of the performance of the proposed Equations ((8) and (9)) was carried out by
comparison of measured and predicted flow velocities of Bathurst (1985) and Hicks and Mason’s
(1998) published field data that relevant the intermediate-scale criterion. Conditions for data
used for this verification are listed in Table 5.
Table 5. Field data used for verification of proposed Equations (8) and (9)
Mean flow depth Bed maData
River
(m)
terial
source
D84 (mm)
South Tyne
0.50
240
Bathurst
Ettrick
0.21 - 0.47
193
0.72
183
Tweed
(1985)
Tromie-2
0.40 - 0.89
183
Findhorn
0.30 - 0.45
140
Hicks and Waiau Water Race 0.22 - 0.30
80
Mason
Cardrona
0.28 - 0.30
78
(1998)
0.42 - 0.67
212
Hutt
Clarence
0.38 - 0.77
200
Forks
0.28 - 0.39
104
Waipapa
0.39 - 0.41
91
0.31 - 042
208
Flaser
0.62 - 0.86
250
Rowallanbum
Northbrook
0.16 - 0.26
50
Ruakokapatuna
0.24 - 0.42
119
Kapoaiaia
0.26 - 0.54
212
0.31 - 0.67
168
Butchers Creek
0.32
106
Stanley Brook

1.2

Predicted velocity (m/s)

1.0
0.8
0.6
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Figure 3. Measured and predicted (Equations 8 and 9) velocities with 25 % accuracy limits experimental data of Bathurst et al., (1981)

Average absolute errors in prediction of flow
velocity were calculated for each bed material size
and slope, and these are listed together with the
standard deviation in Table 4.

4

Predicted velocity (m/s)

Table 4. Average absolute errors in velocity prediction by
application of Equations (8) and (9) to experimental data of
Bathurst et al. (1981)
Series
Slope
Average
St. deviation
(%)
(%)
12.70
0.02
2.50
0.23
0.05
9.25
4.23
0.08
7.76
6.98
19.05
0.02
19.70
11.52
0.05
5.26
2.60
0.08
10.26
10.28
38.10
0.02
8.48
4.40
0.05
8.85
4.51
0.08
6.76
3.85
50.80
0.02
7.06
4.66
0.05
29.49
8.23
0.08
14.60
8.85
63.5
0.02
14.75
4.71
5.51
0.05
14.24
0.08
5.84
1.68

3

2

1

0
0

1

2

3

4

Measured velocity (m/s)

Figure 4. Measured and predicted (Equations (8) and (9)
flow velocities with 30% accuracy limits for published field
data of Bathurst (1985)

Equations (8) and (9) were applied to the Hicks
and Mason (1998) field data. Predicted and
measured flow velocities together with the perfect
fit line and 30% accuracy limits are plotted in
Figure 5.

The measured and predicted velocities plotted in
Figure 3, and predicted errors listed in Table 4
show that the proposed approach can be recommended for estimation of flow velocity under intermediate-scale roughness conditions.
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ABSTRACT: Appropriate description of flow resistance in a river depends on the purpose of the description, the information available, and how the underlying processes are accounted for. For 1D reach-scale
modelling, a lumped resistance coefficient such as Manning’s n is widely used. Estimating this coefficient requires either direct calibration, use of previously determined and documented values, or synthesis
by combining known individual effects of smaller scale channel characteristics. These characteristics include surface roughness and discrete features, which may be nonuniformly distributed over the reach.
Results from experiments with nonuniformly distributed surface roughness, vegetation and large emergent features are used to test formulations for combining local resistance effects. Results show that for
spatially distributed surface roughness an overall Manning’s n can be reliably calculated as a combination
of local values weighted by their contributing areas. Resistance originating from both form and surface
drag cannot be combined in this way and a rational combination equation is shown to be effective. This
equation is used to show that calculating a combined Manning’s n as the square root of the sum of the
squares of constituent values is preferable to the practice of adding modifying values to a basic surface n
value.
Keywords: River flow, Flow resistance, Hydraulic roughness
by both deterministic modelling and empirical
correlation. As the required resolution of flow description increases, the verisimilitude of process
modelling improves while the degree of dependence on empirical input decreases. Correspondingly, less flow information is required for calibration, but more physical information is required
for characterizing the channel; models become
more general and less site-specific, but not necessarily more accurate, as resolution increases. At
any particular level, the model used will describe
the processes observable at that level and account
for effects of finer resolution processes through an
appropriate resistance coefficient. So, for example, a 1D model for describing cross-section average flow characteristics through a river bend will
incorporate a resistance coefficient that accounts
for the effect of secondary circulation, while a 3D
model for predicting local variations will describe
the circulation explicitly and incorporate a different resistance coefficient that accounts only for
even finer resolution processes.

1 INTRODUCTION
The flow resistance of a river is an expression of
the effects that its physical features have on its
flow characteristics. While the fundamental underlying phenomena can only be explained
through high resolution analysis, their effects are
manifest and can be pragmatically accounted for
over a range of scales and levels of resolution.
The level most appropriate for description and
quantification of resistance depends on the purpose of the analysis, the type and amount of information available, and the way in which the underlying processes are accounted for.
The types of problems requiring description of
resistance range from defining stage-discharge relationships at the broadest level to describing velocity and shear distributions in three dimensions
at high resolutions. The information available at
any level is of two types, describing flow characteristics and physical channel characteristics. At
any level of description, the processes underlying
observable flow characteristics are accounted for
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the reach scale or sufficient physical channel information for application of higher resolution
models.
Various methods have been suggested for synthesizing a composite resistance coefficient.
Where only surface roughness contributes to resistance, but the roughness size varies across the
channel cross section (but not longitudinally), a
number of formulations for calculating the overall,
effective value of Manning’s n (ne) have been
proposed. These can be expressed as weighted
averages of functions of local n values, i.e.

Description of resistance is therefore particular
to the level of resolution addressed by the model
used. A drag coefficient, for example, only has
meaning if the model recognises discrete roughness elements. At finer resolutions the boundary
shear and pressure distributions would be described over a continuous surface; at coarser resolutions the drag would be lumped together with
other resisting effects. At each level, the required
resistance coefficient can be obtained directly by
calibration, from empirical relationships obtained
from measurements of flow and physical characteristics at that level, or by synthesizing values using higher resolution descriptions. A drag coefficient could be determined by correlating measured
drag forces with approach velocities or by integrating pressure and shear distributions obtained
by higher resolution measurement or modelling.
Many engineering and environmental problems
in rivers are most appropriately addressed through
analysis at the river reach level, using 1D models
that do not describe explicitly the finer scale
processes that influence resistance as perceived at
the analysis scale. Manning’s equation remains
the most widely used for expressing resistance at
this level, i.e.
V
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where the subscript i refers to the subsection
associated with the local value ni, N = the number
of subsections specified, K = the weighting variable (usually the wetted perimeter, P), and a = an
exponent which depends on the nature of the relationship assumed between subsection flow conditions. The most commonly used expressions of
Eq. (2) are those of Pavlovski (1931) who proposed a = 2 and Horton (1933) who proposed a =
3/2. Such formulations do not account for the interaction between subsection flows through transverse momentum exchange, which is considerable
for overbank flows but less influential for most
low, inbank flows. The effect of this interaction
can be accounted for using a lateral distribution
model, such as is incorporated in the Conveyance
Estimation System produced by HR Wallingford
(2004), although this application depends on local
composite unit roughnesses, nl, (analogous to
Manning’s n) evaluated by the largely intuitive
formula

(1)

where V = the cross-section average velocity, R
= the hydraulic radius, n = the resistance coefficient, and S = the channel slope (for uniform
flow).
Although the form of this equation reflects only the influence of boundary shear on flow depth
and average velocity, the resistance coefficient, n,
has come through common usage to be a lumped
parameter accounting for all the various influences in a river reach. It is best calibrated directly, but is commonly estimated through experience,
aided by previously determined correlations with
physical channel characteristics documented as
verbal descriptions or photographs. Such an approach is confounded by uncertainty and apparently inconsistent variations with flow conditions.
Alternative or complementary methods have
therefore been proposed for synthesizing resistance coefficient values from knowledge of the
separate, smaller scale contributing effects. This
work aims to develop this approach, and is especially directed at low flow conditions where the
resistance coefficient is particularly sensitive to
variations of flow depth. It is intended particularly to facilitate environmental flow assessments in
South Africa, where opportunities are very limited
for collecting either sufficient flow information
for direct calibration of resistance coefficients at

nl

=

(n

2
sur

2
2
+ nveg
+ nirr

)

1

2

(3)

in which nsur accounts for surface roughness,
nveg for vegetation and nirr for irregularity.
Equation (3) is intended for use at the local,
sub-cross section scale. For reach scale applications, and with roughness variations not restricted
to the transverse direction, the United States Soil
Conservation Service (1963) proposed an equation for the overall Manning coefficient (based on
a concept introduced by Cowan (1956)) in which
a basic value associated with the channel surface
(nb) is augmented by modifying values to account
for surface irregularity (n1), cross-section size and
shape variations (n2), obstructions (n3), vegetation
(n4) and meandering (m), i.e.
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ne

=

(nb

+ n1 + n2 + n3 + n4 ) m

uation, although the formulations used could be
extended to more types.

(4)

Equations (3) and (4) both include terms to account for resistance originating from form and
surface drag. These phenomena are different in
nature and produce effects that vary differently
with flow depth. They should therefore be described in different terms. James et al. (2008)
proposed Eq. (5) for combining local form and
bed shear contributions to resistance. This equation is derived from the balance of forces on a
control volume in the flow, these being the downslope weight component of the water, the drag exerted by discrete elements extending through the
full flow depth, and the shear acting at the bed
surface between the discrete elements. The equation was originally developed for combined vegetation stem and bed resistance, but can also be applied at the channel reach scale to account for
large emergent roughness elements such as boulders.

V

1
CS + CD

=

2glS

2 SPATIALLY DISTRIBUTED SURFACE
ROUGHNESS
The conventional composite roughness formula
(Eq. (2)) and lateral distribution models account
for transverse roughness variations across the
width of a channel, rather than longitudinal or
two-dimensional variations in plan. Bhembe and
Pandey (2006) investigated the effects of more
general roughness distribution patterns and ways
of accounting for them. Their experiments were
done in a 12.0 m long, 2.0 m wide flume on a
slope of 0.0005. The roughness patterns shown in
Fig. 1 were created by arranging 0.50 m square
steel panels onto which were glued fine gravel
particles with d50 = 6.7 mm. Experiments with
0% and 100% rough surface coverage indicated

(5)

In this equation l = a roughness length related
to the spacing (s) and width (d) of form roughness
elements by
l

2

s
d

=

(6)

Form resistance is accounted for by a drag
coefficient (CD) and the bed shear resistance by
the term CS, which can be expressed in terms of
the local surface Darcy-Weisbach f or Manning n
by
CS

=

fl
4D

=

2 g l n2
D

4

3

(7)

in which D = the flow depth and g = gravitational acceleration.
The different ways of combining resistance
contributions have been tested against laboratory
experimental results. Four situations involving
spatially distributed surface and form elements
were considered: a) channels with different surface roughnesses distributed both longitudinally
and transversely, b) channels with strips of emergent vegetation, especially along their banks, c)
channels with distributed patches of emergent vegetation, and d) channels with combined surface
roughness and discrete, solid, form roughnessinducing elements. The experiments were conducted with spatially uniform flow depths and only two roughness types in combination in each sit-
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Figure 1. Spatially distributed surface roughness patterns
tested by Bhembe and Pandey (2006). (Shaded panels are
rough, unshaded are smooth.)

Manning’s n values for the smooth and rough
surfaces of 0.0107 and 0.0216 respectively. Each
pattern was tested with a single discharge producing a uniform flow depth between 0.05 m and 0.08
m. For each case, the overall value of Manning’s
n (ne) was calculated from the measured discharge
and flow depth, and also estimated using Eq. (2)
with K = A, the surface area, to allow application
to the channel reach rather than just the cross section. (For purely longitudinal strip patterns this
335

reduces to using K = P.) Exponent values of a =
2, 3/2 and 1 were tested.
Equation (2) with K = A and the three values of
a all predicted the composite Manning’s n adequately, with a = 1 performing slightly better than
the others. The average absolute errors in predicted ne values for all the roughness patterns are
0.0013, 0.0011 and 0.00093 for a = 2, 3/2 and 1
respectively. The corresponding average absolute
errors in calculated discharge are 7.53%, 6.08%
and 5.57%. Values of ne predicted with a = 1 are
compared with the measured values in Fig. 2. Interestingly, the greatest errors for all the equations
were for the longitudinal strip patterns, the situation for which a = 2 and 3/2 were actually proposed by Pavlovski (1931) and Horton (1933).

areal coverage of 10.7%. The rectangular patches
in pattern E were 0.3 m wide and 2.0 m long, resulting in an areal coverage for the whole pattern
of 33%. The patches in pattern F were elliptical
with major axes of 2.0 m and minor axes of 0.9 m,
and were spaced 2.0 m apart, giving an areal coverage over the entire flume length of 30.8%.
Tests on the smooth flume bed and a fully rough
bed gave n values of 0.0146 and 0.0299. Several
discharges were tested on each pattern, but only
the ne values obtained for a common discharge of
0.05 m3/s are used in this analysis to maintain
consistency (as also done by Fisher).
As for the previous data set, Eq. (2) was applied to Fisher’s (1993) conditions, with K = A
and a = 2, 3/2 and 1. Average absolute errors in
ne prediction for the three a values are similar, i.e.
0.00249, 0.00248 and 0.00257. The values predicted with a = 1 are compared with the measured
values in Fig. 2. The corresponding average absolute errors in calculated discharge are 11.9%,
12.3% and 13.2%. Predictions are more accurate
for patterns B, C and F than for patterns D and E.
This indicates a likely influence of pattern shape
on resistance, although the measured energy gradients for some experiments were rather different
from the bed slope (ranging between 0.000462
and 0.00134) and the resulting flow nonuniformity
might also have had some influence.
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B

ne predicted

0.025

C
F

0.020

E

D

0.015

Data
Perfect

0.010

Fisher (1993)

0.005
0.000
0

0.005

0.01

0.015

0.02

0.025

0.03

ne measured

Figure 2. Overall Manning’s n values for spatially distributed surface roughness predicted by Eq. (2) with K=A and
a = 1.

3 EMERGENT BANK VEGETATION

B

The resistance phenomena within emergent vegetation and over rough surfaces are so different in
nature and magnitude that it is sensible to treat
separately the different channel areas where they
occur, if their spatial arrangements so permits.
This is the case with strips of emergent vegetation
(such as reeds) along the banks of rivers, and a
zonal approach is recommended for estimating
conveyance, with discharge calculated separately
for the vegetated and clear zones and then added.
James and Makoa (2006) conducted experiments
with longitudinal strips of artificial vegetation in a
12.3 m long, 1.0 m wide, plaster-lined channel on
a slope of 0.00107. The vegetation stems were
represented by 5 mm diameter rods mounted in
1.0 m by 0.125 m frames in a staggered arrangement with centre spacings of 25 mm in both the
longitudinal and transverse directions.
The
frames were arranged in longitudinal strips with
seven different widths and locations, each covering 50% of the channel area. Some patterns had
strips on both sides of clear zones and these can
be interpreted as channels with bank strips. Those
patterns producing realistic width to depth ratios
(W/D) (greater than about 2) were selected for

C

D

E

F

Figure 3. Surface roughness patterns investigated by Fisher
(1993) shown over part of the flume length.

Fisher (1993) carried out similar experiments
with some rather different patterns in a 25 m long,
0.9 m wide flume on a gradient of 0.000865. The
roughness patterns shown in Fig. 3 were formed
by a single layer of 10 mm gravel and repeated to
extend over the full length of the flume. The longitudinal strips in pattern B were 0.33 m wide,
providing an areal coverage of 67%. The lengths
and spacings of the square patches in pattern C
were 1.0 m, giving an areal coverage of 50%. The
circular patches in pattern D were 0.5 m in diameter and placed at 2.0 centre spacings, giving an
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analysis and are shown in Fig. 4. The value of n
for the flume surface was found from a test with
no stems to be 0.0102. A value of 0.0432 was
found for the stem-water interfaces through application of a sidewall correction procedure using
discharges determined from integrated velocity
measurements across the clear sections. Each
strip pattern was tested with four or five different
discharges.

fv

3

5

Figure 4. Artificial emergent vegetation strip patterns selected from those tested by James and Makoa (2006).

The effective resistance of clear channels between
vegetation strips can be described by composite
roughness equations. Equation (2) was applied
with K = P and a = 2, 3/2 and 1. The relative contribution of the side boundaries to the overall resistance (ne) decreases as W/D increases; this effect was described adequately by the composite
equation with all three a values (Fig. 5). The average absolute errors in discharge predictions using ne calculated with a = 2, 3/2 and 1 are 10.2%,
4.7% and 13.0% respectively. Horton’s (1933)
equation (a = 3/2) is therefore the best of those
tested.
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0.000
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Vegetation in rivers does not always occur in
strips along the banks, but may be dispersed in
patches over a reach area. Vegetation that is
completely submerged by relatively deep flow
will contribute to resistance in the same way as a
rough bed, and patches can be treated as for the
distributed surface roughness described above.
Emergent vegetation patches experience internal
form resistance, for which the local n value varies
significantly with flow depth. James et al. (2001)
tested a number of spatially distributed patterns
created with the same artificial vegetation units
used for the longitudinal strip experiments and in
the same channel as described above (Fig. 6).
The approach followed for predicting the overall Manning’s n was to use the same equations as
for the spatially distributed surface roughness case
(i.e. Eq. (2) with K = A, and a = 2, 3/2 and 1) to
account for the overall vegetation coverage, and
Eqs (5), (6) and (7) with CD = 1 to determine the
local vegetative resistance at different flow
depths. For this situation the performance of the
different composite roughness equations is very
different. Average absolute errors in prediction of
ne are 0.023, 0.071 and 0.0068 with a = 2, 3/2 and
1 respectively. The values predicted with a = 1
are thus significantly better than with the others,
and are compared with the measured values in
Fig. 7. The corresponding average absolute errors
in discharge prediction are 38.5%, 65.5% and
16.9%.
Although the performance of Eq. (2) with a =
1, together with Eqs (5) to (7), is not good overall,

0.030

0.010

⎞
⎟
⎟
⎠

4 SPATIALLY DISTRIBUTED PATCHES OF
EMERGENT VEGETATION

0.035

0.015

⎛
V2
f Τo + 0.18 log⎜ 0.0135 inf 2
⎜
hT Vveg
⎝

in which Vinf = the depth-averaged velocity in the
channel as unaffected by vegetation, Vveg = the
depth-averaged velocity within the vegetated zone
(to be calculated using Eq. (5)), hT = the flow
depth, and fΤo = a constant which Hirschowitz and
James (2009) recommend to be equal to zero for
W/D greater than about 5 and between 0.06 and
0.1 for narrower channels. This procedure improves the predicted variation of ne with W/D
(Fig. 5) resulting in predictions of discharges for
Patterns 1, 3 and 5 with an average absolute error
of 2.6%. The improvement in performance made
by this modification suggests that the variation of
resistance of the stem-water interface with flow
condition probably accounts for more error than
the value of a selected.

1

0.020

=

15

W/D

Figure 5. Variation of predicted and measured overall Manning’s n values with width to depth ratio for channels with
emergent bank vegetation.

Hirschowitz and James (2009) developed this approach further, using the Darcy-Weisbach friction
factor, f, rather than n and with a = 1 (which is
equivalent to using n with a = 2). For the stemwater interface friction factor, fv, they recommend
an equation proposed by Kaiser (1984), i.e.
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5 COMBINATION OF FORM AND SURFACE
ROUGHNESS

it varies considerably with the pattern of vegetation patch distribution, being very good for evenly
distributed, small patches but less so for large
patches where performance deteriorates with increasing flow depth. The overall resistance in this
case is therefore not simply a superposition of independent contributions in proportion to their preponderance, but includes an emergent effect associated with the pattern of the roughness
distribution.

Equations (5) to (7) have been tested experimentally for relatively sparse, large form roughness
elements (such as boulders) in a channel. Experiments were conducted by Nkosi (2007) in the
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Figure 7. Comparison of measured and predicted overall
Manning’s n for vegetation patches.

13

same flume as used for the distributed surface
roughness experiments. The form roughness elements were 0.11 m diameter circular cylinders set
in staggered patterns with longitudinal and transverse centre spacings of 1.560 m, 1.100 m, 0.778
m and 0.55 m representing areal coverages (Ac) of
0.5%, 1%, 2% and 4% respectively. All arrangements were tested with the smooth flume surface
(with a measured n = 0.0107) and also with a bed
of 19 mm angular gravel (with a measured n =
0.0270).
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Figure 8. Comparison of measured and predicted overall
Manning’s n for combination of form and surface roughness.
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In the predictions the value of CD was selected
to minimize the average absolute error in predicted discharge. The optimized value of 1.11 is
realistic and produces average absolute errors in

22

Figure 6. Emergent vegetation patch patterns investigated
by James et al. (2001).
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ne of 0.0021 for the smooth bed tests, 0.0012 for
the rough bed tests and 0.0016 for all tests together. (Results are expressed in terms of Manning’s
n here for consistency.) The corresponding average absolute errors in discharge prediction are
11.2%, 3.29% and 7.12%. The predicted ne values are compared with the measured values in Fig.
8.

nb + n3. For each of the experimental conditions
the overall ne was calculated from the measured
discharge, slope and flow depth. The values of nb
were as measured for the smooth and rough surfaces. The value of n3 necessary to produce the
correct overall value was then calculated as n3 =
ne - nb. The required values of n3 for all the experimental conditions are plotted against flow depth
in Fig. 9. This shows that n3 depends not only on
the number and size of obstructions, but also on
the basic nb value and strongly on the flow depth.
It cannot therefore be considered as a unique, independent, variable, making its estimation from
tabular or photographic guides unreliable. Equation (4) therefore does not provide a sound basis
for synthesizing a composite resistance coefficient
in practice where features that induce form type
resistance are present.

6 IMPLICATIONS FOR CURRENT
PRACTICE
Synthesis of a composite Manning’s n as an average of local values weighted by plan area is realistic for spatially distributed surface roughness.
The accuracy of predictions for calculating inbank
channel conveyance is acceptable considering the
uncertainty and variability of other input variables, especially the local n values. An analysis
of the sensitivity to local n estimation of discharge
as predicted by Eq. (2) with K = A and a =1 was
carried out for the roughness patterns shown in
Fig.1. This showed that changing the rough surface Manning n from 0.0216 by just +0.0021 and 0.0019 produced discrepancies from the original
discharge predictions similar to the errors in the
original predictions compared with the measured
values.
There is some experimental evidence, however,
that combinations of different resistance effects
are not actually linear, and that the pattern of
roughness distribution influences overall resistance. This is apparent in the surface roughness
distributions shown in Fig. 1, where linear combination predictions deteriorate with increasing size
and discreteness of patches. The effect is similar
but more pronounced for the patches of emergent
vegetation. The decreasing accuracy with increasing flows for some less well dispersed patterns
suggests an emerging form resistance contribution
from the patches as discrete elements. Features
contributing to form resistance (such as emergent
vegetation, boulders, and sudden changes in channel form) are common in rivers and particularly
influential under low flow conditions.
The United States Soil Conservation Service
(1963) method (Eq. (4)) is a particular application
of linear superposition of resistance effects arising
from both form and surface features. The inadequacy of this assumption can be demonstrated
through application of Eqs. (5) to (7), which account for the two types of resistance deterministically. The situation described in Section 5 can be
considered as a channel with a basic surface Manning’s nb and with the cylinders constituting an
obstruction effect. In terms of Eq. (4), the overall
resistance coefficient should then be given by ne =
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Figure 9. Dependence of Manning’s n modifying factor for
obstructions on flow depth, bed roughness and obstruction
density. (Open markers are for smooth bed tests, closed
markers are for rough bed tests.)

Equation (3) also provides for combining surface
and form resisting effects, but using independent
local resistance coefficients rather modifying factors. The approach of calculating the square root
of the sum of squares of contributing values can
be shown to be consistent with Eq. (5) by separating the form and surface resistance components
and expressing them in terms of equivalent Manning’s n values. This approach has been tested
against the combined surface and form resistance
data in the same way as for Eq. (4) above. The
combined coefficient value can be expressed as nl
= (nform2 + nsur2)0.5, where nform accounts for the
form resistance contribution. The values of nform
required to produce the correct overall values are
plotted against flow depth in Fig. 10. In this case
the values for tests with the smooth and rough
beds coincide closely, indicating that the combination equation allows nform to be considered as a
unique variable independent of the bed roughness.
It must be noted that Eq. (3) does not account explicitly for the relative preponderance of the dif339

ferent contributing resistance characteristics, whereas Eq. (5) does so through the form roughness
element size and density. Estimation of the constituent values in Eq. (3) must therefore consider
their relative contributions using other information. Equations (3) and (5) can be considered as
expressions of Eq. (1) with a = 2, with the weighting accounted for deterministically by Eq. (5) but
not explicitly accounted for by Eq. (3). Use of
Eq. (3) also requires inclusion of the effect of flow
depth on constituent values, whereas Eq. (5) accounts for this effect deterministically. The form
of Eq. (3) does, however, provide a sounder base
for combining resistance contributions, and should
be preferred over Eq. (4) in future developments.

Form resistance is not well described by conventional resistance equations. Equations (5) to
(7) provide an effective means of combining bed
surface resistance with form contributions from
discrete elements such as boulders.
The United States Soil Conservation Service
(1963) approach of augmenting a basic value of n
associated with the bed surface to account for other effects is not recommended because the modifying factors are not independent.
The local combination equation proposed by
HR Wallingford (2004) is sound but requires subjective accounting for the relative preponderance
of different effects.
Whatever combination procedure is applied,
accuracy depends primarily on reliable estimation
of the constituent n values.
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7 CONCLUSIONS
The effective resistance of a channel comprising
surfaces with different roughnesses can be satisfactorily described through a combination of
Manning’s resistance coefficients for the different
surfaces, weighted by their contributing surface
areas (Eq. (2) with K = A).
For surface resistance conditions, values of the
exponent on local n values (a) of 2, 3/2 and 1 are
equally effective.
The same approach can be used with a = 1 for
channels with patches of emergent vegetation, but
accuracy decreases as patches become larger and
less uniformly dispersed.
Equation (2) with K = P can be used for channels with emergent bank vegetation, but the resistance coefficient of the stem-water interface varies
considerably with channel and flow conditions
and should be accounted for (e.g. through Eq. (8)).
340

stitute of Hydraulic Engineering, Leningrad, 3, 157-164
(in Russian).
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Influence of macro-rough banks on steady flow in a channel
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ABSTRACT: High-head storage hydropower plants operate their turbines during periods of high energy
demand. The starting and stopping of turbines results in rapid fluctuations of discharge and water levels
in rivers called hydropeaking, which are unfavorable from an ecological point of view. Morphological
measures might help to reduce the fluctuations by increasing the natural retention capacity of rivers. With
this practical background, the experimental investigations presented in this paper focused on the determination of the flow resistance under steady flow conditions caused by large scale roughness elements at the
channel banks, namely rectangular cavities (depressions). The experiments conducted in 41 different
geometrical configurations showed various two dimensional flow characteristics in the cavities. The
overall head-loss of the flow is governed by the existence of different phenomena such as vertical mixing
layers, wake-zones, recirculation gyres, coherent structures and skin friction. The analysis of the experiments for steady flow conditions showed that the flow resistance is significantly increased in the macrorough configurations due to the disturbance of the bank geometry. Three different approaches have been
considered relating the additional flow resistance due to macro-roughness to the forms of the banks. By
separating the observed flow conditions into a square grooved, a reattachment and a normal recirculating
flow type, the developed macro-rough flow resistance formulas are in good agreement with the laboratory
experiments. Furthermore, water body oscillations have been observed in axi-symmetric macro-rough
configurations. They lead to water-surface oscillations and transverse velocity components.
Keywords: Macro-roughness, Flow resistance, Cavity flow, Steady channel flow
(Favre 1935) as well as the river morphology
(passive retention, Stranner 1996).
With this practical background, experimental
investigations have been conducted in a large
number of different geometrical configurations,
namely rectangular cavities at the river banks. The
steady flow experiments consisted in a preliminary step for unsteady flow experiments (Meile
2007, Meile et al. 2008). They focused on the determination of the flow resistance and flow conditions caused by large scale roughness elements
(rectangular cavities) at the channel banks.

1 INTRODUCTION
High-head storage hydropower plants operate
their turbines during periods of high energy demand. The starting and stopping of turbines result
in rapid and frequent fluctuations of discharge and
water levels in rivers, called hydropeaking, which
are unfavorable from an ecological point of view.
Literature reviews on the effects of hydropeaking (e.g. Baumann and Klaus 2003, Cushman
1985) report the stranding of macro-invertebrates
due to rapid ramping or an increase of catastrophic drift (e.g. Céréghino et al. 2002) during sudden
increases in discharge, water levels and flow velocities. Morphological measures might help to
reduce the fluctuations further downstream by increasing the natural retention capacity since the
propagation and attenuation of the (surge) waves
are influenced by the channel slope and roughness

2 THEORETICAL CONSIDERATIONS
2.1 Macro-rough flows
Flows might be classified regarding the effect of
the viscosity relative to the inertia in laminar, tur343

fact that high roughness density does not automatically mean high flow resistance. Particular arrangements can lead to maximum flow resistance.
This has been confirmed by recent studies on
boulders and pebbles (Canovaro and Solari 2006,
Pagliara and Chiavaccini 2006) even for numerical simulations of artificially roughened beds
(Leonardi et. al 2003).

bulent and transitional flows. The turbulent flows
can again be divided into three types: smooth turbulent flows, fully rough turbulent flows and transitional turbulent flows.
When the relative roughness becomes high, which
means that the size of roughness elements approaches the order of magnitude of the flow depth
h or the hydraulic radius Rh, the flow is called
macro-rough. The roughness elements can cover
the entire channel section or only a part of the section as the bottom or the bank. The roughness
generating elements may are boulders or pebbles,
artificial elements as cubes, spheres, cones or depressions, different types of vegetation, bed forms
in mountain streams and torrents, bed forms in
mid- and lowland streams or abrupt changes of
channel sections respectively profile.

2.2 Composite and compound channel sections
The flow resistance and thus water levels of rivers
are influenced by the roughness of the bed and the
roughness of the banks. For low relative flow
depths the roughness of the banks is of secondary
importance. This is generally the case for wide
rivers at low and moderate discharge.
With increasing relative flow depths, the influence of bank roughness becomes more significant.
Different equations issuing from various researches for composite channel resistance exist.
They are based on numerous assumptions summarized in Yen (2002). Most of them require an assumption on how the composite/compound channel section is divided. Few others are free of this
assumption (Einstein 1934). The concept of the
approach of Einstein (1934) is based on the assumption that the total cross sectional mean velocity U is equal to each sub-area mean velocity Ui.
The composite Manning coefficient nc of the section calculates than as:

Table 1. Flow types and head-loss governing phenomena.
Flow type

Head-loss due to

Laminar flow
(Re = 4URh / ν < 2300)

Viscous friction

Transitional flow
(2300 < Re < 4500)

Viscous and turbulent friction

Turbulent
flow

Macrorough
flow

Smooth
turbulent flow

Turbulent friction in the shear layer;
no influence of ε

Transitional
turbulent flow

Turbulent friction in the shear layer
(influence of Re and ε)

Fully rough
turbulent flow

Turbulent friction in the shear layer;
no influence of Re

Well inundated
flow

Principally turbulent friction in the
shear layer

Marginally
inundated flow

Turbulent friction in the shear layer
& wake dissipation

Partially
inundated flow

Principally jet dissipation and wake
dissipation

(

)

3
⎡1
⎤
nc = ⎢ ∑ ni 2 Pi ⎥
⎣P
⎦

2

3

(1)

where P = wetted perimeter, ni = the Manning coeffient of the sub-area and Pi = wetted perimeter
of the sub-area.
The uniform cross sectional velocity hypothesis (single channel method SCM) assumption is
quite reasonable for a channel section of composite roughness. However, it becomes more doubtful
for a compound channel having a main channel
and floodplain(s) where the flow velocities are
obviously different from the main channel flow
velocity. In this case, the section is divided into
subsections and the discharge is computed in each
individually (divided channel method DCM). Furthermore, the turbulent exchange (momentum flux
due to the velocity gradient)and the geometrical
transfer (discharge flux due to geometrical
changes of the floodplain) should be taken into
account (e.g. Bousmar and Zech 1999).

Macro-rough flows have only marginally been
studied before 1970. The first systematic investigations on macro-roughness in open channel flow
have been done by Bathurst (1978) and on roughness elements in pipe flow by Morris (1955). A
further separation of the macro-rough flow can be
undertaken using the definitions of Lawrence
(1997) into well inundated flow regimes, marginally inundated flow regimes and partially inundated flow regimes (Table 1). Weichert (2006) reviewed flow resistance formulas in mountain
streams including macro-rough flows. He divided
flow resistance formulas into logarithmic laws
with modified constants, modified logarithmic
laws, power laws, and laws for macro-and mesoscale features (e.g. Ferro 2003, Wang Zhao-Yin et
al., 2009).
An important and general finding of the various studies on macro rough flow resistance is the

2.3 Skin friction and form drag
In addition to the effect of bed and bank, the total
resistance in a channel is depending on both, grain
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mean bed slope of 1.14 ‰ (Fig. 1, Fig. 2). The
channel is divided from upstream to downstream
into an inlet reach (length 7.41 m), a reach with
large scale depression roughness at the banks
(26.92 m) and an outlet reach (4.0 m). The channel bottom is made of painted steel. The sidewalls
of the inlet reach are constructed by wooden
boards. The sidewalls of the reach including the
large scale depressions, namely rectangular cavities, and the outlet reach are formed by smooth
limestone bricks. The channel bed is fix and no
sediment transport is taken into account.
A particularly shaped cross section was placed
at the downstream end of the outlet reach. Its
geometry was optimized in order to reproduce
uniform flow conditions along the prismatic channel without macro-roughness. Flow conditions
were subcritical during the tests due to the small
slope and the section at the outlet for the range of
desired discharges. The geometry of the section
has been optimized using an approach proposed
by Carlier (1988).

roughness and form roughness, for example generated by the bed forms of alluvial channels.
For the flow in rough conduits, Morris (1955)
applied a concept based on skin friction, caused
by the roughness of the material, and form drag. A
first friction factor for smooth-turbulences corresponding to walls without macro-scale roughness
and a second friction factor caused by roughness
elements are considered. The importance of the
second friction factor depends on size, form and
spacing of the roughness elements
The skin friction is generally described by the
concept of bed shear stress (logarithmic formulas)
whereas the form resistance is expressed by the
balance between hydrodynamic and resistance
forces. For the practical description of flow resistance it is often suitable to attribute the spill resistance (wake interference) and free surface distortion also to the form drag (Weichert 2006). The
total friction coefficient is:

f total = f grain + f form

(2)

where ftotal corresponds to the overall friction coefficient, fgrain to the skin friction coefficient of the
rough channel bed and fform to the friction due to
bed forms.
This equation is based on the total shear stress
τ0 = ρgRhS0 and the decomposition of the slope
into two components (Meyer-Peter and Müller
1948). It is important to distinguish the composite
resistance concept describing the contribution of
different phenomenon of a reach (skin friction,
form drag) from the composite resistance for a
section having different wall characteristics (same
phenomenon, different roughness).
In the present experimental study, comparing
the friction of a prismatic channel to a channel including macro-roughness at the channel side walls
(large scale depression roughness leading to form
resistance), the concept above will be used as follows:

f m = f prism + f MR

Figure 1. Test flume of the Laboratory of Hydraulic Constructions LCH at EPFL.
Inlet reach

Reach with macro-scale roughness

0

(3)

5

10

Lb

15

20

Outlet reach

25

x [m]

Lc

where fm corresponds to the overall friction. fprism
includes all effects contributing to the friction of
the prismatic channel but without the macroroughness elements. fMR accounts for the additional friction due to the macro-rough channel
side walls.

Figure 2: Situation of the test flume. Variable parameters of
the macro-rough configurations are Lb, Lc and ΔB.

3 STEADY FLOW EXPERIMENTS

3.2 Test geometries

ΔB
B

The channel base width is B = 0.485 ± 0.002 m
and remained constant during all the tests. The
macro-roughness elements considered in this research are large scale depression roughness (Morris 1955) at both channel banks. Three geometric-

3.1 Test flume
The hydraulic model tests have been performed in
a flume with a useful length of 38.33 m and a
345

al parameters namely the length of the cavity Lb,
the distance between two cavities Lc and the lateral extent of the cavities ∆B, are systematically varied (Fig. 2). Table 2 summarizes the range of the
investigated geometrical parameters Lb, Lc and
∆B. The aspect and expansion ratios of the cavity
are defined as AR = ∆B / Lb and ER = (B + 2∆B) /
B respectively. The combination of three different
values for Lb and Lc and four different values of
∆B results in the 36 different, axi-symmetric geometrical configurations covering 8 aspect and 4
expansion ratios. Additionally, 3 of the 36 axisymmetric configurations have been tested in an
asymmetric arrangement and a randomly generated configuration has also been analyzed.

4 RESULTS
The observations of the flow pattern as well as the
water level and the velocity measurements in a
channel with macro-roughness elements at the
banks show that the flow has steady characteristics from a time-averaged point of view. Nevertheless, the flow characteristics are highly unsteady if instantaneous patterns are considered. They
result from the superposition of several complex
phenomena such as recirculation gyres, coherent
structures, vertical mixing layers, wake-zones and
transverse oscillations of the flow (Fig.3).
Vertical mixing layer

Table 2. Summary of test range of geometrical parameters
Cavity length Lb

0.5 m, 1.0 m, 2.0 m

Wake zone
downstream of the
contractions

Distance between cavities Lc

0.5 m, 1.0 m, 2.0 m

Recirculation gyres
inside the cavity

Lateral extent of the cavity ΔB 0.1 m, 0.2 m, 0.3 m, 0.4 m
0.05, 0.10, 0.15, 0.20, 0.30,
Aspect ratios ΔB / Lb
0.40, 0.60, 0.80
Expansion ratios (B+2ΔB) / B
1.41, 1.82, 2.24, 2.65

Coherent structures
downstream of the
cavity leading edge
Flow

Transverse
oscillations

Figure 3: Schematic representation of the different phenomena observed in the channel with macro-rough banks.

The equivalent sand roughness of the limestone
bricks without macro-roughness has been determined by means of backwater curve computations
in prismatic reference configuration. Friction
coefficients have been calculated using the logarithmic law with the constants of Rouse (1965).
The equivalent sand roughness of the wall and the
bottom are ksw=0.021 mm and ks0=0.001 mm respectively. The channel bed made of smooth
painted steel is fix without sediment transport.

Transverse oscillations have been found to be particular significant around Strouhal numbers
St = f·Lb/U of 0.42, 0.84 and 1.26 (Meile et al.
2010 (submitted)), where f is the Eigenfrequency
of the first mode of sloshing of the waterbody
contained in the widened channel part (width
W = B+2∆B) transverse to the main flow.
Principally three different flow types in the depressions can be distinguished: the reattachment
flow type, the normal recirculating flow type and
the square grooved flow type (Fig. 4). For some
exceptions, namely low velocity flows, flow remains recirculating also in cavities with ratios
h/B ≤ 0.1 (Meile 2007, Weitbrecht 2004).

3.3 Measurements and recordings
The discharge during the tests was controlled by
an electromagnetic flow meter. The water levels
have been recorded with ultrasonic elevation
probes located along the channel axis (Fig. 1,
Fig. 2). The accuracy of the measurements is at
least ± 0.002 m. Characteristic values of
Fr = U⋅(g⋅h)-1 (Froude number) and Re = U⋅Rh⋅ν 1
(Reynolds number) relative to the base width B
ranged
between
0.37 < Fr < 0.64
and
6’800 < Re < 110’000 for typical flow depths between 0.03 m < h < 0.34 m and mean flow velocities between 0.24 ms-1 < U < 0.80 ms-1. U is the
mean flow velocity in the cross-section and Rh is
the hydraulic radius, both calculated relative to
the small channel section at base width B.

ΔB / Lb < 0,1
0

0,1 0,15

0,15 < ΔB / Lb < 0,6

ΔB / Lb = 0,8
0,6

0,8

ΔB / Lb

Figure 4: Observed basic flow types in the large-scale depressions.

Not all of the mentioned phenomena of Fig. 3 exist with the same relative importance in all geometrical configurations. However, all active phenomena contribute to the total head-loss along the
macro-rough channel. In the following chapters
(§ 4.1 and § 4.2), the flow resistance of the investigated configurations, including all effects of the
above mentioned phenomena, will be identified
and macro-rough flow resistance laws are developed.
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4.1 Analysis of the flow resistance

⎛ k s0
⎞
K3
⎟
= − K 1 log⎜
+
⎜
⎟
K
R
f0
⎝ 2 h 0 4 Re0 f 0 ⎠

1

Systematic comparison of the different macrorough configurations requires the identification of
roughness parameters. They have been derived
from backwater curve computations starting from
downstream and using the standard step method.
In a first step, the bottom and wall roughness of
the prismatic configuration were determined for
10 different discharges by minimizing the last
square errors between measured and calculated
flow depths (“inverse roughness modelling”, Sieben 2003. When macro-roughness elements are
considered, the flow is still uniform in the prismatic outlet reach of the channel, but a backwater
curve starts at the downstream end of the macrorough reach.
The backwater curve computation is based on a
one dimensional prismatic approach, even if the
channel banks include large-scale roughness. The
friction slope Sf is calculated by the DarcyWeisbach formula:

1

fw

S fm

Rh 0 =

(4)

Re0 =

where Rh = hydraulic radius; f = friction coefficient. The horizontal bar indicates that averaged
values between sections i and i + 1 are taken into
account. The subscript m refers to the composite
section.
The channel section has been considered having composite roughness. Using the assumption of
the approach of Einstein (1934) for a section of
composite roughness, one can write:
Rh 0 Rhw Rhm
U2
=
=
=
f0
fw
fm
8 gS fm

B f0 + 2 h fw
B + 2h

(7b)

Rhm
f0
fm

U Rh 0

ν

(8a)

Rhw =

(9a)

Re w =

Rhm
f w (8b)
fm

U Rhw

ν

(9b)

The fm-values of the composite section can be
found by this approach for all configurations and
discharges. The values are almost independent on
the hypothesis made by the introduction of Eq. (5)
to (9) and nearly constant along the channel for a
given discharge and a given macro-rough configuration. Furthermore, the wall friction coefficients
fw including the effect of macro-roughness could
be extracted.
The dataset of fm values is used to develop macro-rough flow resistance formulas according the
principal of decomposition of the total flow resistance according Eq. (3) into a prismatic and a macro-rough part exemplarily shown in Fig. 5.

(5)

where Rh0 = hydraulic radius referred to the bottom; Rhw = hydraulic radius referred to the wall;
Rhm = hydraulic radius referred to the section at
base width B.
The composite friction coefficient of the section fm is calculated according to Eq. (6). The formula is derived from the Darcy-Weisbach formula
using Einstein’s approach for composite channel
sections.

fm =

⎛ k sw
⎞
K3
⎟
= − K 1 log⎜
+
⎜ K 2 Rhw 4 Re f ⎟
w
w ⎠
⎝

where Re0 = Reynolds number related to the bottom; Rew = Reynolds number related to the wall;
ks,0 = equivalent
bottom
sand
roughness;
ks,w = equivalent wall sand roughness including
the effect of macro-roughness of widenings.
K1 = 2.03, K2 = 10.95 and K3 = 1.70 are the constants utilized by Rouse (1965). Backwater curve
computations for the prismatic channel showed
good agreement with the hydraulic behaviour of
the laboratory flume by using these constants.
The hydraulic radius Rh0, Rhw, and the Reynolds numbers Re0 and Rew are calculated as:

2

U
= fm
8 g Rh

(7a)

fm
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1 macro-roughness

214
224
244
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ks/Rh
1
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0.5
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(6)

0.05
0.01

fMR

where f0 = bottom friction coefficient; fw = wall
friction coefficient including the effect of macroroughness of the widenings.
The bottom and wall friction coefficients are
determined iteratively with logarithmic laws:

0.01
1000

fprism

10000

Rem [-]

fm

100000

Figure 5: Friction coefficient of the composite channel section fm (including MR) illustrated for configurations 211 to
244 as a function of the Reynolds number Rem.
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4.2 Computation of the macro-rough flow

from Morris’ approach (Morris 1955) have been
added, namely the relative roughness spacing
(Lb + Lc) / Rhm and a parameter including all cavity characteristics (Lb + Lc) / ΔB.
For the square grooved, reattachment and normal recirculating flow types (Fig. 4), and after
pre-selection of the parameters using the Pearson
product-moment correlation, flow resistance formula of the following type can be determined:

In this chapter two different approaches are used
in order to propose macro-rough flow resistance
formulas for macro-roughness at channel banks.
The first approach is based on the dimensionless
analysis (power-law optimization). The second
approach results in a semi-empirical formula
which is physically based on a drag coefficient
model. A third approach uses Evolutionary Polynomial Regression (Giustolisi and Savic 2006). It
is described in Meile (2007).

C adim,MR =

A)Power-law optimization

f

ρ g μ h ksi

f MR

= ξ ⋅ Aα ⋅ B β ⋅ C γ ...

(14)

where A, B, C … are dimensionless parameters
and α, β, γ, … the exponents of the power law.
ξ is a constant. Cadim,MR is the dimensionless,
macro-rough Chezy coefficient. The resulting
formulas are for the square grooved (subscript sg)
flow type:

Analogous to the dimensional analysis of the pipe
flow problem it can be written:
Δp
a
d
e
= ξ Rh B b ΔB c Lb Lc U
Δl

8

(10)

The variables Rh, U, ρ, μ, ks are well known from
dimensional analysis of the pipe flow whereas the
variables B, ΔB, Lb, Lc are specific to the macrorough configurations. ξ is a constant. ∆pU/∆l is
the pressure drop par unit length.
The final result of the dimensional analysis is
similar to a friction coefficient when dividing
formula Eq. (10) by ξ (U2ρ / Rh) and choosing
ξ = 1/8.

C adim MR , sg =

8
f MR , sg

⎛ L + Lc
= 5 ⋅ ⎜⎜ b
⎝ Rhm

⎞
⎟⎟
⎠

1

3

(15)

For the reattachement flow type (subscript re):
C adim MR , re =

8
f MR , re

⎛ L + Lc ⎞
=⎜ b
⎟
⎝ ΔB ⎠

0.43

⎛ B
⎜⎜
⎝ Rhm

⎞
⎟⎟
⎠
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For the normal recirculating flow type (subscript
⎞
⎟⎟ (11) nc):
⎠
0.43
8
⎛ Lb + Lc ⎞
C
=
=
⎟ ⋅
⎜
Thus, the total friction-loss depends on the Reyadim MR , nc
f
B
Δ
⎠
⎝
,
MR
nc
nolds number and the relative roughness (skin
(17)
0.9
friction) as well as the dimensionless characteris0.24 ⎛ B ⎞
tics of the macro-rough configurations.
[log(Re m )] ⋅ ⎜⎜ ⎟⎟
Since friction coefficients can be summed up, it
⎝ Rhm ⎠
is possible to split the coefficient fm into a friction
The resistance formula for the square grooved
coefficient due to the macro-roughness elements
flow type depends only on the constant ζ = 5 and
and a friction coefficient due to the skin friction.
the relative roughness spacing (Lb + Lc) / Rhm.
Parameters related to the macro-rough configuraThis dimensionless parameter has also been identions appear only in the fMR-coefficient. The relatified as the main parameter influencing the flow
tive roughness ks/Rh of the prismatic channel
resistance by Morris (1955) for the skimming flow
without macro-roughness appears in the fprismcase.
coefficient which corresponds to the friction coefFor the reattachment flow type, the constant
ficient observed in the prismatic channel. It acbecomes
ζ=1. The first dimensionless term decounts for the bottom and wall roughness but not
scribes
the
cavity characteristics and has an expofor the macro-roughness.
nent of 0.43. The second term takes into account
the cross section geometry (exponent of 0.9).
⎞
⎛ B ΔB Lb Lc
f MR = f ⎜⎜ ;
; ; ; Re m ⎟⎟
(12)
The empirical resistance formula for the nor⎠
⎝ Rh Rh R h Rh
mal recirculating flow type, is similar to the reattachment flow type. Nevertheless, the turbulence
⎛
ks ⎞
characteristics log(Rem) of the flow are taken into
f prism. = f ⎜⎜ Re m ; ⎟⎟
(13)
account
with an exponent of 0.24. Due to the high
Rh ⎠
⎝
scattering, this formula has limited applicability.
In addition to the dimensionless parameters found
by means of Eq. (10), some parameters issued
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⎛ B ΔB Lb Lc
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Cadim,MR,sg calculated [-]

40

Lc

R2=0.91
CoD=0.91

32

ΔB

24

α

16

ΔB * 1
= = tan (α )
Lb
x

Figure 7: Parameters of the drag force model.
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The drag force formula can be written as:

0

Fr = C d Ar ρ
8

16
24
32
Cadim,MR,sg observed [-]

40

U2
= ΔpA
2

(18)

24

where Fr is the drag force, Cd the drag coefficient,
Ar the area on which the drag acts, U the mean velocity in the main channel at base width B, Δp the
pressure drop and A the flow surface in the main
channel. When replacing the pressure drop
Δp = γ⋅hr and hr = Sf,MRΔx = Sf,MR(Lb + Lc) one obtains:

16

C d Ar

40

Cadim,MR,re calculated [-]

ΔB*

B

0

R2=0.95
CoD=0.96

32

U2
= S f , MR ( Lb + Lc ) A
2g

(19)

In this formula, the macro-rough friction slope is
replaced by Sf-MR = fMR·U2/(8g·Rhm). (19) becomes:

8
0
0
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16

24
32
Cadim,MR,re observed [-]

C d Ar = f MR

40

R2=0.69
CoD=0.72

32

1
( Lb + Lc ) A
4 Rhm

(20)

where A = B·h and Ar = 2ΔB*·h. Finally, the
macro-rough friction coefficient becomes:

40

Cadim,MR,nr calculated [-]

Lb

f MR = C d

24

8Rhm ΔB *
B( Lb + Lc )

(21)

ΔB * = min ( ΔB; Lb / x )

(22)

ΔB* is the minimum value of the geometric

16

cavity depth and an effective cavity depth considering a certain expansion of the flow (1 / x) inside
of the cavity (Fig. 7).
For the reattachment flow type, ΔB* becomes
equal to ΔB and the experimentally determined
drag coefficient Cd = 0.475. For the normal recirculating flow type, the same Cd coefficient of
0.475 can be used. The value of x was not found
constant but depends on the Reynolds number and
the aspect ratio of the cavity. x can be expressed
by the following, fully empirical formula:

8
0
0

8

16
24
32
Cadim,MR,nr observed [-]

40

Figure 6: Friction coefficients from empirical formulas
based on the Power-law optimization. R2: correlation coefficient. CoD: coefficient of determination (also Nash coefficient). - - - -: 95% confidence bound.

B)Semi-empirical drag coefficient model

⎞⎛ L ⎞
⎛ Re
x = ⎜⎜ lim + x0 ⎟⎟⎜ b ⎟
⎠⎝ ΔB ⎠
⎝ Re m

The basic idea for the physically based drag force
model is inspired by the partially inundated flow
concept of Lawrence (1997) and the work of Morris (1955) on roughened pipes. The definitions
used for the mathematical model are shown in Fig.
7.

0.18

(23)

where Relim = 150’000 and x0 = 4.5. The above
presented mathematical approach has been applied to reattachment and normal recirculating
flow types. For the square grooved flow type at
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The formulas for the reattachment and normal recirculating flow type developed in this section are
based on the isolated roughness flow type according Morris (1955). The wall velocity ratio has
been chosen Vw / U = 1 in order to simplify the
formulas and due to a lack of detailed information.
This choice has an influence on the drag coefficient of the sharp edged cavity Cd which would be
2.25 or 4 times higher when assuming a ratio of
Vw / U = 2/3 or 1/2 (Cd’ = 1.07÷1.90). These
Cd’ values fit to the drag coefficients proposed by
Morris (1972) for rectangular depressions.
The reattachment flow type is similar to the
isolated roughness flow type according Morris,
for which, very good agreement has been found.
The experiments indicated with (o) correspond to
low discharge experiments with an aspect ratio of
ΔB / Lb = 0.1. As mentioned, the flow may not
completely reattach to the side wall but recirculates. Most of these cases are better solved by the
normal recirculating flow type formula. For the
normal recirculating flow type the agreement is
still quite good. The expansion of the flow inside
the cavity has to be taken into account by an empirical formula based on the Reynolds number of
the flow and the cavity geometry. Additional investigations in a short flume including only a few
widenings and at different scales would be interesting to justify or reject this proposition. The
adapted, but physically based model for square
grooved flows can predict the observed friction
coefficients
with
good
agreement
for
Rem > 60’000. For lower Reynolds numbers, no
satisfying mathematical description could be
found since only limited data is available. The difficulty to quantify correctly depression-type
roughness has already been mentioned by Jiménez
(2004).

relatively high Reynolds numbers the macrorough friction coefficients are calculated according to the skimming flow approach from Morris
(1955). The formula is based on the energy required to maintain the rotation of the gyre in the
groove of a pipe. It has been adapted for the present experimental study dealing with macroroughness elements at the side walls as:
α

f MR , sg

⎛ 2h ⎞ ⎛⎜ Lb
=⎜
⎟ ⋅⎜
⎝ B + 2h ⎠ ⎝ Lb + Lc

β

⎞ ⎛ c w ⋅ Vw ⎞
⎟⎟ ⋅ ⎜
⎟
⎠ ⎝ U ⎠

3

(24)

where α = 0.525, β = 0.75, Vw / U = 2/3 and
cw = 0.85. Fig. 8 to 10 compares calculated and
observed macro-rough Chezy coefficients.
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Figure 8: Friction coefficients obtained for the square
grooved flow type (Eq. (24)).
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5 CONCLUSIONS
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Figure 9: Friction coefficients obtained for the reattachment
flow type (Eq. (21) with ΔB* = ΔB).

The experiments conducted in 41 different geometrical configurations showed various two dimensional flow characteristics in the cavities. The
overall head-loss of the flow is governed by the
existence of different phenomena such as vertical
mixing layers, wake-zones, recirculation gyres,
coherent structures and skin friction. The macrorough flow resistance has been described by two
different approaches.
From the author’s point of view, the description of the macro-roughness flow resistance by a
form drag based model seems to be the best. The
necessary subdivision in square grooved, reattachment and normal recirculating flow types is
physically based and further investigations on a
smaller model would make possible the determi-
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adim,MR,nc
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Figure 10: Friction coefficients obtained for the normal recirculating flow type (Eq. (21), (22) and (23)).
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nation of the drag coefficients of macro-roughness
elements other than rectangular cavities.
Further research on Cd coefficients for other
roughness geometries and on the flow expansion
in normal recirculating flow type could help to
consolidate the presented developments and to
expand the application range.

Meyer-Peter, E., and Müller, R. 1948. Formulas for bedload transport. Report on the 2nd meeting of the IAHSR
(today IAHR), Stockholm, Sweden, 39-64.
Morris, H. M. 1955. Flow in Rough Conduits. Transactions
of the American Society of Civil Engineers, 120, 373410.
Pagliara, S., Chiavaccini, P. 2006. Flow Resistance of Rock
Chutes with Protruding Boulders. Journal of Hydraulic
Engineering - ASCE, 132(6), 545-552.
Rouse, H. 1965. Critical Analysis of Open-Channel Resistance. Journal of Hydraulics Division, 91(HY4), 1-25.
Sieben, J. 2003. Estimation of effective hydraulic roughness
in non-uniform flow. XXX IAHR Congress, Thessaloniki, Greece, 17-24.
Stranner, H. 1996. Schwallwellen im Unterwasser von Spitzenkraftwerken und deren Reduktion durch flussbauliche Massnahmen. Schriftenreihe zur Wasserwirtschaft
N°20, Technische Universität Graz, Austria.
Wang Z.-H., Melching C. H., Duan X. D., and Yu G. Y.
2009. Ecological and hydraulic studies of step-pool systems, ASCE Journal of Hydraulic Engineering, 134(9):
705-717.
Weichert, R. 2006. Bed Morphology and Stability in Steep
Open Channels. Ph.D. Thesis N°16316, ETHZ, Zürich,
Switzerland.
Weitbrecht, V. 2004. Influence of dead-water zones on the
dispersive mass transport in rivers, Dissertationsreihe am
Institut für Hydromechanik der Universität Karlsruhe
(TH) Heft 2004/1, Karlsruhe, Germany.
Yen, B. C. 2002. Open Channel Flow Resistance. Journal of
Hydraulic Engineering - ASCE, 128(1), 20-39.

REFERENCES
Bathurst, J. C. 1978. Flow resistance of large-scale roughness. Journal of the Hydraulics Division-ASCE,
104(12), 1587–1603.
Baumann, P., and Klaus, I. 2003. Gewässerökologische
Auswirkungen des Schwallbetriebes - Ergebnisse einer
Literaturstudie. Bundesamt für Umwelt, Wald und Landschaft BUWAL, Bern, Switzerland.
Bousmar, D., and Zech, Y. 1999. Momentum transfer for
practical flow computation in compound channels. Journal of Hydraulic Engineering - ASCE, 125(7), 696-706.
Canovaro, F., and Solari, L. 2006. Flow resistance associated to a schematic step-pool pattern. In L. Ferreira,
Alves and Cardoso (Eds.), River Flow 2006, Volume 1,
pp. 1005–1011; ISBN 0-415-40815-6.
Carlier, M. 1988. Hydraulique générale et appliqué. Eyrolles, Paris, France.
Céréghino R., P. Cugny, Lavandier, P. 2002. Influence of
intermittent hydropeaking on the longitudinal zonation
patterns of benthic invertebrates in a mountain stream.
International Review of Hydrobiology 87(1): 47–60.
Cushman, R. M. 1985. Review of ecological effects of rapidly varying flows downstream of hydroelectric facilities. North American Journal of Fisheries Management,
5: 330-339.
Einstein, H. A. 1934. Der hydraulische oder Profilradius.
Schweizerische Bauzeitung, 103(8): 147-150.
Favre, H. 1935. Etude théorique et expérimentale des ondes
de translation dans les canaux découverts. Dunod, Paris.
Ferro, V. 2003. Flow resistance in gravel-bed channels with
large-scale roughness. Earth Surface Processes and
Landforms, 28: 1325-1339.
Giustolisi, O., Savic, D. A. 2006. A Symbolic Data-driven
Technique Based on Evolutionary Polynomial Regression. Journal of Hydroinformatics, 8(3), 207–222.
Jiménez, J. 2004. Turbulent Flows over Rough Walls. Annual Review of Fluid Mechanics. 36: 173-196
Lawrence, D. S. L. 1997. Macroscale surface roughness and
frictional resistance in overland flow. Earth Surface
Processes and Landforms, 22, 365-382.
Leonardi, S., Orlandi, P., Smalley, R. J., Djenidi, L., and
Antonia, R. A. 2003. Direct numerical simulation of turbulent channel flow with transverse square bars on one
wall. Journal of Fluid Mechanics, 491, 229-238.
Meile, T. 2007. Influence of macro-roughness of walls on
steady and unsteady flow in a channel. Ph.D. Thesis N°
3952 de l’Ecole Polytechnique Fédérale de Lausanne
and Mitteilung Nr. 36 des Wasserbaulabors der ETH
Lausanne (LCH-EPFL); ISSN 1661-1179.
Meile, T., Boillat, J.-L., Schleiss, A. J. 2008. Dämpfende
Wirkung von grossmassstäblichen Uferrauheiten auf
Schwall und Sunkerscheinungen in Flüssen. WasserWirtschaft 98 (12), 18-24.
Meile, T., Boillat, J.-L., Schleiss, A. J. 2010 (submitted).
Water surface oscillations in a channel with axisymmetric cavities. Journal of Hydraulic Research.
351

352

River Flow 2010 - Dittrich, Koll, Aberle & Geisenhainer (eds) - © 2010 Bundesanstalt für Wasserbau ISBN 978-3-939230-00-7

Study of flow resistance in open channels
S. Yang & J. Hu

School of River and Ocean Engineering, Chong Jiaotong University, China

Y.K. Guo

School of Engineering, University of Aberdeen, United Kingdom

D. Li & X. Wang

Department of Hydraulic Engineering, Tsinghua University, China

ABSTRACT: Flow resistance in rivers plays an important part in river engineering and has been studied
for many years (Yen, 2001). Yet, it still presents challenge to researchers and engineers, particularly in
relatively steep gravel bed rivers. Better understanding and knowledge of the flow resistance in such rivers can greatly improve our prediction of the flow conveyance capacity in rivers, thus reducing/preventing river flooding. In this paper, we present data collected from both the large laboratory
flume experiments and field measurements to investigate the flow resistance caused by the bed form. The
data cover a broad range of flow, bed slope and sediment conditions. The divided hydraulic radius approach was applied to analyze the data. The results show that the relative roughness (the ratio of the water
depth over the characteristic size of the bed sediment) plays a significant role in the bed form resistance.
New formulas incorporating the relative roughness are then proposed. Comparing with existing formulas,
the proposed formulas in this study better estimate the bed form resistance.
Keywords: Flow Resistance, Bedforms, Roughness, Divided hydraulic radius
out with more accurate measurements. Lyn (1993)
measured the turbulence of flow over artificial
bed forms. McLean et al. (1994, 1999) performed
experiments to investigate the flow over twodimensional bed forms as well as bed-load sediment transport of flows over fixed ripples and
dunes. Willette, Pender and McEwan (1998) studied the transport of graded sediment using laboratory experiments. Cao et al. (2006) investigated
the flow resistance in open channels. Guo et al.
(2008) carried out laboratory and numerical simulation of flow over rough beds for a wide range of
flow conditions. Using double-averaging methodology and experimental data of McLean et al.
(1994), McLean & Nikora (2006) showed that
there exist two distinct regions of the double averaged velocity distribution for rough bed flows,
namely a linear region below roughness tops and a
logarithmic region above them. These studies
have greatly improved our knowledge and understanding of the flow over rough bed or fixed bed
forms.
Though these studies have demonstrated some
features of the flow resistance in open channel
flows with rough bed; accurate estimation of flow
resistance in fluvial rivers is still a challenge task.

1 INTRODUCTION
River flow resistance has significant influence on
river’s conveyance capacity and sediment transport. Accurate estimation of river flow resistance
is of importance to predict the flow-stage relation
in rivers, thus to evaluate the likilthood of river
flooding and issue warning of flooding. Due to its
importance, the river flow resistance has been extensively studied in the past several decades. The
classical experiments of Nikuradse (1933) revealed that a relationship between flow resistance
coefficient and flow Reynolds number existed.
Colebrook (1938) conducted similar experiments
using non-uniform grains. Rouse (1965) proposed
a similar expression to that of Colebrook for open
channel flows with rigid beds. Similar laboratory
and numerical research work has been carried out
by other researchers (e.g. Shen (1962); Carter et
al. (1963); Engelund (1966); Garde & Ranga Raju
(1966); Gladki 1979; Griffiths (1981); Brownlie
(1983); Pender et al. (1998); Guo (2005); Guo et
al. (2008); and Pender et al.(2007) among others).
With the development of more advanced flow
measurement techniques, laboratory experiments
on the flow over various bed forms can be carried
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in the experiment for course bed materials with
water depth of 0.031 m, average flow velocity of
0.552 m/s and bed slope of 1%. Water levels were
measured at four cross-sections spacing 2m apart
in the measurement section. Water surface slope
was calculated using the measured water level.
Water depth and flume bed topography at the
measurement section were measured with a specially designed device. Six equally spaced point
measurements were made along each crosssection, i.e., neighboring verticals were spaced 1m
apart. In total, twenty-four measurements were
made in the measurement section and the average
was computed accordingly to represent the section. More details of the experiments can be found
in Yang et al. (2009).

In particular, our knowledge on the flow resistance in relatively steep gravel bed rivers is grossly inadequate. In such rivers, sand dunes may
form, which alter flow resistance (Simons &
Richardson (1961); Yen (2002); ASCE Task
Committee on Flow and Transport over Dunes,
(2002)). As such, traditionally used flow resistance formulas such as the Darcy-Weisbach,
Chezy, and Manning equations and some formulas
proposed by aforementioned researchers may not
be valid for estimating the overall flow resistance.
In such sitution, flow resistance consists of two
components: resistance due to skin friction and resistance due to form drag induced by bed forms
(sand dunes and ripples, etc). Therefore, some
new approach is needed to treat the river flow resistance with bed forms, particularly in relatively
steep gravel bed rivers which has received relatively less attention. In this study, both laboratory
experiments and field measurements, together
with the data of other researchers, are carried out
to investigate the flow resistance in mobile gravel
bed flows. The divided hydraulic radius approach
(Einstein & Barbarossa (1952)) is applied to evaluate the flow resistance with bed forms in open
channel flows.
2 LABORATORY EXPERIMENTS
Laboratory experiments were conducted in a
flume of 24m long and 7m wide, consisting of
four consecutive sections, namely (from upstream) a sediment feeding section (2m), a flow
development section (8m), a measurement section
(8m) and an exit section (6m). The flume bed was
initially paved with the sediment that is the same
as that added to the flow during the experiments.
Two types of natural sediments were used in the
experiments: fine sands with D35 = 0.56mm, D50 =
0.88mm and D65 = 1.1mm and fine gravels with
D35 = 1.7mm, D50 = 2.3mm and D65 = 3.3mm, respectively, where D35, D50 and D65 are sediment
sizes of which 35%, 50%, and 65% by weight is
finer, respectively. Both sediments have a specific
weight of 2650 kg/m3. The experiments were carried out using the constant flow rate and sediment
transport for a broad range of bed slope, flow rate
and sediments. Fifty-two experiments were conducted with the first 30 runs using coarse gravels
and the last 22 runs using fine sands. The experimental parameters investigated in this study were:
flow rate per unit width (q): 0.006 m3/s·m to 0.025
m3/s·m; bed slope (J): 0.5%, 1.0%, and 1.5%; average velocity (U): 0.273m/s to 0.694m/s; and water depth (h): 0.015m to 0.045m.
Bed forms are formed for almost all experiments. Figure 1 is the typical bed forms observed

Figure 1 Typical bed forms observed in the experiment for
course bed materials: h =0.031 m, U = 0.552 m/s and J =
1%

3 FIELD MEASUREMENT
The Hutubi River, a typical gravel-bed river at the
North of Xingjiang in the north-west of China,
was chosen for field experiments (Yang et al.
(2009)). The bed slope of the river is 0.9-1.4%
and the width of the river at the measurement
reach is about 240 m. A total of 26 measurements
were made in August 2002, covering broad range
of flow: average velocity: 1.46m/s to 2.82m/s, water depth: 0.255m to 0.583m and bed slope: 0.93%
to 1.43%. Bed materials were measured with the
characteristics being D35 = 20.0 mm, D50 = 33.2
mm, D65 = 44.9 mm, and γs =2680 kg/m3. Water
depths and velocity were measured using a typical
wading rod and a propeller-type current meter, respectively. For such shallow river, the 0.6-depth
method was used to represent the vertical mean
velocity. The average velocity and water depth of
the cross-section were calculated based on the
measurements spacing 2m apart. The flow discharge was calculated using the measured water
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depth and flow velocity. Figure 2 shows the measurement section at the Hutubi River.

⎡ Un ⎤
Rb = ⎢ 1/ b2 ⎥
⎣J ⎦

3/ 2

(3)

The hydraulic radius R'b related to the grain
friction can be calculated using the following equation:

12.27 χRb '
= 5.75 log(
)
Ks
gRb ' J
U

(4)

where g is acceleration of gravity; Ks is equivalent roughness size and χ is a coefficient which relates to Ks/δ (δ = 11.6ν/u*) (where δ is the thickness of laminar layer in vicinity of boundary, ν is
kinematic viscosity of water and u* is shear velocity) as following (Chien & Wan, (1999)):
⎧1.61 − [η − 1]2
⎪
2
⎪1.61 − 0.25[η − 1]
χ =⎨
0.5
2
⎪1.8[η ] ＋0.056η 0.001318η
⎪1.0
⎩

Figure 2. Photo of field observation at Hutubi River.

4 RESULTS AND DISCUSSION

，η ≤ 1
，
1 <η ≤ 2

(5)

，
2 < η < 10
，η ≥ 10

where η = Ks/δ. Once R'b and Rb are determined, R"b and u*" = (gR"bJ)1/2 can be evaluated.

4.1 Estimation of R"b and u*"

4.2 New Formulas

For flow resistance comprising skin friction and
bed form resistance, one possible approach is to
separately estimate them. Many approaches could
be used for this purpose. Among them, the divided
hydraulic radius approach (first introduced by
Einstein & Barbarossa, (1952)) is the one which
has been widely used and is adopted in this study
to investigate the flow resistance consisting of
skin friction and bed form resistance. This approach linearly divides the hydraulic radius Rb into R'b and R"b, related to the grain friction and bed
form resistance, respectively, i.e., Rb = R'b + R"b,
or R"b = Rb -R'b. Therefore, if Rb and R'b can be
determined, the hydraulic radius related to bed
form resistance R"b can then be evaluated.
The method proposed by Einstein (1942) is applied to estimate Rb. The approach is to divide the
Manning coefficient n into two parts, nb and nw,
related to the channel bed and bank, respectively:
n = R 2 / 3 J 1/ 2 U

(1)

n3/ 2 P = nw3/ 2 Pw + nb3/ 2 Pb

(2)

One of the main objectives of this study is to accurately estimate the flow resistance induced by
bed forms. To this end, in addition to the laboratory experimens and field measurements of the authors’, a total of 279 laboratory experiments and
field observations of other researchers (Einstein &
Barbarrosa (1952); Vanoni & Nomicos (1960);
Simons & Richardson (1961); Shen (1962); Simons & Senturk (1977); Brownlie (1983); and
Graf & Suszka (1987)) are collected for the analysis. These data cover a broad range of flow and
sediment conditions: 0.049m/s < U < 2.82m/s;
0.015m < h <16.7m; 0.002% < J <2.5%; 0.016mm
< D35 < 20 mm, 0.019mm < D50 < 33.2mm;
0.021mm < D65 < 44.9mm; and 4.0 < h/D50 <
55670. The analysis of data shows that the relative
roughness D65/h plays an important role in the bed
form resistance. Therefore, the traditional relationship of Einstein & Barbarrosa’s (1952) between U/u*" and flow parameter ψ' (= (γs-γ) D35
/(γR'bJ)) needs to modify to include D65/h.
From equations (3), (4) and (5), R'b and Rb can
be calculated. Thus, R"b and u*" = (gR"bJ)1/2 as
well as ψ' can be estimated and the regression
best fit curves for the upper and lower flow regimes are:

where P is wetted perimeter (= Pw (bank) + Pb
(bed)). The value of n can be calculated using velocity formulas for uniform flows. Assume nw =
0.010, Pw = 2h, and Pb = channel width, and Rb
can be obtained by first solving Eq. (2) for nb and
then substituting nb into the following equation
(Yang et al. 2009):
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For the lower flow regime:

16.8
U
=
, for h/D65 ≤ 150
"
u* 0.10 h / D65 + log(0.2ψ ' )

17.5
U
=
, for h/D65 ≤ 150
"
u* 0.15 h / D65 + log(0.2ψ ' )
(6a)

(7a)
U
16.8
, forh/D65 > 150
=
"
u* 0.10 × 150 + log(0.2ψ ' )

U
17 .5
=
,for h/D65 > 150
"
u * 0.15 × 150 + log( 0.2ψ ' )
(6b)

(7b)
The upper flow regime corresponds to U/(ρsρ)gD50/ρ)1/2 ≥6.

and for the upper flow regime:

Figure 3. Comparison of calculated and measured relative water depth using the formulas of this study. The dotted lines in this
figure and figures 4-6 indicate the interval of 0.5<calculated value/measurement<2. Majority (98.5%) of hc/hm is within the interval of [0.5, 2].

Figure 4. Comparison of calculated and measured relative water depth using the formulas of Einstein & Barbarrosa (1952).
Only 52% of hc/hm is within the interval of [0.5, 2].
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The prediction of water depth by above formulas is demonstrated in Figure 3. To examine the
accuracy of the above formulas, the prediction of
water depth by Einstein & Barbarrosa (1952),
Shen (1962) and Brownlie (1983) are shown in
Figures 4, 5 and 6, respectively. In Figures 3-5,
water depth h = R'b+ R"b. The calculation and figures show that the percentages of the ratio of the
calculated (hc) over measured (hm) flow depths by
various formulas falling into a certain interval are
different. Only 52% (Einstein & Barbarrosa’s
formula) and 77.4% (Shen’s formula) of hc/hm are
within the interval of [0.5, 2], respectively. Brownlie’s formula for the upper flow regime gives

very good prediction of water depth with 99% of
hc/hm being within the interval of [0.5, 2], however, his formula for the lower flow regime only
gives reasonable prediction with only 77.7% of
hc/hm falling within the interval of [0.5, 2]. In
comparison with those formulas, the prediction
accuracy of above equations (6a, 6b, 7a and 7b) is
greatly improved with 98.5% of hc/hm being within the interval of [0.5, 2]. Figure 4 also shows that
the formula of Einstein and Barbarosa generally
overestimates the flow depth.

Figure 5. Comparison of calculated and measured relative water depth using the formulas of Shen (1962). Only 77.4% of hc/hm
is within the interval of [0.5, 2].

Figure 6. Comparison of calculated and measured relative water depth using the formulas of Brownlie (1983). Though 99% of
hc/hm is within [0.5, 2] for upper flow regime, only 77.7% of hc/hm is within the interval of [0.5, 2] for lower flow regime.
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Flow resistance in rivers and open channels is of
enormous importance in river engineering and dynamics. The results of laboratory experiments and
field measurements are presented to predict the
water depth in fluvial rivers/open channels. The
available laboratory and field data are collected
for the analysis. The data cover a broad range of
flow and sediment conditions. Major factors influencing flow resistance, such as flow discharge,
bed slope, sediment conditions and relative
roughness (h/D65) have been investigated. The divided hydraulic radius approach has been applied
for analyzing data. The proposed formula for estimating the flow resistance give more accurate
prediction than existing formulas.
ACKNOWLEDGEMENTS
This study is partially funded by 973 Program
(2007CB407202). The support by the Ministry of
Communications under its Key Scientific & Technical Projects in Western Regions Scheme (2001318-365-88) and the Carnegie Trust for Scottish
Universities are also greatly acknowledged.
REFERENCES
ASCE Task Committee on Flow and Transport over Dunes.
2002. Flow and Transport over Dunes. Journal of Hydraulic Engineering, ASCE. 128(8), 726-728.
Brownlie, W. R. 1983. Flow Depth in Sand-bed Channels.
Journal of Hydraulics Division, ASCE, 109(HY6), 959990.
Cao, Z.X., Meng, J., Pender, G., and Wallis, S. 2006. Flow
resistance and momentum flux in compound open channels. Journal of Hydraulic Engineering, ASCE. 132(12),
1272-1282.
Carter, R.W., Einstein, H.A., Hinds, J., Powell, R.W., and
Silberman, E. 1963. Friction factors in open channels.
Journal of Hydraulics Division, ASCE, 89(HY2), 97–
143.
Chien, N. and Wan, Z.H. 1999. Mechanics of sediment
transport. ASCE Press, New York (translated under the
guidance of J.S. McNown).
Colebrook, V. F. 1938. Turbulent flow in pipes with particular reference to the transition region between the
smooth and rough pipe laws. Journal of Institution of
Civil Engineers. 11,133-156.
Einstein H.A. and Barbarossa N.L. 1952. River channel
roughness. Trans. ASCE., 117,1121 1146.
Einstein, H. A. 1942. Formulas for the Transportation of
Bed Load. Trans. ASCE, 107, 561-597.
Engelund, F. 1966. Hydraulic resistance of alluvial streams.
Journal of Hydraulics Division, ASCE., 92(HY2),315326.
Garde, R.J. and Ranga Raju, K.G. 1966. Resistance relationship for alluvial channel flow. Journal of Hydraulics
Division, ASCE., 92(HY4),77-99.
358

River Flow 2010 - Dittrich, Koll, Aberle & Geisenhainer (eds) - © 2010 Bundesanstalt für Wasserbau ISBN 978-3-939230-00-7

Uncertainty in design water levels due to uncertain bed form
roughness in the river Rhine
J.J. Warmink, M.J. Booij & S.J.M.H. Hulscher
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ABSTRACT: Hydrodynamic river models are applied to design and evaluate measures for purposes such
as safety against flooding. The modeling of river processes involves numerous uncertainties, resulting in
uncertain model results. Knowledge of the type and magnitude of these uncertainties is crucial for a meaningful interpretation of the model results. The aim of this study is to quantify the uncertainty due to the
hydraulic roughness predictor for the river bed in the main channel and assess its effect on the uncertainty
in the modelled water levels under design conditions. The uncertainty in the bed roughness consists of the
uncertainty between the different roughness predictors and the uncertainty within the roughness predictor
itself. We compared five roughness predictors, which determine the hydraulic resistance of the river bed
in the Dutch river Rhine, based on measurements of bedform characteristics and water levels for different
discharges. Generalized Extreme Value distributions have been fitted through the predicted roughness
values and extrapolated to the design return period. The results show that the 95% confidence interval for
the Generalized Extreme Value distributions the predicted Nikuradse roughness values under design conditions ranges from 0.32 m to 1.03 m. This uncertainty is propagated through the model by means of a
Monte Carlo Simulation. The Monte Carlo analysis shows that the uncertainty in the hydraulic roughness
results in a 95% confidence interval for the water depth that range from 11.7 m to 12.4 m.
Keywords: Uncertainty; Monte Carlo Simulation; Hydraulic roughness; Hydrodynamic modeling; Generalized Extreme Value distribution; River Rhine
mate the uncertainties in these parts of the model
that have the largest contribution to the uncertainty in the design water levels.
Elicitation of expert opinions showed that the
uncertainty in the design discharge and the hydraulic roughness formulation of the main channel
contributes mostly to the uncertainty in the model
outcomes (Warmink et al., 2009). Also, the studies by Chang et al. (1993), Bates et al. (1996),
Hall et al. (2005) and Pappenberger et al. (2008)
show that the hydraulic roughness of the river bed
is one of the main uncertainties in river models.
The hydraulic roughness in the main channel of
the Dutch river Rhine is dominated by the resistance due to bed forms that develop on the river
bed and increase in height with increasing discharge. Different predictors exist that relate flow
and dune characteristics to hydraulic roughness
(e.g. Van Rijn, 1984; Vanoni and Hwang; 1967).
In previous research the differences between results of different roughness predictors were found

1 INTRODUCTION
Hydrodynamic river models are applied to design
and evaluate measures for purposes such as safety
against flooding. These numerical models are all
based on a deterministic approach. However, the
modeling of river processes involves numerous
uncertainties, resulting in uncertain model outcomes. Knowledge of the type and magnitude of
uncertainties is crucial for a meaningful interpretation of the model results and the usefulness of
results in decision making processes.
The Dutch flood defenses along the river Rhine
are designed to withstand a flood with a probability of exceedance of 1/1250 per year. The water
levels that occur during such a flood are computed
with the deterministic hydrodynamic model,
WAQUA (Rijkswaterstaat, 2005), using a design
discharge as input. However, uncertainty resides
in all parts of this model. To quantify the uncertainty in the design water levels we want to esti359

to be large (Van Rijn 1993, Julien et al. 2002).
Noordam et al. (2005) showed that different
roughness predictors resulted in substantial different roughness values for a series of measured bed
forms and flow characteristics in flumes. Also,
Van der Mark (2009) showed that different
roughness predictors resulted in different roughness predictions for uniform and alluvial flume
data. The results from the study by Julien et al.
(2002) show that also for field measurements in
the Dutch river Rhine, different roughness predictors result in different roughness values. Furthermore, they showed that there is a strong hysteresis
effect between bed form roughness and discharge.
The studies by Noordam et al. (2005) and Julien et al. (2002) only give an indication of the
uncertainty in the bed roughness for measured
discharges. However, we want to go a step further
and quantify the uncertainty in the bed roughness
under design conditions. Furthermore, both studies only take three roughness predictors into account, while many different roughness predictors
exist that are valid to predict hydraulic bed roughness of lowland rivers. Next to the uncertainty in
the roughness itself, also the effect of the uncertain roughness of the water levels is not taken into
account.
Therefore, the aim of this study is 1) to quantify the uncertainty in the bed roughness of the
main channel under design conditions, by extrapolation of field measurements and 2) to quantify the
contribution of this uncertain roughness to the uncertainty in the water levels at design discharge.

bith. Wilbers used a program called DT2D (Wilbers, 2004) to calculate the dune characteristics
from the measured bed elevation profiles. To minimize the effect of hysteresis only the data from
the rising limb of the flood waves are taken into
account.
Julien et al. (2002) and Wilbers (2004) used
different methods to calculate dune characteristics
from measured bed elevations. This means that
the absolute values from both methods are not
comparable. Therefore, the data from Julien et al.
(2002) are used to compute the performance of the
roughness predictors and the extrapolation of the
roughness predictors is carried out using the data
of Wilbers (2004).
3 METHODS
To quantify the uncertainty in the bed roughness
under design conditions, we consider three
sources of uncertainty. Firstly, the uncertainty due
to the choice for the roughness predictors. This
source of uncertainty is further referred to as the
between roughness predictor uncertainty. Secondly, we consider the uncertainty due to the extrapolation of the extreme value distribution. This assumes that the fitted distribution is appropriate to
describe the data. Thirdly, the uncertainties due to
the simplifications within the roughness predictors
are considered. The uncertainties in the measurements of the dune and flow characteristics are included in this source of uncertainty. This uncertainty is further referred to as the within roughness
predictor uncertainty. We quantified all three
sources of uncertainty and combined them to
quantify the total uncertainty in the hydraulic
roughness under design conditions.
A Generalized Extreme Value (GEV) is fitted
through the predicted roughness values and extrapolated to design conditions. To quantify the
second source of uncertainty, we compute the uncertainty due to the extrapolation of each roughness predictor. The uncertainty within each
roughness predictor is computed based on their
performance for the field measurements and, finally, the three sources of uncertainty are combined and propagated through the WAQUA model
to yield the uncertainty in the water levels.

2 DATA
We used the data from the studies by Julien et al.
(2002) and Wilbers (2004). The data from Julien
et al. (2002) were measured during the 1998 peak
discharge in the river Rhine. Longitudinal and
cross-sectional profiles of the bed elevation were
recorded by single and multi-beam echosounding.
Bedform data were recorded about twice a day for
ten days during the flood wave and about every
three days for the next twelve days. The data were
processed and classified into primary and secondary dunes using the procedure described by Ten
Brinke et al. (1999). Next to the bedform measurements also the water level, bed material and
flow velocities were recorded.
The data from Wilbers (2004) were measured
during the flood waves of 1995, 1997 and 1998
using a single-beam echosounder for the 1995
discharge, a single and multi-beam echosounder
for the 1997 discharge and a multi-beam echosounder for the 1998 discharge. Both measurements were conducted in the river Rhine near Lo-

3.1 Selection of roughness predictors
Many different roughness predictors exist to compute bed roughness based on characteristics of the
bed, bedforms and flow characteristics. These can
be classified in analytical, semi-analytical and
empirical roughness predictors. The analytical
predictors (Yalin, 1964; Engelund, 1966) are
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ues, a roughness value is computed based on the
parameterized relation.
Secondly, a Generalized Extreme Value (GEV)
distribution is fitted to the generated series of independent roughness values for each roughness
predictor (Coles, 2001).

based directly on the mass and momentum conservation laws. The semi-analytical roughness
predictors (Engelund, 1977; Karim, 1999; Van der
Mark 2009) are based on the conservation laws,
but are calibrated to fit measured (flume) data.
The empirical roughness predictors (VanoniHwang, 1967; Van Rijn, 1984, 1993; EngelundHansen, 1967, Haque-Mahmood, 1983; WrightParker, 2004) are empirical relations between bedform and flow characteristics and measured bed
roughness.
The data from Julien et al. (2002) are used to
compare these roughness predictors for the 1998
peak flood event in the river Rhine. The measured
roughness is computed using the Darcy-Weisbach
friction factor:
f =

8 ghS b
V2

⎧⎪ ⎡
⎛ x − μ GEV
GEV ( x) = exp⎨− ⎢1 + κ ⎜⎜
⎝ σ GEV
⎪⎩ ⎣

⎞⎤
⎟⎟⎥
⎠⎦

−1 / κ

⎫⎪
⎬
⎪⎭

(2)

where μGEV, is the location parameter of the GEV
distribution, σGEV is the scale parameter and κ is
the shape parameter. The GEV distribution is the
general case for extreme values. The three types
of the GEV distribution for κ > 0, κ < 0 and κ = 0
(Gumbel distribution) have distinct forms of tail
behavior. The GEV distribution has three parameters and, therefore, three degrees of freedom during the fitting procedure. The Gumbel distribution
has a fixed tail behavior which is linear on a logarithmic x-axis, while for the GEV distribution the
data themselves determine the most appropriate
type of tail behavior and there is no need to make
an a priori judgment about which extreme value
distribution to adopt (Coles, 2001).
For each roughness predictor, the optimum
values for the parameters of the cumulative GEV
distribution are determined. The fitting of the distribution is carried out using the “ORCA routines”, a MatLab package for extreme value statistics (Deltares, 2010) using probability weighted
moments. The fitted GEV distributions are extrapolated to the design return period of 1250 years.

(1)

where g = gravity acceleration, h = water depth at
river axis, Sb = bed slope, and V = flow velocity.
3.2 Fitting the extreme value distribution
The design discharge is a condition that has never
occurred, therefore, we need to extrapolate the
predicted roughness values to determine the uncertainty due to the differences between the
roughness predictors under design conditions. We
fit a statistical extreme value distribution through
the data, because we do not know the characteristics of the bed forms under design conditions. Although, the studies by Julien et al (2002) and Wilbers (2004) suggest that bed forms might flatten
and secondary bed forms might develop, there is
little knowledge on how this affects the hydraulic
roughness. Therefore, we extrapolate the predicted hydraulic roughness to design conditions
and in this way only include the development of
the bed forms as far as visible in the available
measurements.
We used the historically observed discharges of
the last 100 years for the river Rhine to generate
an independent series of roughness values. These
discharges are the annual maximum observed values at the location where the Rhine enters The
Netherlands.
The first step is to determine a relation between
the observed discharge and the predicted roughness based on the Wilbers (2004) data. The predicted roughness is expressed as a Nikuradse
roughness coefficient, ks, because this coefficient
is independent of the water depth. This parameterization is carried out by fitting a linear or first order power relation to the predicted roughness values given the corresponding measured discharge.
Next, for all historically observed discharge val-

3.3 Uncertainty due to extrapolation
Next to the uncertainty between the selected
roughness predictors also the uncertainty due to
the extrapolation of each roughness predictor affects the uncertainty in the hydraulic roughness.
The 95% confidence intervals for the GEV distribution are computed by the ORCA-routines using
a bootstrap technique, given the variances of the
fitted parameters. The confidence intervals therefore assume that the distributions appropriately
describe the data. To test if this is a valid assumption we use a Probability Plot Correlation Coefficient test (Stedinger et al. 1993).
3.4 Uncertainty within roughness predictors
To quantify the third source of uncertainty, we included the variability with the roughness predictors. This uncertainty is caused by the simplifications of the roughness predictor and the
uncertainties in the measurements of the bed form
and flow characteristics. This uncertainty is quan361

samples (m) for every selected roughness predictor, i, is computed by:

tified by the performance of the roughness predictors for the river Rhine data. We assign a weight
to the different roughness predictors based on
their performance for the Julien et al. (2002) data.
The performances of the roughness predictors, i
are expressed by the Root Mean Squared Errors
(RMSE). The weights are then computed by:

mi = Nwi

where N=1000 is the total number of samples
drawn from the distributions. The number of samples for each roughness predictor are rounded towards the nearest integer, so that the sum of the
samples equals N.
The drawn samples from the different distributions give the combined uncertainties in the hydraulic roughness due to the three different
sources of uncertainty. Subsequently, every sampled roughness value is assigned to the main
channel in the new WAQUA model as a constant
Nikuradse roughness, which is independent of the
water depth. The Nikuradse roughness for the
floodplains is set constant at 0.6 m, which is approximately the average of the vegetated floodplains in the WAQUA model for the Dutch Rhine
branches. A simulation is carried out for each of
the sampled roughness values with a constant design discharge of 16000 m3/s set as upstream
boundary condition (Parmet et al. 2001). A constant water level is set as the downstream boundary condition. We used a 60 km long model, because the downstream boundary condition affects
the computed water levels and a significantly long
model is required to reduce the effects of the fixed
downstream boundary condition.

a

⎛ 1 ⎞
⎜⎜
⎟⎟
RMSE
i ⎠
wi = ⎝
a
5
⎛ 1 ⎞
⎜⎜
⎟⎟
∑
i =1 ⎝ RMSE i ⎠

(4)

(3)

This equation is a normal standardization, in
which we take the inverse of the RMSE as a
measure for the performance, because the roughness predictors with low RMSE values are assigned a large weight. We assume a to be one so
the weights decrease linearly with the value of the
RMSE.
3.5 Propagation of uncertainties to the design
water levels
The final step is to compute the contribution of
the uncertain roughness under design conditions
to the uncertainty in the computed water levels.
Therefore, a Monte Carlo Simulation (MCS) is
carried out using a simplified schematization of
the WAQUA model, which is used for the computation of the design water levels. The WAQUA
model is a numerical, two dimensional, depth averaged river model.
First a model is created with dimensions similar to those of the river Rhine upstream of the first
bifurcation in The Netherlands (figure 1). We use
grid cells of 40 m and the model represents a
straight river reach of 16 km long. The depth of
the main channel is 8 m and the dikes are assumed
to be infinitely high. This new WAQUA model is
used for the Monte Carlo Simulation, because it is
faster to simulate than the original WAQUA model for the Dutch Rhine branches.

4 RESULTS
4.1 Selection of roughness predictors
In this study we selected 5 roughness predictors
that were considered applicable to predict the
roughness for the main channel of the river Rhine
under design conditions. Figure 2 shows the performance of ten roughness predictors. It is shown
that the analytical and semi-analytical roughness
predictors perform worse than the empirical predictors. This was expected, because the (semi)analytical predictors do not account for variability in the bedforms characteristics, because mainly
flume data was used for calibration.
Furthermore, figure 2 shows that the VanoniHwang, Van Rijn, Yalin, Engelund66, Engelund77, Wright-Parker and Haque-Mahmood yield
the best results. These roughness predictors are
calibrated partly on field measurements of lowland rivers, therefore they are assumed to also be
able to predict the roughness in other lowland rivers, such as the river Rhine.
We selected the Van Rijn, Vanoni-Hwang, Engelund77, Haque-Mahmood and the Wright-

Figure 1. Cross-section of the new WAQUA model. The
dimensions are similar to the river Rhine

MCS consists of a large number of deterministic
simulations where the uncertain roughness is randomly generated (Morgan and Henrion, 1990). A
single simulation of this new WAQUA model requires a lot of computational time, therefore, only
1000 simulations are carried out. The number of
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Parker roughness predictors. The Yalin and Engelund66 roughness predictors are omitted because
the assumptions of abrupt flow expansion are not
valid under field conditions. Furthermore, these
predictors are adapted in the Engelund77 roughness predictor by calibration of the analytical
roughness predictors on irregular bed forms. The
Wright-Parker roughness predictor is based on the
Engelund-Hansen roughness predictor and
adapted using field measurements. Therefore, the
Wright-Parker predictor is more appropriate to
predict bed roughness for the river Rhine. Furthermore, the Karim and Van der Mark roughness
predictors are not taken into account, because they
are only calibrated on flume data and perform
poorly for the data in this case study.

Figure 3. Nikuradse roughness as function of discharge predicted by the five selected roughness predictors.

Figure 3 shows the predicted roughness values for
the data from Wilbers (2004) using the five selected roughness predictors. This figure shows
that for all roughness predictors, generally, the
Nikuradse value increases with increasing discharge. This was also expected, because the bedforms increase in height and length with increasing discharge. Furthermore, there is a large scatter
in roughness values, especially for larger discharges. At a discharge near 12000 m3/s, which is
75% of the design discharge, the predicted roughnesses range from 0.22 for the Haque-Mahmood
roughness predictor to 0.65 for the Engelund,
1977 roughness predictor.
Both the Haque-Mahmood and the WrightParker roughness predictor show a concave
shaped trend of roughness with discharge, while
the other three roughness predictors indicate a
more linear increase. Note that only the rising
limb data of the flood wave is taken into account.
4.2 Extreme value distribution fitting and
confidence interval
Figure 4 shows the fitted GEV distributions for
the five selected roughness predictors. The fitted
GEV distributions are extrapolated to the return
period of 1250 years. The roughness values at the
design discharge range from 0.36 m for the Haque-Mahmood roughness predictor to 0.92 m for
the Engelund roughness predictor. The figure
shows that all hydraulic roughness predictors
show a clear increase in the hydraulic roughness
with increasing return periods. However, the GEV
distributions slightly underestimate the predicted
roughness values at higher return periods.
The tail behavior of the GEV is determined by
the data and not fixed a priori. The trend in the
GEV distribution shows a convex shape, which is
expected as dunes flatten with increasing discharge and the roughness is reduced. This is in accordance with the expectation that the hydraulic

Figure 2. Performance of the different roughness predictors
for the rising limb data measured during the 1998 peak discharge in the river Rhine, from Julien et al. (2002). The
straight line represents the line of perfect agreement.
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Parker roughness predictor is only 18% of the
extrapolated roughness at design discharge.

roughness does not infinitely grow with increasing
discharge (Van Rijn, 1984; Julien et al. 1995).
We carried out a Probability Plot Correlation
Coefficient (PPCC) test (Stedinger et al. 1993) to
test if the predicted roughness values could have
been drawn from the fitted distributions. The
analysis showed that for the GEV distributions,
there was no reason to reject these distributions at
the 95% confidence interval. This means that the
samples could have been drawn from a GEV distribution and that the assumption that the data can
be described by the GEV is valid.

4.3 Monte Carlo Simulation
Figure 5 shows the samples drawn from the distributions at the design return period for the five
roughness predictors. The number of samples is
determined based on the performance of the
roughness predictors for the Julien et al. (2002)
data. The number of samples ranges from 121
samples for the Engelund77 predictor to 292 samples for the Vanoni-Hwang roughness predictor,
for a total of 1000 samples.
Figure 5 shows that with 95% confidence the
roughness under design conditions lies approximately between 0.32 m and 1.03 m with a mean
of 0.57 m, which is a range of 71 cm. Furthermore, the smaller 95% confidence intervals for the
Haque-Mahmood and Wright-Parker roughness
predictors in figure 4 result in high and narrow
peaks in figure 5, while the Van Rijn, VanoniHwang and Engelund77 roughness predictors
show less high and wider peaks in figure 5.
Figure 6 shows the uncertainty in the water levels at Lobith (the location of the cross-section).
This figure shows the sum of five peaks for each
roughness predictor. The left peak results mainly
from the Haque-Mahmood and Wright Parker
roughness predictors. The larger peak on the right
is the combination of the other roughness predictors that overlap.

Figure 4. Fitted GEV distributions for the five roughness
predictors. The dotted lines show the 95% confidence interval

Figure 5. Uncertainty within and between roughness predictors for the GEV distributions. The samples are drawn from
the lognormal distribution at the design return period.

Furthermore, figure 4 shows the 95% confidence intervals for the fitted distributions. This
figure shows that the 95% confidence intervals increase with increasing return period. The width of
the confidence intervals compared to the extrapolated roughness at the design discharge is about
50% of the extrapolated roughness value for the
first four roughness predictors, ranging from 43%
for the Haque-Mahmood roughness predictor to
55% for the Engelund77 roughness predictor. The
width of the confidence interval for the Wright364

The uncertainty in the water levels is sensitive
to the selected roughness predictors that are included in the uncertainty analysis and the selected
distribution used to extrapolate the hydraulic
roughness to the design discharge. The selection
of the hydraulic roughness predictors has been
carried out with care by using only the predictors
that are valid for the river Rhine.
The comparison of the predicted roughness
values to the calibrated roughness in the WAQUA
model shows that all predicted roughness values
are larger than the calibrated roughness. This indicates that the other roughnesses in the model, such
as vegetation roughness or roughness due to
groynes are overestimated.
The presented uncertainty analysis shows that
the uncertainty due to the used roughness predictor significantly contributes to the uncertainty in
the design water levels. To reduce the uncertainties, more research is required on the physical
processes in lowland rivers that cause the development of bed forms and resulting hydraulic
roughness. In future research, we recommend to
include more physical information in the extrapolation of the discharge. More measurements are
required to give insight in these processes. Effort
in an improved estimation of the hydraulic roughness can significantly reduce the uncertainties in
the hydraulic roughness especially under design
conditions.

Figure 6. Uncertainty in water levels in the river Rhine due
to uncertain roughness for a constant design discharge.

The figure shows that the uncertainty in the water
level has a maximum range of 88.3 cm. If we only
take a single roughness predictor into account (not
shown in the figure), this range is approximately
20 to 40 cm depending on the selected roughness
predictor. The uncertainty between the different
roughness predictors, therefore, has a large influence on the uncertainty in the modelled water levels. Furthermore, Figure 6 shows that with 95%
confidence the design water level at the observed
location lies approximately between 16.52 m and
17.22 m above MSL with a mean of 16.85 m,
which is a range of 70 cm.
5 DISCUSSION

6 CONCLUSIONS

The study by Julien et al. (2002) shows that hysteresis has a large effect on the relation between
roughness and discharge. We corrected for hysteresis by taking only the rising limb data of the
flood wave. However, hysteresis is still present in
the discharge-roughness relation. There is still a
constant lag between discharge and bedform
roughness. This may result in a shift of the average roughness values and may affect the absolute
values of the extrapolated roughness and water levels. However, the hysteresis effect results in a
constant lag and, therefore, does not significantly
affect the uncertainty around the mean values. In
further research, however it is recommended to
account for the hysteresis effect. Furthermore, in
this study we only considered a constant discharge
thereby omitting the interaction between varying
discharge and roughness. However, if in future
studies we want to be able to compute the roughness under varying discharge, this hysteresis effect has a significant effect on the bed forms and
therefore on the computed water levels (see for
example Paarlberg 2008).

The aim of this study is to quantify the uncertainty
due to the hydraulic roughness predictor for the
river bed in the main channel and assess its effect
on the uncertainty in the modelled water levels for
design discharge conditions. This uncertainty consists of uncertainty between different roughness
predictors, the uncertainty due to extrapolation
and the uncertainty within each roughness predictor. To quantify the uncertainty between the selected roughness predictors, we selected the Van
Rijn, Vanoni-Hwang, Engelund, 1977, HaqueMahmood and Wright-Parker roughness predictors that are appropriate to predict bed roughness
for the river Rhine, based on a comparison of the
performance of these roughness predictors for
measurements of bed forms characteristics and
water levels under varying discharge. It is shown
that different roughness predictors result in a wide
spreading of roughness values for the same measurements of bedform and flow characteristics.
The Generalized Extreme Value distribution is
used to extrapolate the predicted roughness values
for each roughness predictor to design conditions.
The Generalized Extreme Values distribution ac365

counts for the fact that we deal with extreme values. The three different sources of uncertainty are
quantified and combined to show that the 95%
confidence interval of the Nikuradse roughness
for the main channel of the river Rhine under design conditions ranges from 0.32 m to 1.03 m,
which is a range of 56 cm. A Monte Carlo Simulation shows that this result in a 95% confidence interval for the design water levels with a range of
70 cm. The uncertain hydraulic roughness of the
main channel has therefore a significant influence
on the modelled water for the Dutch river Rhine.
Improving the roughness predictions has the potentials to significantly reduce the uncertainties in
modelled (design) water levels.
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Shear Stress Measurements over Smooth and Rough Channel Beds
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Portugal

ABSTRACT: In fluvial hydraulics the knowledge of the fluid-bed interaction is an important factor to
study the stability of fluvial beds. One way to characterize that interaction is through the evaluation of the
shear stress at the wall. Indirect methods are often used to evaluate the shear stress. However, the use of
those methods such as the velocity Log-Law, is not always straightforward: for example, in some flows it
has to be proved that the law of the wall definition still holds and its parameters determined. In this paper
an experimental study of the shear stress developed at a rectangular channel bed is presented and different
methods are compared. Measurements were carried out in an open channel for different flow conditions,
defined by a Reynolds number range from 1×104 to 5×104 and with Froude numbers between 0.2 and 1.7.
Flows were established over smooth (perspex plate and sandpaper) and rough beds (uniform glass
spheres). Direct measurements of the shear stress were obtained by means of an optical Doppler based
shear stress probe. Indirect methods’ velocity profiles characterization was made by means of twocomponent Laser Doppler Anemometer measurements. Obtained results are compared and the limitations
and advantages of each method are discussed.

Keywords: Shear Stress Measurements, Shear Stress Probe, Rough beds, Smooth beds
where τw = shear stress at the wall, μ = dynamic
fluid viscosity and ∂u/∂y|w = velocity gradient at
the wall.
The fact that it depends on the fluid’s velocity
gradient measured at the wall leads to major difficulties when an accurate measure is needed. In
order to evaluate the shear stress value two major
classes of methods can be used: indirect and direct
methods. Indirect methods are often used as an
expedite way for shear stress evaluation. In general these methods are based on the determination of
the shear velocity, u*, which is related with the
shear stress through the following expression:

1 INTRODUCTION
In Fluvial Hydraulics the fluid-bed interaction is
an important parameter to the study of the stability
of fluvial beds. This interaction can be characterized through the evaluation of the shear stress at
the wall which is a function of such variables as
the roughness of the bed and the type of the flow.
The present study is focused on the determination of the shear stress developed on different
channel bottoms which is a part of a research
work on the beginning of sediment motion. For
that purpose, different flow conditions as well as
different bed roughness have been considered.
Several methods were used and the obtained results are compared and analyzed.

τ = ρ u* 2 ,

where ρ = fluid density.
Direct methods that are able to measure directly the shear stress value can be of different
types: floating-elements balances (Acharya et al.
(1985)), thermal techniques or optical techniques,
like the shear stress probe used in the scope of this
paper (Tavoularis (2005)).
The shear stress is also dependent of the type
of wall considered: smooth or rough. The wall

2 SHEAR STRESS MEASUREMENTS
The shear stress definition at the wall is given by:

τw = μ

∂u
∂y

(2)

(1)
w
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roughness can be characterized by the roughness
Reynolds number, Re*, given by:

Re* =

k s u*

a)

b)

(3)

ν

where kS = equivalent roughness and ν = kinetic
viscosity.
A flow is said to be smooth if Re*<5, corresponding to all the roughness elements being inside
the viscous sub-layer. A transitional flow occurs
when 5<Re*<70 and if Re*>70 the flow is said to
be rough. For this case the viscous sub-layer is so
thin that the roughness elements penetrate the logarithmic layer (Graf & Altinakar (1998)).
The magnitude of the wall roughness will affect also the choice of the measuring method to
use.

Figure 1. Shear stress probe: a) working principle; b) fringe
pattern (adapted from Gharib et al. (2001)).

2.1 Shear Stress Evaluation over a Smooth Bed

The shear stress probe has the advantages of a
common LDA: non-intrusive since it is flush
mounted on the channel’s bottom, requires no calibration and has a linear response. It also shares
the same disadvantages of a common LDA: seeding is needed and measured data has a stochastic
sampling rate. One limitation to the use of this
technique is imposed by the viscous sub-layer dimensions that in principle limit the use of this method to hydraulically smooth flows.

2.1.1 Doppler shear stress probe

2.1.2 The bed-slope method

The working principle of the shear stress probe is
based on the Doppler effect. The probe is connected to a laser light source through a fiber optic
cable. On the probe’s head an optical grid generates a fringe pattern that will form the control volume. This control volume is located at a very
small distance from the wall, usually in the range
of micrometers, in order to be inside the viscous
sub-layer, where the velocity profile presents a
constant gradient.
When flow seeding particles cross the control
volume they scatter light that will be collected by
a photodetector placed near the probe emitter
(Figure 1). It can be demonstrated that the Doppler frequency of the particles that cross the imaged
region is proportional to the velocity gradient at
the wall (Gharib et al. (2001)):

For uniform flow the shear velocity can be easily
evaluated from the bed slope value, S, and flow
section characteristics (Graf & Altinakar (1998),
Rowinski et al. (2005)):

∂u
fD = α
∂y

τ = γ Rh S

where γ = specific weight, Rh = hydraulic radius
and S = channel slope.
This method can also be applied to rough beds.
2.1.3 The Logarithmic Law method
The Logarithmic Law (Log-Law) is commonly
used to evaluate the shear velocity by fitting to the
experimental velocity profile data the following
equation:

u+ =

(4)

∂u
∂y

= μ β fD

1
ln y + + B
k

( )

(7)

where u+ = u/u* (where u is the mean velocity horizontal component), k = von Kármán constant
(considered k = 0.41), y+ = yu*/ν (where y = vertical coordinate and ν = the kinetic viscosity) and
B = constant, usually B=5 (Graf & Altinakar
(1998)).

w

where fD = Doppler frequency, α = constant and
∂u/∂y|w = the velocity gradient at the wall. The
shear stress at the wall can therefore be evaluated
as:

τw = μ

(6)

2.1.4 Reynolds Stress method

(5)

w

The total shear stress distribution, in a full developed and two-dimensional flow, is given by (Tennekes & Lumley (1972))

where β = probe’s constant that is a function of
the fringes’ divergence and fD = Doppler frequency.

τ = −u ' v' + ν
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y⎞
du
2⎛
= u * ⎜1 − ⎟
dy
⎝ h⎠

(10)

where u ' v' = Reynolds Stress, ν du/dy = viscous
stress and h = flow depth. Neglecting the viscous
stress equation (10) reduces to
y⎞
2⎛
− u ' v ' = u* ⎜1 − ⎟
⎝ h⎠

where kS = equivalent roughness, in this study
considered equal to the spheres diameter, D, and
C = constant, typically used as C=8.5 (Bayazit
(1976), Biron et al. (2004)).
The application of the least square fitting of the
equation (12) to the experimental velocity data allows the simultaneous evaluation of the shear velocity and of the displacement height.

(11)

from which is possible to determine the shear velocity by measuring the Reynolds stress profiles.
This method is also valid for hydraulically rough
beds with the introduction of a theoretical bottom
as described in the following section.

2.2.2 Total Shear Stress method
In rough beds the spatial variability in the timeaveraged flow characteristics can be important
and a form-induced stress should be considered.
Using the double averaging methodology (Pokrajac et al. (2006)), the total shear stress above the
roughness crests is given by:

2.2 Shear Stress Evaluation over a Rough Bed
As stated before the bed slope method (2.1.2) and
the Reynolds stress method (2.1.4) can also be applied on rough beds.

⎛ du

When considering rough beds there will be an additional parameter to account for. If for the
smooth bed there is no problem with the determination of the zero bed level, the same can not be
said about a rough bed. In this last case, despite
the big amount of existent studies on the subject,
there is not a consensus about the position of the
origin. For the rough beds case it is often considered a virtual origin which according to Nezu &
Nakagawa (1993) should be located at a certain
distance bellow the top of the spheres, here designated by displacement height Δy, whose values is
0<Δy<kS (Figure 2).

h* = h − δ (1 − φm )

(14)

where h* = flow depth corresponding to that theoretical bottom level, h = flow depth measured
from the channel bottom, δ = distance between the
highest crests and the lowest troughs and φm =
volume between the plane of the troughs and the
plane of the crests (mean void fraction of the bed
surface).

u(y)

∆y
ks

Figure 2. Scheme of the flow over a rough bed.

3 EXPERIMENTAL SETUP

Different values for this distance are presented in
literature. Bayazit (1976) found Δy=0.35kS based
on experiments with 23mm diameter hemispheres.
Grass (1971) determined Δy=0.18kS with 9mm
rounded pebbles experiments and Graf & Altinakar (1998) present the general value Δy=0.2kS.
The displacement height can be evaluated
when calculating the shear velocity trough different methods.
In rough beds the Log-Law can be formulated
as:
1 y
ln
+C
k kS

(13)

where u~v~ = form-induced stress.
Above the crests of the roughness elements the
total shear stress profiles are linear. In this case,
and neglecting the viscous stress, the bed shear
stress can be evaluated from the intersection of the
total shear stress profile with the theoretical bottom level.
The flow depth measured from the theoretical
bottom can be evaluated as (Ferreira et al.
(2008)):

y

u+ =

⎞

− u ' v' − u~v~ ⎟⎟
τ = ρ ⎜⎜ν
⎝ dy
⎠

2.2.1 Logarithmic Law method

3.1 The Water Channel
The measurements were carried out in the small
open channel of the Hydraulics Laboratory at Faculty of Engineering of Porto University which is
included into the recirculation water system of the
Laboratory. The channel is represented in Figure
3, has a constant rectangular section of 0.40m
width and 0.60m height, is 17m long and is supported on a pivoting support allowing the adjustment of the bottom slope. The channel glass walls
allow visual access to the test section enabling also the use of Laser Doppler Anemometry technique in both forward and backscatter modes.

(12)
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Flow rate control is achieved by means of an
upstream valve located at the feeding pipe, as
shown in Figure 3 a) and measured by an electromagnetic flowmeter (Figure 3 b)). A sluice gate
located at the downstream channel section allows
the control of the flow depth (Figure 3 d)).

Table
1. Shear Stress Probe Characteristics
______________________________________________
Parameter
Value
______________________________________________
Fringe divergence
0.0845μm
Control
Volume Position above bed
172.9μm
______________________________________________

3.3 Laser Doppler Anemometer
In order to apply the indirect methods accurate velocity measurements were required. Those measurements have been carried out using a two component fiber optic Laser Doppler Anemometer
(LDA) from DANTEC, working in forwardscatter mode.
The LDA technique is nowadays an established
and mature technique. A detailed description of
this technique can be found on Durst et al. (1981).
The velocity measurements were carried out
using a two-component LDA in order to measure
also the Reynolds stress. The acquired signal was
processed by a Burst Spectrum Analyzer from
DANTEC. The main characteristics of the Laser
Doppler Anemometer are shown in Table 2.
A 400mW Argon-Ion Laser source operating in
multi-mode was used.

(d)

(b)
(c)
(a)

Figure 3. Open Channel scheme where: (a) valve, (b) flow
meter, (c) double bottom and (d) sluice gate.

A double bottom of 0.4m width and 8m length
was mounted in the channel allowing, by replacement of some of its stretches, the test of different bottom roughness (Figure 4). The different
types of roughness tested were: a) smooth perspex
plate b) 0.262 mm sandpaper and c) 4mm glass
spheres. The correspondent roughness elements
(Figure 4 c)) were placed over a plate of 1m
length and 0.4m wide, in such a way that the
roughness crest levels match top of the remaining
double bottom level plates. The rough test section
is placed 6.5m from the beginning of the double
bottom assuring the fully developed boundary
layer as verified by complementary velocity profiles measurements.
a)

b)

Table
2. Laser Doppler Anemometer Characteristics
______________________________________________
LDA1
LDA2
______________________________________________
Wavelength
514.5nm
488nm
Dimensions of the control volume
Major axis
2.825mm
2.679mm
Minor
axis
0.08189mm
0.07767mm
______________________________________________

c)

3.4 Experimental Conditions

Figure 4. Different Roughnesses used: (a) smooth perspex
plate, (b) Sandpaper (c) Uniform glass spheres.

Two sets of experiments were carried out for different flow conditions and the different bed
roughness presented in section 3.1. Two different
channel slopes (S) were considered: 0% for
smooth bed and 1.3% for uniform spheres bed, a
condition to be used on the referred research work
on the beginning of sediment motion. For S=0%
the flow is subcritical, however the flow can be
considered as uniform over the test section, since
the control section is far away from the test section
The tested flow conditions are summarized in
Tables 3 to 5. The flow variables used to define
the different flow conditions are the flow rate, Q,
the flow depth, h, the Reynolds number, Re, defined by Re=URh/ν (U is the mean velocity, Rh is
the hydraulic radius and ν is the kinetic viscosity),
and Froude number, Fr, evaluated as Fr=U/(gh)0.5
(g is the gravitational acceleration). Each condition designation is defined by the channel slope
(S=0% (S0) or S=1.3% (S1.3)) and by flow condition reference number (Ci).

For the uniform glass spheres roughness (Figure 4
c)) a triangular arrangement was considered as
shown in Figure 5.
4mm

z
x

y
x

Flow

4mm

Top View

Side View

Figure 5. Uniform spheres bed arrangement.

3.2 Shear Stress Probe
The Measurement Science Enterprise® shear
stress probe used is presented on Figure 1 b). In
Table 1 the main characteristics of the shear stress
probe are presented.
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velocity component, U∞, and correspondent vertical coordinate, ymax, respectively.

In Table 3 the flow conditions and bed characteristics tested are shown.
Table
3. Tested conditions
______________________________________________
Flow
Regime
Subcritical
Supercritical
_____________________________________________
Bed
Perspex plate
Glass spheres
Roughness
Sandpaper
_____________________________________________
Channel
Slope
0%
1.3%
_____________________________________________

P5
Q

P2

P1 P3
P4

Figure 6. Uniform spheres bed arrangement and measuring
points.

0,8

Table 4. Tested mean flow conditions over perspex bed
(S=0%)
______________________________________________
Flow
Q
U
h
Re
Fr
Condition
[L/s] [m/s] [mm] [-]
[-]
______________________________________________
S0C1
5
0.223 56
9.8x103 0.09
S0C2
7.5
0.313 60
1.3x104 0.17
S0C3
15
0.421 89
2.4 x104 0.20
S0C4
20
0.485 103
3.3 x104 0.23
S0C5
12
0.300 100
2.0 x104 0.09
S0C6
20
0.321 156
2.8 x104 0.07
S0C7
30
0.419 179
3.9 x104 0.10
______________________________________________

y/ymax

0,6

b)

1

S0C1
S0C2
S0C3
S0C4
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Table 4 presents the mean flow parameters for the
perspex bed (identical for sand paper bed), while
Table 5 resumes the mean flow parameters for the
uniform spheres bed.
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1

0,0

0,5

1,0

u/U max

Figure 7. Horizontal component of the mean velocity for the
different bed roughness: a) perspex plate; b) sandpaper; c)
uniform glass spheres (take Umax=U∞).

Table 5. Tested mean flow conditions over uniform spheres
bed
(S=1.3%)
______________________________________________
Flow
Q
U
h
Re
Fr
Condition
[L/s]
[m/s]
[mm]
[-]
[-]
______________________________________________
4
S1.3C1
5
0.614 20.5
1.1x10 1.37
S1.3C2
7.5
0.763 24.5
1.8x104 1.56
S1.3C3
8.75 0.819 26.8
2.0x104 1.60
S1.3C4
10
0.840 29.8
2.1x104 1.55
S1.3C5
15
1.019 37.0
3.1x104 1.69
4
1.70
S1.3C6
20
1.126
44.5
4.2x10
_____________________________________________

As an example, five horizontal velocity component profiles (measured according to the positions of Figure 6) are presented in Figure 8 for one
of the tested flow conditions. Figure 8 b) shows
that the most significant differences between the
depicted velocity profiles occur mainly near the
wall, probably due to the positioning of the laser
control volume over a spherical cap.
The geometry of the bottom and the LDA’s laser beams configuration used only made possible
the measurement of velocity’s vertical component
starting 4mm above the spheres’ crest. The correspondent obtained results have shown mean local velocity values to be about zero.

4 EXPERIMENTAL RESULTS
4.1 Mean Velocity Profiles
For the perspex and sandpaper cases only one velocity profile was measured for each flow condition, since that was enough to determine the shear
stress. However, for the bed made of spheres five
velocity profiles (Pi) have been measured around
a particle in the positions indicated on Figure 6.
These measurements are required to allow the use
of the total stress method where the spatial variability of the flow characteristics must be taken into account as shown in section 2.2.2.
In Figure 7 the horizontal velocity component
profiles are shown for the referred three different
bed roughnesses. For the case of uniform glass
spheres only the velocity profiles measured on the
crest of the spheres are presented (P1 in Figure 6).
Mean velocity values and vertical coordinates
have been normalized by the maximum vertical
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P5
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Figure 8. (a) Horizontal mean velocity profiles for the flow
condition S1.3C3. (b) zoom for values near the wall.
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4.2.1 Perspex and Sandpaper beds

2

τ (Log-Law Method) [N/m ]

0,2
0,1

0
1

10
100
yu*/v

1000 10000

0,1

1

10
100
yu*/v

1000 10000

Table 7. Measured shear velocity values, u* [m/s] and displacement height normalized with the roughness diameter,
Δ
y/kS [-], for uniform bed spheres.
______________________________________________
Flow
Δy/kS
u* [m/s]
____
__________________________
Condition
Log-Law
Log-Law
γ
R
S
u’v’
τtotal
h
______________________________________________
S1.3C1
0.15
0.0679 0.0495 0.0442 0.0443
S1.3C2
0.19
0.0732 0.0535 0.0602 0.0564
S1.3C3
0.20
0.0767 0.0556 0.0616 0.0613
S1.3C4
0.44
0.0822 0.0582 0.0664 0.0704
S1.3C5
0.47
0.0910 0.0637 0.0710 0.0723
S1.3C6
0.46
0.0895 0.0686 0.0720 0.0692
______________________________________________

0
0,6

5

For the flow over a bed of uniform spheres the
shear velocity was evaluated using the bed-slope
method (2.1.2), the Reynolds Stress method
(2.1.4), the Log-Law method (2.2.1) and the total
stress method (2.2.2) as described in Section 2.
Some preliminary tests with the shear stress probe
have shown that the results were inconsistent, due
to the fact that the viscous sub-layer was probably
too thin. Therefore, the shear stress probe was not
used in this case.
The application of the Log-Law and the total
stress methods allowed the simultaneous calculation of the displacement height as referred in section 2.2. Table 7 presents the shear velocity values
obtained with the referred methods as well as the
displacement height evaluated from the Log-Law
method. It must be pointed out that in the case of
using the total shear stress method all the flow
conditions have the same displacement heights
due to the uniformity of the bed roughness.
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4.2.2 Uniform spheres bed
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Figure 10. Mean velocity profiles normalized with u*: (a)
perspex plate; (b) Sandpaper.
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These data points are plotted in Figure 9 and the
relation between the direct measurements and the
ones obtained through the Log-Law method is
shown. It is possible to see that there is a good
agreement between the results of the two methods.

0

20
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Table 6. Measured shear velocity values, u* [m/s]: perspex
and
sandpaper.
_______________________________________________
u* [m/s] SandPaper
Flow
u* [m/s] Perspex
_______________
_________________
Condition
Log-Law Probe
Log-Law Probe
_______________________________________________
S0C1
0.0124 0.0121
0.0116 0.0102
S0C2
0.0178 0.0181
0.0165 0.0171
S0C3
0.0208 0.0207
0.0205 0.0196
S0C4
0.0240 0.0239
0.0233 0.0234
S0C5
0.0161 0.0155
0.0158 0.0151
S0C6
0.0155 0.0160
0.0166 S0C7
0.0197 0.0196
0.0185 0.0183
_______________________________________________

0,6

25

u/u*

To measure the shear-stress on the perspex plate
and on the sandpaper the Shear Stress Probe and
the Log-Law method described in 2.1.1 and 2.1.3
respectively, were used. The values of the measured shear velocity are shown in Table 6.

25

u/u*

4.2 Shear Stress Evaluation

0,7

τ (Shear stress Probe) [N/m 2 ]

Figure 9. Comparison of shear stress values obtained with
the shear stress probe and the Log-Law method for different
conditions of hydraulic smooth flows.

The mean velocity profiles normalized with the
shear velocity obtained from the Log-Law method
are presented in figure 10.
Using the values of the shear velocity presented on Table 6 and the diameter of the sandpaper roughness elements the roughness Reynolds
number (equation (3)) have been evaluated and
showed to be in the range of the ones correspondent to smooth flows according to Graf and Altinakar (1998).

Analyzing the obtained results it is possible to
conclude that shear velocity values obtained from
Log-Law are around 20% to 30% higher than the
ones obtained through the other methods. This can
be due to the fact that it was not always possible
to identify the limits of the logarithmic region on
the velocity profile. In what concerns the displacement height obtained from the Log-Law method it is possible to observe two groups of values
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around 0.2 and 0.45. In the case of total stress method a constant value of 0.20 was obtained.
Using the values presented on Table 7 along
with the particles’ diameter the roughness Reynolds number (equation (3)) has been evaluated.
All values were greater than 70 which correspond
to rough bed flows according to Graf and Altinakar (1998).
In Figure 11 the Reynolds stress profiles used
for shear stress evaluation are presented. These
values have been normalized with the shear velocity obtained from Reynolds stress method. From
the same figure it is possible to see that for the
three first conditions (S1.3C1 to S1.3C3), corresponding to lower flowrate values, the Reynolds
stress distribution follows equation (10) but that
does not occur for the remaining conditions.

(16)

The friction factor, λ, can be written as (Graf &
Altinakar (1998)):
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λ
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Figure 11. Shear stress values normalized with u*2.
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(

)

= 2 log Re λ + 0.4

(18)

y/h

1.00

⎞
⎟⎟
⎠

(19)

Equation (18) and (19) are plotted in the Moody diagram, Figure 13, along with the obtained
experimental data from this and previous studies.
The results for perspex and sandpaper depicted
in Figure 13 show, as expected for smooth beds,
that equation (18) is suitable to describe the measured frictions factors. When considering bed of
uniform glass spheres it is possible to see that friction factor values are shifted into a parallel line to
the one representing equation (18) which corresponds to equation (19) for different equivalent
roughness, kS. As shown in the same figure the
consideration of a kS value equal to the spheres diameter equation (19) fits the experimental data
obtained through the application of the Log-Law
method. For a kS value of haft the diameter of the
spheres the referred equation lead to a better approach to the experimental values obtained using
the Reynolds stress method.

0.5
0.4

S1.3C2

(17)

⎛R
= 2.21 + 2.03 log⎜⎜ h
λ
⎝ kS

1

b)

1.0

0.9

U
u*

where λ = friction factor.
And for rough channel flows the following relationship is valid (Chow (1959)):

0
0

=

where λ = friction factor and U = mean velocity.
For smooth flows the friction factor can be determined by the Prandtl-von Kármán equation for
smooth flows (Chow (1959)):

S1.3C4
y/h

v'
⎛ y⎞
= 1.27 exp⎜ − ⎟
u*
⎝ h⎠

4.2.3 Friction Factor Values Comparison

S1.3C3

0.6

(15)

where u’ = longitudinal turbulence intensity and
v’ vertical turbulence intensity.
It is possible to see from the experimental results that Nezu and Nakagawa (1993) figured equations (15) and (16) are a good approximation in
supercritical rough turbulent flows.

1
0.8

u'
⎛ y⎞
= 2.30 exp⎜ − ⎟
u*
⎝ h⎠

1.50

Figure 12. Vertical distribution of turbulence intensities
components: a) longitudinal and b) vertical.

In order to check the obtained shear velocity
values, namely the ones obtained through the
Reynolds stress method, the measured normalized
turbulence intensities profile are depicted in Figure 12 and compared with the corresponding empirical relationships (Nezu & Nakagawa (1993)):
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tested flow conditions, which is in the line of the
literature indications.
It was also possible to verify that, for the considered type of flows (high Reynolds and high
Froude numbers), the non-dimensional normal
stress follow the same theoretical laws presented
by Nezu & Nakagawa (1993) for smooth beds.
The comparison with the friction factor, λ,
showed that the measurements carried out for the
smooth bed fall over the corresponding theoretical
curve, as expected. For the bed of uniform spheres
it was possible to see that the values calculated
with the Log-Law and the Reynolds stress methods fit well equation (19), adequate for turbulent
flows on rough bed channels, considering equivalent roughness values equal, respectively, to the
spheres’ diameter and to half the spheres diameter.
Further studies of the best fitting criteria for the
corresponding friction factor values must be carried out.

1E+00
λ=

24
Re

1E-01

λ

(b)
(c)

1E-02

1E-03
1E+01

(a)

canal rectangular - Minnesota (Chow, 1959)
canal rectangular - Illinois (Chow, 1959)
Perspex - u*(Clauser)
Sandpaper bed - u*(Clauser)
Uniform spheres bed - u*(u'v' )
Uniform spheres bed - u*(Log-Law )

1E+02

1E+03

1E+04

Re

1E+05

Figure 13. Experimental obtained friction values (with the
method used to calculate the corresponding shear stress values in parenthesis) represented in comparison with the literature: (a) equation (18); (b) equation (19) with kS=D; (c)
equation (19) with kS=D/2. (Adapted from Chow (1959)).

It must be pointed out that, taking into account
the considered Reynolds number range and the
usual criteria classification based on the roughness
Reynolds number, the studied flows would be expected to be on a turbulent rough flow regime, to
which a constant friction factor should correspond, although that is not verified.
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5 CONCLUSIONS
In this paper different methods to determine the
shear stress were used on flows characterized by
high Reynolds and Froude numbers. A direct method provided by a Doppler shear stress probe
proved to be an efficient and practical way to evaluate the shear stress. Its major disadvantage is the
fact that the probe’s volume control must be inside the viscous sub-layer which limits its application to smooth walls. Since it was not possible to
use the shear stress probe for rough beds, different
indirect methods were used and compared. It was
possible to confirm that one of the methods, the
Log-Law based one, led to shear stress values
quite different from the ones obtained through the
other methods, enabling to confirm the idea that
maybe it is not suited for rough bottom channel
flow conditions.
The shear velocity values obtained by the total
stress method were similar to the ones obtained
from the Reynolds stress method apparently and
naturally because the form-induced stress have not
shown considerable magnitude for the study conditions However, we shall emphasize that it was
not possible to measure below the crests of the
spheres, and that could eventually have led to observe some major differences. In fact, anyway,
due to the uniformity of the bed a constant value
of the displacement height was obtained for all
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ABSTRACT: A three-dimensional numerical model is used to compute the water flow field in a straight
flume with a cobble bed. The geometry of the numerical model is a replication of a physical model experiment where the largest cobbles were approximately 10 cm long. Detailed information on the digital
terrain model of the bed was available from a laser scan of the bed. In the experiments, flow velocity profiles and turbulence properties were measured with a 3D-Laser Doppler Anemometer at 24 randomly selected locations. For the numerical simulations, the bed roughness is resolved with a very fine unstructured grid with dominantly hexahedral cells, adapted to the larger stones. At the bed, also a few
tetrahedral cells are used. The unstructured grid allows for a varying number of grid cells in the vertical
direction, depending on the water depth. The grid has 72 million cells, covering a flume area of 2.1 m in
the longitudinal direction, 0.71 m in the width and 0.21 m over the depth. The cell sizes are smaller than 2
mm in the horizontal directions and smaller than 1 mm in the vertical direction. Results from the numerical model are compared with the flume measurements on the basis of the measured velocity profiles.
Keywords: Numerical models, Bed roughness, Hydraulic roughness, Velocity profile
(Nikora et al., 2007a, b and references therein)
provides a theoretical background for interpretation of experimental and high resolution numerical flow data over rough surfaces.
However, high resolution numerical studies using Large Eddy Simulation (LES) or Direct Numerical Simulation (DNS) are cost intensive and
are therefore not yet appropriate for practical applications in river engineering. Until today, most
practical problems are tackled using one-, two-, or
three dimensional numerical models (1D, 2D,
3D). So far, the application of such models has not
significantly advanced the understanding of flows
over rough beds because the effect of roughness
must be accounted for by roughness functions determined empirically from experiments (e.g.,
Stoesser & Aberle, 2009).
For example, when the roughness elements are
fairly small compared to the water depth and the
grid cell sizes, the common and most valid approach is using a friction factor representing the
influence of roughness. This is achieved by using
a Manning or Chézy friction factor in most 1D
and 2D models. On the other hand, a roughness
length scale expressed in the dimension of length

1 INTRODUCTION
The turbulent flow and associated boundary layer
in natural channels is strongly influenced by the
roughness conditions on the channel bed. Compared to the homogeneous roughness structure of
smooth and/or technical surfaces, the roughness
structure of surfaces composed of natural sediments is spatially heterogeneous. The irregular nature of the surface affects the near bed flow and
hence bed shear stress and energy loss. The latter
determines the water surface slope and the corresponding water levels showing the importance of
the adequate characterization of roughness for
both the analysis of experimental data and numerical modeling studies.
In experimental investigations it is possible to
investigate the effect of bed roughness on the turbulent flow field by analyzing measured velocity
and turbulence data. Initiated by the pioneering
work of Nikuradse (1933) tremendous progress
has been made in understanding the effects of
roughness on the mean wall-normal velocity distribution (see Jimenez, 2004 for a review). Furthermore, the Double-Averaging Methodology
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(e.g., equivalent sand roughness ks) is usually used
in 3D models. The roughness length is a parameter in the wall law applied to compute bed shear
stress. This approach was developed based on data
from experiments in which sand particles were
used as surface roughness. The particles were single sized and regularly spaced resulting in an
even, quite smooth bed surface. Particle shape and
orientation as well as varying heights of the bed
elevation which appear for gravel bed surfaces
and have an effect on the flow field (see Cooper et
al., 2008) were not considered. Thus, using this
approach it is not possible to account for the small
scale roughness structure and grain orientation in
most numerical studies. In fact, with the current
available knowledge, roughness height mostly
remains a calibration parameter in numerical
modeling studies used to tune numerical model
outputs to measured data (Morvan et al., 2008). A
recent discussion of the meaning of roughness and
its implementation in computational models is
given in Morvan et al. (2008).
A further problem arises resolving the bed topography when the roughness becomes larger. If
the stone sizes d on the bed correspond to at least
1/10 of the water depth h (i.e., h/d < 10), the
roughness protrudes into the grid cells of a 3D
numerical model. Some rivers have even larger
roughness elements where the boulders protrude
through the water surface. Thus, in such situations, it is difficult to compute the correct water
flow field with a 3D-numerical model solving the
Reynolds-averaged
Navier-Stokes
equations
(RANS).
There basically exist two different approaches
to solving the problems discussed above (Olsen &
Stokseth, 1995). One method is to apply an immersed boundary method where the drag forces
from the water on the stones are computed. This
approach has been used in several studies, for example Olsen & Stokseth (1995), Fischer-Antze et
al. (2001), and Zinke & Olsen (2008). In this method a drag formula is used with an empirical
formula for the drag coefficient. One problem
with this method is that the drag coefficient is uncertain and difficult to predict accurately. Another
problem is that the method does not give a detailed picture of the flow around the roughness
elements.
The second method is to resolve the roughness
elements with a fine grid. This method, applied in
the current study, can be useful where detailed information on the flow field around the stones is
needed, for example in fish habitat studies.
Another use for the method is to obtain information for further and more detailed studies of flow
over rough beds. For example, using the pressure
field, it is possible to directly compute the drag

and lift of the larger stones. Thereby, it would be
possible to assess if the largest stones would be
eroded or not. The main problem with resolving
the roughness using this method is that an extremely fine grid has to be used, requiring substantial computational resources. The numerical
method used to accomplish this is described in the
following sections. The proposed method is validated by comparing the computed flow field with
measured velocities by means of vertical profiles
of the velocity component in main flow direction
over a rough gravel bed.
2 EXPERIMENTAL DATA
The experimental data used to verify the numerical methods stem from experiments carried out in
the laboratory of the Leichtweiß-Institut für Wasserbau, Technische Universität Braunschweig.
The experiments, described in detail in Aberle &
Koll (2004) and Aberle et al. (2008) were carried
out in a 0.9 m wide, 20 m long, and 0.60 m high
tilting flume.
In this paper, we use data from a single experiment which was carried out over a rough stable
armor layer characterized by d0 = 0.0063 m, d16 =
0.0084 m, d50 = 0.0184 m, d84 = 0.044 m, and d100
= 0.064 m, where dxx denotes the grain size for
which xx % of material (weight) has a smaller
size.
The digital elevation model (DEM) of the bed
was obtained by scanning the stable armor layer
topography over a length of 2.4 m and a width of
0.716 m with an Optimess laser displacement meter within the test section which was located 9 m
downstream of the flume inlet (see Figure 1 for
DEM).
Longitudinal bed profiles were recorded with a
sampling interval of Δx = 1 mm with a lateral
spacing between profiles of Δy = 4 mm, and with
a vertical precision of ±0.1 mm. The different
sampling intervals in x and y directions reflect the
footprint of the sampling volume of the Optimess
laser system (0.2 mm in flow direction and 4 mm
in transverse direction). In total, 180 longitudinal
profiles were recorded per surface scan. For the
armor layer under investigation, the standard deviation of bed elevations σz = 8.2 mm and the geometric roughness height kr describing the distance
from maximum to minimum elevation equals 62.5
mm (see Aberle & Nikora, 2006 for further analyses of the bed structure).
Flow measurements were carried out with a
Dantec 3D-Laser Doppler Anemometer (LDA).
For the presented data set, 24 randomly distributed vertical profiles of 3D velocities were
measured with a sampling interval of 1 minute
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3 NUMERICAL MODEL AND GRID
GENERATION

and sampling frequencies > 20 Hz (see Figure 1
for positions). The measurements were carried out
with immersed LDA-probes to enable flow velocity measurements within the roughness layer (Figure 2; see Aberle, 2006 for description of LDAsetup). The vertical sampling resolution of the velocity measurements was Δz = 2 mm below
roughness tops, Δz = 4 mm above roughness tops,
and Δz = 10 mm in the outer flow field. The measurements were carried out with a steady uniform
discharge of Q = 90.6 l/s and a flume slope of S =
0.027. The mean water depth h, measured from
mean bed elevation to water surface, corresponded to h = 0.173 m resulting in a relative submergence h/kr = 2.8 (h/d84 = 3.9). Further information on the analysis of the data from all conducted
experiments can be found in Aberle & Koll
(2004), Aberle (2006) and Aberle et al. (2008).

The 3D numerical modelling approach used in this
study is based on a very fine unstructured grid in
order to resolve the bed roughness. The basis of
the unstructured grid was a structured orthogonal
3D grid that covered both the water and the particles at the bed. The unstructured grid was made
by removing the cells that were completely filled
with solids, i.e., cells which were located below
the bed elevations of the DEM. The cells above
the surface were kept from the original orthogonal
grid. The remaining cells were partially filled with
water and partially filled with solids, i.e. contained the DEM surface. Shape changes were
made for these cells by raising the bed elevations
of the four bottom corners vertically up to the
level of the DEM. Thereby only the water part of
the cell was considered. This caused the bed cells
to change in shape to become non-orthogonal. As
the CFD code used in this study, SSIIM 2, was
able to compute with non-orthogonal cells this
was not a problem.
Some cells were located very close to the edge
of a stone. In such cases, the angle between the
grid line along the bed and the vertical grid line
was sometimes very small. This led to very nonorthogonal cells, causing stability problems and
inaccuracies. To avoid such grid cells, they were
simply removed. The neighbouring cells were
then left with no cells at their sides, creating vertical lines along the lower boundary of the grid.
This can be seen in Figure 4 and 5 (at the end of
the paper).
After this procedure, the new unstructured grid
had been made with only the wetted cells. One
advantage of the unstructured grid was that cells
partially or fully containing solids were removed
saving computational time. Moreover, such cells
would require special immersed boundary techniques in the solution of the RANS-equations.
When all the cells are only filled with water, such
algorithms are not necessary. Another feature of
the grid algorithm was that, since the original grid
was orthogonal, only a very few cells close to the
bed were non-orthogonal. Since the main flow direction followed the grid lines, false diffusion was
thereby reduced.
A detailed example for the grid of the large
roughness studied is displayed in Figures 4 and 5.
As seen in the figures, non-horizontal grid lines
are generated at the bed, allowing some of the
sides of the hexahedral cells to be shorter than the
others. Also, some sides may be shortened down
to zero, allowing for tetrahedral cells close to the
bed. This, together with the variable number of
grid cells in the vertical direction, allows for re-

Figure 1. Digital elevation model of the armor layer shown
as shaded relief map. The white dots indicate the randomly
chosen LDA-measuring positions. Axis units are in mm.

Figure 2. LDA-measurements in the roughness layer (left)
and in the outer flow field (right).
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solving the larger stones in the bed. The resulting
grid has 72 million cells, covering a flume area of
2.1 m in the longitudinal direction, 0.71 m in the
width and 0.21 m over the depth.
The CFD code used in this study computed the
water velocities by solving the RANS-equations
in three directions. The SIMPLE method was used
for computation of the pressure and the k-ε model
was used to resolve the Reynolds stresses. Rough
wall laws with a relatively low roughness length
of kS = 0.6 mm were used at the bed as a consequence of the high grid resolution.
The main problem with the current case was
the very long computational time due to the large
number of grid cells. A solver for an unstructured
grid is also usually much slower than for a structured grid. This problem was reduced by using a
multi-grid solver which was only applied to the
pressure-correction algorithm in SIMPLE. A
multi-grid algorithm uses a mixture of fine and
coarse grids to achieve a fast convergence. The
coarse grid will transport changes in a variable
faster across the domain than a fine grid. The current algorithm was originally made for natural
rivers where the horizontal dimensions were much
larger than the vertical direction. Therefore, the
residuals from the pressure-correction equation
were first summarized vertically on a depthaveraged grid. Then this grid was made incrementally coarser by joining four neighbouring cells
into one. The procedure was repeated until the
equation could be solved on a grid with only a few
cells. The solution was transferred to the finer
grid, solved again and so on until the original 3D
grid had gotten its corrections.
To increase the computational speed, the program was also parallelized using OpenMP and
runing it on an IBM PowerPC cluster with 16
CPUs and 128 GB RAM on each node. The computational time for the 72 million cell grid was
about two weeks running on one node. The RAM
requirements were about 1 GB pr. 1 million cells.
One of the major problems in the calculation
was to specify the upstream boundary condition
for the velocities and turbulence parameters. In
the current study, a logarithmic velocity profile
was chosen for the velocities. Also, specified profiles of turbulent kinetic energy k and dissipation ε
were used. However, the values of these profiles
were unknown and thus they have an effect on the
results adding some uncertainty.

comparison, only profiles at the central part of the
computational domain were taken (one meter
downstream the upstream boundary and 30 cm
upstream of the downstream boundary). Avoiding
the areas close to the upstream boundary reduced
possible problems with the unknown inflow velocity and turbulence distributions. In fact, as the
velocity profile and the turbulence parameters at
the upstream boundary were not known, it was assumed that a length of about 1 m is required to
develop the flow in the numerical model. In addition, the assumed logarithmic velocity profile contains a roughness parameter, which was set to 3
cm in the current study. There is a possibility that
this may not be the correct value and that the upstream velocity profile is not completely logarithmic due to the influence of the upstream
roughness structure.
In addition, the pre-defined upstream values of
the turbulence parameters k and ε affect the turbulence in the main computational domain and the
eddy-viscosity has also some effect on the velocity profiles. In this context it is worth mentioning
that the comparison of computed and measured
velocity profiles showed a poor agreement within
the first downstream meter of the computational
domain.
The downstream boundary conditions were
zero-gradient for all variables resulting in a
smaller impact of the downstream boundary compared to the inflow boundary. For this reason,
only the three velocity profiles located at x > 2200
mm (Figure 1) were excluded from the analysis.
The comparison of the velocity profiles at single positions (Figure 6) shows a fairly good
agreement between computation and measurement. Averaging the velocity profiles of the
twelve presented positions also in the spatial domain (Figure 3) confirms the good agreement for
the flow field above the roughness layer. However, measured and computed profiles deviate
slightly below the roughness crest. The underestimation of the velocity by the calculation increases towards the bed.

4 RESULTS AND DISCUSSION
Figure 6 (at the end of the paper) shows the comparison of the results obtained from the numerical
model and the measured velocity profiles. For the

Figure 3. Double averaged vertical velocity profiles (solid
line = computed profile, symbols = measured profile).
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5 CONCLUSIONS
A method for computing the velocity field on a
channel with rough bed by using a very fine unstructured body-fitted grid was presented. The
large stones of the bed roughness are resolved directly in the grid, enabling a detailed computation
of the velocity field near the bed. Comparing the
measured velocity profiles and the computed values showed fairly good agreement.
Further studies on the case may include parameter tests on the skin roughness of the bed.
Also, the upstream boundary condition for the velocity and turbulence quantities should be investigated. An option for improvements would be to
use some kind of cyclic boundary condition. As
the upstream and downstream cross-section of the
grid is not completely similar, this is not straightforward due to the irregular nature of the bed surface. Some kind of averaging over the width may
be used. Further research will be carried out along
these lines.
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Figure 4. Part of a longitudinal section of the grid.

Figure 5. 3D view showing a section of the grid.
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Figure 6. Vertical profiles of computed and measured velocities in the longitudinal direction. The squares are measurements
and the solid lines are the results of the computations.
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Bed roughness at high bed shear in open channels and pressurized
pipes
V. Matoušek & J. Krupička

Dept. Of Hydraulics and Hydrology, Faculty of Civil Engineering, Czech Technical University in Prague,
Czech Republic

ABSTRACT: The roughness is discussed of gravel bed streams at high bed shear caused by a flood flow
carrying a substantial amount of sediments. An analogy is described with flows eroding a stationary deposit in enclosed pressurized pipes. Field measurements were carried out in two gravel-bed streams in the
north-east part of the Czech Republic after a disastrous flood in June 2009. The measurements indicated
that at the peak discharges the values of the gravel-bed roughness were considerably higher than predicted for gravel-bed streams in the literature. It is suggested that the increase in bed roughness is due to
additional friction exerted by transported sediments. A mechanism of friction due to grains transported as
bed load is demonstrated on the results of flows in the upper-plane-bed regime through enclosed pipes. A
relatively big uncertainty in bed-roughness determination from field measurements reconstructing flood
conditions in gravel-bed streams suggests that analogous tests could be carried out in more controlled
conditions in laboratory pipes.
Keywords: Sediment transport, Hydraulic transport, Slurry flow, Bed load, Flood
the mass-median size between 2 mm and 256 mm)
is rather limited. This is particularly the case for
flows at high bed shear, i.e. flood flows.

1 INTRODUCTION
Any reliable suggestions for flood control measures require a sufficiently accurate estimation of
the relationship between the discharge and the water stage under a flood condition in a river. The relationship is strongly affected by channel flow resistance, and hence by the roughness of a channel
bed. The problem is particularly complicated if
the stream bed is mobile (erodible).
In the last decade, gravel-bed streams in several regions of the Czech Republic experienced an
increased number of extreme flood events that
caused damages to the stream channels and their
floodplains. Usually, the flooding was accompanied with an intense transport of sediments. It is
believed, that the intense transport of sediments
considerably increased channel resistance and
hence the water stage during the flood events.

2.1 Concept for fixed-bed roughness
Flow resistance is associated with a velocity profile along a flow depth. A gravel bed is a hydraulically rough boundary for which the velocity profile can be determined using a logarithmic (or
more simply a power-law) relationship between
the dimensionless velocity u/u*b (u = local velocity of flow at certain vertical position y above bed,
u*b = bed shear velocity) and the relative position
of the local velocity y/ks (y = vertical distance of
local velocity position above velocity-profile origin, ks = equivalent roughness height of bed). Integrating and rearranging lead to the relationship
for the bed friction coefficient
v
8
1 ⎛BR ⎞
=
= ln ⎜ s b ⎟
λb κ ⎝ ks ⎠
u*b

2 FLOOD FLOW RESISTANCE OF GRAVELBED STREAMS

(1)

where v = average velocity over flow depth, b =
friction coefficient for bed, Rb = hydraulic radius
of part of flow discharge area that is associated
with bed, κ and Bs are constants (the Kármán con-

Information on flow resistance of gravel-bed
streams (streams with beds composed of grains of
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stant κ = 0.4, Bs may vary with flow conditions,
typical value for open channel flows is 11).
The roughness ks is defined as the equivalent
sand roughness size in the original Nikuradse logarithmic formula (law of the wall) for a hydraulically rough boundary. The formula was calibrated
using measured data from enclosed pipes with artificial roughness simulated by sand particles
glued to an inner wall of a test pipe. Thus, it
makes sense to assume that in case of gravel bed
streams, the bed is a hydraulically rough boundary
with ks related to a certain characteristic size of
the bed provided that the bed is fixed (not movable). Assuming a fixed bed, i.e. flow conditions at
which the relative bed shear stress (bed Shields
number

θb =

u *2b

( ρ s / ρ − 1) gd

one representative reach was selected that was
straight, relatively flow-uniform and flat-bed. The
grain size distribution was very similar in both
reaches (Tab. 2). The flood peak discharge was
very similar to the bank-full discharge, i.e. water
did not spill out onto a floodplain. A relatively intense transport of sediments was witnessed in both
streams during the flood. However, no evidence of
bed forms of any significance was found in the
reaches after the flood event.
Table
1. Parameters of channel and flow
______________________________________________
Bělá
Javornický p.
______________________________________________
Longitudinal slope of bed [-] 0.005
0.01
150
34
Flow rate [m3/s]
59.74
15.23
Discharge area [m2]
Width in water surface [m]
28.4
9.3
Width in bed [m]
15.5
5.1
Depth [m]
3.0
2.5
Hydraulic
radius
[m]
2.6
1.3
_____________________________________________

(2)

where ρs = density of grains, ρ = density of liquid,
g = gravitational acceleration, d = grain size) exerted to the bed surface by the flowing liquid does
not exceed the threshold value at incipient motion
of bed grains, a linear relation has been proposed
between the bed roughness size and the size of a
characteristic grain of a bed, α = ks/dx (see e.g. a
survey in Table 2-1 in García et al. 2008). The
most often proposed characteristic size dx = d84,
i.e. the grain diameter for which 84 per cent by
weight of the bed material is finer.

Table
2. Grain size distribution of channel bed
______________________________________________
Size[mm]
d16
d25
d50
d84
d90
de
______________________________________________
Bělá
35
45
110 230 260 129.3
Javornický
p. 60
65
90
160 190 111
_____________________________________________

2.4 Friction conditions evaluated
For each reach, the geometry of a channel was determined (3 channel cross sections, the longitudinal slope of the bed and both banks) together
with marks that water surface at and near the peak
discharge left on the stream banks. The peak discharge was measured in a stream gauge station not
far above the test reach at river Bělá. At Javornický potok no gauge station was available. The
peak discharge was determined from the water
surface marks on the bed-drop object just above
the reach.

2.2 Movable-bed roughness
A determination of the roughness of a mobile bed
can be complicated by a presence of bed forms
that produce the drag roughness additional to the
skin roughness. It is difficult to evaluate whether
or not bed forms are present and contribute to total roughness in gravel-bed streams conveying
flood discharges (i.e. bank-full- and higher discharges). It can be assumed that gravel-bed
streams are much less sensitive to bed undulation
than sand-bed streams due to a broad grain size
distribution of the surface layer of a gravel bed.
Furthermore, no generally validated methods are
available for bed shear stress decomposition in to
skin friction and form drag.

Table
3. Parameters of friction
______________________________________________
Bělá
Javornický p.
______________________________________________
Froude number [-]
0.55
0.56
Bed shear velocity [m/s]
0.36
0.36
0.225
0.133
Shields number for d16 [-]
0.034
0.050
Shields number for d84 [-]
0.030
0.042
Shields number for d90 [-]
0.053
0.054
Manning's n [s/m0.33]
7.4
7.6
ks/d84 [-]
0.57
0.49
ks/H [-]
_____________________________________________

2.3 Field tests in gravel-bed streams after floods

An average value of the Manning's roughness
coefficient n for the reach was determined for the
measured parameters processed by the software
HEC-RAS considering a steady non-uniform
flow. The obtained values of n are in Tab. 3 together with other evaluated flow friction parameters (the bed shear velocity, the equivalent roughness of bed). Very similar values of the bed shear

In July 2009, a few weeks after devastating floods
in the north-east part of the Czech Republic, field
tests were carried out on two gravel-bed streams
affected by flooding in the region. One selected
stream was relatively big (river Bělá, see parameters in Tab. 1), the other was significantly smaller
(Javornický potok, see Tab. 1). In each stream,
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In general, gravel-bed streams are almost invariable bed-load dominated. However, gravel-bed
streams usually transport a lot of sand-size grains
as well. Inspection of the stream reaches after the
flood indicated that this was indeed the case. A
contribution of particular fractions of transported
gravel/sand grains on flow resistance is difficult to
identify, but it can be assumed that coarser fractions contribute more to total resistance than finer
fractions. Coarser particles are more subjected to
interparticle collisions and hence contribute
through the particulate bed shear stress more to
the total bed shear stress than particles suspended
in the carrying liquid that remain virtually contactless and do not contribute to the particulate
bed shear stress.
Table 2-1 in García et al. (2008) shows a considerable scatter in values of α = ks/d84 (from 1.6
to 5.1) by different investigators with an average
value near 3. Limerinos proposed α = 2.8 for gravel-bed streams (Table 2-1 in García et al. 2008).
From our measurements, the values of ks in
Tab. 3 are obtained using

velocity as from HEC-RAS for a one-dimensional
non-uniform flow can be obtained for the observed reaches also using the momentum equation
for one-dimensional normal (steady uniform) flow
provided that Rb lower than H (H = stream depth)
and very similar to R (R = hydraulic radius of entire discharge area) is used in the equation. The
use of Rb smaller than H is justified by the fact
that the observed stream reaches are relatively
narrow with regard to the flood flow depth.
Hence, stream bank effects on the total flow resistance cannot be neglected.
An uncertainty in a field determination of
Manning’s n for gravel-bed streams at flood discharges is relatively high. This is due primarily to
the uncertainties in a determination of the parameters measured ex post in a channel as are the maximum flow depth (or rather the maximum water
surface profile in a reach) and the corresponding
peak discharge during a flood event. For the measurements in the two gravel-bed reaches discussed
here the total uncertainty in the determined values
of n is estimated as high as approximately ± 15
per cent.

ks =

2.5 Bed roughness evaluated
The n values obtained from the field measurements (Tab. 3) are considerably higher than those
suggested by the predictive formula for gravel-bed
streams (e.g. Limerinos 1970). The selected
reaches did not exhibit evidence of significant
sources of form resistance (big roughness elements, big bed forms, bends, flow nonuniformities) that could be accounted for the difference between the observed roughness and the
predicted roughness. The values of the relative
submergence (the flow depth to particle size ratio)
were high enough (usually > 10) to avoid additional form drag associated with wake effects produced by large roughness elements (as described
by Limerinos). No evidence of regular bed forms
was observed in the channel after the flood event.
In the particular reaches no pool-step or poolriffle sequences were present.
Hence, a major part of the total bed shear stress
can be considered a product of the skin friction in
the observed streams. It is likely that transport of
sediments of different grain fractions in the flood
discharge accounts for a considerable increase in
the skin roughness of the gravel bed. A comparison of values of Shields number for different fractions of transported grains (Tab. 3) with the threshold value of Shields number at incipient motion
of grains (θb,cr ≈ 0.045) suggests that all grains
finer than say d84 were in motion in both observed
gravel-bed streams during the flood culmination.

Bs Rb
⎛ κ R1/6 ⎞
exp ⎜ b ⎟
⎜n g ⎟
⎝
⎠

(3)

for κ = 0.4, Bs = 11, and Rb ≈ R. The values of α =
ks/d84 are more than twice higher than suggested
by Limerinos, namely 7.4 for Bělá and 7.6 for Javornický potok (Tab. 3). These values are extremely high for fixed beds and are very high even
for mobile beds.
3 FLOW RESISTANCE AT HIGH BED
SHEAR IN PRESSURIZED PIPE
Laboratory pipe loops manufactured to convey
slurries are appropriate for testing phenomena related to friction at the top of a granular bed. This
is because a broad range of flow conditions can be
installed in the loop. Moreover, it is easy to control the conditions and to measure required quantities. Our tests were focused to eroded beds in the
upper-plane bed regime, i.e. to flows with Shields
number θb that exceeded say 0.6. At high shear
stress, a flow erodes the top of the mobile bed and
prevents a development of bed forms. As a result
the bed is flat and intense transport of solid particles takes place. The transported particles influence friction conditions at the top of the bed. Our
tests are described in more details e.g. in
Matoušek & Krupička (2009). The eroded-bed
roughness size ks is determined from the measured
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quantities using Eq. (1) with Bs = 14.8 for circular-pipe flows.
Figure 1 shows results of the test with the slurry of a narrow graded fraction of coarse sand (d18
= 1.15 mm, d50 = 1.36 mm, d84 = 1.55 mm) in a
circular pipe of the inner diameter 100 mm. At θb
of about 0.45, α gains a value only slightly higher
than 1, i.e. much lower than in the measured gravel-bed streams. However, it must be seen that the
solids discharge at this relatively low (from the
point of view of pressurized flows) value of
Shields number at the lower limit of the upperplane-bed regime (and i.e. the upper threshold of
bed undulation) was very low in the test pipe, definitely much lower than the corresponding solids
discharge in the streams during the flood.
In the pipe, the equivalent roughness tended to
increase with Shields number (Figure 1). The solids discharge increased with Shields number as
well. The relationship between ks/d50 and θb was
roughly linear and could be approximated by the
relationship proposed for sheet flows by Wilson
(e.g. 1989, 2005),

ks
const
=
θb = 3.3θb
d50 Csh tan ϕ

Figure 2. Roughness ratio for eroded plane bed composed of
medium sand grains in circular pipe of inner diameter of
150 mm.

However, tests with slurry of a finer sand fraction (medium sand, narrow graded, d18 = 0.30
mm, d50 = 0.37 mm, d84 = 0.46 mm) in a 150-mm
pipe indicated that the roughness ratio ks/d50
tended to deviate from the linear relationship with
the Shields number at high θb values (Figure 2).
Table 4. Experimental data from pressurized pipes

(4)

Conduita

Solids

sand d50 = 0.22 mm, S = 2.65
○ 100
sand d50 = 0.38 mm, S = 2.65
○ 100
sand d50 = 1.36 mm, S = 2.66
○ 100
sand d50 = 0.3 mm, S = 2.65
○ 105
sand d50 = 0.56 mm, S = 2.65
○ 105
bakelite d50=1.05 mm, S = 1.53
○ 105
sand d50 = 0.37 mm, bS = 2.65
○ 150
sand d50 = 0.354 mm, S = 2.67
□ 98x98
sand d50 = 0.55 mm, S = 2.66
□ 98x98
sand d50 = 0.7 mm, S = 2.67
□ 98x98
sand d50 = 1.1 mm, S = 2.66
□ 98x98
nylon d50 = 3.94 mm, S = 1.14
□ 98x98
bakelite d50=0.67 mm, S = 1.57
□ 98x98
bakelite d50=1.05 mm, S = 1.54
□ 98x98
sand d50 = 0.13 mm, S = 2.65 □ 300x100
a
shape and size in millimeter.
b
number of experimental data.

where Csh = average volumetric concentration of
solids within a shear layer, φ = dynamic friction
angle of solids.

Figure 1. Roughness ratio for eroded plane bed composed of
coarse sand grains in circular pipe of inner diameter of 100
mm.

b

No.

Reference

20
37
38
6
4
8
14
30
26
47
30
12
13
33
19

(3)
(3)
(3)
(9)
(9)
(9)
(4)
(7)
(7)
(8)
(7)
(7)
(7)
(7)
(10)

Another data from the literature and own tests
for a broad range of tested narrow-graded fractions of grains (Tab. 4) confirmed the trend and
suggested parameters additional to Shields number that affect the roughness ratio at very high bed
shear. Taken all parameters into account a preliminary semi-empirical formula was proposed for
the upper-plane-bed regime
2.5

ks
W 1.1 ⎛ R ⎞
= 1.7 s*2.3 ⎜ b ⎟ θ b1.4
d
Frb ⎝ d ⎠
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(5)

existence of a relationship between the dimensionless solids discharge and the bed Shields number.
At high bed shear, the relationship of the MeyerPeter and Müller (MPM) type could be used provided that the coefficients of the MPM formula
were determined as functions of the particle Reynolds number instead of being kept constant for
different transported materials (Matoušek 2009).
According to the solids transport formula, the solids discharge increases with θb. The ratio ks/d50 increases with θb as well (see Eqs. 4-5) and hence
the bed roughness should grow with the concentration of solids transported in flow above the bed.
At θb values round the lower limit of the upper
plane bed regime in the database, the solids discharge was very low and so was the value of the
roughness ratio for the bed, ks/d50 ≈ ks/d84 (typically round the value of 1). Values of two orders of
magnitude higher could be reached for ks/d50 during pressurized-pipe tests and the increase in
ks/d50 was associated with a significant increase in
solids flow rate in a pipe. Figure 4 shows a relationship between ks/d50 and the delivered volumetric concentration, Cvd, of grains in the flow of
mixture above the bed measured during the medium-sand test in the 150-mm pipe.

where the dimensionless settling velocity of grain
1/3

⎡ ( S − 1) ⎤
Ws* = ⎢
⎥ wt , the bed Froude num⎣ gν ⎦
v
ber Frb = a , and
gRb
S = relative density of grains, ν = kinematic viscosity of liquid, wt = terminal settling velocity of
grain, va = average velocity of flow in discharge
area above bed.
The data in Table 4 covered bed friction conditions within a range of θb from 0.6 to 23. Figure 3
shows that Eq. 5 performs very well within the entire range of ks/d50 and thus θb.

Figure 3. Comparison of ks/d50 from experiments and Eq. 5
for all data in Table 4.

The statistical parameters used for a fit evaluation in Figure 3 are defined as follows:

⎛ X predicted ,i − X measured ,i ⎞
⎜
⎟
∑
X measured ,i
i =1 ⎝
⎠
2
s =
N −1
N

N

Erlog =

⎛ X predicted ,i ⎞
⎟
⎝ measured ,i ⎠
N

∑ log ⎜ X
i =1

2

(6)

Figure 4. Relation between ks/d50 and delivered concentration of solids in medium-sand flow in circular pipe of inner
diameter of 150 mm.

(7)

(X = processed quantity; N = number of processed
data).

4.2 Interpretation of laboratory results to gravelbed streams
In gravel-bed streams the relation between the bed
roughness and the solids discharge may be more
complex than in laboratory pipes but the basic
trend should hold. In the literature, values higher
than 1 (typically between 1.6 and 5.1) are suggested for α = ks/d84 in gravel-bed streams at bed
shear conditions typical for usual flow discharges.
Even higher values of α can occur for flood flow
discharges as our field tests suggest. At least a
certain portion of the increased roughness of the

4 DISCUSSION
4.1 Relation between bed roughness and solids
transport in upper plane bed regime
The pipe-flow database contained data covering a
broad range of solids flows rates. Besides the bed
roughness formula, a solids transport formula was
tested using the database. The data confirmed an
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preparation of much laboratory tests is a work currently in progress.

bed should be attributed to the interaction of the
transported grains with the top of the stream bed.
Perhaps, the upper plane bed regime was not
reached in the two observed streams (θb was too
low) and the roughness was predominantly affected by solids transport through bed forms (although no signs of significant bed forms were observed in the reaches after the flood event).
The upper plane bed is more likely to occur in
mountain streams with longitudinal slopes larger
than say 0.02. For instance, a flood event on the
north-Bohemian mountain torrent Dubská
Bystřice in August 2002 produced the following
conditions. The observed reach had the longitudinal slope of 0.05. A typical value of the water
depth at the peak discharge was 1.4 meter and the
hydraulic radius Rb ≈ 0.78 meter. Hence, the maximum bed shear stress reached the value of about
400 Pa. The grain size distribution in the bed was
d16 ≈ 1,3 cm, d50 ≈ 5 cm, d84 ≈ 18 cm a d90 ≈ 22
cm. Hence, θb ≈ 0.11 for d90, θb ≈ 0.47 for d50, and
θb > 1.8 for grains smaller than d16. During the
flood condition the critical value of θb for initial
motion (θb,cr ≈ 0.05 according to the Shields diagram) was exceeded for a great majority of bed
grains. The bed grains of sizes up to 0.5 m were in
motion at the peak discharge. Grains smaller than
say d16 were transported as suspended load, the
coarser grains were transported as bed load. Presumably, intense transport of sediments considerably affected bed resistance and hence the relation
between the flow discharge and the water stage.
No gauge station was available anywhere nearby
the reach and the flow rate was unknown. Therefore the bed roughness could not be determined
from the field post-flood measurements. However,
a rough estimation of a flow rate suggested that
Manning’s n should reach a value of about 0.06
during the event.
The friction conditions could be considered the
upper plane bed regime conditions and hence the
roughness formula derived from the laboratory
tests may be applicable. However, a direct application is conflicted by e.g. a broad grain size distribution of the gravel bed. The broad distribution
gives rise to the question which characteristic sizes should be used in particular dimensionless
groups in Eq. 5. Furthermore, a broad grain size
distribution affects the solids transport rate at a
certain applied bed shear stress. Perhaps, the solids rate can be higher for broadly graded bed sediment than for a narrow graded bed fraction of
the same d50 at the particular bed shear stress (400
Pa in the Dubská Bystřice reach)..
It would be interesting to simulate a wide grain
distribution in laboratory pipe tests in order to
evaluate the effect of the grain size distribution on
the solids discharge and the bed roughness. A

4.3 Application of bed-roughness formula
Pressurized pipe: A formula for the mobile-bed
roughness is an important part of predictive models for stratified flows through slurry pipes with
both a sliding bed and a stationary bed (e.g.
Matoušek and Krupička 2010).
Open channel: The roughness of a mobile bed
considerably affects a relationship between the
flow rate and the water stage in open channels.
This relationship is of major practical importance
for an estimation of water stages under flood conditions giving e.g. a prediction of the maximum
water stage for a certain (flood) discharge in a
channel. In practice, the relationship is also used
for an estimation of the flood discharge from
flood marks (the marks assigning the maximum
water level) in a channel after a flood event.
5 CONCLUSIONS
Field measurements in two gravel-bed streams
showed that during a flood event the bed roughness was much bigger than predicted using formulae in literature. It is suggested that the high value
of the bed roughness at high bed shear is due primarily to transport of sediment at the flood discharge.
A significant effect of solids transport on the
bed roughness was observed in slurry flows in upper plane bed regime in enclosed pressurized
pipes. Tentative formulae were proposed for the
Nikuradse’s equivalent roughness of a bed composed of a narrow graded grain fraction and
eroded by a flow of solids-liquid mixture.
Additional pipe tests are required to incorporate conditions typical for gravel-bed streams, i.e.
a wide size distribution of grains in a bed and in
transported load.
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Downstream-migrating antidunes in sand, gravel and sand-gravel
mixtures
F. Núñez-González & J. P. Martín-Vide
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Spain

ABSTRACT: Downstream-migrating antidunes occur at upper-regime flows, but in contrast to the
upstream-migrating antidunes, there have been a scarce number of reports about them in literature.
Likewise, little is known about the characteristics of upper-regime and transitional bedforms when the
bed sediment is not composed of a unique grain-size. In this study, flume experiments are described, for
which mobile-bed equilibrium conditions were obtained for flows at, and close to, the transition between
lower- and upper-regimes. High sediment feeding rates, even as high as 1 kg per second, were required
for reproducing such conditions, for which three-dimensional downstream-migrating antidunes were the
most frequent bedforms observed. Bed material for the experimental runs was composed of sand, gravel
and two sand gravel mixtures, with average sand contents of 32% and 44%, respectively. A good
agreement was found when comparing experimental results with bedform existence fields developed with
potential flow theory, with the exception of the direction of movement of transitional bedforms, which
theory failed to predict adequately. Mean flow velocity-wave length theoretical equations did not perform
well for three-dimensional downstream-migrating antidunes, possibly because of the difficulties of
defining adequately a transversal border condition.
Keywords: Bedforms, Upper-regime, Antidunes, Sand, Gravel, Sediment-mixtures
1 INTRODUCTION

with which upper-regime flow is normally
associated.
The main distinctive characteristics of the bed
features formed during the experiments are
highlighted, and a comparison is presented with
potential flow theory.

Bedforms produced by water flowing over an
alluvial bed have an important feedback effect on
flow and are closely related to sediment transport.
The understanding of them is, therefore, essential
for the study of river hydraulics and sediment
transport mechanics.
Bedforms developed in sand beds have been
widely studied in experimental flumes and rivers.
Bedforms composed of grain-size mixtures,
however, have received less attention. In
particular, few observations exist for transitional
and upper-regime bedforms composed of mixedsize material.
In this study we report experimental bedforms
in beds composed of sand, gravel and two sandgravel mixtures, for flows with Froude numbers
near to 1. The most frequent bedforms observed in
the experiments were short-crested downstreammigrating antidunes; such bedforms are rarely
reported in literature in comparison to the longcrested upstream-migrating antidunes and flat bed,

1.1 Dunes and antidunes
Dunes are the most characteristic bedforms in
fully-rough turbulent subcritical flows (low
Froude numbers). These forms migrate
downstream and are asymmetrical in shape, with a
gentle stoss-side slope and a steep slope on the
leeside. The mechanism by which dunes move
downstream is related to the flow separation eddy
over the leeside, which induces deposition of
material in front of the slip-face. On the other
hand, bedforms typically associated with
supercritical flows have been generally classed as
antidunes, and the feature that most distinguishes
them from dunes is the fact that the water surface
undulations appear in-phase with the antidunes.
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concluded that these diagrams are also valid for
supply-limited bedforms in sand-gravel if the
plots are used with the bed-load material instead
of with the bed material.
Bedform existence fields can be drawn in
accordance with stability analysis based on
potential flow theory, developed by Anderson
(1953), Kennedy (1961) and Reynolds (1965).
Potential flow analysis allows for discrimination
between 2D and 3D antidunes. In the same
manner, the theory outlines the border between
UMA and DMA. Nevertheless, a clear
delimitation between upper-stage plane bed and
DMA is not specified by theory.

Bearing this defining attribute in mind, an
attribute which involves the influence of the water
surface standing-waves over the bed shape,
antidunes are not only characteristic of
supercritical flows, they are also likely to occur
even under subcritical flow conditions.
Antidunes tend to be more symmetrical than
dunes, showing a sinusoidal appearance, and
move either upstream, downstream or remain
stationary. As the direction of movement of
antidunes is related to the sediment depositional
pattern, distinctive relict internal sedimentary
structures are associated with their migration
direction. As such, some sedimentologists
consider that the more generic term “in-phase
waves” should be applied to upper-regime
bedforms,
so
that
downstream-migrating
antidunes (DMA) and stationary antidunes should
be distinguished from upstream-migrating
antidunes (UMA) as different classes of bedforms
in their own right (Cheel 2005).
Antidunes and dunes are classed as twodimensional (2D) when their crest is straight
transverse to the flow. Conversely, the shape of
the so-called three-dimensional (3D) dunes and
antidunes is more complex in plan form, and, in
contrast to 2D forms, they often develop scour
holes in their troughs. Given that the crests of 3D
bed features are shorter than in 2D forms, 3D
forms are also named short-crested. 3D bedforms
occur for higher Froude numbers than their 2D
counterparts. There is a scarce amount of
literature available regarding reports on 3D
antidunes.

1.3 Bedforms at and close to the transition
between lower- and upper-regime
For fine sediment, transition from lower-stage
bedforms to antidunes is characterized by an
upper-stage plane bed region. It has been observed
that for coarser grain-sizes such a plane bed might
not occur, in such a way that the dunes phase can
be followed by antidunes.
Carling and Shvidchenko (2002) compiled
experimental and field-data belonging to bedforms
in the dune-antidune transition in fine gravel and
compared them with theory. Descriptions of
transitional bedforms reported by different authors
showed a variety of morphologies and
characteristics that resemble those of dunes or
antidunes, or both. Carling and Shvidchenko also
contrasted data for DMA with potential flow
theory and found an acceptable agreement. They
also highlighted the need for more empirical data
to
delineate
the
dune-antidune
phase
transformation in gravel.
Little information exists about bedforms at, and
close to, the transition between the lower- and
upper flow regimes for sediment mixtures. In this
sense, it is worth mentioning the work of Chiew
(1991), who studied the effect of sediment
gradation on the transition between bedform
types. While he found no important effects, he did
find a tendency towards the absence of antidunes
for higher grain-size standard deviations, which he
attributed to the formation of a dynamic armored
layer.
In this study we present experimental
observations of bed features formed in sand,
gravel and two mixtures of these materials for
flows with Froude numbers near 1. High-sediment
transport rates were required, as the objective was
to study bed features that get formed when all the
bed material size-fractions are in motion. In a
similar fashion to the previous studies described
above, data are compared with potential flow
theory, and possible reasons for deviations

1.2 Bedform stability fields
The ranges of flow conditions and sediment
characteristics under which stable bedforms
develop have been studied empirically by
different authors, mostly for uniform sand-size
material. Diagrams have thus been suggested with
delimited stability fields for the occurrence of the
different bedform classes (e.g., Vanoni 1974,
Southard and Boguchwal 1990). Nevertheless,
because of the lack of observations, some borders
between bedform fields have been poorly defined
or have been conceived of as intuitive
extrapolations from the better-known regions.
Furthermore, most stability fields specify neither a
clear border between 2D and 3D bedforms, nor
the conditions defining the direction of movement
of antidunes.
In considering the validity of empirical
diagrams developed from uniform sand material,
Carling (1999) found that stability fields in such
diagrams can be extended to grain-sizes pertaining
to coarse gravel. Likewise, Kleinhans et al. (2002)
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between theory and experimental evidence are
discussed.

V=

Following the original stability analysis outlined
by Anderson (1953) and extended by Kennedy
(1961), Kennedy (1963) presented relations for
defining bedform stability fields as a function of
the Froude number
V
gH

(1)

and the wave number k=2Hπ/L, where g =
gravitational acceleration, H = mean flow depth, L
= length of the sediment wave, and V = mean flow
velocity. In this manner, the upper-regime occurs
when Fr > Fru, where:

Fru =

tanh (k )
k

V=

1
k tanh (k )

(3)

The theory also allows for delimitation between
2D and 3D antidunes, such a border being given
by:

Frd =

1
k

2
gL 4
1 + ⎛⎜ L ⎞⎟
⎝ Lt ⎠
2π

(6)

where Lt = wave-length normal to the direction of
flow, which as a first approximation can be taken
as the channel width.
When contrasting equations (5) and (6) with
experimental data in sand, Kennedy (1961) found
a sound correlation between 2D waves, whereas
he found an overestimation trend of the flow
velocity for 3D antidunes. Kennedy estimated that
the discrepancies for 3D waves could be due to
considering the transverse wave-length of the
rooster-tails as being equal to the channel width.

(2)

UMA are likely to occur for the range Fru < Fr <
Frp, with Frp defined by:
Fr p =

(5)

This relation does not hold for 3D waves, which
are shorter. Such waves on the water surface are
formed by the coincidence of stationary waves in
the flow direction and cross-waves transversal to
the flow; these waves are also known as “roostertails”. According to Hasegawa and Kanbayashi
(1996, after Yokokawa, et al. 2008), short-crested
antidunes are formed when the wave-lengths of
2D antidunes and water-surface diagonal-cross
waves are the same. From a previous development
by Fuchs (1952, in Kennedy, 1961), Kennedy
presented the following functional relation
between the mean flow velocity and the wavelength of 3D waves in which he considered that
the waves celerity and the flow velocity are the
same

2 BEDFORM STABILITY FIELDS
OBTAINED FROM POTENTIAL FLOW
THEORY

Fr =

gL
2π

(4)

3 EXPERIMENTS PERFORMED

Equations 2, 3 and 4 are plotted in Figure 4.
DMA are likely to occur for large wave
numbers if Fr > Frp and Fr > Fru. In such a
regime the water- and bed- surfaces are in-phase,
but in contrast with UMA, the water-depth is
greater over the troughs than over the crests, in a
similar way to dunes, so that net sediment
deposition occurs over the troughs (Carling and
Shvidchenko, 2002; Parker, 2004).
Upper-stage plane bed for high Froude
numbers cannot be predicted by theory.
Nevertheless, for Fr > Fru and low wave numbers
(k→0), i.e., large wave-lengths, antidunes are
depressed and upper-stage plane bed is likely to
occur (Carling and Shvidchenko, 2002).
According to potential flow theory analysis, the
wave-length of antidunes is related to the mean
flow velocity by:

The objective of the experiments was to study the
flow, sediment transport, and bed features
developed at, and close to, the transition between
lower- and upper-flow regimes. As a result, high
sediment transport rates and flow discharges were
required. In order to meet these requirements, a
new experimental set-up was used, which was
conceived so as to enable the performance of
long-lasting runs with a constant feeding of
mixed-size material, without requiring a large
stock of sediment. This condition was achieved
with a system that not only recirculated the
sediment collected at the end of the channel, but
also separated sand- and gravel-fractions, and fed
each size-fraction back into the channel at a
constant rate using an automatic feeder. A more
detailed description of the feeding and
recirculating systems can be found in NúñezGonzález and Martín-Vide (2009).
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1.5

During the equilibrium phase of the
experimental runs the bedforms near the channel
walls and the water-surface waves were observed,
photographed and recorded in video. Some point
measurements of some characteristics of the bed
and water-surface waves were carried out as well,
namely, celerity, amplitude and wave-length. In
addition, bedload samples were taken at the
downstream end of the channel using a sampler as
wide as the channel. The sampler was divided into
three parts of equal length, with the aim of
proving possible transversal grain-size sorting
trends.
At the end of each run, the bed surface was
photographed, and surface- and subsurface-bed
material samples were taken at different locations
along the channel. Bed scour was measured at a
section 4.5 meters upstream from the end of the
channel by opening a vertical section where
original bed-material had previously been
replaced by gravel painted with different colors
and set at 1cm thick successive horizontal layers.

Fr=1.3

1.4
1.3

V (m/s)

1.2
1.1
1
0.9
0.8
0.7
0.6
0.5
0.05

Fr=1
Gravel 2D
Gravel 3D
Sand 2D
Sand 3D
M ix1 2D
M ix1 3D
M ix2 2D
M ix2 3D

Fr=0.7

0.075

0.1
0.125
0.15
H (m)
Figure 1. Range of experimental data. 2D and 3D refer to
the dominant stationary-wave observed.

Four experimental series were performed, each for
a different grain-size material, namely gravel,
sand and two sand-gravel mixtures. Geometric
mean diameters for the sand and gravel were 1.5
and 3.5 mm, respectively, and geometric standard
deviations were 1.3 for the sand and 1.4 for the
gravel. The sediment mixtures were obtained by
mixing the original sand and gravel with an
average proportion of 32% sand content for
mixture 1 (Mix1) and 44% for mixture 2 (Mix2).
Mix1 was slightly bimodal, while Mix2 was
unimodal. Each experimental series consisted of 6
runs, except for the sand series, for which 4 runs
were performed.
The experimental flume was rectangular, 30m
long (27m effective length), 0.75m wide and
0.60m deep. Water-discharge was controlled with
an automatic electronic flow-meter and was fed
and recirculated independently from the sediment
circuit. Water-depth, and bed- and water-slopes
were obtained from measurements of the bed- and
water-surface level performed at the channel’s
glass-paneled walls with rulers that were spaced
one meter apart.
Experiments consisted in obtaining mobile-bed
equilibrium conditions for a given water-discharge
and sediment-feeding rate, mostly by erosion of
the original bed profile, i.e., imposing higher
flows than those required to transport the sediment
fed into the channel. Prescribed unit water
discharges and sediment-feeding rates ranged
from 78 to 112 l/s/m and 0.081 to 1.07kg/s,
respectively. The proof of mobile-bed equilibrium
having been attained was the equality of the
feeding- and the recirculated-sediment rates, and
the persistence of average water-depths, bed- and
water-slopes, and bedform dimensions over
several hours.

4 EXPERIMENTAL RESULTS
The range of mean flow velocities, water-depths
and Froude numbers measured during the
equilibrium phase of the experimental runs is
shown in Fig. 1. Equilibrium energy slopes ranged
from 0.006 to 0.021, while bed shear stresses,
after making modifications which took side-wall
effects into account following the Vanoni and
Brooks method, ranged from 5.8 to 16.3 Pa.
Descriptions of the water- and bed-configurations,
scour patterns and grain-sorting are presented as
follows.
4.1 Water surface configuration
Trains of rooster-tails were observed during most
of the runs (see Fig. 2), with varying
characteristics of shape, geometry and stability.
All the rooster-tails and water waves that were
observed showed a net downstream displacement,
though a single wave could sometimes, for short
periods, remain stationary, migrate upstream or
disappear to rebuild again. For most of the runs
the rooster-tails were stable in the sense that if
they broke they reformed rapidly, while the train
of rooster-tails was not markedly affected.
2D waves formed at the upper-part of the
channel, some meters downstream from the
sediment input, and they then transformed into
rooster-tails, normally between 10 to 15 meters
downstream from the sediment-input section. For
a varying length of 3 to 6 meters the 3D waves
kept growing in height and length until they
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the flume downstream. Though we may refer here
to a “stable” configuration, this should be
considered within a statistical sense, given that for
some runs the bedforms near the wall varied their
shape and geometry continuously.
The shape of the bedforms near the channel
walls and their degree of coupling with the water
surface varied with the Froude number and the
bed-material. For some conditions, such variation
was important even within a single run. In
general, unequivocal antidunes (i.e., bedforms
which were an in-phase image of the water
surface irrespective of their symmetrical or
asymmetrical shape, see Fig. 3) appeared with
higher Froude numbers for the gravel and
mixtures than they did for the sand-run series. A
similar trend was observed for transitional bedstates, which are here considered to be those
characterized by, firstly, bedforms with a certain
degree of coupling between water- and bedsurface and, secondly, those for which the bed
configuration alternated between showing dunes
and antidunes. Transitional bedforms observed
consisted of downstream migrating features,
mainly low-relief waves for the mixtures and
gravel, and transitional dunes for the sand.
Transitional bedforms were rounder the stronger
the coupling with the water surface, and the higher
the flow Froude number, were. Also, a separation
eddy on their leeside was more evident for low
Froude numbers, for which the features appeared
sharp-crested.
Normally, on account of the turbidity of the
water and the local unsteadiness of flow, it was
not possible to observe the bedforms at the
channel central section. Nevertheless, based on
the scarce observations available we can assume
that if and when rooster-tails occurred on the
surface, then beneath these rooster-tails the
bedforms were in-phase with the water wave, and
thus can be classed as antidunes. What is more
uncertain is the shape and size of these forms.
Nonetheless, based on the isolated observations
that it was possible to make, and in agreement
with observations already made by Kennedy
(1961) regarding sand beds, we can infer that the
bed under the rooster-tails had the same 3D form
as the surface waves, with the difference that the
bed waves were neither as high nor as sharp as the
surface waves.
Normally, when the water discharge was drawn
down at the end of each run (this usually took
between 1 and 2 minutes), most of the bedforms
were erased. This type of behavior is typical of
antidune configurations and is one of the main
reasons why antidunes are so rarely preserved
(Carling and Breakspear, 2007).

stabilized at a more or less fixed geometry, which
was conserved until the end of the channel
downstream.
The criterion for distinguishing between 2D
and 3D waves, as plotted in Fig. 1, was mainly
related to the dominant wave observed on the
surface. Given that most of the runs showed
rooster-tails, the criteria used to classify the watersurface as 2D was that the rooster-tail protruded
slightly above the surface compared to the other
stationary waves – if, that is, such waves were
present – or compared to the sediment waves on
the bed surface.

Figure 2. Train of short-crested stationary waves, “roostertails”, for a sand-gravel sediment mixture with 32% sand
content. Run with Fr=1.23. Mean wave-length is 62 cm.
Flow from background to foreground.

4.2 Bed configuration
Above all in the case of the sediment mixtures run
series, bed states observed during the runs
consisted of the coexistence of two types of
bedforms. On one hand, low amplitude features
prevailed next to the channel walls. On the other
hand, at the center of the channel 3D-DMA
occurred under the rooster-tails. For sand- and
gravel-runs, low amplitude bedforms might have
been present as well, but could have remained
hidden to direct observation because of the higher
amplitude and lower wave-length of the dominant
bedforms.
As with the rooster-tails, bed features observed
next to the flume walls always migrated
downstream and evolved along the channel until
they reached a stable configuration. Usually, they
were first noticeable 3 to 5 meters downstream
from the upper-sediment input. From here to
where they reached stability – i.e., 10 to 15 meters
downstream from the sediment-input section – the
features moved faster, and were shorter and lower
than their stable counterparts at the last section of
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2

Fr p , Eq.(3)

1.75
1.5

Figure 3. Trains of DMA and stationary waves for a sand
run with Fr=1.02. Note that water and bed surfaces appear
roughly in-phase, and that water-depth over the troughs is
higher than over the crests. Mean wave-length is 53 cm.
Flow from left to right. Length of glass panels is 1 meter.

Fr

1.25 Fr d , Eq.(4)

Gravel 2D
Gravel 3D
Sand 2D
Sand 3D
M ix1 2D
M ix1 3D
M ix2 2D
M ix2 3D

1

Fr u , Eq.(2)

0.75

4.3 Bed scour patterns

0.5

Though antidunes and other steep bedforms were
washed away when the water discharge was
stopped at the end of the run, the transversal
profile of maximum scour that they produced was
measured for the sand- and mixtures-run series by
identifying the buried colored gravel that
remained. For the mixtures, the deepest scour
occurred at the center of the channel, except for
the runs with the lowest Froude number. A direct
qualitative relation was found between the
observed strength of the rooster-tail during the run
and the depth of scour at the central section.
Conversely, scour profiles for the sand-runs were
approximately uniform, i.e., the depth of scour
was roughly the same all along the transversal
section. Such a pattern reflects the tendency for
the bedforms in the sand runs to be more twodimensional than the runs with sediment mixtures,
which showed a marked three-dimensionality for
most of the runs.

0

0.5

1
k

1.5

2

Figure 4. Comparison between experimental data for sand,
gravel and sand-gravel mixtures, and bedform occurrence
fields delimited with the potential flow theory.

4.5 Comparison with potential flow theory
Figs. 4 and 5 show plots of the experimental
results compared with potential flow theory as
outlined by Eqs. (1) to (6). As can be seen in Fig.
4, most of the data for 3D waves appear close to
the curve used to, theoretically, delineate the
upper limit for 3D antidunes as well as the lower
limit for DMA (Eq. 3). As a result, we may say
that theory corresponded adequately to
observations for 3D-DMA, except for one gravel
data-point and one mix1 data-point, which
unequivocally appear inside the region for UMA.
The same occurs for most of the rest of the datapoints corresponding to 2D waves. For all of these
runs the waves moved downstream, so that even
when
theory
accurately
predicts
the
bidimensionality of the majority, it fails to define
the direction of their movement correctly.
Fig. 5 depicts the relation between mean flow
velocity and wave-length as given by Eqs. (5) and
(6), and shows the experimental data for
comparison. For most of the 3D waves, Eq.(6)
underestimates the experimental mean flow
velocities. Conversely, Eq.(5) overestimates flow
velocities for most of the 2D waves.
Experimental wave-lengths used for drawing
Figs. 4 and 5 were obtained from measurements of
rooster-tails and performed by two different
methods. The first consisted in a direct
measurement of the distance between crests of
different waves during the runs using a tapemeasure. For the second method the number of
crests over a known distance was counted using
photos of the last 10 meters of the channel.
Standard deviations of the measurements were, on
average, 10% of the mean wave-lengths. The
procedures for obtaining an average wave-length
were not absolutely accurate; firstly, because not
many waves could be counted owing to the

4.4 Differences between bed materials
Overall, differences between bedforms for the
four bed materials were less important for the
gravel compared to the mixtures than they were
for the sand compared with gravel and mixtures.
For example, similar to the findings made by
Kuhnle (1993) with regards to lower-regime
bedforms in sand, gravel, and sand-gravel
mixtures, we found that bedform amplitudes were
higher the higher the sand content in the mixture
was. In this manner, amplitudes of sand bedforms
were 3 to 5 times higher than in mixtures and in
gravel.
With respect to the sediment grain-size sorting
for the mixtures-runs, a slight bias towards a finer
bed-surface was noticed with increasing Froude
numbers. On the other hand, bedload samples
showed a subtle trend for coarser material to
travel preferentially at the center of the channel.
This tendency concurred with visual inspection of
the sections opened to measure scour depths in the
sense that open-framework gravels were often
noticed at the central section.
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if we consider that Eq.(3) represents the stability
conditions for 3D-DMA, we can obtain the flow
velocities representative of the central section
where the short-crested waves occurred. This is
achieved by making Eqs.(1) and (3) equal, and
using the measured k and H values. For all points
originally indicated as 2D as well as for the two
3D outliers, such velocities were computed. Then,
flow velocities obtained in this manner were used
with Eq.(6) to compute theoretical wave-lengths.
These 3D wave-lengths were found to have, on
average, a difference of less than 3% when they
were compared with the measured values; that is
to say, this percentage is of the same order of
magnitude as the measurement accuracy. This
proves the appropriateness of relating the
formation of short-crested waves in a
predominantly 2D bed- and water-configuration to
local flow conditions, rather than relating it to the
section’s average flow properties.
The preceding analysis reflects the transitional
nature of flow between well established lowerregimes and upper-regimes. It also reflects the
failure of potential flow theory to describe the
bedform characteristics when applying the bulk
flow properties in such a transition. As a
consequence, the definition of the limits where the
dune-antidune transition occurs is relevant.
Carling and Shvidchenko (2002) considered that,
due to lag-effects and possible depth-limitations,
the range of Froude numbers within which
transitional bedforms can persist in fine gravel
varies between 0.5 and 1.8. Nevertheless, they
found that, for most of the reported studies,
transitional bedforms cannot occur for Fr > 1.3.
Our results concur with this upper limit in light of
the fact that the highest Foude number for the
range of transitional bedforms observed was 1.3.

limited length (10m) of the section observed,
which, in turn, limited the number of
measurements that could be made of the distance
between the wave-crests, and, finally, because the
distance between these crests varied significantly
from one moment to another.
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Figure 5. Comparison of measured flow velocities and
wave-lengths with potential flow theory, Eqs. (5) and (6),
for 2D and 3D waves, respectively.

5 DISSCUSSION
Wave-lengths used for plotting Figs. 4 and 5 were
obtained from measurements of the rooster-tails
observed in all of the experimental runs. However,
based on the experimental observations it was
clear that for some runs the dominant bed- and
water-configurations were not necessarily 3D,
although the water surface did show short-crested
3D waves. For this reason, these bed states were
classed as 2D. On the other hand, if the dominant
bed- and water-configurations were 2D, then it
would follow that short-crested waves may not be
necessarily linked to the bulk flow properties.
Conversely, local-flow properties at the central
section of the channel would be related to the
formation of the rooster-tails, as opposed to the
mean flow conditions. This would signify that an
inconsistency exists in using the measured wavelengths of the rooster-tails, which are a 3D
feature, when applying potential flow theory to a
predominantly 2D flow.
As a consequence, for flows with dominant 2D
bed- and water-configurations, a different flow
velocity than the section mean value should be
used in order to coherently test the rooster-tails’
existence with potential theory. Such a flow
velocity would have to represent the conditions at
the channel central section where the rooster-tails
were formed. By proceeding in the reverse order,

5.1 Wave-length and occurrence of 3D-DMA
In Fig. 4, most 3D-DMA plot within the region
where potential flow theory predicts their
existence. Nevertheless, wave-lengths in Fig. 5 are
overestimated. One cause for this discrepancy is
related to the transversal length of the shortcrested waves since this length might not
necessarily be equal to the channel width.
Although rooster-tails are formed by surface
diagonal waves, channel-walls might not be a
defining factor for their existence. Kennedy
(1961) evidenced this assertion by quoting an
experimental run performed at the Colorado State
University, for which an isolated train of roostertails formed at the center of a 2.4m wide channel.
For this run it was apparent that the vertical
channel walls did not exercise any influence on
the formation of the short-crested waves. As such,
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the channel width might not necessarily be equal
to the rooster-tail wave-length normal to the
direction of flow used in Eq.(6). It is possible that
the excavated scour-holes by the rooster-tails
could, in some cases, set a transversal boundary
narrower than the channel width.
The minimum wave-number for which DMA
were reported in data collected by Carling and
Shvidchenko (2002) was k≈0.6 (obtained from
Fig. 8 in Carling and Shvidchenko, 2002). As
shown in Fig. 4, the minimum wave number
registered for DMA in the experimental runs of
this study was k=0.78, which concurs with the
former value.
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6 CONCLUSIONS
Transitional bedforms and three-dimensional
downstream-migrating antidunes were the most
frequent bedforms observed in experiments
performed in very coarse sand, very fine gravel
and two sand-gravel mixtures, with flow
conditions at, and close to, the transition between
lower- and upper-regimes. Bedform stabilityfields drawn after potential flow theory performed
well when compared with the experimental
observations, except for the transitional bedforms
for which the direction of movement cannot be
predicted. Functions relating flow velocity with
wave-length failed to adequately describe the
experimental results. For three-dimensional
downstream-migrating antidunes such a disparity
can be attributed to the difficulty of defining a
proper transversal border condition.
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The flow structure in the tail of a lock-exchange gravity current with a
large volume of release propagating over dunes
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ABSTRACT: The present study uses highly resolved Large Eddy Simulation (LES) to study the structure
of the flow in the tail of a lock-exchange gravity current with a large volume of release for which the current propagates with a relatively constant front velocity over a large amount of time (slumping phase).
The cases of a current propagating over large scale roughness elements in the form of an array of twodimensional dunes or square ribs are considered. In the tail region situated far from the front, the flow
eventually reaches a quasi-steady state. At this point the flow in this region becomes periodic in the
streamwise direction. Thus, similar to the case of constant density channel flow over an array of identical
roughness elements, to study the flow and turbulence structure in the quasi-steady region, it is sufficient
to focus on the flow in between two consecutive roughness elements. The paper discusses the changes in
the flow structure within the quasi-steady region function of the shape of the roughness elements (dunes
vs. ribs) and with respect to the case of a current propagating over a smooth flat surface.
Keywords: Numerical Simulations, Gravity currents, Coherent Structures, Dunes
and hostile environments (e.g., in the deep part of
large rivers and lakes). GCs on the bottom of large
rivers occur infrequently and monitoring equipments are hard to install and to protect from the
impact with the current. Thus, most of the information on the structure and evolution of GCs
comes from laboratory experiments conducted at
much smaller Reynolds numbers. Moreover, detailed measurements of the velocity and density
fields within the gravity current at different stages
of its evolution are seldom available even from
experimental studies. Even less information is
available from experiments on the changes in the
flow and structure of the gravity current as it
propagates over bedforms or as it interacts with
underwater obstacles (e.g., submerged dams).
High-resolution
eddy-resolving
threedimensional (3D) numerical simulations of GCs
have the advantage that can provide this detailed
information. For example, simulations of GCs
propagating over a flat bed have been undertaken
using Direct Numerical Simulation –DNS - (e.g.,
see Hartel et al., 2000, Cantero et al., 2006) and
Large Eddy Simulation – LES - (e.g., Ooi et al.,
2009). The propagation of intrusive gravity currents was investigated using LES by Ooi et al.

1 INTRODUCTION
Gravity currents (GCs) occur widely in nature.
For example, erosion by gravity currents is one of
the main causes for formation of submarine canyons on continental slopes and plays a determinant role in transporting sediments from shallower
to deeper regions in water environments (e.g., rivers, reservoirs). Moreover, the loose bed surface
over which gravity currents propagate in natural
environments is often not smooth or flat. Bed
forms, typically in the form of ripples, dunes or
anti-dunes are present at the river bed. The presence of bed forms and topographic bumps, or of a
vegetation layer, leads to an additional net drag
force which slows down the gravity current
(Hatcher et al., 2000, Tanino et al., 2005). The
presence of large-scale bedforms provides an additional mechanism for energy dissipation and can
substantially modify the capacity of a compositional gravity current to entrain sediment with respect to the case of a flat bed. Unfortunately, not
much is known on the interaction of gravity currents with the bed morphology.
Studying gravity currents in the field is very
difficult. Often, these currents develop in remote
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ences observed in simulations conducted with an
array of 2D dunes and ribs of equal height.

(2007a). Compared to DNS, LES allows performing simulations at Reynolds numbers that are
closer to the range typically encountered in practical applications (Ooi et al., 2007b, 2009). Recently, LES was used to study the detail of the interaction between a gravity current and an isolated
obstacle (bottom mounted square cylinder, circular cylinder situated close to the bed) and to estimate the unsteady forces and moments acting on
the obstacles (Gonzales-Juez et al., 2009a, 2009b,
2010). This information is critical to the design of
oil pipes and other underwater structures against
possible hazard induced by the passage of a GC.
The propagation of a GC over deformed boundaries or bedforms has received much less attention
despite its importance for practical applications in
river and coastal engineering. For example, Huang
et al. (2005) performed a RANS study of a turbidity current propagating over a moving boundary driven by sediment entrainment and deposition at the bed. Even experimentally, there is very
little work done for GCs propagating over bedforms. The related problem of a current propagating in a porous medium (e.g., vegetation layer) received more attention. This type of flows was
studied experimentally and theoretically by
Hatcher et al. (2000). There are important similarities and differences with the type of flows investigated in the present study. In both cases the
changes with respect to a GC propagating over a
flat surface occur due to the additional drag induced by the obstacles. However, while in the
case of bedforms the added drag acts only over the
lower part of the current, in the case of a current
propagating through a porous medium the drag
acts generally over all the height of the current.
The degree to which some of the theory developed
for GCs propagating through a porous medium
applies for GCs propagating over bedforms is still
unknown.
In the set up considered in this study, the GC
containing lock fluid propagates in a rectangular
horizontal plane channel (Fig. 1). We consider the
case in which the initial volume of the release
(heavier lock fluid) is high (x0>>H) and occupies
the whole depth of the channel (full-release case,
h=H). The channel is long enough to avoid interactions of the GC with the end walls during the
simulation time. Of particular interest for the
present study is the structure of the tail of the GC.
This is because in the case of GCs with a large volume of release propagating over bedforms most
of the sediment is entrained beneath the tail of the
current rather than the head and dissipative wake
regions, as is the case for a current propagating
over a flat bed (Ooi et al., 2009). The effect of the
shape of the obstacles is studied based on differ-

Figure 1. Sketch of the flow during the slumping phase for
the case of a full depth release lock-exchange flow. The gate
is positioned far from the extremities of the channel
(x0/H>>1). The evolution of the forward and backward
propagating Boussinesq gravity currents is anti-symmetric.

2 NUMERICAL METHOD AND
DESCRIPTION OF THE SIMULATIONS
A finite-volume LES code is used to solve the governing equations on non-uniform Cartesian
meshes. A semi-implicit iterative method that employs a staggered conservative space-time discretization is used to advance the equations in time
while ensuring second order accuracy in both
space and time. A Poisson equation is solved for
the pressure using multigrid. The algorithm discretely conserves energy, which allows obtaining
solutions at high Reynolds numbers without artificial damping. A dynamic Smagorinsky model is
used to estimate the subgrid-scale viscosity and
diffusivity. All operators are discretized using
central discretizations, except the convective term
in the advection-diffusion equation solved for the
concentration for which the QUICK scheme is
used. Though no experimental data were available to validate the simulations of GCs propagating
over a series of ribs and dunes, detailed validation
of the code for 3-D LES simulations of cavity
flows with or without an incoming turbulent flow
is described in Chang et al. (2006). The same
code was successfully used by Chang et al. (2007)
to predict ejection of buoyant pollutants from bottom channel cavities and by Ooi et al. (2007a,
2007b, 2009) to predict the evolution of intrusive
and bottom propagating currents at Reynolds
numbers as high as Re=106, which is outside the
range in which most laboratory experiments are
conducted.
The density difference Δρ between the lock
fluid and the ambient fluid is small enough to use
the Boussinesq approximation. The Navier-Stokes
equations and the advection-diffusion equation for
the concentration are made dimensionless using
the lock-gate opening, h, and the buoyancy velocity, u b = g ' h , where g’=gΔρ/ρ0 is the reduced
gravity and g is the gravity. The time scale is
t0=h/ub. The non-dimensional concentration
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the evolution of the forward propagating current
containing heavier lock fluid.

is C = (C − Cmin ) /(Cmax − Cmin ) where Cmax , Cmin
represent the maximum (lock fluid) and minimum
(ambient fluid) concentrations in the domain and
C is the dimensional concentration. The lock gate
is positioned in the middle of the computational
domain (x/H=0.0). The Reynolds number in all
the simulations is Re=48,000.
Two types of obstacles are considered (Fig. 2).
The 2-D dunes are representative of bedforms
present at the bottom of rivers. The shape of the
dunes is taken from the experiment of Mierlo and
de Ruiter (1988). The ratio between the height, D,
and the wavelength, λ, of the dune is 0.05, which
is within the typical range observed for dunes in
small and medium-size rivers. The dunes and ribs
are of equal height (D=0.15H) and equal wavelength (λ=3H, λ/D=20). The top and bottom surfaces are simulated as no-slip smooth (flat or deformed) solid surfaces. A zero normal gradient
boundary condition is assumed for the concentration at the top, bottom and at the two end boundaries. The viscous Schmidt number is taken equal
to 600 corresponding to saline water. The flow
field was initialized with the fluid at rest.

3 FRONT VELOCITY
As expected, in the flat bed simulation (LR-F) the
GC reaches a constant front velocity (slumping
phase) a short time after the release of the lock
gate. The predicted non-dimensional front velocity expressed as a Froude number (Frf=Uf/ub) is
0.45, which is in very good agreement with experimental data. The front velocity remains constant
until the end of the simulation.
The presence of ribs or dunes slows down the
advancement of the front of the current compared
to the flat-bed case after the first obstacle is
reached at around t=10t0. Still, in the simulations
with small obstacles (D=0.15H) the mean slope of
the trajectory followed by the front can be considered, in a good approximation, constant for
t/t0>16, after the front passed the first obstacle.
This means that a slumping phase in which the
front velocity is approximately constant is also
present for GCs propagating over a surface containing a series of identical 2-D obstacles, at least
for obstacles whose height is less than half that of
the incoming current (case considered in present
study).
The mean front velocity, Uf/ub, is 0.4 and 0.34
in the LR-D15 and LR-R15 simulations, respectively. The mean value obtained from the front
trajectory is in very good agreement with estimations of the mean front velocity based on the time
it takes the current to advance between the crests
of two successive dunes or between the upstream
faces of two successive ribs. This mean that a
slumping phase is present in the simulations with
obstacles and the front velocity in the LR-D15 and
LR-R15 simulations is 12% and, respectively,
24% lower than the value (Uf/ub=0.45) predicted
for the flat bed case. The difference is explained
by the fact that ribs induce higher form drag due
to their larger degree of bluntness.
Moreover, simulation results show that the flux
of heavier fluid at streamwise sections situated in
the region corresponding to a certain obstacle
reaches a constant value when the front is situated
sufficiently far from the obstacle. This happens a
short time after the backward propagating hydraulic jump originating at the crest of the obstacle situated downstream of the one that is monitored,
has propagated over the obstacle that is monitored. From that point on, the flow over that obstacle, or over the streamwise region associated
with it in the case of ribs, can be considered to be
quasi-steady. This is similar to the widely studied
case of a constant density channel flow past an ar-

Figure 2. Sketch showing relative dimensions of the 2-D
ribs and dunes used in the simulations

The presence of a flat bed, 2-D dunes or 2-D
ribs is indicated by the presence of an F, D or R in
the name used for the simulation. The nondimensional height of the dunes or ribs, D/H*100
is indicated by a number. For example, LR-D15
refers to the simulation with 2-D dunes of height
0.15H conducted at Re=47,800.
The 3D mesh contained over 40 million cells
(64 points in the spanwise direction). The mesh
spacing in the wall normal direction was sufficiently small to resolve the viscous sublayer in the
simulations. The time step was 0.001t0. A full simulation required one month on 48 processors of
a XEON PC cluster.
To maintain the anti-symmetry of the forward
and backward propagating currents containing
lock and ambient fluid, respectively, in the simulations containing 2D dunes and ribs, the roughness elements were placed on the bottom surface
in the region with x/H>0 and on the top surface in
the region with x/H<0. This allows analyzing only
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ray of ribs or dunes. Thus, the mean flow and turbulence structure in this region can be analyzed in
a similar way.
4 TAIL STRUCTURE
The structure of the tail in the low Reynolds number simulations with a flat bed and with small obstacles at the bed is compared in Fig. 3 at times
when the front is situated at x~18.5H.
Consistent with the findings of Ooi et al.
(2009), the concentration distribution in Fig. 3a
shows that in the flat bed case a stably stratified
interface, depleted of large-scale eddies, develops
between the heavier current and the lighter fluid,
starting at the position of the lock gate. The stably
stratified interface is slightly tilted toward the
front region. The height of the high-density layer
of fluid reaches a minimum at the end of the interface. It remains fairly constant in the dissipative
wake region before increasing again in the head
region. As a result of the presence of the tilted interface, the streamwise velocity inside the current
peaks at the end of the tilted interface and over the
upstream part of the dissipative wake region
(u~0.7ub). The velocity decreases gradually as the
front (Uf~0.45ub) is approached. The velocity
magnitude is close to zero within the tilted interface layer containing mixed fluid (Fig. 3d).
The structure of the current is very different in
the case dunes or ribs are present at the bed. A
layer of varying height containing mixed fluid develops between the regions containing heavier fluid and ambient fluid. At large distances from the
front, the top of this layer is close to horizontal in
the simulations with obstacles at the bed. The bottom of this layer undergoes quasi-regular deformations with the same wavelength at that of the
obstacles (λ=3H). The velocity magnitude inside
this layer is very small (Fig. 3d). The reason for
the formation of this layer is related to the formation of the jet-like flow past the crest of the obstacle and of the upstream propagating hydraulic
jump as the front overtakes the obstacle. The extent of the jet-like flow corresponds to the regions
of high velocity in Figs. 3c and 3d. The formation
of the jet-like flow containing mostly higherdensity fluid induces a strong shear layer on its
outer side (toward the ambient fluid). Once they
form, the jet-like flow and the associated shear
layer are permanent features of the flow around
the obstacle (Fig. 3b). The downstream extent of
the shear layer past the crest or downstream face
of the obstacle is larger in the case ribs are present
(2.25H vs. 1.5H).

Figure 3 Visualization of the structure of the tail in the simulations with a flat bed and with obstacles of height
D=0.15H at times when the front is situated close to
x/H=18.5. a) concentration, C; b) out-of-plane vorticity,
ω z H / u b ; c) streamwise velocity, u/ub, d) velocity magnitude, umag/ub

The formation of the backward propagating
hydraulic jump amplifies the strength of the upstream part of the shear layer associated with the
jet-like flow. As the hydraulic jump propagates,
the shear layer extends further upstream and becomes more horizontal. The shear later separates
the layer of mixed fluid carried behind the jump
with the ambient fluid above it. As the hydraulic
jump reaches the obstacle situated behind the one
where it originated, and propagates over this obstacle, the shear layer continues to expand upstream. At those locations two shear layers containing vorticity of the same sign can be observed.
As time passes, these shear layers merge and the
interface with the top layer of ambient fluid becomes closer to horizontal. Thus, the variable
height layer containing low-velocity mixed fluid
is a result of the interaction of the backward propagating hydraulic jumps with the obstacle situated
upstream from the one the jump originated and the
jet-like flow over the upstream obstacles. The
process of formation and temporal evolution of
the shear layer are very similar in the case of
dunes and ribs of height D=0.15H.
In the case ribs are present at the bed; a strong
shear layer of vorticity of opposite sign to the one
in the shear layer forming on the outer side of the
jet-like flow is also present. On the other hand, in
the case of dunes, a near-bed region of small velocity magnitude is present at about the middle of
the leeside of the dune (e.g., around x/H=10,
x/H=13 and x/H=16 in Fig. 3d). It is due to the
fact that the core of high-velocity fluid within the
jet-like flow is slightly diverted away from the
dune surface. The flow does not separate.
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simulations. The maximum relative difference in
the interface position was Δymax/H~0.01. As expected, this value is much smaller than the one
recorded for the gravity current case
(Δymax/H=0.08) for which the relative density difference between the two fluids on the two sides of
the interface, and thus the reduced gravity, is
much smaller.
In the case ribs are present at the channel bottom, the interface elevation is close to constant
(y/H~0.57) between x/λ=-0.33 and x/λ=-0.05.
This region of constant elevation is followed by a
region in which there is a sharp decay of the interface elevation (-0.05<x/λ<0.13). The minimum
elevation is y/H~0.5. The flow over the rib resembles the channel flow over a weir. Between
x/λ=0.13 and x/λ=0.6 the interface elevation increases monotonically before reaching a plateau
value around y/H=0.57. Though experimental data
are not available for the case of a constant density
flow over an array of ribs of identical size and
spacing to the present gravity current simulation
to compare the variation of the free surface elevation, one can suspect the constant density flow
case will show a similar trend in terms of the positions of the regions where the free surface elevation is increasing or decreasing.
Though for both types of roughness elements, a
layer of high concentration fluid (C>0.8) is
present in the bottom part of the domain, as shown
in Figs. 4a and 5a, the height of this layer in the
LR-D15 and LR-R15 simulations is different in
several regions situated at an equal distance from
x/λ=0. The comparison below starts at x/λ=-0.33
where the height of this layer is close in the two
simulations (0.26H for dunes vs. 0.27H for ribs).
In case LR-D15 the height of the layer of high
concentration fluid monotonically decreases as the
crest is approached and then remains approximately constant (~0.15H) over the leeside of the
dune and the trough region. Past x/λ=0.33 the
thickness of this layer starts increasing again. It
reaches a value close to 0.26H at x/λ=0.67. Thus,
the maximum variation in the height of the layer
of heavier fluid is only 0.11H. In contrast to this,
the layer of mixed, lower concentration, fluid
(0.05<C<0.3), in between the layer of heavier fluid and the layer of ambient fluid propagating in
opposite direction, is subject to much larger height
variations in the same region (-0.33<x/λ<0.67).

5 2D MEAN FLOW AND TURBULENCE
STRUCTURE IN BETWEEN TWO
OBSTACLES SITUATED FAR FROM THE
FRONT
In this section, the mean flow and turbulence
structure in a region situated away from the head
of the gravity current is analyzed after the flow
reaches the quasi-steady regime in that region.
The direct comparison of the distributions of the
relevant variables predicted by the simulations
with obstacles of height D=0.15H allows understanding in a quantitative way the effect of the
shape of the obstacle on the flow and turbulence
structure in the region where the quasi-steady regime is reached. These distributions allow an understanding of what are the similarities and differences in the flow and turbulence structure
between the case of a stratified flow over a surface containing large-scale roughness and the
widely studied case of a constant density flow
propagating over the same large-scale roughness
elements.
The non-dimensional distributions of the mean
(spanwise and time-averaged) concentration, C,
mean velocity magnitude, umag, mean out-of-plane
vorticity, ωz, and turbulent kinetic energy, k, are
compared in Figs. 4 and 5 for the two simulations.
The comparison is done in the region situated
around the second obstacle. The length of this region is equal to the distance between the obstacles
(λ=3H). In Figs. 4 and 5 the streamwise coordinate has the origin (x/λ=0) at the center of the rib
or at the crest of the dune.
The mean concentration contours in Figs. 4a
and 5a allow comparing the shape of the interface
with the ambient (lighter) fluid in the simulations
with ribs and dunes. In the discussion below the
interface is defined as the position of the isoconcentration contour C=0.1. In both simulations
the interface is situated at y/H~0.57 at x/λ=-0.33.
In the case dunes are present at the bed, the elevation of the interface decreases fairly linearly until
the crest (x/λ=0). The decrease continues until
close to the location of the trough (x/λ~0.1) where
y/H~0.52. Then, the elevation starts increasing.
The maximum value (y/H~0.6) is reached at
x/λ~0.5. The relative positions of the maximum
and minimum of the interface elevation are in
very good agreement with those measured by
Mierlo and de Ruiter (1988) for a constant density
channel flow over an array of identical dunes
(channel Reynolds number was close to 20,000)
and with the RANS predictions of the same flow
by Yoon and Patel (1996). In their experiments
the mean depth of the open channel flow was
close to 0.6H which is close to the average position of the interface in the present gravity current
405

layer of heavier fluid (C>0.8) over the whole
length of the domain. The streamwise variation of
the two interfaces is similar. In the case ribs are
present at the channel bottom the height of this
layer is approximately constant over the whole
length of the domain, including the regions situated upstream and downstream of the rib. The
average height of this layer of high velocity fluid
propagating over the bed surface is about 0.3H.
In the case of dunes, the height of the layer of
high velocity fluid varies between 0.5H at x/λ=0.33 and 0.3H close to the crest and in the trough
region. The top interfaces of the layers of high velocity fluid and of high concentration fluid are
roughly parallel, with the interface of the layer of
high velocity fluid situated slightly above the interface of the layer of high concentration fluid.

Figure 4 Mean flow and turbulence structure of the flow in
the tail region after the quasi-steady regime is reached (LRD15 simulation). a) concentration, C; b) velocity magnitude
umag/U; c) mean out-of-plane vorticity, ωz(H/U); d) turbulence kinetic energy, k/U2. The mean variables were averaged in the spanwsie direction and in time, after the quasisteady state was reached. The comparison is done in the region situated around the second obstacle in the series.

The presence of ribs with a blunt upstream face
induces a gradual increase of the height of the
layer of heavier fluid as the rib is approached. The
height increases from 0.27H to 0.35H just upstream of the rib. The height of this layer over the
rib is about 0.2H. Past the rib the height decreases
sharply up to x/λ=0.2, where it reaches a value of
0.13H. The height of the layer of heavier fluid in
this region is very close to the one in the simulation with dunes in the same region. Also, similar
to the simulation with dunes, the height of the
layer remains approximately constant for a certain
distance (until x/λ=0.45 compared to x/λ=0.33 for
dunes), after which it starts increasing again.
Thus, most of the differences between the height
of this layer in the LR-D15 and LR-R15 simulations occur in the region -0.25<x/λ<0.2. The differences will be much smaller if the height of this
layer is defined such that it contains only heavier
fluid that is convected in the streamwise direction.
In other words, the height of the heavier fluid part
of the recirculation regions forming upstream and
downstream of the rib is not counted.
Indeed this is clearly seen from the comparison
of the streamwise variation of the height of the
layer of high velocity magnitude (umag>0.2ub) in
the simulations with dunes (Fig. 4b) and ribs (Fig.
5b). In both simulations, the top side of this layer
is situated slightly above the upper interface of the

Figure 5 Mean flow and turbulence structure of the flow in
the tail region after the quasi-steady regime is reached (LRR15 simulation). a) concentration, C; b) velocity magnitude
umag/U; c) mean out-of-plane vorticity, ωz(H/U); d) turbulence kinetic energy, k/U2. The mean variables were averaged in the spanwsie direction and in time, after the quasisteady state was reached. The comparison is done in the region situated around the second obstacle in the series. The
dashed and solid lines in frame a) correspond to the top of
the layer of heavy fluid (C=0.8) and bottom of the layer of
ambient fluid (C=0.1), respectively. The dashed line in
frame b) corresponds to the top of the layer of high velocity
magnitude.

In both simulations the region situated downstream of the top of the roughness element, where
the jet-like flow is forming, contains mostly high
concentration fluid (C>0.8). Thus, in both simulations the role of the layer of high velocity fluid is
to advect mostly high concentration fluid over the
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roughness elements analyzed in Figures 4.16c and
4.17c. While in both simulations the shear layers
are close to horizontal and situated at an elevation
of about 0.6H at their upstream part (-0.67<x/λ<0.33 or equivalently 0.33<x/λ<0.67 according to
Figures 4.16c and 4.17c) some differences are observed for -0.33<x/λ<0.0. While in the LR-R15
simulation the shear layer is still horizontal, in the
LR-D15 simulation the shear layer becomes inclined, with a close to constant slope, as it connects the horizontal upstream part of the shear
layer with the part situated close to the crest of the
dune. In this region the position of the shear layer
follows that of the top interface of the layer of
large velocity fluid rather than that of the layer of
high concentration fluid. The overall strength of
the part of the main shear layer situated upstream
of the crest/top of the roughness element
(-0.67<x/λ<0.0) is larger in the LR-D15 simulation.
The distribution of the turbulence kinetic energy (tke) in Fig. 4d shows that in the simulation in
which dunes are present at the channel bottom two
regions of high tke develop downstream of the
crest of the dunes. The tke levels inside the shear
layer forming in the near-bed region as a result of
the jet-like flow being deflected slightly away
from the bed starting at x/λ~0.33 are similar to
those inside the shear layer on the outer side of the
jet-like flow. The tke amplification on the leeside
of the dune is comparatively very small, as the
flow remains attached. This is a main difference
with the case of a constant density flow over a
dune where a recirculation region and a strong separated shear layer form downstream of the crest.
In the LR-R15 simulation; a similar region of
high tke values is present inside the shear layer on
the outer side of the jet-like flow (see Fig. 5d).
The non-dimensional values of tke are about 30%
smaller compared to the simulation in which
dunes are present at the channel bottom and its
streamwise extent is larger (0.66λ for the ribs case
compared to 0.45λ for the dunes case), which is
consistent with the relative position and size of the
core of large velocity magnitude inside the jet-like
flow in the two simulations. The second region of
high tke values corresponds to the separated shear
layer forming at the upstream top corner of the
rib. The tke levels remain relatively high even after the separated shear layer attaches to the horizontal part of the channel bottom. The tke levels
are comparable to those in the shear layer forming
on the outer side of the jet-like flow.

deformed bed surface. Observe also that the core
of very large velocity magnitude (umag>0.2ub) associated with the formation of the jet-like flow, as
the heavier fluid is convected past the top of the
roughness element, extends further downstream in
the simulation with ribs. In other words, the penetration distance in the streamwise direction is
larger in the case ribs are present at the channel
bottom. This is also the reason the height of the
layer of high velocity and high concentration fluid
remains approximately constant for a longer distance downstream of x/λ=0 in the case ribs are
present at the channel bottom.
The distribution of the out-of-plane vorticity ωz
in Figs. 4c and 5c show the presence of a strong
shear layer of positive vorticity that covers thewhole length of the domain. As already discussed,
this shear layer starts forming downstream of the
crest/top of the roughness element on the outer
boundary of the jet-like flow. Consistent with
the different penetration length of the core of large
streamwise velocity magnitude in Figs. 4b and 5b,
the streamwise decay of vorticity in the shear
layer is significantly sharper in the case dunes are
present at the channel bottom (e.g., the tongue of
high vorticity extends up to x=0.5λ in the simulation with dunes and up to x=0.67λ in the simulation with ribs). In the region with 0<x/λ<0.67 the
shape of the shear layer follows the one of the top
interface of the layers of high velocity fluid and
high concentration fluid. However, this is not the
case in the regions situated at -0.33<x/λ<0.0 in
Figs. 4b and 5b. Though a weak shear layer is still
observed in both cases in the vicinity of the top interface of the layer of high concentration fluid (the
vorticity is quite diffused in the simulation with
ribs and much more concentrated in the simulation
with dunes), the main region of high positive vorticity is situated at higher elevations. As already
discussed, this region of high positive vorticity
forms gradually in time as the shear layer forming
on the outer side of the jet-like flow penetrates
more and more in the upstream direction until it
reaches equilibrium.
The distributions of ωz in Figs. 4c and 5c correspond to this equilibrium regime. The upstream
extension of the shear layer is a result of the interaction of the current of lighter fluid with the region containing mixed fluid and with the downstream part of the shear layer forming on the outer
side of the jet like flow. At equilibrium, this tongue of positive vorticity can be observed starting
at x/λ=-0.33. In both simulations it extends upstream for another 0.33λ. The tongue of vorticity
around y/H=0.6 present between x=0.33λ and
x=0.67λ correspond to this segment of the shear
layer forming over the next roughness element.
Thus, the shear layer extends up to -0.67λ for the
407

6 SUMMARY AND CONCLUSIONS

Hartel, C., Meiburg, E, and Necker, F., 2000, “Analysis and
direct numerical simulation of the flow at a gravitycurrent head. Part 1. Flow topology and front speed for
slip and no-slip boundaries”, Journal of Fluid Mechanics, Vol. 418, 189–212.
Hatcher, L., Hogg, A.J., Woods, A.W., 2000) “The effects
of drag on turbulent gravity currents”, Journal of Fluid
Mechanics, Vol. 416, 297-314.
Huang, H., Imran, J., and Pirmez, C., (2005) “Numerical
model of turbidity currents with a deforming bottom
boundary”, ASCE Journal of Hydraulic Engineering,
Vol. 131(4), 283-293.
Mierlo, M.C. and de Ruiter, J.C., 1988. “Turbulence measurements over artificial dunes”, Report Q789. Delft
Hydraulics Laboratory, Delft, Netherlands.
Ooi, S.K., Constantinescu, S.G., and Weber, L. 2009, “Numerical simulations of lock exchange compositional
gravity currents”, Journal of Fluid Mechanics, Vol. 635,
361-388.
Ooi, S.K., Constantinescu, S.G., and Weber, L. 2007a, “A
numerical study of intrusive compositional gravity currents”, Physics of Fluids Vol.19.
Ooi, S.K., Constantinescu, S.G., and Weber, L. 2007b,
“Two-dimensional large-eddy simulation of lockexchange gravity current flows at high Grashof numbers”, ASCE Journal of Hydraulic Engineering, Vol. 9,
1037–1047.
Shin, J., Dalziel, S., and Linden, P.F., 2004, “Gravity currents produced by lock exchange”, Journal of Fluid Mechanics, Vol. 521, 1-34.
Tanino, Y., Nepf, H.M., and Kulis, P.S., 2005, “Gravity currents in aquatic canopies”, Water Resources Research,
Vol. 41.
Yoon, J.Y. and Patel, V.C., 1996, “Numerical model of turbulent flow over sand dune”, ASCE Journal of Hydraulic Engineering, Vol. 1, 10-18.

The present study investigated the changes in the
flow and turbulence structure in the tail region of
a turbulent bottom-propagating Boussinesq gravity current propagating over an array of 2D dunes
or square ribs placed at the channel bottom based
only on results of 3D LES simulations (no experimental data were available). The focus was on
cases in which the shape and height of the obstacles (large-scale roughness elements with a
height of 0.15H) was such that a relatively long
slumping phase was present.
The temporal variation of the total volumetric
flux of heavier fluid at selected streamwise locations showed that a quasi-steady regime is reached
in between two consecutive obstacles at sufficiently large times after the passage of the front
and after the backward propagating hydraulic
jump forming at the downstream obstacle passed
the obstacle situated upstream of it. The mean
flow and turbulence structure was then investigated in the region between two consecutive obstacles, after the quasi-steady regime was reached.
The characteristics of the flow in the tail of the
current are important because for GCs with a large
volume of release, if the current propagates in the
slumping phase over a large number of obstacles,
most of the sediment will be entrained from the
bed beneath the tail, rather than beneath the head
and dissipative wake regions as is the case for a
current propagating over a flat bed.
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ABSTRACT: Our current understanding of the world’s largest rivers is limited due to the difficulties in
obtaining detailed, spatially-distributed, flow and morphological data. Recent progress has been made in
obtaining data-rich results using Computational Fluid Dynamic (CFD) models within smaller river reaches, but the application of CFD to large rivers has not been fully developed due to our inability to: i) design numerically-stable meshes for complex topographies, and ii) collect high resolution data appropriate
for model boundary conditions.
Here, we test a new five-term mass-flux scaling algorithm to include bed topography over large spatial
scales, where the discretised form of the mass and momentum equations are modified using a mass-flux
scalling approach. Converged solutions were obtained using Reynolds-Averaged Navier Stokes (RANS)
equations with a κ–ε RNG turbulence closure. Topographic and velocity data were collected for a 38 km
reach in the Río Paraná, Argentina, to provide boundary conditions and validation data. The model results
demonstrate the importance of topographic steering on determining flow structures in large rivers and the
difficulties in objectively identifying coherent secondary flows.
Keywords: Computational Fluid Dynamics, Large Rivers, Secondary Circulation, Numerical Modelling
branch of the Paraná de las Palmas. Their results
indicate the presence of secondary circulatory
flow in the San Antonio bend.
However more recent aDcp measurements obtained in the Río Paraná (Parsons et al. 2005;
2008; Lane et al. 2008) suggest that some of the
classical flow processes operating in smaller rivers are absent in larger rivers. Parsons et al.
(2008) found that channel-scale circulation, commonly associated with mid-channel bars, was absent and attributed this to the greater influence of
form roughness as the width-depth ratio increased.
Only where a large confluence influenced the generating mechanisms of flow structure, for example at the Río Paraguay - Río Paraná junction, was

1 INTRODUCTION
We currently have limited knowledge about flow
processes and sediment transport in large rivers
that are characterised by high width to depth ratios
(Lane et al. 2008). A growing body of evidence
suggests that our understanding of flow processes
gained from smaller rivers is not always transferable to larger rivers.
Richardson & Thorne (1998) investigated the
velocity field around a braid bar in the Brahmaputra River using aDcp measurements. Their preliminary results indicate that some flow patterns were
consistent with features observed in bends of
smaller scale single-thread meandering channels.
Viscardi et al. (2006) investigated the flow in a
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2.2 Field Campaign

channel-scale circulation observed (Lane et al.
2008).
Obtaining field measurements of very large
rivers is both expensive and difficult due to the
scales involved. For this reason, numerical modelling offers an appealing alternative as it permits a
much more detailed investigation of flow structure
and processes that would otherwise not be possible with current field techniques.
However, modelling fluvial flows presents us
with two major difficulties: i) the need for highresolution data to provide physically realistic
boundary conditions and ii) an appropriate numerical methodology to include variations in bed topography. Recent advancements in both fieldbased techniques and CFD methodologies for
fluvial flows have provided: i) a means to measure
bed topology and the velocity field (cf. Parsons et
al. 2005) and ii) to represent these flows in a numerically-stable manor (Olsen & Stokseth 1995;
Lane et al. 2004; Hardy et al. 2006). In this paper,
we utilise these advancements to investigate flow
structures in a very large river: the Río Paraná.

Alongside the model development, a field study
was undertaken to collect flow and topographic
data required to provide both boundary conditions
and validation data for the numerical model.
Throughout the reach, a combined bed topography
and three-dimensional flow survey was conducted
from two research vessels.
The topographic data was obtained (Figure 1)
using a RESON Navisound 215 dual frequency
(33 and 210 kHz) single-beam echo-sounder
(SBES) collecting data at ~1 Hz linked to a global
positioning system (GPS). This topographic information was collected at 163 cross-sections separated by approximately 200 m in the downstream direction and a series of longitudinal lines
along the length of the reach. The surveyed lines
were projected to a UTM co-ordinate system and
post-processed in CARIS HIPS software, where
the effect of changing stage over the survey was
corrected. The final survey points were exported
to ArcMap to generate a Digital Elevation Model
(DEM). A kriging algorithm was applied to interpolate the data to a 50*50 m grid. Co-location of
the flow and topographic data was achieved using
a Leica RTK GPS.

2 METHODOLOGY
2.1 Mass Flux Scaling Method
Here we adopt a mass-flux scaling method to include topographic variations in river bed morphology. This method has been developed and validated for high-resolution applications (Lane et
al. 2004) to include complex topography (individual gravel particles) at small (0.002 meters) spatial
scales. More recently, this method has been used
to investigate larger-scale flows (Hardy et al.
2006) over a dune field (1.8 km by 0.25 km) in the
Río Paraná. In this paper, we investigate further
the use of these methods at very large scales using
data obtained over a ~38 km reach in the Río Paraná.
The method is based on a mass-flux scaling
methodology, similar to that of Olsen & Stokseth
(1995), which used a structured grid specifying
cell porosities to block out the bottom topography
(Pf =1 for cells that are all water, Pf =0 for cells
that are all bed and 0<Pf<1 for partly blocked
cells) with appropriate drag terms introduced into
the momentum equations (Lane et al. 2004). In the
present paper, a modified version of this method is
applied with a five-term mass-flux scaling algorithm that includes four vertical faces of the cell
and the cell volume rather than a single scaling
term (Hardy et al. 2006).

Figure 1. Digital Elevation Model of the 38 km reach studied with the location of the aDcp cross-sections (A–E) indicated.

The flow data were obtained using an RDI
1200 kHz (aDcp), which determines threedimensional flow in a vertical column at 0.25 m
interval bins. The aDcp was deployed in movingboat mode with vessel and velocity correction
provided via RTK GPS. A total of five crosssections through the reach were measured. Following recommendations in Szupiany et al.
(2007), at each section, six repeat transects were
collected to obtain a statistically-stationary flow
field. Average boat velocity during the aDcp surveys was 1.12 m s-1, providing high-resolution (~1
x 4 samples m-2) velocity data through each crosssection. The distance from the water surface to the
first bin was 0.74 m, which accounted for submergence of the aDcp below the waterline and the
blanking distance that removes the effect of sidelobe ringing. Data from the bottom 6% of the profile was removed in processing, again to remove
the effect of contamination by sidelobe interference.
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2.3 Model Set-up

ments where the finite volume dimensions are reduced by a factor of two with at least three domains used to assess the solution convergence. In
these simulations, the mesh size was set to 15 m in
the horizontal plane ( Δ x and Δ y ) and 1 m in the
vertical direction ( Δ z ). Using the method outlined
above, three regions were required to model the
entire reach and details of the mesh dimensions
used are provided in Table 1.

The aDcp data from cross-section A (Figure 1)
was used to orientate the DEM relative to the
computational mesh; y and z were parallel to, and
x perpendicular to, the cross-section (Figure 2)
and the flow data from this cross-section was then
used as an inlet boundary condition (a fixed mass
boundary). The outlet was defined on the opposite
end of the domain using a fixed-pressure boundary condition where mass is allowed to enter and
leave the domain.
The simulations were undertaken on a Cartesian mesh using the PHEONICS© finite volume
code. Pressure was computed using the SIMPLE
(Patankar & Spalding 1972) algorithm and the
hybrid differencing scheme (Spalding 1972) was
employed to compute convective terms. The rigid
lid approximation was applied at the free-surface
with the no slip condition applied at the bed.
The origin of the Cartesian co-ordinate system
in the horizontal plane was selected so that x and y
were everywhere greater than or equal to zero. In
the vertical, the water surface provides the vertical
datum (z=0) with depths assigned negative values.
The results presented in this paper utilise the
depth measurements obtained at the time of survey and so they are specific to that stage.

Table
1. Mesh dimensions used in the simulations
______________________________________________
Region
Nx
Ny
Nz
______________________________________________
1
775
297
26
2
550
439
26
3_____________________________________________
628
292
26

3 RESULTS

3.1 Primary Flow
The flow at the free surface for the entire reach is
presented in Figure 3 and is represented using a
series of streamlines. The streamlines commence
100 m downstream of the inlet and are separated
by 250 m in the cross-stream direction and are
plotted superimposed on the bed topography for
reference. The streamline pattern illustrates the
dominance of the thalweg in controlling the direction of the primary flow and the pronounced level
of convergence and divergence of the flow field
throughout the reach:
i) In the uppermost part of the reach, the thalweg extends across most of the river (Figure 3).
The mean direction of the thalweg through this
zone is approximately 45o to the main channel
axis and the flow at the free surface is largely parallel to the thalweg. Approximately 70% of the
flow that enters the reach at the free surface follows the thalweg to the left of the bar complex
(Figure 3, labelled a).
ii) Further downstream, the flow is forced to
diverge upstream of the submerged bifurcation Bb
(Figure 3, labelled b).
iii) In the middle of the reach, there is a significant convergence of the streamlines through a
zone of thalweg curvature (Figure 3, labelled c).
After this convergence, most of the flow at the
free surface continues to follow the thalweg.
However, a portion (~20%) diverges to the right
bank, driven in part by an incipient, or submerged,
bar in the central zone of the channel and a deeper
portion of the channel, which is probably a former
thalweg (Figure 3).
iv) In the lower part of the reach there is a convergent-divergent section of the thalweg (Figure
3, labelled d). The flow at the free surface follows

Figure 2. The rotated DEM with the regions modelled and
zones investigated indicated.

Computational constraints limited the maximum domain size to approximately 6.3 million finite volume cells. For the reach scale investigated
here (38 km long and 2–4 km wide), it was not
possible to model the entire reach using a single
simulation. We therefore employed a multi-region
method where n regions were modelled systematically. Converged solutions for each region were
obtained within two weeks with the solved flow
variables from the outlet face used to supply the
next region of the reach with inlet boundary conditions. Following this procedure for the remaining regions, the entire reach was modelled.
To determine the suitable cell dimensions we
have employed the global convergence index
(GCI: Hardy et al. 2003) to test for mesh independence. These tests were employed on a smaller
reach with the topography removed to eliminate
the effects of spatial interpolation of topography.
The GCI method involves a series of grid refine411

lower (~4 m deep) upstream part of this zone converges with the thalweg. The dominance of the
thalweg is clearly evident as the flow is forced
laterally (at x~23 km).
Also included in Figure 4 are downstream slices representing the divergence angle θ
( = tan −1 (u y u x ) ) at constant cross-stream locations (y=370, 800, 1500, 2100 and 3300 m) for the
entire zone. This angle represents the primary
flow direction relative to the x-axis where: θ = 0o,
the flow is moving downstream; θ = 90o, the flow
is directed towards the left bank and; θ = -90o, the
flow is directed towards the right bank.
Flow in the thalweg upstream of bar B is characterised by contour slice SL2 (see label a). The
flow in this region is topographically steered a
significant distance upstream (~1 km) of bar B
with the divergence angle increasing by approximately 20o (flow towards the left bank). Further
along the thalweg, the flow is forced further laterally with the divergence angle increasing to approximately 45o by contour slice SL3 (see label b,
approximately the same position as the thalweg).
Further along the channel, the thalweg width
increases significantly with the margins extending
across stream and downstream (along bar B).
Contour slices SL4–SL6 characterise the flow in
this expanding region along with the streamline
representation. Here the flow moves out into the
expanding region, and is further topographically
steered downstream into a contraction in width
followed by a subsequent divergence upstream of
submerged bifurcation Bc (Figure 2).
In the upstream part (slice SL4), the divergence
angle is approximately 40o (see label c) and this is
reduced further downstream to approximately 0o

the same pattern as the thalweg bed topography
through this region of convergence and divergence.

Figure 3. Free surface streamlines and topographic data.

In zone 1 (Figure 2), the thalweg follows a sinuous path. In the upstream part of this zone, the
thalweg moves out towards the left bank in front
of bar B at approximately 45o to the downstream
direction with the thalweg width increasing, before converging and curving back to follow primarily the main channel direction.
To investigate the primary flow in this zone, an
array of streamlines and contour slices of the divergence angles are presented in Figure 4. The
streamlines commence at the upstream face of the
zone, separated by 20 m in the cross-stream direction and 2 m in the vertical. This set of curves
represents the primary flow direction since by definition they are tangential to the velocity field at
all points along each streamline.
The flow is topographically steered, primarily
by the thalweg. Flow in the upstream part of the
channel is forced to diverge with most of the flow
diverted towards the left bank. Further along the
thalweg, curvature of the thalweg forces the flow
back towards the main channel direction. Towards
the end of this zone, the submerged bifurcation Bc
forces the flow to diverge. The flow in the shal-
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represent the secondary and primary flow? This is
dependent on both the scale of the flow investigated and the topographic steering of the flow to
converge/diverge. Currently, we lack methods required to answer fully these questions and identify
the necessary hinge points and planar surfaces.
However, it appears a scale separation can be
made between very large rivers where multiple
planar surfaces are required and smaller channels
where one or two planar surfaces are sufficient.
Therefore, herein we present unrotated crosssectional velocity profiles and rely instead on the
ability to take sections and desired orientations
from the computational domain. In Figure 6, a series of cross-sections are presented in the upstream part of zone 1 (Figure 2) at x~24 km and
y~3.5 km separated by 75 m in the downstream direction. Downstream velocity ux is presented as
contours with the cross-stream velocity uy and uz
using a series of vectors. The flow in this region is
characterised by the mixing between the flow in
the deep thalweg and the shallower flow upstream. Such mixing is typically observed in postconfluence flow. However, here there is no distinct boundary separating the two streams and so
the mixing layer is somewhat difficult to identify,
adding further complexity to the identification of
secondary flow.

(see label d), implying predominately downstream
axial flow through this zone. In the remaining
contour slices SL5 and SL6, similar flow patterns
are evident although in the downstream part of
each slice (upstream of the contraction), the divergence angle is reduced further (~-20o, see f &
h). At the upstream end of contour slice SL5, the
divergence angle is approximately 35o (see label
e). This reduction in divergence angle (see labels
c & e) is caused by thalweg curvature in the
downstream axial direction. However, in the upstream portion (SL6), there is an increase in the
divergence angle (~45o, see label g) as compared
to SL4 & SL5 (~35o–40o, see labels e & g). The
flow in this region is driven by the thalweg scour
close to the left bank in zone 1. This further illustrates the dominance of the deeper channels, such
as the thalweg and scours, in controlling the primary flow direction throughout the reach.
3.2 Secondary Flow
Using current methodologies to separate the primary and secondary flow, a single planar surface
that extends across the entire reach is typically
used (cf. Dietrich & Smith 1983). The flow parallel and perpendicular to this plane is defined as
secondary and primary flow respectively. However, in regions where the flow converges (e.g.
downstream of a confluence), the use of a single
planar surface can be misleading. Lane et al.
(2000) suggest that these methods should be applied in two parts on either side of the confluence
mixing layer, although this provides difficulties in
defining the ‘hinge point’ as the mixing layer becomes more diffuse downstream of the junction
(Lane et al. 2000). Similar methods are yet to be
developed for divergent flow (e.g. upstream of a
bifurcation) where the identification of a ‘hinge
point’ is unclear.
In Figure 5, the topographic data from zone 1
has been annotated with arrows to depict the general flow patterns. In some areas of this zone, the
application of a single planar surface is certainly
questionable as the primary flow direction can
change significantly within the section. Towards
the end of this zone, one cross-section (labelled
CS) is identified (Figure 5). Applying a single
planar cross-section here (i) is clearly misleading
since the flow is both convergent and divergent.
Following the suggestions proposed by Lane et al.
(2000), it is possible to construct two planar surfaces downstream of bar B (ii). In the same way, a
third planar surface (iii) is perhaps desirable since
the flow diverges upstream of the submerged bifurcation (Bc).
An obvious question therefore arises: how
many planar surfaces are required to sufficiently

Figure 5. Schematic representation of the flow in zone 1.

The primary flow direction changes significantly across the 500 m wide cross-sections most
notably in cross-sections a & b (Figure 6). The
flow in these cross-sections is dominated by the
momentum of the respective converging flow
fields.
The
unit
momentum
ratio
RM ( = M tw M us ~ 4 ), between the flow in the
thalweg ( M tw ) and in the upstream shallower region ( M us ) shows that the thalweg is dominant.
This ratio further increases downstream as the local flow depth increases, this is evidenced further
downstream (see cross-sections c & d in Figure 6)
where the flow becomes more uniform.
Although the velocity field in these crosssections has not been resolved into primary and
secondary flow, there is clearly evidence of cohe413

rent secondary circulation (see annotations in Figure 6). At y~3.4 km, three cells are evident where:
i) the flow at the free surface is driven by the upstream topography; ii) the central flow is driven
by convergence of the two streams and; iii) flow

arate the primary and secondary flow due to the
increased length-scales. Stream-ribbons offer the
possibility of visualising these secondary flow
structures in strongly three-dimensional flows.
Stream-ribbons are an extension of streamlines.

at the bed is driven largely by the thalweg. This
circulation pattern is evident in all four crosssections and is restricted to relatively narrow portions of the channel width in the deeper thalweg
sections, similar to the results presented by Szupiany et al. (2009).

Each ribbon has a finite lateral extent and there
trajectory through the domain is defined following
the same principles as streamlines. The ribbons
are twisted about the centre streamline to project
secondary circulation. Twist of the ribbons is proportional to the local vorticity and a graduated
contour of the integrated vorticity ( χ ) is used to
further visualise secondary flow structure. The
streamline integral of vorticity is defined:
∂u ⎞
1 ⎛ ∂u
χ = 12 ∫ ⎜⎜ s ,1 − s ,2 ⎟⎟ dx p ,
u p ⎝ ∂xs ,2 ∂xs ,1 ⎠
S
for streamline S where u p and us are the primary
and secondary components of velocity, x p and xs
are the corresponding Cartesian co-ordinates
where xs ,1 is perpendicular to xs ,2 (the convention
here is the right-hand rule). Since the rate of
change of χ with respect to stream-ribbon length
(dS) is by definition the local vorticity, this contour provides a more quantitative measure of the
local circulatory flow.

In cross-section a, two cores of velocity (VC1 &
VC2) are located at y~3.25 km and 3.8 km. Here,
the downstream velocity (ux) is an order of magnitude larger than the cross-stream velocity (uy) and
the momentum of the shallower upstream flow is
dominant. Further downstream, this dominance is
reduced due to mixing and reduced total momentum (depth expansion). Furthermore, since the total momentum depends on both velocity and
cross-sectional area ( M ∝ ∫ u 2 dA ), the length
scale over which VC1 dominates is significantly
less than VC2.
Although it is possible to build a picture of
these flow patterns, we have not been able to sep414

The stream-ribbons shown in Figure 7
represent flow in zone 2 (see Figure 2), with the
topography also included as a surface plot. The
ribbons commence at the upstream face (x~23.2
km) and are separated in the cross-stream and vertical directions by 70 and 3 m respectively. For direct cross-reference with the velocity plots (Figure
6), the locations of the first and last cross-sections

flow is represented using a series of streamribbons.
These stream-ribbons indicate that secondary
flow structures are generated throughout this
zone. This secondary flow is apparently generated
by streamline curvature driven locally by larger
scale topography:
i) For stream-ribbon SR1, the flow is: (a) driven

are indicated. With this upstream perspective
adopted, a counter-clockwise rotation of the flow
results in an increase in χ .
In the upstream part of this zone, there is a
channel formed between bar A and the left bank
with lateral expansion in the downstream axial direction. This channel expansion drives streamline
curvature of the flow locally. The flow close to
bar A is forced river-right and the flow close to
the left bank is forced river-left. Further downstream, there is a significant increase in depth as
the flow that moved through this channel converges with the thalweg. Due to the dominance of
the thalweg, the converging flow is forced laterally towards the left bank. This streamline curvature
can be seen from inspection of Figure 7, where the

initially to the right due to channel expansion in
the lee of bar A and; (b) subsequently forced left
by the dominant thalweg. A corresponding change
in vorticity is observed due to the change in curvature: (a) χ is initially reduced (clockwise circulation) followed by (b) an increase in χ (counterclockwise circulation).
ii) A similar flow pattern is observed for
stream-ribbon SR2. On approaching the thalweg,
the flow is forced river-right (c) with a corresponding reduction in χ (counter-clockwise circulation). The dominant thalweg again forces the
flow river-left (d) resulting in an increase in χ
(clockwise circulation).
iii) Stream-ribbon SR3 shows a different flow
pattern. In a similar way to stream-ribbon SR2,
there is very little change in χ in the shallower
415

upstream region. However, as the flow converges
into the thalweg, the stream-ribbon indicates that
flow is forced laterally towards the left bank.
Convergence into the thalweg results in an increase in χ (counter-clockwise), again driven by
the same mechanism.
Further inspection of ribbons SR2 and SR3, it
is possible to see that the effects of topography on
flow close to the bed are significantly larger than
close to the free surface. Since these streamribbons pass through the velocity cross-sections
shown in Figure 6, it is apparent that the downstream velocity near the free surface is an order of
magnitude larger than the cross-stream velocity
(VC1, see Figure 6). Conversely, the downstream
velocity near the bed is significantly smaller than
the cross stream velocity.
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In this paper we presented predictions of the
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through the application of a CFD model. These results show that the large-scale topography dominates in steering the primary flow direction. At the
reach scale, it appears that the flow direction is
primarily driven by the deep thalweg channels,
but locally observed free surface divergence and
convergence is a result of topographic steering by
larger scale barforms which are found throughout
the reach.
These topographic controls drive streamline
curvature that provides a mechanism to generate
secondary flow, and there is clear evidence of coherent secondary circulation in the threedimensional flow fields. However, such streamline curvature is driven locally rather than at the
channel scale resulting in localised secondary
flow structures.
Our research highlights some of the difficulties
in objectively determining secondary flows at
large spatial scales, and the need for improved
methodologies to fully investigate 3D flow evolution in large rivers. One approach that appears to
provide an insight into the secondary flow has
been the application of stream-ribbons.
The application of the multi-region method has
permitted a very large reach to be modelled. However, numerical inaccuracies associated with this
method could lead to potential errors associated
with matching a constant pressure outlet boundary
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This could lead to propagation of error through
the subsequent regions. We are currently validating these results with aDcp data and the initial
comparisons are encouraging.
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Lagrangian Block Hydrodynamics of Macro Resistance in a RiverFlow Model
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ABSTRACT: A Lagrangian block hydrodynamics model has been developed for the computation of high
speed river flow in steep channel during the flood stage. The model captures the depth-and-velocity discontinuities across the hydraulic jumps and the advance and retreat of water over the dry bed accurately
with absolute computational stability. Turbulence simulations for a high speed river-flow model are carried out to demonstrate the stability of the computational model. The macro flow resistance of the turbulent shear flow is determined over a range of Froude number varying from Fr = 0.45 to 6.62.
Keywords: Lagrangian block hydrodynamics, High-speed river flow, Macro resistance, Flood waves
vancing-and-retreating fronts of water over dry
river bed. Chu and Altai (2001, 2002) used blocks
of fluid and Lagrangian advection of the blocks to
conduct simulations in a stream-function and vorticity formulation. Tan and Chu (2009a,b, 2010)
applied the Lagrangian block hydrodynamics
(LBH) method for one-dimensional (1D) simulation of the waves in shallow-waters using the primitive variable formulation. Other Lagrangian
methods such as the method of the particle-in-cell
(PIC) of Harlow (1964) and the method of the
smoothed particle hydrodynamics (SPH) of Monaghan (2005) use artificial particles. The LBH
method uses the real fluid blocks as the computational elements. Therefore, the kernel function
used to calculate the interaction force between the
artificial particles in SPH is not required. In this
paper, the 1D LBH method of Tan and Chu
(2009a, b, 2010) is extended for application to
two-dimension (2D) problems and is applied to
flood routing. Calculations are conducted using
the LBH model to determine the advance-and retreat of water on dry bed and the macro flow resistance in supercritical and subcritical turbulent
streams over a wide range of Froude number.

1 INTRODUCTION
Numerical simulation of high speed flow on steep
channel is important for the study of sediment
transport in the upstream rivers of steep slope
(AGU Monograph 110, 1999). The lifting of large
rocks and boulders at flood stage often is the consequence of the shock waves (hydraulic jumps) of
high turbulent intensity interacting with the movable bed. Bank erosion causes the migration of
sediments from the shore to the main stream. Resettlement of sediments on shore occurs in recirculating flow region behind large scale feature
of the shore (Webb et al. 1999). The lateral turbulence exchanges can be determined by reliable
computational model. The computation must not
collapse as the water negotiates through the large
scale and complex features of the channel. It must
be able to capture the depth-and-velocity discontinuity across the shock waves. It must also allow
the water to advance and retreat over the dry river
bed.
The classical computational fluid dynamics are
based on the estimate of fluxes on the faces of the
finite volume. In the computation of waves and
turbulence in shallow waters, the use of a truncated series to estimate the fluxes can lead to spurious numerical oscillations, negative water depth
and the subsequent collapse of the computations.
Such numerical instability problem is most severe
in regions across the shock waves and at the ad419

2 LAGRANGIAN BLOCK
HYDRODYNAMICS
The Lagrangian blocks are arrays of contiguous
fluid elements. The transfer of mass and the momentum in the fluid are carried out in the computation by staggered systems of blocks. Figure 1(a)
shows the staggered grid and the relative locations
of the volume block (hΔxΔy), and the x- and ymomentum blocks [(ρuhΔx), (ρvhΔy)] on the grid.
The x- and y-components of the velocity are defined at a distance of ½ Δx to the west and ½ Δy to
the south of the water depth node, respectively.
Figure 1(b) shows the advection of the volume
block and Figs. 1(c) and 1(d) show the advection
of the momentum blocks. A block of water for
Lagrangian advection is defined by its water depth
hLi and the blocks widths xLi+1 − xLi = ΔxL and yLi+1
− yLi = ΔyL. At the beginning of the Lagrangian
advection, at time t, the blocks fit the Eulerian
mesh, that is xLi = xi and yLi = yi. At the end of the
advection step, at time t + Δt, ΔxLΔyLhLi = ΔxiΔyihi
for volume conservation.
Eulerian
grid
u(i,j) h(i,j)

v(i,j)

Δy

Δy

Δx
(b) volume block

ΔxL
t+Δt

Eulerian
grid
ΔyL

t
u(i,j)

Δy
v(i,j)

Δx

Eulerian
grid

u(i,j) t
Δy

(2)

The most significant advantage of the LBH over
other computation methods is the computational
stability. Besides the usual Courant stability requirement, LBH computation is absolutely stable.
The method is also accurate. Grid refinement studies have been carried out previously by Tan and
Chu (2009a,b) to show the convergent of the 1D
LBH computations toward the exact solutions.
Validation of the computations has been obtained
for the dam-break flood waves by Ritter (1892),
Stoker (1957), Hogg (2006), Ancey et al. (2008),
and for the runup and overtopping of the collapsing bores by Shen and Meyer (1963) and Peregrine and Williams (2001).
The computational stability and accuracy of the
LBH is further demonstrated in this paper by the
following 2D examples that have exact solutions.

v(i,j)
Δx

(a) staggered grid

h − hi −1
Dv L i
− g (S oy − S fy )
= −g i
Dt
Δy

3 COMPUTATIONAL STABILITY AND
ACCURACY

ΔyL

t
u(i,j) h(i,j)

(1)

where uLi = x-component velocity, vLi = ycomponent velocity, So = bottom elevation, g =
gravitational acceleration, Sf = cf ui |ui|/(2gh) =
friction slope, and cf = coefficient of bottom friction. In the Lagrangian reference frame, the position xLi(t) and the velocities uLi(t) and vLi(t) are
functions of time only. A numerical solution is
possible when the Courant number Co =
max[uΔt/Δx, vΔt/Δy] is less than unity. This Courant stability condition is the only condition
needed for a successful LBH computation.

ΔxL
t+Δt

Eulerian
grid

h − hi −1
Du L i
− g (S ox − S fx )
= −g i
Dt
Δx

ΔxL
t+Δt
ΔyL

v(i,j)

3.1 Oblique Dam-Break Waves
The first example is the oblique dam-break shock
wave in a 100 m × 100 m square basin. The initial
water depth upstream is ho = 10 m and the downstream water depth hd = 1 m. The removal of a
dam along the diagonal of the basin causes the
water on the upstream to advance on a wet bed.
Figures 2(a)-2(c) show depth contours obtained by
the LBH computation for time t = 0.1 s, 2.5 s and
4.0 s, respectively. Figures 2(d) and 2(e) compare
the depth and velocity profiles computed by the
LBH method. The circles denote the exact solution of Stoker (1957). The LBH computation is
denoted by the solid line. The exact solution hs/ho
= 0.396 is accurately captured without using any
shock capturing scheme. Figure 2(f) shows the

Δx

(c) x-momentum block
(d) y-momentum block
Figure 1. (a) The staggered water depth and velocity nodes
on the Eulerian grid, (b) the volume block, (c)-(d) the x- and
y-momentum blocks at the beginning and the end of a Lagrangian advection time step.

The mass and the momentum in the blocks are
re-casted onto the Eulerian mesh at each computational time step. For the flood waves in shallow
water, the forces on the blocks are calculated by
assuming hydrostatic pressure variation over the
depth. The edge positions of the blocks xLi and yLi
at time t + Δt are calculated by Lagrangian integration of the momentum equations:
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putational channel are B and L, respectively. An
array of spur dikes lines the side of the channel.

convergence towards the exact solution as the
block is refined follows the first-order accuracy in
the sense of Celik et al. (2008).
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Figure 2. (a-c) Simulated water depth contours of oblique
dam-break waves on wet downstream depth using mesh size
Δx = 0.04 m, (d-e) cross-sectional profile A-A at time t =
2.5 s, (f) LBH convergence towards Stoker (1957) solution.
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3.2 Standing Waves in Parabolic Bowl
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Figure 3. Water depth h and velocity u in the parabolic bowl
of an initial 2 km radius as computed by the block advection
using Δx = Δy = 5 m are shown at a time interval of onesixth cycle. The computed profiles on the plane of symmetry
y = 0 are the solid line. The exact solution of Thacker
(1981) is denoted by the circle symbol.

periodic boundary

Figure 3 shows the 2D LBH computation of the
standing wave in a parabolic bowl. The motion is
initiated by a parabolic mound of water. The wetting and drying on the surface of the bowl is a
challenging numerical computation. At the wave
front, numerical oscillations can produce negative
water depth, and subsequently lead to computation breakdown. The 2D LBH has been able to
simulate infinite number of cycles of flow oscillations as the water advances and recesses on the
surface of the parabolic bowl without any sign of
numerical instability.
4 CONCEPTUAL RIVER-FLOW MODEL
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The capability (i) to track the advancing-andretreating fronts on dry bed and (ii) to capture the
depth-and-velocity discontinuity across the shock
waves, has made the 2D LBH an ideal computational method for the routing of the high-speed
flood waves in steep river channel. Simulations
are conducted to demonstrate the capability of the
method using a conceptual river-flow model as
shown in Fig. 4. The width and length of the com-

L

Figure 4. Conceptual river-flow model for LBH simulation.
The macro resistance is produced by lateral exchanges of
fluids between the main flow and the array of shoreline features.

The basins between the dikes are squares. The
dimension of the square basins, K, is the only
421

The “macro resistance” to flow depends on the
size and shape of the “macro roughness” and has
to be determined case by case by calculating the
flow around the macro roughness. The real river
channels however are variable in space and time
due to erosion and deposition of sediments along
the channel (Web et al. 1999). A reliable computational model should be able to determine not only the flow but also the morphological changes to
the channel.
To demonstrate the existence of macro resistance, LBH simulations have been conducted for
the conceptual river-flow channel. The Reynolds
stresses at the junction between the macro roughness and the main channel flow has been computed and correlated with two dimensionless parameters: bed-friction number S = cfK/h and
Froude number Fr = U/(gh)½. The bed-friction
number characterizes the effect of the bottom friction and the Froude number on the effect of gravity-wave radiation. Both the bed-friction and the
radiation of waves can have significant effect on
the shear instabilities as demonstrated by the stability analysis by Pinilla and Chu (2008, 2009a,b).
The LBH simulations of the waves and turbulence around the macro roughness in the conceptual river-flow channel has been carried out for
two water depths ho = 1 cm and 6 cm, two channel
slopes So = 0.1 and 0.01 and a range of different
bottom friction coefficients cf = 0, 0.08 and 0.008.

length scale that characterizes the macro resistance. The flow is repeated over the length L using
the periodic boundary conditions. This highly
idealized river-flow model is designed for ease of
computation and the generalization of the computation results.
4.1 Flood Water into Dry Cavities
The advance of flood water into dry cavity is the
first flood routing problem computed by LBH using the conceptual river-flow model. Figure 5
shows the water depth and vorticity profiles of the
river over a period of time. The initial water depth
in the main channel is ho = 6 m and the initial velocity is Uo = 10 m/s. The basins are initially dry.
The flow in the main channel is supercritical with
a Froude number Fr = 1.30. Despite the high
speed of the supercritical flow, the LBH has been
able to simulate the advance of the water into the
dry basins with absolute computational stability.
4.2 Macro Flow Resistance
The resistance to the flow on the one hand is dependent on the bottom friction coefficient cf. It also is dependent on the macro resistance produced
by the channel features such as the flood plains,
spur dikes and bends along the channel.
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Figure 5. Advance of flood waters onto the dry cavities at time t = 0.2 s to 0.8 s; (a) water depth h and (b) vorticity ω profiles
of the flow of initial water depth ho = 6 m, initial velocity Uo = 10 m/s and initial Froude number Fr = 1.30; the bed slope So =
0.1, the bottom friction coefficient cf = 0 and macro roughness K = 5 m.
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The bed-friction number varies over the range
from S = 0 to 0.413. The Froude number varies
over the range from Fr = 0.45 to 6.62. Table 1
summarizes the conditions of the simulations.
Figures 6 and 7 show the dilation and vorticity
profiles obtained by LBH for two of the simulations. One is for the flow on a mild slope with So
= 0.01, Fr = 1.06 and the other on a steep slope
with So = 0.1, Fr = 2.68. Besides the coherent turbulence, the breaking gravity waves are observed
and have played a significant role in determining
the macro resistance in both of these simulations.
Breaking waves in the form of shock waves are
observed in the supercritical flow with the high
Froude number.

C LR =

Table 1. LBH simulations for subcritical and supercritical
flows with B = 20 cm and K = 5 cm

Once the flow velocity is computed, it is divided
into mean and fluctuating parts: u = U + u’, v = V
+ v’. The lateral exchanges of the momentum ρ<u’u’>, -ρ<u’v>, and −ρ<v’v’> are evaluated
subsequently. The exchange at the junction between the cavities and the main flow where y = K
determines the lateral resistance coefficient CLR,
which is as follow:
Θ

15

(cms−1)

>1

0.5

0

−0.5

(3)

where -ρ<u’v’>y = K = Reynolds stresses obtained
by averaging along the flow at the junction where
y = K, and U = mean velocity of the main flow.

4.3 Lateral Resistance Coefficient
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Figure 6. Dilation Θ and vorticity ω profiles for the river flow of water depth ho = 6 cm, slope So = 0.01, bottom friction coefficient cf = 0, and Froude number Fr = 1.06.
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Figure 7. Dilation Θ and vorticity ω profiles for river flow of water depth ho = 6 cm, slope So = 0.1, coefficient of friction cf =
0, and Froude number Fr = 2.68.
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5 CONCLUSIONS
The tracking of flood waves on dry land and the
capture of the depth-and-velocity discontinuities
across the breaking waves has been carried out by
the Lagrangian block hydrodynamics (LBH) with
absolute computational stability. The phenomenon
of the lateral exchanges due to macro roughness is
complex. The results in this paper show only the
capability of the LBH method. Nevertheless, the
simulations have suggested how the method can
deal with flood routing problems of even greater
complexity.
The stability of the method is an advantage over
other computation methods in negotiating waters
through the complex bathymetry in steep channel
flows. The LBH method is also accurate as demonstrated in the simulations of (i) the advancingand-retreating front over the dry bed in a parabolic
bowl, and (ii) the oblique shock waves in the
square basin and their comparison with the exact
solutions in this paper. Not only the method is
successful in the simulation of surface water
waves the method is also capable of simulating
turbulent flows. The results presented in this paper
have shown how turbulence is simulated around
the macro roughness so that the lateral resistance
of the roughness in both the subcritical and supercritical turbulent shear flows is computed by
LBH.
Laboratory investigation is part of the overall
project to study the lateral exchanges in steep
channel flow of complex geometry. The analysis
of the laboratory data has not been completed.
However, the numerical simulations of the flows
are available. Figure 9 shows one of the simulation results carried out for the conditions of the
flow and the dimensions of the channel in one of
the laboratory experiment. Qualitative agreement
between simulation and laboratory has been observed. The quantitative verification of the LBH
model against the laboratory data should be ready
by the time this paper is presented in the conference.
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Figure 9. Dilation Θ and vorticity ω profiles for the channel flow of water depth ho = 0.69 cm, slope So = 0.0001, coefficient
of friction cf = 0.008, and Froude number Fr = 0.55. The width of the main open-channel flow is 1.41 m. The dimension of the
square basin on the side of the main channel flow is 0.45 m.

426

A.3 Overbank flows and vegetation

427

428

River Flow 2010 - Dittrich, Koll, Aberle & Geisenhainer (eds) - © 2010 Bundesanstalt für Wasserbau ISBN 978-3-939230-00-7

The Effect of Coherent Waving Motion on Turbulence Structure in
Flexible Vegetated Open Channel Flows
Iehisa Nezu and Taka-aki Okamoto

Department of Civil Engineering, Kyoto University, Kyoto 615-8540, Japan

ABSTRACT: Most aquatic plants are highly flexible and the waving motions of plants are usually observed. The downstream advection of coherent vortices causes the coherent waving of aquatic vegetation,
so-called the ‘‘Monami’’. The strong oscillations in canopy geometry have the effects of decreasing the
amount of vertical turbulent momentum and mass transport into the aquatic canopies. Therefore, hydrodynamic characteristics of vegetated canopy open-channel flows have been investigated intensively, as
well as in terrestrial canopy flows. However, the effects of the plant waving motion on turbulence structure have not been revealed as yet. In the present study, the illuminated flow images were taken by CMOS
camera (1024 × 1024pixels) and the simultaneous measurements of water velocity and vegetation motion
were successfully conducted by the use of both PIV and PTV techniques. As the results, we revealed the
effect of waving motion on turbulence structure in flexible vegetated open-channel flows. The former part
of the present study examines the coherent-vortex formulation zones on the basis of the Adrian et
al.(2000) ’s detection method. The latter part focused on the relation between coherent structure and the
occurrence of Monami phenomena.
Keywords: PIV, Turbulence structure, Monami, Flexible vegetation, Coherent vortex
and the velocity spectra in a wind tunnel with
waving wheat models by hot-wire anemometers.
They showed that the pressure diffusion term in
the turbulent kinetic energy (TKE) equation tends
to balance with turbulent energy diffusion just
above and within the canopies.
Nepf & Vivoni (2000) have conducted turbulence measurements in open-channel flow with
flexible vegetation models by using both laser
Doppler anemometer (LDA) and acoustic Doppler
velocimetry (ADV) and examined the transition
between the submerged canopy flow and the
emergent canopy flow. They suggested that the
flow within a canopy layer could be divided into
two zones: the upper layer is called the ‘‘vertical
exchange zone’’ and the lower layer is called the
‘‘longitudinal exchange zone’’.
Py et al. (2005) conducted on-site experiments
in wheat and alfalfa canopy flows and quantified
the motion of a large set of plants by applying a
modified PIV technique. They developed a BiOrthogonal Decomposition (BOD) analysis of the
spatio-temporal velocity fluctuations over the crop
canopies and found the large-scale coherent prop

1 INTRODUCTION
Most aquatic plants are highly flexible and the
waving motions of plants are observed usually.
The organized vortices are generated by the inflection-point instability and govern the momentum and mass transport. The downstream advection of these coherent vortices causes the coherent
waving of aquatic vegetation, referred to as ‘‘Monami’’. Therefore, hydrodynamic characteristics
of vegetated canopy open-channel flows have
been investigated intensively, as well as in terrestrial canopy flows.
Finnigan (1979) has investigated the coherent
features of the turbulent velocity fluctuations
above and within wheat canopies by hot-wire
anemometers and found the resonant waving of
wheat stalks referred to as ‘‘Honami’’, which corresponds to Monami in aquatic waving plants. He
revealed then an important role of gusts on mass
and momentum transfer toward canopies from the
outer boundary layers.
Brunet et al. (1994) have analyzed the distributions of various single-point statistical moments
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Table 1 Hydraulic condition
Case

Φ
Φ

F1
F2
F3
F4
F5
F6
R1
R2
R3
R4
R5
R6

0.015
0.022
0.034
0.061
0.137
0.243
0.015
0.022
0.034
0.061
0.137
0.243

H (cm)

Re

Fr

h (cm)

U m (cm/s)

21.0

42000

0.14

7.0

20.0

15.0

30000

0.17

5.0

20.0

Classification of
plant motion
Swaying(S)
Swaying(S)
Monami(M)
Monami(M)
Monami(M)
Monami(M)
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Rigid(R)
Rigid(R)
Rigid(R)
Rigid(R)
Rigid(R)
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Figure 1 Experimental set-up

Figure 2 Illuminated PIV plane by LLS

agating structures which scaled with a typical wavelength of wind fluctuations over the canopies.
Ghisalberti & Nepf (2006) conducted flume
experiments with rigid and flexible vegetation
models and found that the oscillations of the flexible canopies decreased the amount of vertical
momentum transfer. They also revealed that the
coherent vortex consists of a strong sweep on its
front side, followed by a weak ejection on its
backside, by using a phase average analysis of the
waving motion of vegetation elements.
Zhu et al. (2007) conducted PIV measurements
in a wind-tunnel model canopy flow to resolve the
flow structure over a wide range of scales. Their
quadrant conditional sampling indicated fundamental differences in flow structure, especially
between the sweep and ejection events.
Recently, Nezu & Sanjou (2008) observed the
large-scale coherent structure near the vegetation
edge on the basis of LDA and PIV measurements
as well as LES computational simulation. They
compared the experimental results with those of
terrestrial canopy flows and pointed out the importance of double-averaging method (DAM), i.e.,

both time-average and space-average, in the within-canopy layer.
As mentioned above, these vegetated openchannel flows have received much attention for
flexible canopies as well as for rigid ones. Flexible canopy flows are more complicated and challenging research topics than rigid canopy flows,
because the former should interact with wavings
of vegetations in a complicated and organized
manner, which are called the Monami phenomena.
However, the detailed information on ‘‘Monami’’
phenomena is not yet available, because flowvisualization techniques such as PIV have not sufficiently been applied to these vegetated flows in
previous studies. Therefore, the present study examined the interactions between turbulence structure and coherent waving motion in submerged
canopy flows with flexible plant models by a
combination of PIV and PTV (Particle Tracking
Velocimetry). As the results, we revealed the relation between the plant motion and the coherent
vortex generated near the vegetation canopies.
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gidity J ≡E×I was J= 7.3×10-5 [Nm2], in which E
= stiff modulus and I = inertial moment. This value of J was in the same order of magnitude as
J=1.7×10-5 [Nm2] of Velasco et al. (2003) for
plastic plant models. The rigid vegetation was
modeled as rigid strip plates (h=50mm height,
b=8mm width and t=1mm thickness) in the same
manner as conducted in laboratory experiments by
Nezu & Sanjou (2008).
In the present study, two-components of instantaneous velocity vectors ( u~, v~ ) and the tip positions (Δx, Δy ) of flexible vegetations were measured simultaneously by using a combination of
PIV and PTV techniques. The illuminated flow
pictures were taken by a high-speed CMOS camera (1024 × 1024 pixels) with 500Hz frame-rate
and 60s sampling time. A laser light sheet (LLS)
was projected into the water vertically from the
free surface. The 2mm thickness LLS was generated by 3W Argon-ion laser using a cylindrical
lens. The instantaneous velocity vectors on the x-y
plane were calculated by the PIV algorithm for the
whole depth region. The instantaneous motion of
the flexible vegetation elements was analyzed by
PTV technique. The fluorescence marker was attached on the corner edge of the vegetation element, and the LLS was projected on the markers
from the free surface (Figure 2).
Table 1 shows the hydraulic condition. Experiments were conducted with both rigid and flexible vegetations on the basis of six flow scenarios,
in which the vegetation density Φ = ab (a is defined as the total frontal area per vegetation volume V, b is the width of the vegetation elements)
was changed. The relative submergence depth H/h
and the bulk mean velocity U m were kept constant for all cases. In Table 1, Re ≡ HUm /ν is the Rey-
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2 EXPERIMENTAL METHOD
Figure 1 shows the experimental setup and the
coordinate system. The experiments were carried
out in a 10 m long and 40 cm wide tilting flume.
The channel slope was changed to create uniform
flow conditions. x, y and z are the streamwise,
vertical and spanwise coordinates, respectively.
The vertical origin, y = 0, was chosen on the
channel bed. u~ (t ) ≡ U + u , v~ (t ) ≡ V + v and
~ (t ) ≡ W + w are the instantaneous velocity
w
components in each coordinate. U , V and
W are the time-averaged velocity components and
u, v and w are the corresponding turbulent
fluctuations.
H is the water depth. The undeflected height
h of a flexible vegetation element corresponds to
the rigid vegetation height. In contrast, hd is the
time-averaged value of the fluctuating deflected
height hd (t ) = Δy of a typical flexible-vegetation
element. The present flexible vegetation was made
of h=70mm height, b=8mm width and t=0.1mm
thickness OHP film strip sheets. Their flexural ri-

nolds number, and Fr ≡ Um /(gH)

1/2

is the Froude number.

The classification of plant motions is indicated in
Table 1. ‘‘S’’ means Gently Swaying (nonorganized waving), and ‘‘M’’ means Monami (organized waving).
3 RESULTS
3.1 Turbulence structure
Figure 3 shows the vertical distribution of Reynolds stress − uv for flexible vegetation. The
friction velocity U * was evaluated as the peak
value of − uv (i.e., U * = − uv max ), in the same
manner as used by Nezu & Sanjou (2008). The
Reynolds stress for flexible vegetation attains
maximum near the vegetation edge and the values
of − uv decrease rapidly in the canopy layer
(y/h<1) as the vegetation density becomes larger.
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penetration of momentum toward the canopy layer
is smaller for flexible canopy than rigid one.
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● U c /U
○ U c /U h Monami (H/h =3.0)

△

U c /U

3.2 Detection of coherent eddies

Finnigan (1979)
Honami (H/h =∞ )

In the present study, the convection velocity U c
can be evaluated directly from two-point spacetime correlation function Cuu with no use of
Taylor’s frozen turbulence hypothesis, as follows:

deflected vegetation edge
( y = hd )

1

Uc =

Uc = U

0

0

2

Figure 5 Distribution of convection velocity

U (h )
∂U ∂y y = h

4

Uc / U

(1)

δ e implies the mixing-layer thickness, in

which the inflection point appears at the vegetation edge. Assuming a turbulence energy balance
of large-scale eddies, Nepf et al. (2007) proposed
the following relation in a range of λ = ah =0.2 to
1.0.

δe
h

=

K
C D ah

τ

(3)

in which, Δxmax is the streamwise distance between the reference point and the movable point,
at which the correlation becomes maximum when
the time lag τ passes.
Figure 5 shows the vertical distribution of the
convection velocity Uc(y) for Monami canopy,
normalized by the time-averaged mean velocity
U(y). For a comparison, Figure 5 also shows the
flexible canopy data of Finnigan (1979). The convection velocity U c of mean eddies is always
larger than the local mean velocity U, and the value of Uc/U attains 1.5 at the flexible vegetation
edge. The value of Uc/U increases rapidly within
the canopy (y/h<1.0), which is in good agreement
with terrestrial canopy data by Finnigan (1979).
He revealed that when the vortex passes, there is a
positive perturbation in the velocity field within
the canopy. The positive velocity perturbation
may deflect the flexible vegetation elements and,
as the results, generates the coherent waving motion of plants (so called “Honami” for terrestrial
canopy flows and corresponds to “Monami” for
aquatic ones).
Figure 6 shows some examples of instantaneous velocity vectors (u~, v~ ) at the time t =0.0s,
2.08s and 3.67s for Monami canopy ( Φ =0.061).
The contours of the streamwise turbulent fluctuations, u ( x, y, t ) ≡ u~ − U , are shown by color rainbow.
High-speed fluid parcel and low-speed
fluid parcel are seen clearly, and these large-scale
organized parcels are convected downstream.
Parcels “A” and “B” in Figure 6 correspond to
ejection motions, in which the low-speed fluid is
lifted up toward the free surface. On the other
hand, parcels “C” and “D” correspond to sweep
motions, in which the high-speed fluid is inrushed
into the canopy.
On the basis of the Adrian et al.(2000) ’s detection method of bursting phenomena in boundary
layers, the present study tried to examine coherent
eddies. Figure 7 shows the time-series of instantaneous velocity vectors in the PIV plane, which
are subtracted by a vortex convection velocity
U c at the vegetation edge. The value of U c was
evaluated from the two-point space-time correla-

These results are consistent with the rigid vegetation data of Nezu & Sanjou (2008)
To evaluate the vertical momentum transfer
toward the channel bed quantitatively, Nepf &
Vivoni (2000) defined the penetration depth h p as
the elevation of 10% of the maximum Reynolds
stress. The values of h p are indicated in the legend of Figure 3. It is observed that the values of
h p become larger as the vegetation density increases. This implies that the penetration of the
Reynolds stress into the canopy becomes smaller
for the denser canopies. The momentum transfer
from the over-canopy layer toward the bed is obstructed by deflected vegetation elements.
Nepf et al. (2007) also defined the K-H vortex
penetration scale δ e , as follows:

δe =

Δxmax

(2)

K is the constant value and CD is the drag coefficient. Figure 4 compares the penetration thickness δ e for Rigid and Flexible canopies. The
values of δ e decreases with an increase of the
vegetation density λ = ah for both Rigid and
Flexible canopies, which is consistent with the
Reynolds stress properties in Figure 3. It is confirmed that the penetration scale δ e obeys the
theoretical curve of Eq.(2) in a range of λ =0.2 to
1.0. The values of δ e become larger for Rigid
canopy than for Flexible one. Consequently, the
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tion analysis, as has already been discussed in
Figure 5. The (u~ − U c , v~ ) vectors show vortexlike parcels, which are labeled by ‘a’, ‘b’ , ‘c’ and
‘d’ in the figure. These parcels are in good
agreement with the parcels A, B, C and D, respectively, in Figure 6. This implies that the vortexlike parcels ‘a’ and ‘b’ correspond to the ejections, while the vortex-like parcels ‘c’ and ‘d’ correspond to the sweeps.
In Figure 6, the uniform momentum zones are
separated by hand-drawn lines and labeled Zones
1, 2 and 3(Adrian’s method), as follows:
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eddy convection velocity at vegetation edge

good agreement with Adrian et al. (2000) in
boundary layers.
Figure 8 shows the corresponding instantaneous vorticity Ω , which is defined as
∂v~ ∂u~
Ω= −
(4)
∂x ∂y
Figure 8 contains many regions of concentrated
vorticity along the boundaries between the uniform-momentum zones. Some of the weaker fluctuations may be noise in the vorticity measurements, and so we will concentrate on only the
strongest regions. The regions labeled a, b, c and d
contain the concentrated vorticity. Figure 8 conforms the association between the vortex and uniform-momentum zones, and shows that the coherent vortices produce the regions of large vorticity
Ω.

Zone1: -5< (u~ − U c (h )) U * <-3
Zone2: -3< (u~ − U c (h )) U * <1
Zone3: 1< (u~ − U c (h )) U * <5
The streamwise velocity component usually
changes significantly between zones, but remains
roughly constant within a zone. Of particular significance is that the lines pass through the cores of
coherent vortices. Such a remarkable coincidence
between the vortex core and the boundary between uniform-momentum zones suggests an important association between coherent vortex and
uniform-momentum zones. These results are in

3.3 Interaction between flow field and vegetation
motion
Importantly, the Monami is visible as the downstream propagation of a localized region of forward plant deflection. Therefore, coherent vortices may induce periodical oscillations in the
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for Monami canopy. These results imply that the
coherent waving motion of vegetation elements is
associated with the K-H instability and the largescale coherent vortices in the mixing-layer zone
generate the Monami motion of flexible vegetations. In terrestrial canopy flows, Py et al. (2006)
investigated the origin of the instability mechanism by coupling the wind and canopy dynamics.
They found that the predominant frequency of
wind velocity over the waving canopies matches
closely with the free-vibration frequency, i.e. the
natural frequency of the wheat plants, and that the
flow instability mechanism over plant canopies is
driven by a mixing-layer-type instability. The natural frequency fN of the present flexible vegetation
elements was measured using a method proposed
by Py et al. (2006), resulting in fN =0.27 Hz, the
value of which is in fairly good agreement with
the peak frequency fp=0.2 Hz of Monami. Figure 9
(b) also confirms that the present classification of
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streamwise and vertical velocity components near
the vegetation edge. Figure 9 (a) shows an example of the power spectrum of the streamwise velocity fluctuations u(t) at y/h=1.3 (above the canopy) for the Swaying and Monami canopies. For
the Swaying canopy, no significant spectral peak
property is observed. In contrast, for the Monami
canopy, a predominant spectral peak fp occurs
near 0.2 Hz. The value of 0.2 Hz for the streamwise velocity spectrum is in good agreement with
the value of the theoretical frequency fKH of Kelvin-Helmholtz (K-H) instability proposed by Ho
& Huerre (1984) in pure mixing layers, which is
given by
f KH =

0.032U

θ

a=7.6(1/m), H/h=2.0
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Figure 9 (a) Spectrum of streamwise velocity component
u(t) and (b) spectrum of deflected height of vegetation
hd(t) for flexible vegetation

in which, U = average velocity of mixing
layer and θ = momentum thickness of mixing
layer. This good agreement between fp and fKH
was obtained in the other studies for Monami canopies. Ikeda & Kanazawa (1996) and Ghisalberti
& Nepf (2002) observed coherent eddies over
flexible vegetation canopies and have also obtained the same conclusions.
In contrast, Figure 9 (b) shows the power spectrum of the fluctuations hd(t) of the flexible vegetation height for Swaying and Monami canopies,
which were calculated from the present PTV data.
The vibration frequency of flexible vegetation

the Monami and Swaying by eyes is reasonable in
comparison between these two spectra of vegetation fluctuations.
No direct measurements of the Monami phenomena have been conducted quantitatively as
yet. To examine the coherent waving motion of
flexible vegetation, the space-time correlation
Chdhd(x,τ) between the fluctuations of the deflected
vegetation-element heights hd(x0,t) and hd(x0+x
,t+τ) were analyzed as follows:
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C hd hd (x,τ ) =

hd ( x0 , t ) × hd ( x0 + x, t + τ )

Table 2 Comparison of flow properties between rigid and
flexible vegetation flows

(6)

h' d ( x 0 ) × h' d ( x 0 + x )

Rigid

in which, (x0) = reference point of vegetation
and (x0+x) = movable reference point. h’d means
its r.m.s. value and τ = time lag. Chdhd(x,τ) for
Swaying and Monami canopies are shown in Figure 10. The x-axis plane is normalized by the
streamwise spacing of vegetation elements Lv. So,
the integer of x/Lv indicates the position of flexible vegetation and thus the distance lag between
two vegetation elements. The time lag τ was selected to τ=0.0 s, 1.6 s and 3.2 s. It is evident from
Figure 10 that the large values of Chdhd(x,τ) are
observed significantly near the reference point
(x/Lv=0.0) for Monami canopy. The correlation
peak is convected with an increase of the time lag
τ. These results indicate that the waving motions
of flexible vegetations are more organized and
this coherent waving motion is convected in the
downstream direction for Monami canopy than for
Swaying one. Py et al. (2005) have conducted
similar measurements of flexible canopy motion
to detect the local displacements of the crop surface by PIV. They also recognized such a largescale organized motion of vegetation from spacetime decomposition using the BOD analysis.
In contrast, for Swaying canopy (Figure 10 b),
the correlation values Chdhd(x,τ) are much smaller
than those for Monami canopy. The convection of
the correlation peak is not observed significantly
for Swaying canopy, which is coincident with the
spectral analysis shown in Figure 9 (b). This
Reference
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Flow resistance

Large

Small

Mixing-layer velocity profile
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Penetration of momentum
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Mean-eddy scale L x

L x =1.5h (Large)

L x =1.0h (Small )

Quadrant Reynolds stress RSi
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Smaller contribution of sweep

Convection velocity Uc

Uc =1.5-2.0U

Uc =2.0U (Monami)

Coherent structure

Large
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Mass transport
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Small?

As mentioned above, the flexibility of the canopy
and the presence of Monami affect the mean flow
and turbulence structure in the submerged vegetation flow. Table 2 compares several flow properties between Rigid and Flexible vegetation flows.
The mean velocity profiles have an inflection
point at the vegetation edge (y=h for rigid canopy
and y= hd for flexible one), and in the mixinglayer zone, the values of U are approached to the
hyperbolic tangent profile both for Rigid and
Flexible vegetation flows. In the Rigid vegetation
flow, the mean velocity U within the canopy is reduced more significantly and the strong shear
layer is produced near the vegetation edge. Consequently, the large-scale coherent vortices at the
vegetation edge dominate the vertical momentum
transport.
Relative to the Rigid canopy, the values of
Reynolds stress − uv within the Monami canopy
become smaller and the Monami canopy decreases the turbulent momentum transport through the
shear layer. The diminished momentum exchange
suggests that the coherent vortices become weaker
and smaller in the presence of Monami. This suggestion is conformed by the observed mean-eddy
length scale Lx. The streamwise and vertical
length scales Lx and L y are larger for the Rigid
canopy than for the Flexible canopy. The quadrant
analysis implies that the momentum transfer is
dominated by sweeps within the canopy and the
contributions of sweep events are larger for Rigid
vegetation flows. The Monami is observed when
the convection velocity Uc of coherent-eddy is
significantly greater than the mean velocity Uh at
the vegetation edge, as pointed out by Ghisalberti
& Nepf (2002). The convection velocity Uc for
Monami canopy attains (1.5-2.0)Uh at the flexible
vegetation edge and this value is in the same order
of magnitude as Uc = 2.0Uh for Rigid canopy.
These results suggest that when the canopy is
waving, the instantaneous drag distribution may
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4 DISCUSSION
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Figure 10 Space-time correlations of deflected vegetation
height for (a) Monami and (b) Swaying

suggests that the vegetation elements are independently waving each other, i.e. without organized
motions for Swaying canopy.
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not be so contributory to the vortex. Consequently, the vortex structure may lose coherence in the
presence of Monami.
In particular, effects of flexible canopy on scalar transports, such as various water quality, dissolved gases (O2 and CO2) and sediment transport,
are not fully investigated as yet. Some researchers suggest that submerged flexible canopies may
protect the coastal bed by reducing friction forces
near the water-sediment interface, thus, directly
protecting the bed from erosive processes. It is
further necessary to investigate turbulence and sediment transport within the canopy by simultaneous measurements of velocity and scalar concentration including water temperature.
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5 CONCLUSIONS
In the present study, the simultaneous measurements of water velocity and vegetation motion
were successfully conducted by the use of a combination of PIV and PTV. As the results, we revealed the relation between turbulence structure
and the occurrence of Monami phenomena. Significant results obtained in this study are as follows:
1. We compared the penetration thickness for
Rigid and Flexible canopies. The penetration of momentum toward the canopy layer
is smaller for flexible than rigid canopies.
2. On the basis of the Adrian et al.(2000) ’s detection method, the present study tried to
examine coherent-vortex formulation zones.
A good coincidence between the center of
the coherent vortex cores and the boundary
between the uniform-momentum zones
clearly demonstrates an association between
coherent vortex and uniform-momentum
zones.
3. To examine the coherent waving motion of
flexible vegetation quantitatively, the spacetime correlation between the fluctuations of
the deflected vegetation-element heights
was analyzed. The large values of spacetime correlation were observed significantly
near the reference point for Monami canopy. This indicates that the waving motions
of flexible vegetations are more organized.
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Flow penetration into the canopy of the submerged vegetation:
definitions and quantitative estimates
N. Nikora & V. Nikora

School of Engineering, University of Aberdeen, Aberdeen, Scotland, UK

ABSTRACT: The focus of this study is on the ranges of flow submergence and vegetation density which
well exceed the ranges already studied by other researchers. The penetration distance δ e of large-scale
turbulence into vegetation canopies has been assessed using vertical distributions of the normal and shear
turbulent stresses. Although the estimates of δ e by the suggested methods are interconnected, their values
may differ reflecting different aspects of flow-vegetation interactions. The estimates based on the shear
stresses u ' w ' are most closely correlated with those from the profiles of the variance of the longitudinal
velocity u ' u ' and thus can be used when two-component velocity measurements are not possible. The
experimental assessment of the influence of characteristic turbulence scales and energy on flow penetration parameters was made using dimensionless numbers characterizing the interplay between depth-scale,
canopy-scale, and wake-scale turbulent eddies. The data suggest that there may be mutually opposing effects leading to unexpected behaviors such as the blockage of depth-scale eddies by enhanced wake-scale
turbulence.
Keywords: Flow-vegetation interactions, Penetration depth, Penetration distance
the distance of flow penetration into the vegetation canopy. The experimental and theoretical
studies suggest that the penetration distance
should be considered as an integral measure of the
flow-vegetation interactions that may be successfully used in a number of ways. These may include, among others, determination of the effective bed roughness, zero-plane displacement,
separation of the canopy into regions of ‘vertical’
and ‘horizontal’ exchange of scalar and momentum, and longitudinal dispersion in vegetated
channels, Nepf & Vivoni (2000), Nepf et al.
(2007). Although the cited studies have significantly advanced the understanding of flow penetration into vegetation canopies, they relate to
quite limited ranges of driving parameters (e.g.,
flow submergence, vegetation morphology and
density, plant flexural rigidity) and considerable
knowledge gaps remain.
The key objectives of this paper, therefore, include: (1) revision of the existing and consideration of new definitions for flow penetration distance and their estimates and comparisons; and (2)
experimental assessment of the effects of characteristic turbulence scales and energy on flow pe-

1 INTRODUCTION
Aquatic vegetation in streams is common and
plays significant roles in physical and ecological
processes. It affects magnitudes and spatial distributions of mean velocities and turbulence properties and thus often controls transport of water (i.e.,
channel conveyance capacity), sediments, nutrients and contaminants. In recent years, a number of extensive studies exploring turbulence
structure within a vegetation canopy and in the
flow region above have been conducted advancing
the understanding of flow-vegetation interactions,
e.g., Nepf & Vivoni (2000), Wilson et al. (2003),
Poggi et al. (2004), Järvelä (2005), Sukhodolov &
Sukhodolova (2006), Nepf et al. (2007), Velasco
et al. (2007), Maltese et al. (2007), Nepf & Ghisalberti (2008), Nezu & Sanjou (2008), Righetti
(2008), Okamoto & Nezu (2009), Stoesser et al.
(2009). It has been found that a key feature of
flow-vegetation interactions is the generation of a
shear layer at the border between aquatic vegetation and the overlying water flow. The thickness
of this interface region is controlled by the flow
and plant characteristics and can be estimated by
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netration parameters. The focus of our study is on
the ranges of flow submergence and vegetation
density which well exceed the ranges already studied by other researchers.

cal distributions of other components of the Reynolds stress tensor or their combinations (e.g.,
normal stresses and the total turbulent energy). In
addition, the penetration distance (or depth) can
also be assessed using the zero-plane displacement d as was suggested in Nepf and Vivoni
(2000). We consider the penetration distance δ e
more appropriate than h p or d, as it directly
measures the penetration of large eddies into
vegetation canopies (Figure 1) and does not require the existence of the logarithmic layer which
is a prerequisite for d.

2 BACKGROUND
Based on an experimental study of depth-limited
vegetated flow, Nepf & Vivoni (2000) proposed
that the vegetation canopy may be subdivided into
two regions with distinctly different mechanisms
of flow forcing, turbulence production, and exchange with surrounding waters. The upper region
(“upper canopy”) is largely controlled by the vertical turbulent momentum flux while the lower region (“lower canopy”) is predominantly pressureor gravity-driven. Turbulence in the upper canopy
is generated by the shear layer at the canopy top.
The mechanism of turbulence production within
the lower canopy is different and is mainly due to
flow separations in plant wakes. The exchange
with surrounding waters within the lower canopy
is dominated by longitudinal advection, while in
the upper canopy – by vertical turbulent exchange.
Following Raupach et al. (1996), Nepf and Vivoni
(2000), Ghisalberti & Nepf (2002, 2004), and
Nepf et al. (2007) suggested that the penetration
distance of the turbulent stress into the canopy is
controlled by the vortices generated at the canopy
top due to the Kelvin-Helmholtz (KH) instability.
These vortices are known as ‘mixing-layer vortices’ as opposed to the ‘boundary-layer vortices’.
As a measure of penetration, Nepf and Vivoni
(2000) proposed the “penetration depth”, h p , that
is defined as the distance from the bed to the point
where turbulent stress decays to 10% of its maximum value (Figure 1). Another useful measure,
suggested in Nepf et al. (2007), is the distance δ e
from the top of the canopy to the level where turbulent stress diminishes to 10% of its peak value,
i.e., δ e = hc − h p (see definitions in Figure 1). Wilson et al. (2003) introduced a length scale of vortex penetration, similar to δ e , that they defined as
the thickness of the active momentum exchange
layer. Several follow up studies have also highlighted that the penetration depth h p (or distance
δ e ) is an integral measure of momentum and scalar transfer into vegetation, e.g., Velasco et al.
(2007), Nezu & Sanjou (2008), Okamoto & Nezu
(2009). Quantitative estimates of h p and δ e in
these studies are based on a “10% technique” applied to the u ' w ' profiles as originally suggested
by Nepf and Vivoni (2000).
Although Nepf and Vivoni’s (2000) u ' w ' -based
technique is physically appealing there are other
possible options. They may include determination
of the penetration distance (or depth) using verti-

z
H

u ' w'

U
u*32

u*22

Ho
Large Eddy

hc
hp

hp

δe

Figure 1. Definition sketch: H is water depth; hc is deflected canopy height; H o = H − hc is the depth of overflow; mean velocity U and turbulent stress u ' w ' profiles are
shown by solid and dashed lines, respectively; δ e is the penetration distance of the large eddies into the canopy; h p is
2
2
the penetration depth; solid circles show u*2 and u*3 definitions.

In this paper we first explore alternative ways for
defining δ e and how they relate to the u ' w ' -based
estimates. Then, we asses the effects of the turbulence scales and energy on flow penetration distance, following a general relation:

δ e = f ( LBL , K BL , LML , K ML , LW , KW , g ,ν )

(1)

where LBL ∝ H o = H − hc is the boundary-layereddy scale, LML ∝ hc is the mixing-layer-eddy
scale, LW ∝ w is the wake-turbulence-eddy scale
( w is stem/leaf width), K BL ∝ u*2 , K ML ∝ u*2 and
KW ∝ u*2 are turbulent energies associated with
LBL ∝ H o , LML ∝ hc , and LW ∝ w , respectively
( u* is the shear velocity), g is gravity, and ν is
fluid viscosity. Effects of vegetation density, morphology, and rigidity are not explicitly included in
(Eq. 1) as their study is outside the scope of this
paper. From (Eq. 1) it follows:

δe
H − hc
u*2
u2 u h u w
= f(
,
, * , * c, * )
hc
hc
g ( H − hc ) ghc ν
ν

(2)

Effects of arguments of (Eq. 2) on the penetration
distance will be explored in section 4 while section 3 will outline experimental data and procedures.
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submergence H / hc from 3.5 to 11.8 and to aspect
ratio B/H from 0.8 to 2.5 (B is channel width). For
this range of B/H, noticeable secondary currents
due to the rectangular flow geometry should be
expected above the canopy, Nezu & Nakagawa
(1993). Although the secondary currents are an
inherent feature of most studies of submerged
vegetation (e.g., B/H=0.9 – 2.4 in Nepf & Vivoni,
2000, or B/H=1.7 – 3.9 in Wilson et. al., 2003),
their potential effects remain to be properly assessed. Before that we have to assume, similar to
other authors, that the impact of the secondary
currents on our findings is not significant.

3 EXPERIMENTS AND METHODS
3.1 Experimental set up
Laboratory experiments were carried out in a 12.5
m long and 0.3 m wide rectangular glass-sided
tilting flume at the Fluid Mechanics Laboratory of
the University of Aberdeen (Figure 2). An adjustable weir located at the discharge tank have been
used to minimize backwater effects and extend the
section of quasi-uniform flow for a given bed
slope. Ten piezometric intakes tapped in the centre line of the flume bed were used to measure water surface slope. The water discharge was measured by an orifice flowmeter installed in the pump
discharge pipe. The water depth, H, and deflected
canopy height, hc , were measured at ten evenlyspaced cross-sections using decimal rulers, which
were glued to the glass side wall of the flume.
The flume bed was fully covered by artificial
flexible garden grass made of polyethylene
(Figure 2), with grass areal density of 15000
plants/m2. Each plant consisted of 16 stems and
had a shape similar to a bush (Figure 3). The
height hv , width w, and thickness t of each stem
of 13 randomly selected plants (208 stems in total)
were measured using digital Vernier scale with
uncertainty 0.01 mm, giving averaged values as
hv =35.9 mm, w=1.1 mm, and t=0.2 mm, respectively. Using the size distributions of stems, the
frontal area per unit volume (Figure 3) was estimated at Δz =0.5 mm intervals as:
ai =

wΔzN si
Ab Δz

w
F (s)
ΔAb

Table 1. Ranges of experimental parameters.
S b, %

Q, l/s

0.05 - 0.30 10 - 35

Re=UH/v
(x105)

Fr=
U/(gH)1/2

3.5 - 11.
8
0.34 - 1.17

0.1 - 0.4

H/hc

(3)

where ai is the total frontal area within ith Δz interval at a distance i Δz from the bed, w is the
stem width, ΔAb is bed area associated with one
stem, N si is the number of stems within a representative area Ab at i Δz , F ( s ) is cumulative distribution function of stem lengths s. For the near
bed part of the plant (lowest 1.5 mm) it was assumed that all stems were joined closely together
forming a flexible ‘rod’ of 3 mm in diameter. For
our experimental grass, the maximum and average
frontal areas per unit volume were 265 m-1 and
212 m-1, respectively. The stem flexural rigidity
was determined as J = EI = 3.36 × 10 −8 Nm²,
where E is the modulus of elasticity, and I is the
second moment of area.
Five sets of experimental runs were conducted
for a range of flume bed slopes from 0.05% to
0.3%. For each bed slope, six experiments with
flow rates from 10 l/s to 35 l/s were completed
giving in total 30 experimental runs (Table 1).
The water depths in the experiments ranged from
11.9 cm to 40 cm, which corresponded to relative

Figure 2. Experimental set-up and a measurement hole within the vegetation canopy.
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Figure 3. Profile of the vegetation density, a.

To measure velocities, a three-component Nortek
down-looking Acoustic Doppler Velocimeter
(ADV) was used. The streamwise, lateral and ver439

tical coordinates are denoted as x, y and z, respectively, with z=0 at the flume bed. The corresponding time-averaged velocity components and turbulent fluctuations in each direction are defined as
U, V, W and u’, v’, w’, respectively. The trial experiments showed that because of the high grass
density the removal of 4 plants from a small area
of approximately 2 cm by 2 cm was required, to
allow measurements within a canopy. The vertical
distributions of the time averaged signal-to-noise
ratio (SNR) were used to determine the optimal
measurement position over the measurement hole.
This was identified at the position of the reduced
values of SNR. Similar procedure was used by
Maltese et al. (2007). Stephan & Gutknecht
(2002) used an analogous technique to determine
the deflected plant height. To investigate effects
of the plants removal on the velocity statistics profiles, the synchronized measurements with 2
ADVs positioned longitudinally along the channel
were conducted. First, one ADV was located
above the measurement hole and the second ADV
was positioned 20 cm upstream. Then, another set
of synchronized measurements was taken with the
second ADV positioned 20 cm downstream of the
hole, keeping the first ADV above the hole. The
measurements showed that removal of plants had
statistically negligible impact upon the measured
velocity statistics, consistent with Ghisalberti &
Nepf (2004). All velocity data used in this paper
were recorded over the measurement hole located
6 m from the flume entrance and 0.15 m from the
flume side walls. The sampling duration of 120 s
at a frequency of 25 Hz with a standard measurement volume of 0.25cm3 were used. Depending on
the flow submergence and bed slope, the number
of measuring points in a vertical profile varied
from 15 to 28, with an average of 24.

u*2,3

1/ 2

⎤
(u ' w ' + v ' w ' ) ⎥
∑
i =1
⎥⎦
N 2,3

2

2 1/2

(5)

where N 2 = 4, including two Reynolds stress values measured just above hc and two values –
measured below hc , N3 = 2, including the highest
value of the Reynolds stress and the second highest one. The preliminary trials showed that averaging over N 2 and N3 in (Eq. 5) allowed to significantly reduce effect of variability. The
involvement of v ' w ' in computation of the shear
velocities (Eq. 5) is to eliminate potential probe
misalignment effects.
The estimate u*2 corresponds to the Reynolds
stress at the top of the canopy while the estimate
u*3 relates to the maximum of the Reynolds stress
that in general can occur slightly above or below
the canopy top (Figure 1). The estimates u*2 and
u*3 are more suitable as the scales of the momentum flux compared to u*1 , which may be biased
by the drag force, e.g., Järvelä (2002), Pokrajac et.
al., (2006). The data show that u*1 is greater, as
expected, than u*2 and u*3 .

Figure 4. Comparison of squared shear velocity estimates.

The correlation between u*1 , u*2 and u*3 is high
(Figure 4) and thus essentially any of them could
be used in our considerations. The data and interpretations discussed in section 4 are based on u*3
as most physically transparent, and comparable to
the previous studies.

3.2 Estimates of the shear velocity
As the shear velocity is one of the key parameters
in relationship (Eq. 2), we explored three approaches to define it. In our first approach we estimated the shear velocity as (e.g., Nikora et al.
2001):

u*1 = gS ( H o + φo hc )

⎡ 1
=⎢
⎢⎣ N 2,3

3.3 Estimates of the penetration distance
In addition to Nepf and Vivoni’s (2000) technique, in our study we explored estimates of δ e
based on the vertical distributions of the total turbulent energy k = 0.5(u ' u ' + v ' v ' + w ' w ') and its
components u ' u ' , v ' v ' , and w ' w ' (which are
normal Reynolds stresses). For each case, δ e was
determined at a position corresponding to 10% of
the maximum value of a particular stress tensor
component, to keep consistency with Nepf and
Vivoni’s (2000) u ' w ' -based approach. In principle, the estimates of δ e based on different Rey-

(4)

where H o = H − hc is the depth of overflow (Figure 1), φo = V f / Vc ≈ 0.95 − 0.96 is vegetation porosity, V f is the volume of fluid within the total
canopy volume Vc . This estimate is equivalent to
the conventional definition u*1 = τ o / ρ , where
τ o is the bed shear stress and ρ is fluid density.
The second and third approaches utilize measured values of the Reynolds stresses u ' w ' and v ' w '
as follows:
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distance based on the total turbulent energy (Figure 6a) integrates this information and, thus, may
hide the specific mechanisms related to the individual velocity components. The values of d are
approximately 25-40% lower than δ e based on the
Reynolds shear stress (Figure 6e). This slightly
differs from Nepf & Ghisalberti’s (2008) result
who found d ≈ 0.5δ e . This difference is probably
due to significantly higher vegetation density in
our study. Overall, our analysis demonstrates that
although the estimates of δ e by the selected methods are interconnected they are different and, in
principle, may reflect different aspects of flowvegetation interactions.

nolds stress components may not coincide as these
components may have different penetration
mechanisms. We also compare the obtained estimates to the ‘zero-plane displacement’ d (e.g.,
Nepf and Vivoni, 2000):
hc

d = ∫o

hc d u′w′
d u′w′
zdz / ∫
dz ,
o
dz
dz

(6)

although, strictly speaking, this estimate is applicable for the constant-shear stress boundary layers
only.
4 RESULTS AND DISCUSSIONS
Representative vertical profiles of the normalized
longitudinal velocities U and Reynolds stress
u ' w ' are shown in Figure 5, where a horizontal
solid line denotes the deflected canopy height.
Figure 5a shows that the mean flow velocities
normalized on u*3 collapse well on a single curve
within the canopy and a thin region above, up to
z / hc ≈ 1.5 − 2.0 . However, the measured velocities in the upper flow region demonstrate noticeable divergence, which reflects, most likely, the
secondary currents effects. The ratio U / u* at the
canopy top is close to 6.5, on average, varying between 6 and 7. The convincing approximation of
the flow velocities in the near-canopy region by a
logarithmic law was not successful. This is consistent with previous studies, e.g. Nepf & Vivoni
(2000), Velasco et al. (2007), Wilson et al. (2003).
The inflection point in velocity profiles is typically slightly below the canopy top, at around
z / hc ≈ 0.8 − 0.9 . The Reynolds stress u ' w '
normalized on u*3 peaks either at the canopy top
or slightly above it, being within the range
1.0 ≤ z / hc ≤ 1.3 (Figure b). The normalized turbulence intensities σ i / u*3 show that positions of
maximums of σ u / u*3 and σ v / u*3 change from
slightly below the canopy top at high bed slopes
to slightly above it at low slopes. The intensity
σ w / u*3 peaks at around z / hc ≈ 1.4 in all cases.
Combined together, these features are presented in
vertical profiles of k / u*32 (Figure. 5c).
The estimates of the penetration distance obtained from the measured profiles of the turbulent
shear and normal stresses and turbulent kinetic
energy are shown and compared in Figure 6. The
estimates of δ e from the shear stresses u ' w ' are
most closely correlated with those from the u ' u '
profiles (Figure 6b). The penetration distances for
v ' v ' and especially for w ' w ' are noticeably
higher (Figures 6c and 6d). These differences reflect, most likely, specific details of penetration
mechanisms for different velocity components,
which remain to be investigated. The penetration

a)

b)

c)

Figure 5. Representative normalized profiles of mean velocity (a), Reynolds stress (b), and total turbulent kinetic energy (c), for Sb=0.3%. Deviations of data points marked by an
ellipse in (c) are not clear, but likely due to the measurements’ noise.
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a)

c)

tio H o / hc reflects interplay between the depthscale and canopy-scale eddies that changes with
increase in submergence.

b)

d)

Figure 7. Relation between δ u ' w ' / hc and the relative submergence. Solid line highlights the general trend.
e)

Figure 6. Correlations of relative penetration distance, estimated using Reynolds shear stress profiles, with relative penetration distances estimated using vertical profiles of other
components of Reynolds stress tensor and d from Eq. 6.

The dependencies of δ e on the arguments of relationship (Eq. 2) are shown in Figures 7 to 11. As
the estimates of δ e by different methods are reasonably correlated (Figure 6), the plots in Figures
7 to 11 are based on δ e from Nepf and Vivoni’s
(2000) u ' w ' -based approach, to make comparisons
with the previous studies easier. The plot
δ e / hc = f (( H − hc ) / hc ) suggests that the penetration distance increases with increase in submergence until H o / hc reaches 5-6 and then it becomes constant or even decreases (Figure 7). This
tendency is consistent with Nezu and Sanjou
(2008) who demonstrated that δ e / hc in their experiments was growing up to a maximum studied
submergence, H / hc ≈ 4 (i.e., H o / hc ≈ 3 ). This
finding is different, however, from the earlier
work of Nepf and Vivoni (2000) whose experiments showed saturation in growth of δ e / hc at
H / hc ≈ 2 (i.e., H o / hc ≈ 1 ). The noted discrepancy is most likely relates to the significant differences in plant morphologies, densities, and rigidities. The potential effects of the secondary
currents should not be dismissed too. The physical
mechanism of the δ e / hc growth at small H o / hc
presumably relates to the growth of the large scale
eddies with increasing depth, e.g., Nepf & Ghisalberti’s (2008). It also should be noted that the ra-

Figure 8. Relation between δ u ' w ' / hc and the ‘depth-based’
Froude number. Solid line highlights the general trend.

The Froude number u*2 / ( g ( H − hc )) in Figure 8
can be interpreted as the depth-scale-eddy energy
per unit length-scale, i.e., as an energy density
measure of the depth-scale turbulence. The plot
δ e / hc = f (u*2 / ( gH o )) shows that the penetration
distance gradually decreases with increase in
u*2 / ( gH o ) , which is unexpected (Figure 8). Indeed, physical considerations suggest that the
large-eddy penetration into the canopy should increase with increase in turbulent energy, e.g.,
Nikora et. al. (2002). This discrepancy may be
explained by the fact that with increase in the energy of the depth-scale turbulence we also observe
increase in the energy of the wake-scale turbulence, effect of which can be quantified using
vegetation Reynolds numbers u*hc /ν and u*w /ν .
With increase in these numbers, one should expect
the enhancement of flow separations from the
stems leading to increase in ‘turbulent viscosity’
that may slow down the penetration of large eddies. Stems’ vibrations, noted in the experiments,
increase with u*hc /ν and may also contribute to
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The comparison of our data on the penetration
distance with the previous studies (Table 2) is
shown in Figure 12. Here, instead of H o / hc we
use H / hc as most published data report H / hc
rather than H o / hc . The range of the bulk canopy
density covered in Figure 12 exceeds 2 orders of
magnitude while the range of the flexural rigidity
J=EI of studied artificial plants covers 4 orders of
magnitude. These wide ranges of the vegetation
parameters are reflected in a range of δ e / hc from
0.2 to 0.9. Clearly, the vegetation parameters play
a significant role in determining the penetration
distance and have to be involved into consideration. Our attempt to explain variability of δ e / hc in
Figure 12 using a recently proposed relationship
δ e / hc = f ( C D ahc ) , Nepf & Ghisalberti (2008),
was not successful highlighting the need for further studies ( CD is the stem drag coefficient).

this effect. Plots in Figures 9 and 10 are consistent
with this conjecture.

δ u ' w ' / hc

Figure 9. Relation between
Reynolds number u* hc /ν .

and the ‘canopy’

Table 2. Laboratory data used for comparison in Figure 12.
Experimental study
Dunn et al. (1996)
Wilson et al. (2003)
Dunn et al. (1996)
Okamota & Nezu (2009)
Nepf & Vivoni (2000)
Okamota & Nezu (2009)
Wilson et al. (2003)
Present study
Figure 10. Relation between
nolds number u*w /ν .

δ u ' w ' / hc

Symbol –
J=EI, Nm2 a, m-1 Figure 12
1.81E-04
7.30E-05
1.00E-05
7.30E-05
1.81E-04
3.55E-08

1.1
1.7
2.5
3.8
5.5
7.6
22.4
265.0

and the ‘stem’ Rey-

Figure 12. Relation between δ u ' w ' / hc and relative submergence. Solid lines highlight the general trend.

Figure 11. Relation between
based’ Froude number.

δ u ' w ' / hc

5 CONCLUSIONS

and the ‘canopy-

The main findings of the study reported in this
paper can be summarized as follows.
1. The penetration distance of large-scale turbulence into vegetation canopies can be effectively assessed using vertical distributions of the normal and shear turbulent stresses. Although the
estimates of δ e by the suggested methods are interconnected, their values may differ reflecting
different aspects of flow-vegetation interactions.

2
*

The Froude number u / ( ghc ) in Figure 11 can be
interpreted similar to u*2 / ( gH o ) , as the canopyscale-eddy energy per unit length-scale, i.e., as an
energy density measure of the canopy-scale turbulence. The plot δ e / hc = f (u*2 / ( ghc )) suggests that
this measure was not influential in controlling the
penetration distance (Figure 11).
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The estimates of δ e from the shear stresses u ' w '
are most closely correlated with those from the
u ' u ' profiles and thus can be used when twocomponent velocity measurements are not possible.
2. The experimental assessment of the influence of characteristic turbulence scales and energy
on flow penetration parameters was made using
dimensionless numbers characterizing the interplay between the depth-scale, canopy-scale, and
wake-scale turbulent eddies. The data suggest that
there may be mutually opposing effects leading to
unexpected behaviors such as the blockage of
depth-scale eddies by enhanced wake-scale turbulence.
3. The focus of our study was on the ranges of
flow submergence and vegetation density which
well exceed the ranges already studied by other
researchers. Thus, our data can help in the identification of the effects missed in previous studies.
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Flow-vegetation interaction at a scale of individual plant: a case study
of Ranunculus penicillatus
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ABSTRACT: Interactions between submerged aquatic vegetation and turbulent flow occur at multiple
scales. In this paper we present some results concerning the scale of a single plant. The aim was to
investigate the modifications to the flow due to the presence of the plant as well as to evaluate the mean
drag force acting on the plant. Six experiments were completed in a 12 m long and 0.30 m wide flume.
The flume bed was fully covered with gravel particles (d50 = 8.4 mm) and an aquatic plant (Ranunculus
penicillatus) was placed and fixed in a section 6.7 m downstream of the flume entrance. In the
experiments, the plant consisted of either ten or twenty stems and three different flow scenarios were
tested. Velocity vector components were measured at multiple points upstream and downstream of the
plants using two Acoustic Doppler Velocimeters (ADV), and estimates of the drag force were obtained by
means of the momentum integral method. The results showed that the turbulent energy downstream of the
plant was always larger than upstream, and the difference increased with the number of stems and flow
velocity. The power spectral density of the downstream velocity revealed modifications of the
conventional turbulent scalings. The integral length scale behind the plant was roughly constant in the
vertical direction, indicating that the scaling distance for turbulent structures was the distance from the
plant rather than from the bed. The estimated mean drag on the plants increased with number of stems and
flow velocity.
Keywords: Submerged plant, Turbulence, Open channel, Drag
The total drag force can be assumed to be the
sum of two components: skin friction and pressure
(form) drag (e.g., Massey, 1989). Skin friction is
due to the viscous forces exerted at the water-plant
surface interfaces. Pressure drag is related to the
pressure difference that exists between front and
back parts of the object under study, and this
difference is often associated with flow separation.
Because of the drag force, aquatic plants
require morphological adaptations to prevent
mechanical damage and uprooting: such a
mechanism is known as ‘reconfiguration’ (e.g.,
Vogel, 1984, Sand-Jensen, 2003). In order to
minimise the total drag, plants may employ two
forms of reconfiguration. First, they tend to
‘compress’ leaves and stems to each other to
achieve a more streamlined overall shape and to
reduce the frontal area. Second, at higher flows,
plants bend closer to the bed, where velocities are
lower, forming a shielding canopy. As a result,

1 INTRODUCTION
Submerged aquatic plants significantly influence
flow structure and therefore have a direct impact
on the transport of sediments, nutrients and
contaminants. Rooted plants function as a link
between sediments in the bed of the channel and
the water above, thus they also affect the transport
of substances (e.g., nutrients) between these two
components of the system (Clarke, 2002).
Interactions between submerged vegetation and
turbulent flow act at multiple scales, which are
leaf, shoot, plant, plant patch and patch mosaic
scales. On one hand, vegetation in flowing water
adopts special mechanisms (e.g. flapping) to
improve its performances, in terms of nutrient
uptake and photosynthesis (Nikora, 2009). On the
other hand, vegetation modifies sediment transport
and flow resistance by changing mixing processes
and altering the overall drag force on the bed.
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only the upper surface of the plants is subjected to
the high flow velocities (Sand-Jensen, 2003).
Vegetation is typically organised in patches.
Therefore, many authors have studied the flow
within and above vegetated canopies, both
terrestrial (Raupach et al., 1996, Finnigan, 2000)
and aquatic (Ghisalberti and Nepf, 2002, Poggi et
al., 2004). The studies of flow-vegetation
interactions at the scale of an individual plant
should provide important additional information
(e.g., Green, 2005), such as the size of the wake
region, the effect on turbulent energy production
and other turbulent characteristics.
Therefore, the focus of this paper is on
individual plants. The aim of the reported
laboratory study was to better understand the
impact of single submerged aquatic plants on the
flow structure. In §2 we present a general
description of the facilities and instruments, the
plants and the experimental setup. In §3 we
describe the parameters that have been analysed.
In §4 we discuss our findings, related to velocity
spectra, plant transfer function, integral length
scale, and mean values of drag force.

make two plant types, 10 and 20 stem/shoot
plants, created by connecting natural shoots
together. These semi-artificial plants closely
resembled the natural ones. Figure 1 shows a plant
during an experiment.

Figure 1. Side view of the plant during the experiment.

Six different experiments were conducted, each
one having a particular flow scenario (A, B, or C)
and a plant type (10 or 20 shoots). The flow
scenarios were chosen from a combination of flow
rates and flume slopes (Table 1).
The stems/shoots were cut 40 cm long, tied all
together on the base and then fixed to a metal
plate. The plate was placed on the bed of the
flume and then covered within the gravel layer, so
that it did not disturb the flow. The plants were
positioned 6.7 m from the entrance of the channel.
The coordinate system adopted here is x for
direction parallel to the main flow, y for transverse
direction and z for the upward vertical direction.
The origin is located on the right wall 6.7 m from
the flume entrance, 2 cm above the flume bed (i.e.,
at the top of the gravel layer, see Figures 2 and 3).
Six measurement sections were chosen at x =
-20, 0, 20, 40, 60, 80 cm. In each section,
measurements were taken in five verticals and at
four elevations (see Figure 3). Both ADVs (named
'probe 0' and 'probe 1') were used simultaneously,
and were positioned at the same transverse and
vertical coordinates, but at different x-sections.
Measurement duration at each point was 120
seconds, which is much longer than the integral
time scales of studied turbulent flows.

2 EXPERIMENTS
The experiments were conducted in a 12 m long
and 0.3 m wide rectangular flume in the Fluid
Mechanics Laboratory of the University of
Aberdeen (Scotland). In each experiment, flow
velocities were measured in different points
upstream and downstream of a submerged isolated
plant. Before starting the experiments, the bed of
the flume was cleaned and then covered with a 2
cm thick gravel (d50 = 8.4 mm) layer, in order to
develop an appropriate boundary layer on a rough
bed representative of natural conditions. The
experiments have been conducted at (quasi)
uniform flow conditions.
The water depth was set to 0.14 m in each
experiment. As width to depth ratio was low,
secondary currents were most likely present.
However, their presence does not affect the
comparisons between the flow upstream and
downstream of the plant.
Velocities were measured using two Nortek 10
MHz Acoustic Doppler Velocimeters (ADVs,
http://www.nortek-as.com). The sampling volume
height was fixed at 0.9 cm and the sampling
frequency was set to 50 Hz for all experiments.
Aquatic plants (Ranunculus penicillatus) were
collected from the Don River in Aberdeen and
then used in the experiments (only fresh plants
have been studied). Plant material was used to
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Table 1. Background parameters of the experiments
Scenario

Flow rate Q
(m3/s)

Slope S0
(‰)

Water depth H
(m)

Mean velocity
U=Q/A (m/s)

Fr

Re

u* (m/s)

A

0.025

2.416

0.140

0.60

0.51

81 922

0.041

Deflected
plant height
Hp (cm)
5-7

B

0.018

1.379

0.140

0.43

0.37

60 828

0.031

6-8

C

0.011

0.723

0.140

0.26

0.22

35 503

0.023

8-9

Table 1 presents a summary of the background
parameters, where Fr = U/(gH)1/2 is the global
Froude number, Re = UH/ν is the global Reynolds
number, u* = (gS0RH)1/2 is the global shear
velocity, g is the gravitational acceleration, RH is
the hydraulic radius.

+∞

Gii ( f ) = 2S ii ( f ) = 2 ∫ Rii (τ )e − j 2πfτ dτ

(1)

−∞

where Sii is the two-sided spectrum and f is the
signal frequency. The comparison of turbulent
energy upstream and downstream of the plant was
made using the measurements taken at the flume
centreline (y = 15 cm).
The plant transfer function (PTF) is a parameter
that links output and input signals in the frequency
domain. In the present study, it provides
information about turbulent energy variations
owing to the plant. PTF is evaluated as:
2
(f )=
H plant

Figure 2. Side view of the experimental setup.

Gii ,back ( f )

Gii , front ( f )

(2)

where Gii,back and Gii,front are the PSD measured
downstream and upstream of the plant
respectively, at the same elevation z.
The integral length scale (ILS) provides an
estimate of the characteristic size of turbulent
eddies. It allows comparison of the representative
length scales of eddies upstream and downstream
of the plant. In order to evaluate ILS, the velocity
autocorrelation function is first calculated:
T

1
ui (t )u i (t + τ )dt
T →∞ T ∫
0

Rii (τ ) = lim

(3)

where T is the averaging time period and ui is the
velocity component. This function describes the
autocorrelation of velocity signals. The integral
time scale is then evaluated as:

Figure 3. Cross section showing the points of measurements.
The oblique lines indicate the area occupied by the plant.

∞

Ti = ∫ Rii (τ )dτ

3 ANALYSES

(4)

0

Assuming Taylor’s frozen turbulence hypothesis,
ILS is evaluated as:

Several parameters were analysed in order to
characterise plant-flow interactions.
The power spectral density function (PSD) of a
velocity time series is an important parameter
because it is related to the turbulent energy of the
flow. It can be calculated as a Fourier transform of
the correlation function, Rii(τ), and generally it is
defined over nonnegative frequencies (one-sided
spectrum):

Li = u cTi

(5)

where uc is the eddy convection velocity. Such a
velocity can be calculated as a ratio of the distance
between the ADVs to the time lag of the peak of
the cross-correlation function between the velocity
time series:
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D probes

uc =

where subscript j identifies the measurement
points (j = 1, 2,.., 20), Δy and Δz are the sizes of
the spatial cells associated with each measurement
point, uj,front refers to the local velocity in section x
= -20 cm and uj,back refers to section x = 60 cm.

(6)

τ max

In order to have a better understanding of the
interactions between aquatic plants and flow
turbulence, the mean drag force acting on
Ranunculus was also estimated.
Based on the availability of velocity
measurements upstream and downstream of the
plants, it was possible to apply the integral
momentum equation and evaluate the drag force
using a momentum deficit. The resultant force of
the external forces exerted by a solid body on a
fluid volume in a certain direction equals to the
total rate of change of momentum of fluid in that
direction (e.g., Massey, 1989). The resultant force
exerted on the fluid control volume is equal and
opposite to the hydrodynamic force exerted by the
fluid on the body.
We can define a control volume such that the
outer boundary is formed by the two walls of the
flume, the cross-sections at x = -20 cm and x = 60
cm, the top of the gravel layer and a plane placed
at z = 5.3 cm parallel to the flume bed. The inner
boundary of the control volume is presented by
the plant surface. The integral momentum
equation (x-component) applied to such a control
volume has a form:

∫ ρu

2

dA −

x = 60

∫ ρu

2

dA +

x = −20

z =5.3

= Δp + ∫ ρg x dV −
V

∫ ρwudA =

∫ τ 0 dA − F

4 RESULTS AND DISCUSSION
An example of the upstream u-, v-, w-velocity
spectra is shown in Figure 4.

Figure 4. Power spectral density of velocity components
(Scenario A, 10-stem plant, x= -20 cm, y= 10 cm, z= 5.3
cm); the vertical bar indicates the 95% confidence interval.

Figures 5 and 6 show the w-spectra calculated in
the upstream (x = -20 cm, y = 15 cm, z= 5.3 cm)
and downstream (x = 60 cm, y = 15 cm, z = 5.3
cm) positions, for Scenario A, with a 10-stem
plant. The w-spectra are presented as, due to ADV
probe geometry, the w component is much less
affected by Doppler noise than the u or v
components (Nikora and Goring, 1998) and
therefore trends in the power spectra can more
readily be discerned.

(7)

bottom + walls

where Δp is the difference of pressure between
upstream and downstream cross-sections, V is the
control volume, gx is the x-component of the
gravitational acceleration, τ0 represents the shear
stresses on the bottom and on the walls, F is the
plant drag force. We can reasonably assume that
the momentum flux through the top boundary is
much lower than the other contributors and thus
we can neglect it. The gravitational force exactly
balances the frictional resistance force. Given that
the downstream boundary of the control volume is
sufficiently distanced from the plant, we can
assume that the difference of pressure between
upstream and downstream sections is negligible.
Therefore, we obtain:

F=

∫ ρu

x = −20

2

dA −

∫ ρu

2

dA

(8)

x = 60

Equation 8 was solved numerically:

(

)

F ≅ ρ ∑ u 2j , front − u 2j ,back ΔyΔz

Figure 5. PSD of w-velocity upstream of the plant (Scenario
A, 10-stem plant, x= -20 cm, y= 15 cm, z= 5.3 cm); the
vertical bar indicates the 95% confidence interval.

(9)

j
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wavenumber range 1/α1H ≤ k ≤ 1/α2z, where, α1
and α2 are scale coefficients, k is the wavenumber,
H is the external scale of the flow (i.e., depth), z is
the distance of a measurement point from the wall.
The “-5/3” law applies for k ≥ 1/α2z. In most
spectra upstream of the plant these ranges are
observable (Figure 5), demonstrating the general
accuracy of measurements. In spectra obtained
downstream of the plant such ranges are not
clearly observed, suggesting that the plant
modifies the spectral structure of turbulence
(Figure 6). Flow characteristics downstream are
modified by the plant and H and z scales likely
lose their significance. In these cases, the
characteristic scales should probably be related to
plant geometry.
Figure 8 shows H2plant related to x = -20 cm and
x = 60 cm (y = 15 cm, z = 5.3 cm, Scenario A, 10stem plant). Figure 9 presents H2plant related to the
same experiment and locations, but at an elevation
closer to the gravel bed (z = 1 cm).

Figure 6. PSD of w-velocity downstream of the plant
(Scenario A, 10-stem plant, x= 60 cm, y= 15 cm, z= 5.3 cm);
the vertical bar indicates the 95% confidence interval.

Figure 7. Comparison between PSD of w-velocity upstream
and downstream of the plant (y= 15 cm; z = 5.3 cm); the
vertical bar indicates the 95% confidence interval.

Figure 7 presents comparisons between spectra in
relation to flow scenarios and number of stems of
the plants.
Velocity spectra show that turbulent energy
downstream of the plant is greater than upstream.
Energy spectra related to back positions generally
plotted above spectra related to front positions,
and this difference increases with flow rate and
number of stems (Figure7). Results also show that
difference in energy increases with increasing
vertical position, i.e. downstream turbulent energy
enhances away from the bed. Furthermore, in most
spectra downstream of the plant it is possible to
notice an energy increase within the frequency
range 5·10-1 to 3·100 Hz. This is likely due to wake
production caused by plant shoots.
Velocity spectra can be divided in four ranges:
the low-frequency production range, the
intermediate range where spectrum follows the
“-1” law, the inertial subrange with Kolmogorov’s
“-5/3” law, and the viscous dissipative range (e.g,
Nikora, 2005). The “-1” law applies in the

Figure 8. Plant transfer function (dimensionless) related to
PSD of u-velocity (z= 5.3 cm).

Figure 9. Plant transfer function (dimensionless) related to
PSD of u-velocity (z = 1 cm).

Plant transfer function describes how plant alters
turbulent energy at different scales. In most cases,
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bed. This behaviour is reproduced very clearly in
all experiments (see Siniscalchi, 2008, for the full
set of data).
Table 2 presents the results of the drag
estimation.

this parameter is greater than 1, confirming that
plants increase the turbulent energy. It is noticed
that H2plant increases with frequency in the range
10-1 Hz < f < 1·100 Hz. At high frequencies (above
1 Hz) H2plant tends to decrease towards 1 or to
fluctuate around a constant value, likely because
of an increase in relative noise. Plants do not
exhibit a significant influence on the flow
turbulent energy at low elevations, near the gravel
bed, for which H2plant is closer to unity at all
frequencies (Figure 9). At the lowest flow
(Scenario C), the plants do not change eddy
energy significantly. This is confirmed also by an
extremely low value of the drag force (Table 2).
This quite peculiar effect is the result of a
combination of a relatively low flow velocity and
a highly flexible plant capable of reconfiguring its
geometry to minimise its ‘visibility’ to the flow.
Figure 10 presents a comparison among ILS at
the centreline of the flume (y = 15 cm) at three
different sections (x = -20 cm, x = 60 cm, x = 80
cm), based on the longitudinal velocity component
(Scenario B, 20-stem plant).

Table 2. Mean drag forces acting on the plants
Drag force
Scenario
(N ×·10-2)
10 stems
20 stems
A

13.40

14.56

B

10.12

22.24

C

1.51

3.93

Plants withstood drag forces by means of
reconfiguration: they bend and streamline with
increase in velocity. The mean drag force acting
on the plants is expected to increase with the flow
rate and the number of stems/shoots. The results
verify this hypothesis for most of experiments.
Only in one case drag is higher at Scenario B than
at Scenario A (20-stem plant). The method
adopted for evaluating mean drag forces acting on
plants involves some uncertainties related to the
measurement coverage of the sections. Data were
collected only in a limited part of each section (see
Figure 3), thus the control volume was restricted
to this area. However, during the experiments,
plants could rise towards the water surface and
cross the upper boundary of the control volume,
leading to wrong evaluation of the drag forces.
Nevertheless, such a method is potentially
important and fruitful and needs a validation with
direct force measurements.
5 CONCLUSIONS

Figure 10. Integral length scale evaluated at three different
sections at the flume centreline (y = 15 cm), based on the
longitudinal velocity component (Scenario B, 20-stem
plant).

This paper presents results on the interactions
between turbulent flow and isolated aquatic plants.
The analyses included velocity spectra, plant
transfer functions, integral length scales, as well as
the evaluation of mean drag forces acting on the
plants.
It was shown that turbulent energy is always
higher downstream of the plant than upstream and
this effect was noted to be stronger with
increasing flow velocity and number of stems. The
integral length scale is modified downstream of
the plant, and it appears to be roughly constant in
the vertical direction. Therefore, the scaling for
the turbulent structure lengths seems to be related
to the distance from the plant rather than from the
flume bed.
The technique for evaluating the mean drag
force acting on the single plant produced

Results show that the integral length scale,
analysed at the flume centreline, is generally
larger upstream of the plant, i.e. downstream
turbulence is due to smaller eddies, most likely
generated by the fluctuating stems and leaves. The
mean dimension of upstream eddies increases with
the distance from the bed, as one would expect
(Figure 10). This trend disappears downstream of
the plant, which interacts with the flow by
modifying eddy structure. The ILS downstream of
the plant is no longer a function of the distance
from the bed, and it is rather constant in the
vertical direction. This is explained by the fact that
the scaling distance for the turbulent structures is
the distance from the plant rather than from the
450

reasonable results, as the force values reflected
flow velocity and number of stems of the plant. In
one case, however, the drag estimate appeared to
be unreasonable, suggesting that the method has to
be improved by considering the entire flow depth
for the control volume.

ν
ρ
τ0
τmax

each point of measurement;
kinematic viscosity;
water density;
shear stress;
time lag obtained from
correlation function.

the

cross-
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NOTATION
The following symbols are used in this paper:
A
control section for the evaluation of drag
force;
size of particle mean-axis for which 50% is
d50
finer;
distance between the ADVs;
Dprobes
F
mean drag force;
f
frequency of velocity signal;
Fr
global Froude number;
g
gravitational acceleration;
x-component
of
the
gravitational
gx
acceleration;
velocity autospectrum (one-sided);
Gii(f)
velocity
autospectrum
evaluated
Gii,back
downstream of the plant;
velocity autospectrum evaluated upstream
Gii,front
of the plant;
H
water depth;
deflected plant height;
Hp
Plant transfer function;
H2plant
k
wavenumber;
Integral length scale;
Li
Q
flow rate;
Re
global Reynolds number;
autocorrelation function;
Rii(τ)
hydraulic radius;
RH
bed slope;
S0
velocity autospectrum (two-sided);
Sii(f)
T
averaging time period;
Integral time scale;
Ti
U
mean flow velocity;
V
control volume;
u(t)
local velocity in the longitudinal direction;
convection velocity;
uc
local longitudinal velocity related to
uj,back
measurement point j at x = 60 cm;
local longitudinal velocity related to
uj,front
measurement point j at x = -20 cm;
global shear velocity;
u*
v(t)
local velocity in the transverse direction;
w(t)
local velocity in the vertical direction;
x, y, z
coordinate axes;
scale coefficients;
α 1, α 2
Δp
difference of pressure
Δy, Δz
sizes of the spatial cells associated with
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ABSTRACT: This paper presents selected results from a laboratory study which was carried out under
the EU Hydralab III programme in a 320 m long towing tank at the CEHIPAR ship canal facility in El
Pardo, Madrid. Hydrodynamic drag-velocity relationships were determined for a total of 22 full-scale
trees of three different genera (Salix sp., Alnus glutinosa and Populus alba) of height between 1.4 and 4
metres. In this paper, preliminary results for nine Salix specimen are presented. One of the main objectives of this study is to examine these drag-velocity relationships at high resolution and therefore relate
the tree’s behaviour under flow action to (i) its physical attributes and (ii) different stages of streamlining.
It was found that at the lowest velocities (between zero and 0.5 m/s) the drag force-velocity variation approached the squared relationship expected for a bluff body as described by the classical drag force equation. At higher velocities (over approximately 0.5 m/s) the force was found to vary linearly with velocity.
For the selection of results presented here, the percentage contribution to drag from spring leaves and
flowers was found to vary from 24.4 % to 54.8 % within this linear range. The linear drag-area coefficient
(the product of the drag coefficient and the frontal projected area) was determined for all specimen within
the zone of linear variation between drag force and velocity. Although the dataset is limited it was found
that dry mass and volume of trees were positively correlated to the linear drag-area coefficient.
Keywords: Vegetation, Salix, Leaves, Drag Force
or creation of woodland, including energy plantations, could make a major contribution to protecting rural and urban communities from future
flooding, as well as delivering a wide range of
other benefits such as carbon sequestration, biodiversity, recreation and improved water quality.
River modelling software and computational
fluid dynamics codes are effective and widely
used tools in determining river water levels and
velocities, particularly in the prediction of high
flow events which may endanger life or property
(e.g., Pender 2006). However, the modelling of
flows through riparian forests is hampered by a
lack of data relating to the hydrodynamics of trees
and shrubs under fluid action. At a time when the
wide-ranging benefits of river restoration and reforestation are increasingly recognized in terms of
ecological and climatic benefits (IPCC 2007; UN
2009), it is critical that the understanding of vegetated flows keeps pace with the continuous improvements in the numerical methods used to
model free surface flows.

1 INTRODUCTION
It is increasingly recognised that the current reliance on engineered flood protections to defend all
areas against future flooding is not sustainable. Instead, attention is shifting towards integrated approaches considering the whole catchment to
manage flood risk. Land management and the use
of forestation may be seen as having a significant
contribution to make, particularly where engineered flood defences cannot be justified on costbenefit grounds, but also to improve the effectiveness of existing defences against climate change.
This is consistent with the delivery of an ecosystem services approach to securing a healthy environment.
By increasing the hydraulic roughness on a
wide floodplain, woodland may have the potential
to attenuate the flood hydrograph and delay the
passage of floodwaters to downstream towns and
cities. Woodland can also help to reduce flood
flows through increased evapotranspiration and
enhanced soil infiltration. The targeted restoration
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quadratic drag force relationship expected for a
rigid body (equation 1).
However, the observed linear relationships
have, in general, been based on few data points.
For example Oplatka (1998) investigated the drag
force-velocity relationship at velocities of 1 m/s
and above at increments of 0.5 m/s. The flexing
behaviour and force-velocity relationship below
this value was not reported.
Due to the difficulties involved in measuring
the physical parameters of trees and the large
population sample needed in order to make definitive conclusions, few researchers have quantified
and related physical plant parameters to the drag
exerted. Some authors, including Rudnicki et al.,
(2004) and Vollsinger (2005) studied the relationship between crown mass and drag exerted on
trees in wind tunnels, finding that the drag was
proportional to the crown mass, wind speed and
crown size.
On the other hand, several researchers have
characterized the force-velocity behaviour of a
flexible plant and the associated influence of the
variation in the projected area of the vegetation
under flow action, through the drag-area parameter CdAP, the product of drag coefficient and projected area (e.g., Armanini et al. 2005; Wilson et
al. 2008). In this manner the classical drag formula shown in equation (1) was used to evaluate
the product CdAP for each velocity examined as
the drag coefficient and projected area are both
functions of velocity.
The experimental programme on which this
study is based is a first step towards further understanding how the physical characteristics of flexing trees relate to the hydrodynamic drag. The results presented in this paper are part of a wider
series of experiments undertaken to investigate the
hydrodynamic drag imposed by full scale trees
with and without foliation. In total, 22 full-scale
trees of three different genera (Salix, Alnus and
Populus) of height between 1.4 and 4 meters were
tested. Here, we concentrate on presenting the results from tests conducted on nine trees of the genus Salix where data was recorded at velocity increments of 0.06 m/s to 0.50 m/s, allowing
examination of the drag-velocity relationship in
greater detail than previously observed. Furthermore, we attempt to understand the linkage between hydrodynamic drag and a tree’s physical
properties.

From the earliest approaches and numerical
river models, vegetation has been modelled as an
extension of boundary skin friction using roughness factors such as Manning's n or the Chezy factor (Chow 1959). However it has been shown that
for vegetation that extends throughout the whole
water column, bed boundary roughness coefficients such Manning's n vary as a function of flow
depth (e.g., Ree 1958). A more appropriate model
for representing the hydraulic resistance exerted
by a single and/or a group of trees or shrubs is
taking into account their hydrodynamic drag (e.g.,
Li & Shen 1973; Petryk & Bosmajian 1979). In
the field of vegetation modelling, this has generally been accomplished on the basis of the classical drag formula (e.g., Hoerner 1965):

Fx =

1
ρC d A pU 2
2

(1)

where Fx is the drag force exerted on the vegetation, ρ is the fluid density, Cd is the drag coefficient (in turbulent flows this relates to the shape
of the obstacle and is a function of obstacle Reynolds-number), Ap is the projected area of the obstacle and U is the free stream velocity. Applying
equation (1) to natural vegetation elements it is often assumed that the plants behave similar as rigid
circular cylinders and that the drag coefficient Cd
is constant in the order of magnitude around unity.
However, several studies (e.g., Oplatka 1998;
Armanini et al. 2005; James et al. 2008; Wilson et
al. 2008) showed that the application of equation
(1) is hampered when being applied to natural
vegetation as it is difficult to account for the tree’s
flexibility under flow action. In fact, for flexible
vegetation elements it has been shown that the
trunk and its branches reconfigure and streamline
with increasing velocity (e.g., Oplatka 1998). This
process causes the projected area and the drag coefficient to vary as a function of the velocity and
shows that the simulation of natural vegetation by
rigid cylinders is only a crude approximation of
the reality and may only be valid for certain vegetation types such as reeds and or rigid tree trunks
(e.g., Järvelä 2006).
Several authors have determined the drag coefficient of flexing trees through direct drag force
measurements (e.g., Mayhead 1973; FathiMaghadam & Kouwen 1997; Oplatka 1998;
Freeman et al. 2000; Armanini et al. 2005; Kane
& Smiley 2006; Wilson et al. 2008). Oplatka
(1998) tested natural trees in a towing tank and
reported that, for velocities greater than 1 m/s, the
force varies linearly with velocity. This is thought
to be due to the significant decrease in projected
area of the tree as it flexes longitudinally and laterally under flow action and is in contrast to the

2 METHODOLOGY
The experiments were conducted at the 320 m
long, 12.5 m wide and 6.5 m deep CEHIPAR ship
canal facility in El Pardo, Madrid in March and
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To verify the accuracy and performance of the
drag force measurement system and to provide a
baseline with which to compare the tree results,
the drag force-velocity relationship was determined for a solid steel cylinder of diameter 30 mm
as a first step (not shown here). To ensure repeatability of results, each experiment was carried out
twice with both a forward and a backward run.
During a single forward or backward run, force
measurements were taken for several velocities in
succession. An example of a time-series for velocities in the range of 0.25 to 1.75 m/s is shown
in Figure 2. All three force components are
shown; Fx, Fy and Fz refer to the force components
in the longitudinal, lateral and vertical directions,
respectively. Figure 2 shows that the force
reached a peak at the transition point between two
subsequent velocities where the carriage accelerated. The acceleration and hence the change in velocity was reached in a few seconds. It is clear
however that the change in force exerted on the
dynamometer continued to change for a much
longer period due to plant reconfiguration. This
can be seen on the declining force magnitude following the acceleration and it was observed that
this effect became more significant at the higher
velocities examined.
In order to ensure that representative force
measurements are derived from the time-series
dataset, a statistical analysis was carried out to
find the optimum time segment based on the cumulative average and standard deviation calculations. Considering the acceleration, deceleration
and the stabilization of the tree configuration, this
analysis was carried out from the end to the beginning of a velocity step (i.e. just before the next
velocity increase). This procedure resulted in a
maximum time segment of 20 seconds at the end
of a velocity step for the time-averaging process.
In order to relate physical characteristics of the
trees to the resultant drag, physical properties of
the woody parts of the trees were measured and
documented in quartile heights, including height,
diameter, mass and volume. To determine the contribution to drag from the presence of leaves and
flowers (catkins), the mass and volume, and dry
mass fraction (the combined leaf and flower mass
expressed as a percentage of total tree mass) were
also determined. It should be noted that we did not
distinguish between leaves and flowers when calculating the dry mass fraction. The experiments
were performed during early spring and consequently the leaf size and leaf to wood ratio were
relatively low compared to later in the season, although the presence of flowers contributed significantly to the dry mass fraction and the overall
increase in drag.

April 2008 under the Transnational Access Activities EU Hydralab III scheme. The facility and the
carriage which housed an operations room is
shown in Figure 1.

Figure 1: CEHIPAR Ship Canal Facility. The upper photograph shows the canal and the lower photograph the carriage on rails suspended over the canal.

In order to measure drag forces exerted by the
trees they were attached upside-down to a dynamometer suspended beneath the carriage spanning
the canal width. The tree orientation was selected
according to the direction of the tree’s tendency to
bend while upright. In this way, the bending during testing worked with the natural curvature. The
carriage moved along canal-side railings and its
velocity was controlled from the operations room
to an accuracy of 1 mm/s. The carriage movement
was bi-directional and this enabled drag force
measurements while the carriage moved along the
canal in both directions. During the experiments,
this was taken into account by rotating the tree on
arrival at the end of the canal through 180°. The
direction of the carriage motion will be referred
hereafter as a forward run (moving away from the
start of the canal to the end of the canal) and a
backward run (moving from the canal end to the
start of the canal). The carriage rested for a period
of a few minutes between the forward and backward runs. This was to ensure that the basin waves
generated during each run were sufficiently dissipated and would not affect the data collected. The
forces in three directions on the dynamometer
were monitored in real time to an accuracy of
0.0098 N.
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Figure 2 Time-series of force components measured for a succession of velocities.

of force with velocity appears to continue to rise
until over 3.5 m/s (Figure 3a).
It was mentioned above that the drag-area parameter CdAp based on the rigid body model can
be used to characterize the drag-velocity behaviour of a flexible body. Here we define a modified
version referred to as the 'linear drag-area coefficient' for a flexible body when the drag-force relationship is linear. The linear drag-area coefficient
is based on the gradient of the force-velocity
curve in the flexing zone and is defined as:

3 RESULTS
Figure 3 presents the longitudinal drag force
variation with velocity for the Salix trees both
with and without leaves and flowers. The figure
indicates that above a threshold velocity (UT) of
approximately 0.5 m/s, the variation of force with
velocity is apparently linear for the majority of
trees in both conditions. Assuming such a linear
behaviour for the high velocity data, the velocity
threshold UT was determined from the intersection
point between a linear regression fit applied to the
high velocity data and a second-order regression
fit applied to the lower velocity data. The subjectively chosen governing condition to identify the
linear region was that the squared correlation coefficient R2 must be greater than 0.99 for the linear regression. The velocity thresholds (UT) for
the trees with and without leaves and flowers are
presented in Table 1.

C d A pU 0 =

2ΔFx
ρΔU

(2)

where ΔFx and ΔU0 refer to the change in longitudinal drag force and the change in the longitudinal
velocity respectively. U0 is a velocity parameter to
maintain dimensionality validity. The terms on the
L.H.S. of equation (2) together form the composite linear drag-area coefficient term. While the individual value and magnitude of U0 is not explored here, it will be the subject of future
research. According to the identified linear relationship, the linear drag-area coefficient CdApU0 is
constant for all velocities in the flexing zone and
therefore each tree can be characterized by a single value within this zone. The CdApU0 parameter
has an advantage over the previously defined
drag-area parameter as it encompasses all the drag
and flexing effects of a tree specimen over a range
of velocities instead of considering one single velocity.

Table 1. Velocity thresholds UT. (F-With leaves and flowers,
NF-No
leaves or flowers)
______________________________________________
Salix
1
2
4
8 10 11 12
______________________________________________
0.62 0.33 0.47 0.34 0.36 0.91 0.50
F UT (m/s)
0.49 0.42 0.49 0.38 0.38 0.30 0.51
NF
UT (m/s)
______________________________________________

We note that this method was difficult to apply to
Salix 3 which was not tested at high enough velocities to obtain a value for the velocity threshold
and Salix 9, where the non-linear rate of increase
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(a)

(b)

Figure 3: Variation of drag force with velocity for Salix trees, (a) with leaves and flowers and (b) without leaves and flowers.

CdApU0 is shown in Figure 4 as a function of
various physical tree characteristics. Figures 4 (a)
and (b) present CdApU0 as a function of the tree
diameter at the first quartile height (as measured
from the base of the tree) and the mid-length diameter and Figures 4 (c) and 4 (d) present CdApU0
as a function of the tree dry mass and volume. The
data point in the top right corner of all the Figure
4 plots corresponds to Salix 3, a specimen which
was considerably greater in mass and height than
the other specimens.
The linear fit equation was used to parameterise the force-velocity relationship in the flexing
zone. The comparison of the results with leaves
and flowers against those without enabled the determination of the mean contribution to drag from
the presence of the leaves and flowers for each
tree. The dry mass fraction of the leaves and flowers and the equivalent percentage contribution to
drag for the Salix trees are presented in Table 2.
We note that tree Salix 3 was not tested at sufficient velocities above 0.5 m/s with leaves and

flowers and that the leaf and flower mass for tree
Salix 9 was not recorded. Therefore these data
could not be included in Table 2.
Table 2. Leaf and flower dry mass fraction and drag contribution
due to the presence of leaves and flowers
______________________________________________
Salix
1
2
4
8
10
11
12
______________________________________________
Mass
fraction (%) 3.1
2.5
8.5
21.0 7.0
12.8 8.6
Drag
(%)
28.8
24.7
24.4
54.8
37.8
33.7
27.3
______________________________________________
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(a)

(b)

(c)

(d)

Figure 4: Relationship of linear drag-area coefficient against (a) first quartile diameter (b) mid length diameter c) dry mass
and (d) volume.

streamlines, regardless of whether or not the tree
has leaves and flowers. Streamlining causes the
projected tree area to decrease with increasing velocity. It appears that the linear drag-velocity relationship is reached at approximately 0.5 m/s (Figure 3, Table 1). The velocity at which UT is
reached for each tree is different depending on
whether or not the tree has leaves and flowers.
However, the UT values provided in Table 1 indicate that a consistent variation in the magnitude of
UT between the tests is not existent. This issue
will be investigated further in our future analyses
taking into account the other 13 tested trees.
Nonetheless, by determining the gradient of the
assumed linear force variation with velocity in the
flexing zone it was possible, with the exception of
Salix 3 and Salix 9, to adequately characterise the
drag force-velocity relationship of the trees at velocities above 0.5 m/s.
The contribution to drag force from the presence of leaves and flowers varied from 24.4 % to
54.8 % while the equivalent mass fraction of
leaves and flowers varied from 2.5 % to 21 %
(Table 2) showing that leaves and flowers contribute significantly to the drag (see also Vogel
1994). However, a larger sample of trees may be
needed in order for the drag contribution of the

4 DISCUSSION
The drag force variation with velocity results
shown in Figure 3 confirm the experience of previous studies investigating flexing trees, but show
an increased accuracy and data resolution. The
relatively large number of measurements taken at
velocities below 1 m/s, compared to previous
studies, demonstrates that there are two zones of
drag-velocity behaviour. By determining the value
of UT beyond which the tree displays a linear
variation of force with velocity, the data for any
given tree can be divided into two zones. The
transition zone is bounded by the very lowest velocities tested, when the deflection of the tree is
negligible and the tree can be assumed to act as a
rigid body, until the threshold velocity UT is
reached. In this zone, there is a gradual transition
from the tree acting as a rigid body to one acting
as a fully responsive flexing body. A similar behaviour for flexible vegetation elements was described in the study of Schoneboom & Aberle
(2009) for flexible artificial vegetation elements.
In the flexing zone, which is bounded by UT
and the maximum velocities tested the tree
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leaves and flowers to be related to the mass fraction.
In general, there is a positive correlation between the linear drag area coefficient and the diameter at the first quartile height and mid-height,
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data set.
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5 CONCLUSION AND FUTURE WORK
The drag force variation with velocity has been
presented for Salix trees exhibiting spring leaves
and flowers and for bare stem trees stripped of all
leaves and flowers. It has been shown that the
presence of leaves and flowers can significantly
contribute towards the overall drag of a tree. The
results obtained show a velocity-dependent variation in the response of the trees under flow action,
with two zones identifiable, a transition zone and
a flexing zone. The linear drag-velocity relationship was reached at approximately 0.5 m/s.
The relationship between linear drag-area coefficient CdApU0 and tree physical parameters of
stem diameter, height and mass indicates that it is
possible to obtain functional relationships to determine the resistance of flexible floodplain woodland vegetation through non-destructive measurement methods. It was found that the
measurement of mass and/or volume was more
indicative of the overall drag and flexing behaviour of a specimen than a measurement of the
main stem diameter. Further analysis, taking into
account the available additional data, is currently
underway to analyse the video footage from the
experiments in order to understand the contribution of tree form and structure to the drag-velocity
relationship.
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Flow resistance parameters for natural emergent vegetation
derived from a porous media model
Peggy Zinke

Institute for Water and Environmental Engineering, Norwegian University of Science and Technology,
Trondheim, Norway

ABSTRACT: Methods from porous flow were adapted to compute the pore friction coefficient fP and the
pore Reynolds number ReP for emergent natural vegetation based on criteria such as biomass and leaf
area index. The calculated relations between fP and ReP for a limited number of flume and field data sets
were shown in a Moody chart. There was an apparent scatter, but most of the data points of the investigated data sets were concentrated within a belt above a curve which was published for packed beds of
various porous media. The investigation showed that it is necessary to have sufficient information about
the vertical structure of the vegetation to characterize its flow resistance. For the sedge type, it was shown
that the projected area changed significantly with height, but the spacing between the leaves did not. This
is assumed to affect turbulence and to have a “laminarising” effect on the flow inside the vegetation.
More data sets have to be included to test and develop the approach.
Keywords: Flow resistance, Vegetation, Wetlands, Porous flow
or blade width, d, and the number of stems per
bed area, m. The drag coefficient CD is expected
to range between 1.0 and 1.2 for a single stiff cylinder with a stem Reynolds number Red = Ud/ν
between 103 and 105 (ν = kinematic viscosity). It
is different for other shapes, and it is higher under
transitional flow conditions with lower Red
(Douglas et al. 2005). The effect of wake sheltering in high stem densities is taken into account by
reducing the bulk drag coefficient (Lindner 1982,
Nepf 1999).
In some cases, flow inside vegetation has been
successfully treated as porous flow (Ivanov 1975,
Hoffmann 2004).
However, a general description of the flow resistance of emergent vegetation that is not focused
on the stiff-cylinder analogy, but is based on parameters for real vegetation which can be easily
measured, is still missing. The objective of this
paper is therefore to investigate whether the flow
resistance of emergent wetland vegetation can be
described and compared using parameters like
biomass or leaf area index together with the porous media flow concept. Special attention is paid
to the vertical structure of the vegetation and its
influence on flow resistance and turbulence.

1 INTRODUCTION
The hydrological conditions of natural wetlands
are characterized by shallow water depths and low
flow velocities during the most periods of the
year. Together with the influence of the vegetation
on the flow, this implicates transitional or laminar
flow conditions (Kadlec 1990, Tsihrintzis and
Madiedo 2000, Serra et al. 2004). The fluid friction, however, is mostly computed from drag on
single objects according to classical flow theory
past immersed bodies, since the stems are typically spaced many diameters apart. For an array
consisting of many elements, the flow resistance
is often represented as volume-averaged drag
force:
FD =

1
ρ CD a U 02
2

(1)

where FD is the drag force; ρ the density of water;
CD is the bulk drag coefficient; a is the average
vegetation density; and U0 is the average (macroscopic) flow velocity.
According to this approach, vegetation with
simple stem morphology can be sufficiently characterized by an average vegetation density a
which is the frontal area of vegetation per unit
volume and calculated as the product of the stem
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2 THEORETICAL BACKGROUND

volume of the solid. Introduced for the case of
densely packed beds of flat plates, it is intended to
account for the possibility of partial mutual overlapping of the particles, which produces a reduction in surface area compared to the “static” mean
surface area of all particles.
The tortuosity T serves as geometric relation
between the superficial velocity and the average
stream-wise velocity in the pore channels. It was
shown by Diedericks and Du Plessis (1997) that
the tortuosity in anisotropic materials differs with
direction of flow. According to Hoffmann (2004),
the tortuosity in stream-wise direction for an anisotropic porous medium consisting of erected stiff
cylinders can be expressed by:

2.1 Equations and definitions for porous media
For a single-phase flow through a porous medium
and low Reynolds numbers, Darcy stated that the
superficial or macroscopic velocity U0 is proportional to the pressure gradient ΔP/H
U0 = −

K ΔP
μ H

(2)

where K is the permeability of the porous medium and μ the dynamic viscosity. The permeability depends only on the material structure of the
porous media and not on the properties of the
fluid. It is related to the hydraulic conductivity
(filtration coefficient) kf according to:
kf =

gρK

μ

=

gK

υ

T=

(3)

ΔP μU 0
=
+ b ρU o 2
H
K

fp =

4ε
(1 − ε )avd

(5)

T

(6)

UP = U0

ε

1
2ε 3
ΔP d P
ΔP
=
2
3
L 4 (1 2 ρU P ) H T ρ (1 − ε )avd U 02

(4)
Re P =

where b is an empirical coefficient. Analogue
expressions can be derived for 3D flow. The permeability and the Forchheimer tensor can be computed from the mean particle diameter of the solid
obstacles and the porosity of the porous medium,
for example using the modified Ergun equation
(Breugem 2004).
It has been shown that Darcy’s Law and the
Forchheimer equation can be obtained from applying the volume-averaging technique for the
microscopic flow to the Navier-Stokes equations
(Whitaker 1996).
It is possible to represent a porous medium as a
bundle of identical cylindrical tortuous pores
characterized by a characteristic pore diameter dP
and a tortuosity T. Following Comiti and Renaud
(1989), the pore diameter dP and the pore or microscopic velocity UP can be defined by:
dP =

(7)

From the capillary-type representation, one can
define two characteristic dimensionless numbers
by analogy with those corresponding to steady
and uniform flow through a circular pipe (Douglas
et al. 2005, Comiti et al. 2000): the pore friction
factor fP and the pore Reynolds number ReP

where g is the gravitational acceleration and ρ
the fluid density. At higher Re, inertia forces increase and cannot be neglected anymore. The drag
of the porous medium can be described by adding
a non-linear term, leading to the Forchheimer
equation:
−

ε
1 − (1 − ε )(4 π )

U PdP

υ

=

4U 0T
υ avd (1 − ε )

(8)
(9)

where L is the equivalent pore length. For a
flow driven by the bed slope gradient, fP is related
to the canopy drag CD a in Equation 1 via:
CD a =

T 3 (1 − ε ) avd f P

ε2

(10)

Comiti et al. (2000) found from experimental
data for flow through packed beds of various porous media the following relation:
fP =

16
+ 0.194
Re P

(11)

They noted that ReP was the most appropriate
parameter to characterize the flow even for the assumed limit of the capillary model in highly porous reticulated media. The idea that a Reynolds
number based on inter-cylinder or inter-fibre spacing is the most relevant parameter in dilute arrays
was also supported by Koch and Ladd (1997).
2.2 Vegetation parameters for porous flow
According to Equation 8 and 9 one needs three
properties of the porous media to characterize its
flow resistance: the porosity ε, the dynamic spe-

where ε is the porosity and avd the dynamic
specific surface area. Here the dynamic surface
area is defined as the ratio of the surface area actually presented by the particle to the flow to the
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cific surface area avd, and the tortuosity T. The porosity of vegetation is defined as
ε=

V − VP
V

branches, due to their closed relation to photosynthesis or interception (Krause 1977). For many
grass or sedge cover wetlands, the LAI is expected
to be an appropriate parameter to estimate aP.
In practice, it has to be tested which plant surface parameters are the best representations for aP,
and whether some species-specific or vegetationtype-specific coefficients or functions ka and kLAI
can be derived from empirical data or geometrical
relationships:

(12)

where V is the control volume and VP the total
volume of the plants in V. The relation
φ=

VP
= 1− ε
V

(13)

is the solid volume fraction. VP can be easily
estimated using the dry biomass BTS:
BTS
PDMC ⋅ ρ Pf

avd =

(14)

aP ka ⋅ a k LAI ⋅ LAI Δz
=
=
VP
VP
VP

(15)

where PDMC is the ratio of plant dry mass to
fresh mass and ρPf is the fresh plant density. Table
1 provides some estimation for these parameters,
as they were determined for selected plant groups
near Trondheim (Norway) in July 2009. One has
to have in mind that these parameters might
change during the growing season. For most wetland plant communities dominated by grasses and
sedges, the porosity is very high (ε >0.97). In
Mangrove swamps with dense networks of roots
and pneumatophoras, φ reaches 0.10 to 0.45
(Mazda et al. 1997).

where LAIΔz is the one-sided leaf area per unit
ground area within the vertical unit Δz.. For stiff
cylinder-like vegetation, aP equals the product of
π and a. Another useful parameter to estimate aP
based on information about the biomass is the leaf
area ratio LAR (the amount of leaf area per unit
dry biomass). Species-specific values for LAR can
be found in literature, for example in Poorter and
Remkes (1990). Hereby leaf area is given as half
of the total area, similar to the definition of the
LAI.
The tortuosity T for the plant types can be estimated from the porosity and the geometrical
structure, for example using Equation 7.

Table 1. Typical ranges for PDMC and ρPf .
n______________________________________________
= Number of investigated species

3 METHODS AND MATERIALS

Vp =

The study is a data analysis based on data from
literature about flume experiments and field studies with emergent flow conditions (i.e. flow
through vegetation, no overtopping) and particularly natural vegetation. The focus was on natural
wetland vegetation. Some studies about emergent
flow in non-wetland grasses and some flume experiments where the vegetation was represented
by wooden dowels with nature-like vegetation
densities were also included. The review that has
been done so far is not complete yet.
For all of the studies, the friction factor fP and
the pore Reynolds number ReP according to Equation 8 and 9 were determined. The pressure gradient was calculated from the water level or bed
slope S, depending on the information available in
the studies (ΔP/H = ρgS). The flow velocity U0
was the discharge divided by the product of flow
depth and width. The tortuosity T was computed
using Equation 7 and ranged between 1.0 and 2.0.
For cylindrical stems, all parameters were derived
from the geometry. In the case of natural vegetation, if neither the porosity ε nor the plant volume
VP or the biomass BTS was given, ε was set to
0.99. If the stem diameter d and the stem number
m were the only available parameters to compute

Plant group
PDMC [kg/kg] ρPf [kg/m3]
______________________________________________
Ferns (n = 3)
0.15-0.20
800-900
Sedges (n = 3)
0.25-0.35
500-750
Grasses (Poaceae, n = 4)
0.35-0.45
500-750
Equisetum fluviatile
0.15-0.25
300-400
Aquatic species (n = 2*)
0.05-0.20
500-750
_____________________________________________
* Potamogeton natans, Sparganium emersum.

For the determination of the dynamic specific
surface area avd, the surface area actually presented by the plant to the flow aP has to be related
to the plant volume VP. For vegetated flow with
very high porosities, partial overlapping of particles (here, stems and leaves) is less important than
in densely packed beds. aP is therefore identical
with the static surface area as of the particles in
the control volume.
For stiff vegetation, the parameter aP is closely
related to the vegetation density a and to parameters which are commonly used in vegetation sciences, i.e. the leaf area index LAI (the one sided
leaf area per unit ground area). The LAI includes
traditionally only the leaf area or the amount of
green surfaces which are present on stems, leaf
parts, buds, fruits and even under the bark of
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the plant area, aP and ε were calculated as for stiff
cylinders and assumed to be constant over the inundated height. For the data by Chen (1976), the
vegetation parameters were determined based on
estimated values for the biomass and LAI, see
Chapter 4. Tanino and Nepf’s (2008) data was
analyzed by applying the published regression coefficients and relations for the upper and lower
value of the given Re-ranges.
In all cases, the vegetation was assumed to
form a stiff porous medium with negligible effects
of bending and streamlining, since the flow velocities were very low.

al. (2005). The line for packed beds according to
Comiti et al. (2000) is also included.
There is an apparent scatter, but most of the
data points of the investigated data sets are concentrated along a zone above the packed bed
curve by Comiti et al. (2000). Almost all of the
studies were performed for very high nature-like
porosities, with a solid fraction φ of less than 0.05.
Only Tanino and Nepf (2008) worked with
wooden dowels and solid fractions up to 0.35. The
dashed lines show the range of their data, all of
which was very close to the packed bed curve. In
fact, their curve for the highest φ coincides with
the packed bed curve, illustrating that the packed
bed curve is valid also for porous media consisting of dense cylindrical arrays. Koch and Ladd
(1997) investigated flows in random arrays of
aligned cylinders. They showed that the theory for
concentrated arrays, when the solid volume fraction is near the close packing limit, gave reasonable results for solid fractions larger than 0.30 to
0.40.
However, the data sets by Turner and Chanmeesri (1984) for wheat, Hall and Freeman (1994)
for bulrush (Scirpus validus) and especially Chen
(1976) for Bermuda grass (Cynodon ssp.) seem
not to follow the described trend, but are arranged
in line-like patterns in the logarithmic chart. For
these data, ε and aP were computed from the given
stem diameter and stem number or from estimated
biomass and LAI. ε and aP were assumed to be
constant over the height, since no other information was available. Some of the authors, however,
mentioned that this was not true. Turner and
Chanmeesri (1984) noted that the vegetation index
they used did not take into account hairs on the
stems nor the presence of dead leaves. The latter
“were present in greater numbers for the higher
stem densities, and possibly caused more drag
than the stems” (p. 382).
In Figure 1, only the Bermuda grass series for
the lowest (S = 0.001) and the highest bed slopes
(S = 0.555) from Chen’s (1976) comprehensive
experimental series are shown. The data points for
the other experiments with Bermuda grass arranged in a similar pattern in between, and Chen’s
data for Kentucky Blue grass (Poa pratensis) on
the corresponding slopes did not differ very much
from Bermuda grass. Since this data set shows the
highest deviations from the generally observed
pattern, it will be investigated more deeply in the
following section.

4 RESULTS AND DISCUSSION
4.1 Pore friction coefficients

Figure 1. Calculated pore friction coefficients fP versus pore
Reynolds number ReP for data from several studies (φ =
solid volume fraction, S = slope).

In Figure 1, the calculated pore friction coefficients are plotted versus the pore Reynolds number (Moody chart). The straight lines are graphical
representations for the laminar flow in pipes (fP =
16/ReP) and for turbulent flow in smooth pipes (fP
= 0.079/ReP1/4, Blasius) according to Douglas et
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is estimated to range between 1 and 3. The values
for the computations shown in Fig. 1 and 4 were
BTS = 300 g/m2, PDMC = 0.4, ρPf = 700 kg/m3 and
LAI = 2. The LAI was used to compute the plant
area aP, leading to kLAI ·LAIΔz = 2·(2/0.076 m) =
52.6 m-1. For the computation shown in Figure 1,
this value was taken as constant over the entire
vegetation height for Chen’s data.
Looking at Figure 2, it is easy to recognize that
this assumption oversimplifies the real plant structure. Most grassland has vegetation structure profiles where both BTS and LAI decrease with height
(Heil 1988, Dierschke 1994). For tall wetland
communities, the lower part of the canopy that
comprises mainly stems can be greater in mass,
but occupy less flow area, such that the LAI profile has a maximum at some height above the
ground and differs from that of the biomass BTS
(Hirose and Werger 1995).

4.2 The importance of vertical structure
for Bermuda grass

Figure 2. Overall plant structure of Bermuda grass
(Cynodon ssp.). Courtesy by UC-IPM (2010).

For the Bermuda grass in Chen’s (1976) experiments, the only available information about the
vegetation was the species type, the average turf
height (76 mm) and the description as “solid
dense turf”. Bermuda grass originally came from
the savannas of Africa and is the common name
for all the East African species of Cynodon. It is a
plant that is grown as a turf grass or forage for
livestock, but it also can be an invasive weed
(UC-IPM 2010). Many hybrids have been developed specifically for use as turf grass. The species
used by Chen (1976) was also a hybrid.
Bermuda grass (Fig. 2) is a creeping grass
forming a dense mat on the ground. Its blades are
short, usually 3 to 10 cm long with rough edges.
The seed head stems can grow 10 to 40 cm tall.
Compared with common Bermuda (Cynodon dactylon), the hybrids have greater turf density and
fewer seed heads. They produce no viable seed
and must be planted by vegetative means.
The dry biomass yield of Bermuda grass ranges
between 200 and more than 900 g/m2, depending
on nutrient status and location (Kiniry et al. 2007).
Burns and Fisher (2008) found average biomasses
of 236, 408 and 525 g/m2 for maintained canopy
heights of 5.6 cm, 10.1 cm and 13.1 cm,
respectively, in the southeastern USA. The
average seasonal maximum of the LAI for coastal
bermuda grass was estimated with 2.2 by Kiniry et
al. (2007) for diverse sites in Texas (USA) with a
mean aboveground dry biomass production of
630 g/m2. The seasonal maximum LAI values of
their measurements ranged between 1.2 and 5.5.
Chen (1976) used sodded turfs for his experiments. Based on the above mentioned values and
assuming a low to mean nutrient status, it seems
reliable to assume a biomass BTS in the range of
200 to 400 g/m2 for the 7.6 cm tall turfs. The LAI

Figure 3. Vertical structure profiles used for the calculations. Btot is the total dry biomass per unit ground area.

To investigate the effect of vertical canopy structure on the computed pore friction coefficients for
Chen’s (1976) data for Bermuda grass, the values
were calculated using a linear and a non-linear
structure profile, as illustrated in Figure 3. In the
non-linear profile, most of the biomass is concentrated in the lowest layer closest to the ground.
For simplification, the same vertical distribution
for biomass and leaf area was assumed.
Figure 4 shows the results in comparison with
the calculated values for a constant distribution
over the vertical. For the “layer-averaged values”,
the porosity ε and the area aP were computed as
averages over the inundated vegetation height for
the given water depth. For the “topmost-layer values”, the values of the topmost inundated layer
were used instead. On the first view, it seems
more reliable to work with the “layer-averaged
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more or less parallel to the laminar flow line. Applying the topmost-layer values, the data points
for the lower slopes fell within the range of the
other investigated data above the packed bed
curve by Comiti et al. (2000). The real values are
expected to range between those computed using
the depth-averaged values and those computed using the topmost-layer values for the non-linear
profile, eventually with deviations because of the
crude estimations for BTS and avd.
The investigation showed that the pattern of the
computed fP-versus-ReP-relation for Bermuda
grass is highly influenced by the assumptions
about the vertical structure of the grass layer. The
use of more realistic vertical biomass and plant
area profiles together with an averaging method
that accounts for the real change in flow velocity
with increasing depth might lead to an fP-versusReP-relation for Bermuda grass which is comparable to that for the other investigated data sets.
Similar corrections could possibly be done for the
data of Turner and Chanmeesri (1984) for wheat
and Hall and Freeman (1994) for bulrush.
The results were in agreement with James et al.
(2008) who argued that the variation of CD with
Red for natural emergent vegetation was a result of
the combined effect of vertical foliage density
variation and foliage flexibility. The effect of
flexibility was not taken into account in this study
and might be a reason for the some scatter of the
data. Especially for the high-slope experiments,
the flow velocity in the vegetated layer might
have been large enough to cause some deflections
of the smallest leaves or plant hairs.

values”. However, this does not correspond to the
real flow process in the Bermuda grass layer,
which is most likely non-linear stratified. Here the
available flow area and the number of flowdominating macro-pores may increase much more
rapidly than linearly with increasing flow depth,
such that most of the flow goes through the most
permeable topmost layer (Busch et al. 1993).
Figure 4 illustrates that both the type of vertical
structure profile and the method of calculation for
ε and aP affect the calculated pore friction coefficients. For the calculation with depth-averaged
values, the pattern of the fP-versus-ReP-relation for
Bermuda grass changes only slightly both for the
linear and non-linear profile. For the non-linear
profile, the results are highly depending on the
averaging method.

4.3 Vertical structure for the sedge type
The influence of the vertical structure can be further illustrated for sedges (Carex spec.) which are
typical for wetlands. Kadlec (1990) measured
vegetation-density profiles for the sedge cover
type at Houghton Lake (Michigan, USA). He determined the frontal area per volume and the leaf
size. He found a large frontal area in the litter
layer (the lowest 5 cm), which decreased to zero
at the top of the canopy (Figure 5a). Leaves were
thicker near their base, but litter contained fragments of all sizes.
His data allowed the calculation of vertical profiles for the number of leaves and the spacing s
between the leaves. Because of the internal structure of the plants, the number of leaves and the
spacing between the leaves were almost constant
above the litter layer, despite the large decrease in
frontal area a over the height. The vertical profile
for s2 is shown in Figure 5b. The calculated values
for s2 correspond remarkably well with the permeability profile which was derived using Equation 3

Figure 4. Calculated pore friction coefficients for Chen’s
(1976) data for Bermuda grass, a) for the linear vertical profile and b) for the non-linear vertical profile.

Using the depth-averaged values for ε and aP,
the calculated pore friction coefficients aligned
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larger fluctuations. A similar “laminarising” effect
was observed for reticulated media by Seguin et
al. (1998). Schnauder et al. (2007) found reduced
turbulence intensity in the wake behind a permeable plant, compared to a non-permeable counterpart.

from the filtration coefficients measured by
Ivanov (1975) for the Carex-Hypnum vegetation
type in Russia (Hypnum = a moss genus). His filtration coefficients were measured using large undisturbed samples that were cut in the frozen state
and transferred into the laboratory. The absolute
values of the permeability for Ivanov’s CarexHypnum type were lower than those for Kadlec’s
sedge cover type, but the vertical profiles were
similar because of the sedge-typical vertical structure of the vegetation.
The almost constant values for the leaf spacing
over the vertical, together with a decreasing projected area, have consequences for the flow and
turbulence structure within the vegetation. In the
upper layers, the drag exerted by the vegetation is
relatively low because of the decreased projected
area, but the integral length scale for turbulent
motions is still restricted by the relatively small
spacing values between the leaves.

5 CONCLUSIONS
Methods from porous flow were adapted to compute the pore friction coefficient fP and the pore
Reynolds number ReP for emergent natural vegetation based on criteria such as biomass and LAI.
The calculated relations between fP and ReP for
several flume and field data sets from literature
were shown in a Moody chart. There was an apparent scatter, but most of the data points were
concentrated within a belt above the packed bed
curve of Comiti et al. (2000).
At present it is unclear whether there is a universal law for flow resistance of emergent wetland
vegetation with a tendency to range within this
belt. It is possible that the chart (Figure 1) has to
be completed with a series of lines similar to the
classical Moody chart, since the high-slope experiments from Chen (1976) led to a higher pore
friction coefficient than the other data points. It
has to be noted, however, that some of his experiments were performed using extremely high
slopes which are very unlikely to occur under
natural conditions.
It was illustrated that the vertical structure of
the vegetation plays an important role for the
characteristic of flow resistance. For the sedge
type it was shown that the projected area a
changed significantly with height, but the values
for the leaf spacing s did not. This is assumed to
affect turbulence and to have a “laminarising” effect on the flow inside the vegetation. The natural
plant structure is therefore a key factor for the understanding of vegetation flow resistance.
The study showed that the flow resistance of
natural wetland vegetation can be described and
compared based on parameters like biomass and
LAI together with a porous media model. However, the uncertainties about some parameters, and
especially about the vertical structure of the vegetation in the investigated data sets, did not allow a
final assessment of the proposed method. Furthermore, the study is based on a limited number
of data sets so far. More and better measurement
data has to be acquired and included to test and
develop the approach.

Figure 5. Vertical profiles for the sedge type, a) frontal area
according to Kadlec (1990) and filtration coefficient according to Ivanov (1975) b) calculated values for s2 and permeability.

Therefore the vegetation seems to have a turbulence-damping effect, suppressing the onset of
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ABSTRACT: This paper presents a method for predicting the distribution of depth-averaged velocity in
channels with either emergent or submerged vegetation. A general analytical solution to the depthintegrated Reynolds-Averaged Navier-Stokes (RANS) equation is given, where the drag force due to vegetation is modelled as an additional momentum ‘sink’ term. The method includes the effects of bed
friction, drag force, lateral turbulence and secondary flows, via four coefficients f, CD, & Γ respectively.
The analytical solution gives good predictions of lateral velocity distribution when compared with two
sets of experimental data of vegetated channels with submerged vegetation and two sets of data with
emergent vegetation. The lateral distribution of bed shear stress can also be obtained through the DarcyWeisbach friction factor. The predicted velocity and bed shear stress distributions can provide a basis
for modelling flood conveyance and sediment transport in channels with vegetation.
Keywords: Vegetation, Open channel, Bed shear, Velocity
vegetated channel. This model showed good
agreement with the experimental data, despite the
fact that the influence of secondary flow being ignored.
The present paper proposes a new general analytical solution for predicting the lateral distributions of velocity and bed shear stress for both
submerged and non-submerged vegetation. The
modelling is based on a depth-averaged form of
the streamwise Reynolds Averaged Navier-Stokes
(RANS) equation with an additional momentum
term to deal with the drag force arising from the
presence of the vegetation. The method relies on
four hydraulic parameters related to the bed friction factor (f), lateral eddy viscosity (λ) and
depth-averaged secondary flow (Γ), and a special
parameter for the vegetation, namely a spatially
averaged drag coefficient (CD).
The predicted results, based on this analytical
solution, are shown to agree well with the experimental depth-averaged velocity data from vegetated channels. The experimental data for flow
with emergent vegetation are taken from White &
Nepf (2008) and Pasche (1984), and that for submerged vegetation from Shimizu & Tsujimoto
(1993) and Yan (2008). The particular case of

1 INTRODUCTION
Many natural rivers have significant vegetation,
which introduces additional hydraulic resistance
to the flow and reduces the local flow velocity. A
strong shear layer often exists between the fast
flowing water in the central region of a channel
and the slower flowing water in the vegetated
boundaries. In these circumstances, the exchange
of mass and momentum between vegetated and
non-vegetated regions will affect the channel conveyance as well as the velocity and boundary
shear stress distributions. A method for predicting these is therefore clearly required when designing flood alleviation schemes, as well as for
studies on bank protection and sediment transport.
There have been several studies on the flow in
composite channels with vegetation, based either
on a simplified one-dimensional (1-D) approach
with an empirical Darcy-Weisbach friction factor,
or on a simple eddy viscosity model for the turbulence (e.g. Darby 1999; Lopez & Garcia, 2001;
Helmio, 2004). These one-dimensional models
do not describe lateral distribution of velocity.
More recently White & Nepf (2008) proposed a
vortex-based model for predicting the lateral distribution of velocity and shear stress in a partially
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flow through emergent vegetation is also discussed elsewhere by Tang et al. (2010).

where the overbar or the subscript d refers to a
depth-averaged value, τb is the bed shear stress,
and Uv and Ud are the depth-averaged velocity
over the vegetated height (h) and the total flow

2 FLOW IN A VEGETATED CHANNEL

depth

2.1 Governing equation of depth-averaged flow

∂τ
∂τ
⎤
⎡∂
(UV ) + ∂ (UW )⎥ = ρgS o + yx + zx
∂z
∂y
∂z
⎦
⎣ ∂y

(1)

where {UVW} = velocity components in the {xyz}
directions, x-streamwise parallel to the channel
bed, y-lateral and z-normal to the bed, ρ = fluid
density, g = gravitational acceleration, So = channel bed slope, and {τyx, τzx}= Reynolds stresses on
planes perpendicular to the y and z directions respectively, as illustrated in Figure 1. For flow in
a vegetated channel, the drag force due to vegetation (plants) may be introduced into Eq. (1) (timeaveraged RANS) by an additional momentum sink
term to give (Tang et al 2010):
∂τ
∂τ
⎡∂
(UV ) + ∂ (UW )⎤⎥ = ρgS o + yx + zx − Fv
∂z
∂z
∂y
⎣ ∂y
⎦

ρ⎢

(2)

where Fv is the drag force per unit fluid volume
due to the vegetation, and represented by:

1
Fv = ρ (C D β Av ) U 2
2

by

Uv =

h

1
U dz
h ∫0

and

H

2
2⎛ h ⎞
U v = kvU d ⎜ ⎟
⎝H⎠

(3)

(5)

where kv is a coefficient defined by [(1-Dnv½)/(1Dh* nv½)]2, which is about 1.0 for most practical
cases.
Eq. (4) may be rewritten in the form of effective
water volume as:

where CD is the drag coefficient, β is a shape factor of vegetation, and Av is the projected area of
the vegetation in the streamwise direction per unit
volume. It should be noted that Eq. (2) is a time
averaged momentum equation for the streamwise
flow in the x-direction. Fv corresponds to a drag
force component in the x-direction, and as such is
linked only to the primary flow (U). It is appropriated that an “additional dispersive” term due to
correlation of spatial deviations of the mean velocity components (Finnigan, 2000) is negligible,
hence not considered due to uniformity in the
even distributed vegetated region.
By integrating Eqs (2) and (3) over the water
depth, H, (provided W = 0 when z = 0 and H, as
assumed by Shiono & Knight, 1991), the depthaveraged momentum equation becomes:

∂[ H ( ρUV ) d ]
= ρgHS o
∂y
∂Hτ yx
1
+
− τ b − ρ (C D βAv )h U v2
2
∂y

defined

1
U dz respectively.
H ∫0
For the non-submerged vegetation, Uv = Ud due
to h = H; otherwise Uv < Ud for submerged vegetation, as illustrated in Figure 2.
By taking into account the porosity, δ (= 1-φ),
for the blockage effects of vegetation on the flow,
where φ is the volumetric vegetation density, defined as the ratio of the volume of vegetation to
the flow, it follows that φ = h* (π/4)D2 nv, where
D represents a characteristic diameter of the vegetation, nv is the number of plants per unit bottom
area, and h* represents the ratio between the
height of vegetation (h) and the flow depth (H),
defined by min [H, h]/H. Therefore h* < 1 if the
vegetation is submerged whereas h* =1 for emergent vegetation. The projected area of the vegetation in the streamwise direction, Av = 4φ/(πD).
It is worth noting that for submerged vegetation,
Uv in Eq. (4) is replaced by Ud, where their relationship can be determined by Stone & Shen’s
(2002) equation as follows:
Ud =

For steady flow in a prismatic open channel, the
equation for the streamwise momentum may be
combined with the continuity equation to give:
ρ⎢

(H),

∂Hτ yx
∂H (UV ) d
= ρδgHS o + δ
∂y
∂y
1
2
− δ τ b − ρ (C D βAv )(k v h* ) H U d2
2

ρδ

(6)

U
τz
τy

z

x
y

(4)

τb
Figure 1. Bed and wall shear
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τ

z

γ =

k=

Uv

Therefore Eq. (6) is a general depth-averaged
momentum equation in the streamwise direction
for shallow-water flow with vegetation. It should
be noted that h* = 1 and kv = 1 for non-submerged
vegetation. For the non-vegetated channel, i.e.
AV = 0 and δ = 1, Eq. (6) then takes the same form
as that given by Shiono & Knight (1991). By
making the following assumptions:
∂U d
⎛f ⎞
τ b = ⎜ ⎟ρ U d2 ; τ yx = ρ ε yx
;
∂y
⎝8⎠
(7)

f
8

1
ρ (C D β Av ' ) H U d2
2δ
1/ 2
∂ U d ⎫⎪
∂ ⎧⎪
2⎛ f ⎞
+
⎬=Γ
⎨ ρλ H ⎜ ⎟ U d
∂ y ⎪⎭
∂ y ⎪⎩
⎝8⎠

8( gS o H − Γ / ρ )
; γ =
f

domain

3

By using the notation Av' =Av kv h* , Eq. (6) becomes

(8)

k=

gS o H − Γ / ρ
f / 8 + H /(2δ )C D β Av '

1
H

(11)

junction,

i.e.

[H τ yx ](i)

=

(i )

( i +1)

⎛ ∂U d ⎞
⎛ ∂U d ⎞
with μ = λ f
(12)
⎟⎟
⎟⎟ = ⎜⎜ μ
⎜⎜ μ
⎝ ∂y ⎠
⎝ ∂y ⎠
where the superscript (i) indicates the number of
an individual panel. Knight et al. (2004) point
out that the continuity of ∂Ud/∂y, previously used
by most researchers [Shiono & Knight, 1990; Ervine et al. 2000], is only appropriate for certain
cases, notably where f and λ are the same in the
two adjoining domains.

z

For a vegetated channel, where the drag coefficient CD, density of vegetation (φ), local friction
factor (f), eddy viscosity (λ) and secondary flow
term (Γ) are given, an analytical solution to Eq.
(8) for Ud can be obtained as follows:
12

14

It follows for a continuous depth domain that
the continuity of unit force implies

2.2 Analytical solution of depth-averaged flow

]

2⎛ f ⎞
⎜ ⎟
λ⎝8⎠

[H τ yx ]

These parameters are discussed more fully by
Shiono & Knight (1990, 1991), Knight & Shiono
(1996), Tominaga & Knight (2004), Abril &
Knight (2004), and Knight et al. (2010) for nonvegetated channels and by Rameshwaran & Shiono (2007), and Tang et al. (2010) for vegetated
channels.

[

(10b)

(i+1)

ρ gHS 0 − ρ U d2 −

U d = A1e γy + A2 e −γy + k

f ⎛H ⎞
+ ⎜ ⎟C D β Av '
8 ⎝ 2δ ⎠

1
H

It can be seen that Eq. (11) is the same as that
given by Shiono & Knight (1991).
The unknown constants, A1 to A2 in Eq. (9), can
be obtained through applying appropriate boundary conditions to the cross-section shown in Figure 3. For each panel the two unknown constants, A1 to A2 can be eliminated using the
following boundary conditions (Knight et al.
2004, Tang & Knight, 2008):
• The no-slip condition, i.e. Ud = 0 at remote
boundaries or Ud = given values (U1 or U2)
as shown in Figure 4;
• The continuity of the velocity Ud at each
domain junction, i.e. Ud(i) = Ud(i+1) ;
• The continuity of unit force (H τ yx ) at each

Figure 2. Sketch of open channel flow with submerged vegetation

∂
[H (ρUV )d ]
∂y

14

For the non-vegetated channel, i.e. Av = 0 and δ
=1, Eqs (10a&b) become:

Ud

εyx = λU* H ; Γ =

2⎛ 8 ⎞
⎜ ⎟
λ ⎜⎝ f ⎟⎠

(2)

x

(1)

y

0

(9)

b2

(10a)

H

b1

Figure 3. Cross-section of a vegetated channel with notation
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mm array of 1.8 mm diameter circular cylinders.
The height of these wooden rods was 0.060 m,
thus representing a model for submerged vegetation, as illustrated in Figure 4. The corresponding volume density of model plants (φ) was about
0.003. As the channel was configured by Vinyl
Chloride plates, it was assumed to be a hydraulically smooth channel.
The second set of experiments were undertaken
by Yan (2008) in a 0.42 m wide, 12 m long tilting
flume. In the series F1, where the bed slope of
channel was set to be 0.72%, detailed turbulence
measurements were carried out with a LDA for a
flow with a depth of 0.120 m and with the whole
channel filled with an array of 6 mm diameter circular rods, in a 20 x 50 mm pattern. The height
of the aluminum rods was 0.060m, thus also
representing a model for submerged vegetation, as
illustrated in Figure 2. The volume density of
model plants (φ) in this case was about 0.0142.
The Manning coefficient (n) of the channel was
reported to be about 0.010.

For a rectangular channel, the lateral depth-mean
velocity for half the channel becomes:
Ud =

−k
cosh(γ y) + k
cosh(γb)

(13)

where b is the half channel width, and k with γ
are given by Eqs (10a) and (10b) respectively.
Therefore Eq. (9) gives the lateral distribution
of depth-mean velocity and boundary shear stress
[via Eq. (7)] in a vegetated channel with either
emergent or submerged vegetation. It should be
noted that the solutions (9) - (10) for Ud are also
suitable for non-vegetated channels, in which case
Av = 0 and φ =0.

z
H

y

3.2 Modelling results of lateral velocity
distribution

0

In order to apply Eq. (9) with (10) to predict the
depth-averaged velocity, the drag coefficient (CD),
local friction factor (f), eddy viscosity (λ) and
secondary flow term (Γ) are required, as well as
the shape factor β. Each of these parameters is
now addressed in detail below.
The friction factor (f) is obtained using the
standard Colebrook-White equation, given by:

y

U1

Ud(y)
U2

x

⎛ 3.02v
k s ⎞⎟
= −2 log⎜
+
⎜ Re f 12.3H ⎟
f
⎝
⎠

1

Figure 4. Sketch of partially vegetated laboratory channel
by White & Nepf (2008)

(14)

where Re is the local Reynolds number, defined
by 4UdH/ν, and the equivalent sand roughness
height, ks, was assumed to be 0.16 mm, and was
obtained through the relationship n = ks 1/6/(8.25
g1/2), with n corresponding to a hydraulically
smooth channel surface (i.e. n = 0.009) (Ackers,
1993). Thus the local friction factors (f) were estimated to be 0.0173 and 0.0166 for the above two
experimental cases respectively, based on (14).
The shape factor β was set equal to 1.0, as cylindrical rods were used in the experiment to simulate the vegetation. Tanino & Nepf (2008)
showed that the drag coefficient (CD) decreases as
the Reynolds number based on the rod diameter,
(ReD = Ud D/ν) increases. However, values are
typically in the range 1.0-1.05 for φ <0.09 for ReD
up to O(103). Therefore it is assumed that CD can
be taken as 1.0, which it is considered appropriate
for the studied case (φ = 0.003), whereas for the

3 APPLICATION OF ANALYTICAL
SOLUTION TO FLOW IN A CHANNEL
WITH SUBMERGED VEGETATION
3.1 Introduction to the experiments
Two sets of experiments in rectangular channels
with submerged vegetation were used in this
study. One was with the channel partially vegetated, and the other was with vegetation placed
across the whole width of the channel.
In the first, Shimizu and Tsujimoto (1993) conducted an experiment in a 0.4 m wide, 12.5 m
long tilting flume with a bed slope of 1/2000.
Detailed turbulence measurements were carried
out with a two-colour fibre-optic Laser Doppler
Anemometer (LDA) in a flow with a depth of
0.128 m and half the channel filled with a 20 x 20
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high density case (φ = 0.0142), CD was assumed
to be 1.10.
In order to calculate the secondary flow term, Γ,
recourse was made to the work of Shiono &
Knight (1991), who, based on the compound
channel data of the UK-FCF flume, suggested Γ
/(ρgHSo) = 0.15 for the non-vegetated main
channel. It is worth noting that the relationship is
valid for a compound channel, but it is appropriate
to be used for the channel with partially vegetated
channel, which has a similar role as a floodplain,
as demonstrated by Shimizu & Tsujimoto (1993).
However, the work of Ghisalberti & Nepf (2004)
and Yang et al. (2007) have demonstrated that not
only is the flow around vegetation elements complex but there is evidence of weak secondary current cells within a vegetated floodplain. The effect of the secondary flow on the vegetated
floodplain was ignored, i.e. Γ = 0. This can also
supported by the velocity contour plot shown by
Shimizu & Tsujimoto (1993).
The final parameter value to be addressed relates to the eddy viscosity, λ. The value of λ was
taken as 0.07, which is close to the standard value
0.067 (= κ/6, where κ is the von Karman constant). However, previous work has illustrated
that the value of λ can change significantly.
The results of the simulation for above two cases are shown in Figures 5 and 6, where Figure 6
shows only the simulation for half the channel due
to the symmetry of the channel. Figure 5 shows
that a strong shear layer exists between the slow
flowing vegetated region and the fast flowing
non-vegetated region. The simulated results of
Figures 5 and 6 agree well with the experimental
data. Figures 5 and 6 illustrate the ability of the
analytical solution to provide reasonably good results for submerged cases.

0.40
Ud (m/s)
0.30

0.20
Prediction
0.10

0

Prediction
Data

0.1

0.15

0.2

0.25

White & Nepf (2008) carried out detailed twodimensional velocity measurements with a Laser
Doppler Velocimetry (LDV) in a 1.2 m wide, 13
m long flume, partially filled with a 0.4 m wide
array of 6.5 mm diameter wooden circular cylinders. The wooden rods pierced the water surface,
thus representing a model for emergent vegetation, as illustrated in Figure 4. The flow depth
varied from 55 mm to 150 mm, ensuring large aspect ratios (> 8) to minimize the impact of the side
walls on the flow. Three volume densities of
model plants (φ = 0.02, 0.045 and 0.10) were used
in their experiments. In this study, only one case
X (φ = 0.10) was used here, with the corresponding flow parameters: flow depth, H = 0.78 m, So =
0.0715%, f = 0.05 and αCD = 1.77. Further examples of simulations for other experimental runs
may be found in Tang et al. (2010).
The results of simulating emergent vegetation
for the case X are shown in Figure 7, where the
modelling parameters assumed in the analytical
solution are outlined above in section 4.2. The
agreement with the experimental data of White
and Nepf (2008) is again seen to be quite good.
The second set of experimental data used to
evaluate the analytical solution pertains to that of
Pasche (1984) and Pasche & Rousve (1985).
These data relate to laboratory experiments which
were conducted in an asymmetric compound
channel with a vegetated floodplain. The emergent vegetation was modelled using 12 mm diameter cylindrical wooden rods. The channel
cross section had a bank full height (h) of 0.124
m, with the remaining dimensions shown in Figure 8. Manning’s coefficient n was reported to
be 0.010 for the smooth part of the channel for all
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experiments. In what follows, data from two experiments (Case I: flow depth (H) =0.2015 m, So =
0.05% and Case II: H = 0.224 m, So = 0.1%) will
be used. The corresponding volume densities (φ)
were set at 0.63% and 2.54% respectively. In
keeping with the above analysis, the shape factor
β was set equal to 1.0, as cylindrical rods were
again used in the experiment to simulate the vegetation. It is worth noting that the local friction
factors for the main channel and floodplain were
obtained as values of 0.015 and 0.031 respectively
(Tang et al. 2010).
For flow over a linearly sloping bed without
vegetation in the main channel, Ud is given by
(Shiono and Knight, 1991)

[

U d = A3ξ α + A4ξ −(α +1) + ωξ + η

]
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where ξ is the local depth given by H - (y - b)/s
(for y>0) and H + (y+b)/s (for y<0) as shown in
Figure 8. Similar to the flat bed case, A3 and A4
are unknown constants for each panel, but are obtained by applying appropriate boundary conditions, as outline in section 2.2. Also see Knight
et al. (2004 & 2007) for further details.
The eddy viscosity (λ) was based on the assumptions outlined below. In the main channel,
λ was taken as 0.07. However, previous work
has illustrated that on the floodplain the value of λ
can change significantly. Hence, recourse was
made to the work of Abril and Knight (2004), who
stated that
λfp = (-0.2 + 1.20 Dr -1.44) λmc
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Figure 7. Comparison of predicted Ud distributions with experimental data (White & Nepf, 2008)

where the constants α, ω and η are given by
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in which the subscripts mc and fp refers to the
main channel and the floodplain respectively.
The results of the analysis are shown in Figure
9, which again illustrates the ability of the analytical solution to provide reasonably good results
over a wide range of vegetation densities (the
RMSSE varied between 0.0230 and 0.0270). Simulations for other experimental runs can be also
found in Tang et al. (2010).
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The following conclusions may be drawn from
this study:
•

A general analytical solution (9) for depthaveraged velocity in a vegetated channel
has been obtained. It is based on the
depth-integrated form of the ReynoldsAveraged Navier-Stokes equation, (8),
with the drag force due to vegetation being
modelled as an additional momentum
term.

•

The analytical solution (9) with (10) simulates the lateral depth-averaged velocity
distribution in vegetated channels (either
emergent or submerged vegetation). It
may also be used for non-vegetated channels, in which case Av = 0 and δ =1.

•

The predicted velocity distributions agree
well with the experimental data for flow in
a vegetated channel for both emergent and
submerged vegetation.

•

The proposed analytical solutions (9) can
be used to predict boundary shear distributions through the Darcy-Weisbach friction
factor.
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ABSTRACT: While the technical development of numerical and physical modelling of floodplain hydraulics has made great progress during the past decades, up to now very few field investigations have
been conducted during flood events. In this context, the impact of different types of vegetation structures
on the flow field has been systematically studied at a floodplain site of the Upper Rhine. The decisive impact of different types of vegetation on hydraulics and sedimentation was monitored online for several
flood events with Acoustic Doppler Current Profilers. In the evaluation of the results of this experimental
design, particular importance is attached to describing and comparing the temporal and spatial variations
of flow velocity and its intensity at different water levels for an entire flood event and between different
events.
Keywords: Upper Rhine, Floodplains, Flood events, Floodplain hydraulics, Flow velocities, Riparian
vegetation, ADCP measurements
draulics has made great progress during the past
decades and several research groups have been
highly involved in that issue (for instance Copeland 2000, Fischer-Antze et al. 2001, Righetti and
Armanini 2002, Stoesser et al. 2003, Nicholas and
McLelland 2004, Helmiö 2005, Baptist 2005,
Järvelä 2005, Wilson et al. 2006), up to now very
few field investigations have been conducted during flood events (Gerstgraser 2000, Meixner 2002,
Bölscher and Ergenzinger 2003, Helmiö and
Järvelä 2004, Rauch 2005, Rauch et al. 2005, Bölscher et al. 2005, Straatsma 2007).
Straatsma points out that only a few studies
have been carried out to estimate in situ floodplain
roughness during overbank flooding (Straatsma
2007). For the reasons he refers to Freeman et al.
(1996). They note that it is difficult to locate field
sites where water depths are sufficient to inundate
the floodplain and where measurements can safely
be performed. Moreover, field surveys are very
labour-intensive and their timing depends on peak
discharges (Straatsma 2007).

1 INTRODUCTION
1.1 Background
The correction and systematic development of the
Upper Rhine between Basel and Karlsruhe during
the last 190 years have led to a dramatic incision
of the river bed by up to several metres and the
loss of more than 700 km² of floodplain. This has
caused the acceleration of flood waves and the increase of flood peaks. In particular, the construction of the hydraulic power stations in the last
century played a decisive role for that development. Against this background, the rehabilitation
of floodplain areas is essential to protect the Upper Rhine Valley against a 200 year flood event
(Buck et al. 1993, Klaiber et al. 1997).
The success of plans and measures to restore
floodplains and designate new flood retention areas for rivers depends on a fundamental understanding of the boundary conditions during flood
events. Hydraulic conditions interact directly with
vegetation and morphology and have a decisive
impact on sedimentation and erosion (Baptist
2005, Corenblit et al. 2007, Horn and Richards
2007). While the technical development of numerical and physical modelling of floodplain hy-

1.2 Aims
In this context, the impact of different types of
vegetation structures on the flow field has been
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Grand Canal d´Alsace (MQ 1400 m³/s) and the
original course of the river (residual flow between
20 and 30 m³/s) 35 km upstream of the field site.
A weir regulates the discharge distribution over
the channel and old river course.
The elevation of the river bed is about 193 m
a.s.l. (Fig. 2). The difference in height between
the river bed and the top of the embankment is
about 12 metres. The investigation area is 100 metres long and 100 metres wide. The water depth of
the river at the mean discharge of 20-30m³/s varies between 2 and 3 metres. The groin field is
dominated by longitudinal morphological structures at different levels (Figures 2-3). On the basis
of the different inundation classes and the different types of vegetation, the site is subdivided into
three zones. The highest east-west pulvinated
parts have a mean height of three metres above the
mean water level. This area is covered by herbs
and grass and will only be inundated at a discharge >1000 m³/s and a water level in excess of 5
metres, which occurs once or twice per year. Single spots at the upstream and downstream borders
of the site are dominated by bushes and older trees
with rigid trunks. The lower areas are located between 0.5 and 1.5 m above the mean water level
and are inundated by discharges > 100 m³/s,
which have a high recurrence interval and can last
for several days.

systematically studied over a period of several
years at a floodplain site of the Upper Rhine. The
aim of this investigation was to carry out in situ
flow velocity measurements during entire flood
events to obtain information about the evolution
of hydraulics under different and natural conditions and to understand under which circumstances erosion and sedimentation take place at
typical riparian vegetation sites.
The results of measurements for the year 2005
are given for this sample site. Particular importance is attached to describing and comparing the
temporal and spatial variations of flow velocity
and its intensity at different water levels for an entire flood event, across the entire water column
and at a later date between different events. The
analysis of the recorded data sets from 2005 primarily refers to the shape and values of measured
curves and concentrates on two main aspects: (1)
the changes of the flow field between the rising
and falling stages of a flood event, (2) the differences between the open flow field of grassland
compared with the densely vegetated riparian
woodland.
1.3 Study area
The study area is located at a silted groin field of
the Upper Rhine in south-western Germany between Basel and Breisach (Fig. 1). The site was
chosen because its structure and proximity to the
river allowed the interaction between flow field,

Figure 2. Topography and location of ADCPs (oriented
map, vertical exaggeration: 1.5).

According to the distribution of vegetation types,
the lower part of the floodplain can be subdivided
into two areas. The first is located close to the
main stream and is dominated by riparian woodland, namely 20-year-old non-rigid willows. The
herb layer is a mixture of different types of grass
and herbs. The morphology of this zone is dominated by small and steep ridges stretching from
south to north. The second area between the willow belt and the upper inundation level is mainly
covered by grass and herbs (Phalaris arundinacea,

Figure 1. Location of the study area (white circle) at the
Rhine catchment (data source: EEA Copenhagen 2010).

morphology and vegetation to be studied in situ.
Because of the demands of shipping and energy
production the Upper Rhine is divided into the
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Urtica dioica). Occasional spots at the up- and
downstream borders of the site are dominated by
trees and bushes. After the convex transition from
the upper grassland the morphology gently slopes
towards the woodland. At the southern part a
small water-bearing pool was formed. Both lower
zones have been surveyed by velocity measurements.

mote-controlled Acoustic Doppler Current Profilers of the ADCP Workhorse Sentinel type (1228
KHz; RD Instruments).
This setup has been running since 2001 and
values are permanently recorded over the year.
Every 15 minutes around 1400 measurements are
averaged, yielding high-quality data and eliminating noise and extreme values due to turbulence.
The vertical profile is divided into 10 cm segments termed BIN. The initial blanking distance is
66 cm above ground level. Water velocity and
various other parameters are measured at each
segment.

2 METHODS
Two locations with relatively similar morphologies and topographies were chosen for flow field
measurements (Fig. 2 and Fig. 3). In the following, the location at the riparian woodland zone
will be referred to as field site 1 and the location
of the lower grassland zone as field site 2.

1

Figure 4. Lower grassland, location No.2 with bottommounted ADCP (southward view).

2

Figure 3. Study area (black framed) at mean discharge of 30
m³/s; (aerial photo is not oriented; black arrow labels the
northward flowing stream; black circles tag both positions
of stationary, bottom-mounted ADCPs (site 1, riparian
woodland; site2, riparian grassland).

Field site 1 is located nearshore at an elevation between 196 and 197 metres and is dominated by
non-rigid willow trees and a layer of herbaceous
plants (Figures 3 and 5). The canopy height varies
between 2-12 metres. Depending on the flood
event, the grove is partly or completely submerged and, owing to the high elasticity of the
tree crowns, changes its habitus depending on
flow and water level (Oplatka 1998, Gerstgraser
2000, Rauch et al. 2005).
Field site 2 is similar in location and elevation
to site 1, but it is 35 metres closer to the embankment and its vegetation mainly consists of Urtica
dioica and Phalaris arundinacea with no woody
plants (Figures 3-4). Whereas site 1 is located on
the lee side of the willows, site 2 has an open
channel structure permitting free flow.
This setup ensures that the impact of the main
channel is low and that typical floodplain flow
fields can be detected, and enables a comparative
analysis and assessment of both sites (Fig.3). Both
sites are equipped with bottom-mounted and re-

Figure 5. Riparian woodland, location No.1 Study area at
mean discharge (northward view in flow direction).

Figure 6. Study area at a discharge of > 1800 m³/s (northward view in flow direction).
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Hartheim gauge (stream-km 214.2) occurred at
16:36 on 23 Aug. 2005. The subsequent sinking
limb is about as steep as the rising limb of the
flood. At about 11:00 on 24 Aug. 2005 the wave
began to flatten and remained constant at just
above one metre for a relatively long time before
it finally ended at about 3 Sept. 2005.The entire
flood lasted 13 days, of which 3 displayed a sharp
rise with a double maximum and a rapid fall and
the remaining 10 days a long and gently falling
limb of the flood hydrograph. The August flood
was the only notable event in 2005, but it already
counts as one of the biggest events since the survey started in 2001.
The flow velocities at both sites show the characteristic pattern of highest values occurring with
rising water level and towards the water surface.
The complete data sets are not displayed, but selected profiles are given in the following section
in table 1 and in figures 8-13. At site 2 the highest
velocities of 1.3-1.5 m/s occur in the upper third
of the water body. As expected, velocities decrease to values of 1 m/s and fall to about 0.7 m/s
in the lower third. Below 1 m depth velocities fall
even further and reach levels of less than 0.5 m/s.
After 60 hours velocities are less than 0.5 m/s and
falling steadily. The trend is similar at site 1, but
velocities never reach the levels of site 2. The
highest levels of almost under 1 m/s were reached
with the second maximum close to 4 metres in the
upper third of the water column. The velocities at
sites 1 and 2 converge only after 60 hours, the
values within the willow grove (site 1) always remaining lower and strongly tending towards 0
m/s.

3 RESULTS
3.1 Flood frequency and profiling times during
the study period
The water depths from December 2004 to December 2005 were determined for the Hartheim study
site (stream-km 210.5) on the basis of 15-minute
gauge data from Neuenburg gauge (stream-km
199.5) and Hartheim (stream-km 214.2) provided
by the Wasser- und Schifffahrtsamt Freiburg (Fig.
7). During the study period the water level gradients were between 0.86 and 1.05 ‰ and averaged
0.90 ‰. The study area was inundated by four
smaller floods in mid-February, late April, early
and late May, and the biggest flood from late August to early September. A common feature of all
events is a steeply rising flood hydrograph. Only
the analysed August flood – with a max. level
over 200.5 m a.s.l. and a peak discharge of over
2100 m³/s – inundated the entire study site and its
elevated ridges for a lengthy period and reached
as far as the lower embankment. In 2005 the willow belt was flooded at levels between 196.6 and
197.2 m a.s.l. for 300-400 hours. Field sites 1 and
2 are also located within this area (Fig. 2 and 3).

3.3 Scheme of results for selected profiling times

Figure 7. Calculated gauge data study site Hartheim, Dec.
2004- Dec. 2005 (left: water level [m a.s.l.], the lower continuous line shows the lower inundation level of the riparian
woodland zone, the upper line marks the lower inundation
level of the upper grassland zone; both lines marked by arrows; data base: gauge Neuenburg & Hartheim).

This section addresses the vertical profiles of flow
velocity during the rising and falling limb of the
flood hydrograph. The following diagrams (Figures 8-13; abscissa, velocity [mm/s]; ordinate, water level [m]) show selected vertical velocity profiles from field site 1 (riparian woodland zone)
and field site 2 (lower grassland zone). The water
depth is related to the surface of the floodplain location of the ADCP sites; the heights of surfaces
are similar.
The selection begins at time 1 with the rising
water level before the first peak of inundation
(Fig. 8 and Fig. 11; t1-t3). Figs 9 and 12 display
the later stage beyond the first maximum towards
the first minimum (t4-t7). The data set is completed with the section between the second maximum and the falling limb of the hydrograph till a
water level of 1.4 metres (Fig. 10 and Fig. 13; t8t12). Table 1 gives the corresponding ensemble
number, dates, times and statistical values for se-

3.2 Evolution of August 2005 flood event
The flood wave approached at the field site at
about 06:00 on 22 Aug. 2005 (the first signals
were recorded at ensemble 3530) with a very
steep water-level rise. A first maximum with a
water level of 3.5 metres on the floodplain was
reached at 23:06 on 22 Aug. 2005. The first
minimum occurred at 6:51 on 23 Aug. 2005 with
a water level of approximately 3 metres, i.e. 24
hours after the onset. A second maximum of almost 3.8 metres at the Hartheim floodplain and a
peak discharge of more than 2100 m³/s at the
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almost similar to t7 at the falling stage. Although
t5 and t7 are measured at the same water level of 3
metres, both profiles vary in type. After the first
flood peak the increase of flow velocity up to the
water surface reaches 700 mm/s; at t5 only 400
mm/s were approached. In addition, comparison
of the lower and upper profile sections of t6 and t7
(0.7 to 2.7 metres and upwards of 2.7 metres)
shows for the upper section a situation that seems
to be on a constant level of 700 mm/s, the increase
is almost zero. However the flow field of the
lower section is characterised by a linear increase
of the velocity. With rising stage up to the second
maximum, the slope of the curve decreases
weakly, thus the range between bottom and top
expands. In contrast to the lower section with values still remaining at a very low level (>110
mm/s), close to the water surface the velocity increases from 681 to 812 mm/s. The average shows
also its topmost value with 781 mm/s. As already
mentioned above, the curves stay almost linear until the minimum after the first flood peak (see t6t7). In contrast to that, the shape of the flow field
describes a more typical logarithmic form from
the second peak on. The water body of the lower
segments up to 2 metres is accelerated, a nonuniform flow field has been formed, whereas

lected flood times for site 1 and 2. The distribution for the curves of Fig. 8 to Fig. 13 varies significantly. In general it can be described by different linear or more complex log functions.
3.4 Results for selected profiling times – riparian
woodland site

Woodland (site 1, Figures 8-10): The single
means of the selected profiles vary between 65
and 781 mm/s (average of sum t1-t12: 300 mm/s).
The minimum and maximum are reached at t12
(10 mm/s, falling water level after the second peak
of inundation) and at t8 (979 mm/s, second flood
peak), respectively. On average the lowest values
are always close to the floodplain surface (73
mm/s) and the highest values are situated close to
the water surface (468 mm/s). Thus the lower
segment of the flow field (Tab. 1, bottom values)
shows significant low and constant values between 30 and 108 mm/s. The uppermost values
(Tab. 1, top values) are reached close to the water
surface (101 – 882 mm/s). With some exceptions
the sampled top data are almost congruent with
the max. values, whereas the bottom flow data are
almost always higher than the min. flow values.
Between time 1 and time 3 (rising stage) the
distribution is almost stable on a low level for the
Table 1. Selected data of site 1 and 2 for time series t1-t12
measured velocity data of the woodland zone (site
(resulting velocities of x,y,z)
1). The extreme values fluctuate between 27 and
199 mm/s, the average values Statistics of velocity data sets 08 2005
Riparian woodland zone RWZ - site 1
Riparian grassland zone RGZ - site 2
range between 65 and 107
mm/s. From t1 up to t3 with a
Flow velocities
[mm/s] Flow velocities
[mm/s]
water level of 2 metres, the Profile
RWZ RGZ Mean Min Max Std Bottom
Top Mean Min Max Std Bottom
Top
Nr
flow field is attenuated by the
t1 Profile Data Ensemble Number =
3532 3532
107 38 190 63
38
146
118 18 239 95
239
31
vegetation at a very low but
First Ensemble Date = 05/08/22
First Ensemble Time = 07:06:31.80
constant level; hence – and
t2 Profile Data Ensemble Number =
3535 3535
65 27 104 26
46
101
38 11 115 31
115
24
First Ensemble Date = 05/08/22
compared with later situations First Ensemble Time = 07:51:31.80
a steep curve and only a narrow
t3 Profile Data Ensemble Number =
3542 3542
94 28 199 44
94
199
122 24 280 79
74
280
First Ensemble Date = 05/08/22
margin are formed between the
First Ensemble Time = 09:36:31.80
t4 Profile Data Ensemble Number =
3558 3558
150 13 296 92
108
296
458 103 792 229
103
792
lower and upper values of the
First Ensemble Date = 05/08/22
water column, which vary beFirst Ensemble Time = 13:36:31.80
t5 Profile Data Ensemble Number =
3571 3571
207 31 424 133
83
424
854 264 1168 299
264 1155
tween 38 and 199 mm/s (Fig.
First Ensemble Date = 05/08/22
First Ensemble Time = 16:51:31.80
8).
t6 Profile Data Ensemble Number =
3594 3594
462 47 758 257
63
725
969 274 1289 290
274 1283
With continuing inundation
First Ensemble Date = 05/08/22
First Ensemble Time = 22:36:31.80
(Fig. 9, t4-t7) the curve alters
t7 Profile Data Ensemble Number =
3627 3627
396 30 701 244
30
681
966 304 1236 264
304 1236
towards a more linear form,
First Ensemble Date = 05/08/23
First Ensemble Time = 06:51:31.80
characterised by a greater vet8 Profile Data Ensemble Number =
3666 3666
781 107 979 230
107
882 1125 378 1413 269
378 1407
First Ensemble Date = 05/08/23
locity range between the lowest
First Ensemble Time = 16:36:31.80
and highest parts of the water
t9 Profile Data Ensemble Number =
3692 3680
593 80 824 254
80
812
975 324 1262 264
324 1262
First Ensemble Date = 05/08/23
column. At the lowermost depth
First Ensemble Time = 20:41:17.44
t10 Profile Data Ensemble Number =
3705 3705
449 61 713 229
72
685
743 204 979 232
204
974
cells (0.75 m) all profiles show
First Ensemble Date = 05/08/24
the same pattern but with a
First Ensemble Time = 02:56:17.44
t11 Profile Data Ensemble Number =
3735 3735
205 39 412 137
79
412
458 110 684 182
110
684
stant low flow beneath 110
First Ensemble Date = 05/08/24
First Ensemble Time = 10:26:17.44
mm/s. The range of the stages
t12 Profile Data Ensemble Number =
3780 3780
94 10 258 85
72
258
90 19 165 47
19
165
t4 and t5 is quite similar,
First Ensemble Date = 05/08/24
First Ensemble Time = 21:41:17.44
whereas the range of t6 (3.50
300 43 488 150
73
468
576 169 802 190
201
774
metres) differs from t5 but is t1-t12 Magnitude [mm/s]; mean values
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Figure 11. Flow velocity at riparian grassland, progression
before the first flood peak.

Figure 8. Flow velocity at riparian woodland, progression
before the first flood peak.
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Figure 12. Flow velocity at riparian grassland, progression
during rising and falling stages of the first flood peak.

Figure 9. Flow velocity at riparian woodland, progression
during rising and falling stages of the first flood peak.
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Figure 10. Flow velocity at riparian woodland, progression
during falling stage of the second flood peak (v max. = 979
mm/s).

Figure 13. Flow velocity at riparian grassland, progression
during falling stage of the second flood peak (v max. = 1413
mm/s).

the flow field at the upper section still remains at a
very constant, uniform level and oscillates around
900 mm/s. The weak rise is almost linear up to the
water surface and shows marked similarities to
time t6 and t7. From that second maximum on, the
mean values decrease from 781 to 94 mm/s (t8t12). Until t10 these flow characteristics do not
change. Again, the flow above the level of 2 metres stays almost constant, and beneath that level
the non-uniform flow field remains unaffected.
The curve of t11 and t12 becomes more linear
again but remains at a higher level compared with
the situation at t3 (Fig.10). As regards vertical velocity distribution after t7, the vertical profile
therefore divides into an upper and a lower section

at a level of 2 metres and with regard to the time
series up to and after t7 the flow field changes
from a linear to a more logarithmic form with an
almost constant low velocity close to the floodplain level and expanding values beneath the water surface.
3.5 Results for selected profiling times – riparian
grassland site
Grassland (Figures 11-13; site 2): The single
means of the selected profiles vary between 38
and 1125 mm/s (average of sum t1-t12 576 mm/s).
The minimum and maximum are reached at t2 (11
mm/s, rising water level before the first peak of
inundation) and at t8 (1413 mm/s, second flood
peak), respectively. On average the lowest values
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values of site 1 is analogous to site 2. It results for
site 2 in an increase of average velocity of 44%
with regard to site 1 (1125 mm/s versus 781
mm/s), and 16% in relation to t7 (1125 mm/s versus 916 mm/s). At the falling limb of the hydrograph (Fig. 13), the log profiles are almost consistent till t10; only the absolute values decrease at
all segments of the water column. From t10 to t12
the curve of function becomes more linear. The
mean values drop from 975 mm/s at t9 to 458
mm/s at t11. They are almost identical for site 1
and 2 at around 90 mm/s at t12. The top values
shift from 1262 mm/s over 684 to 165 mm/s (bottom: 324 over 110 to 19 mm/s). With the exception of t12 and in contrast to site 1, the flow velocities at all segments of site 2 are remarkably
higher. As already specified for site 1 the velocity
distribution between the onset and end of the
flood (t2 versus t12) is completely different (Fig.
11 and 13).
The mean values at the non-wooded site 2 vary
between 38 and 1125 mm/s; in general they alternate at the riparian woodland (site 1) between 65
and 593 mm/s (Table 1). Thus the flow rate at site
1 is between 9% and 76% lower, and the biggest
difference of mean flow velocity is reached
shortly before the first flood peak at t5 (207 mm/s
at site 1 versus 854 mm/s at site 2). Comparing
site 1 with site 2 this leads to an average of 50%
lower flow rate at the riparian woodland site for
the entire flood event 2005 (t1-t12). If only the
flood peaks are considered (t6, t8), the difference
between site 1 and the grass-grown site 2 ranges
between 52 and 31%. It can also be demonstrated
for both sites that the mean flow rate at comparable water levels has always increased after the
second flood peak. In addition, the mean flow rate
at site 2 always exceeds that at site 1.

are always situated close to the floodplain surface
(201 mm/s), whereas the highest values can be located close to the water surface (774 mm/s). The
lower segment of the flow field (Tab. 1, bottom
values) shows values oscillating between 19 and
378 mm/s. Also the uppermost values of the single
profiles (Tab. 1, top values), which are mostly
reached close to the water surface, vary between
24 and 1407 mm/s. With some exceptions they are
congruent with the min. and max. values. In comparison to site 1 all values of site 2 (mean, min.,
max., bottom and top) are significantly higher at
all flooding stages.
The flow field of t1–t3 shows mean values between 38 and 122 mm/s, with a min. of 11 and a
max. value of 280 mm/s. Until t2 it is characterised by higher velocities close to the ground and
inside the grass layer (between 115-239 mm/s)
compared with the upper profile sections. The
slope of the curves is steep and negative and the
range is low. From t3 onwards, the curve is modified towards a more linear shape. It seems to be
analogous to the situation at the woodland site 1.
With rising water level (Fig. 12) up till t4 (2.5
metres), the flow field becomes almost uniform
with a linear vertical flow distribution and reaches
a mean of 458 mm/s (150 mm/s at site 1).
Whereas the bottom values turn out to be very
similar at both locations (103 versus 108 mm/s),
the top values vary significantly between site 1
and 2 (296 / 792 mm/s). The vertical distribution
of the flow velocity has altered at t5 towards a
more typical log profile. And at all segments of
the profile the flow has increased. Compared to
site 1 the slope of curve is less steep and the range
between bottom and top of the grassland zone is
more than twice as high. Also the min. and max.
values of site 2 (min. 264 m/s, max. 1168 mm/s)
are eight and two times higher, respectively. The
lowest values are reached close to the bottom, the
highest values of 1155 mm/s close to the water
surface. It results in a four times higher mean of
854 mm/s at site 2. As already mentioned the
curves of t5 and t7 vary significantly at site 1.
This cannot be observed at site 2, where the values increase slightly, but in general the vertical
distribution remains almost equal. At site 1 almost
all profiles are characterised by a more or less linear curve progression. On the contrary, at site 2
this kind of progression changes after t4 towards a
logarithmic one (t5-t7).
With the second peak (t8) the absolute maximum of 1413 mm/s is gained close to the top. It is
more than 60% higher compared with the absolute
maximum of site 1, the min. value is three times
higher. Bottom and top values are almost congruent to the min. and max. values, this applies also
to site 1. Thus the relationship of bottom and top

4 DISCUSSION AND CONCLUSION
This study describes the flow characteristics of a
densely wooded and a grass-covered floodplain at
the Upper Rhine by field data of a long-term
monitoring. The analysed data sets were recorded
during a summer flood in August 2005. The profiles t1-t12 (Figures 8-13) represent a selection of
different inundation levels at vertical steps of 0.5
metres at the rising and falling limbs of the flood
hydrograph. Each profile is assembled by measuring cells ordered along the water column above
the bottom-mounted ADCPs. Every single cell is
10 cm in height.
The analysis of the data sets indicates distinct
differences of the vertical velocity distribution between both sites and at several points in time. In
principle, at almost all stages of the flood event of
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It is well established that the longitudinal water
level gradient respectively the slope and the run of
the discharge curve of a flood are the driving
forces, which determine the hydraulic boundary
conditions for the initial flow field characteristics
at a certain point of the river and the floodplain
during floods. These initial flow field characteristics are modified by the kind of vegetation structure and the resistance properties of the vegetation
itself. This could be demonstrated by the comparison of the riparian woodland and grassland field
site. Furthermore the interaction between vegetation, flow depth and flow field cannot be described by one single function as the characteristics change depending on the period, amplitude
and season of the flood event and the properties of
the vegetation.
Our field data showed that the riparian woodland has a remarkable effect on the flow field during all stages of flooding. It has the strongest impact on the flow field at the beginning of the
measured flood. With ongoing inundation, especially at the subsequent limb of the hydrograph,
this effect diminishes. Although the flow resistance of the woodland site seems to decrease with
ongoing flooding, the flow velocity at the floodplain is significantly affected if both data sets of
site 1 and 2 are compared directly. The hydraulic
response of a floodplain differs distinctly depending on the maximum level of inundation, how
many peaks occurred and how long a flooding
will last at a certain water level. The crucial point
is that it results in a distinct variation of vegetation resistances and thus in overall different velocity profiles.
The recorded data sets may give a deeper insight into hydraulic processes of vegetated floodplains under natural boundary conditions. They
serve as a contribution to adjust, verify and enhance the hitherto well-elaborated numerical and
physical models (Wilson et al. 2007). In addition,
already existing models of the investigation area
can be compared with the results of that field survey (e.g. Yoshida and Dittrich 2002, Helmiö
2005). Both the ongoing development of models
and further field surveys are necessary to promote
plans and measures to restore floodplains and to
designate new flood retention areas.

August 2005, the distribution of the curves vary
(1) between the sites, (2) at each individual site at
the same water level before and after the flood
peaks, and (3) at different stages of the flood
event for each site. Since the flow field at site 2 is
only affected by the grass layer, the different flow
characteristics of site 1 must be caused simply by
the flow resistance of the willows.
In general, the relationship of flow velocity as
a function of water depth can be characterised by
a linear increase up to a water level of 2.5 metres.
With continuing flooding and further ascending
and descending water level, the distribution of the
curves can be better described by different kind of
log functions for both sites. Whereas at site 2 the
typical log profiles increase smoothly, at site 1 the
values reach an almost constant value at 2 metres
height. Thus it can be demonstrated that the upper
profile sections at site 1 are obviously affected by
the canopy layer of the riparian woodland zone.
One more decisive point is that the range between bottom and top and the distribution of the
curves at the same water level differ significantly
from each other before and after the peak of flooding. In general the velocity range is higher and the
slope of curve is less steep after the second flood
peak. As the gradient of the water table is lower at
the falling stage of the hydrograph (~0.95 ‰ before the first peak –with a maximum of 1.05 ‰versus ~0.90 ‰ after the second peak) this behaviour is due to the changed resistance of the canopy
layer. The resistance of the vegetation alters remarkably the velocity distribution at least twice at
site 1. This can be clearly demonstrated by a comparison of the situation t5, t7 and t9 (Fig. 9 and
10; water level 3 metres). These changes do not
follow one single distribution, but can rather be
described by different linear and log functions; the
distribution of the curves depends on the point in
time and the maximum water level. Site 2 does
not show these characteristics.
As a result of our observations during and after
single flood events and in reference to the obtained results, it can be argued that the different
vertical flow field characteristics are determined
by: (1) the amplitude and number of peaks of the
flood event, (2) the declining flow resistance of
the grass layer, (3) the increasing compression of
the canopy layer, (4) and an irreversible deformation of the canopy layer, in the kind of bending or
breaking of more rigid branches (and also the
blade of grass) from a certain water level on (>
2.5 metres for the woodland site). Some of these
issues have already been discussed, for instance
by Fathi-Maghadam and Kouwen (1997), Oplatka
(1998), Copeland (2000), Gerstgraser (2000),
Järvelä (2002), Järvelä (2003) and Rauch (2005).
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Simultaneous Measurements of Concentration and Velocity with
Combined PIV and planar LIF in Vegetated Open-Channel Flows
Taka-aki Okamoto, Iehisa Nezu & Aki Katayama

Department of Civil Engineering, Kyoto University, Kyoto 615-8540, Japan

ABSTRACT: Aquatic plants reduce suspended sediment transport because of the local reduction in bed
shear stress. Therefore, it is very important for river environment to reveal the mass and momentum exchanges near the vegetation zone. Turbulent diffusion mechanisms in emergent vegetated flows have recently been investigated by many researchers. However, the effect of the submerged vegetation on the
scalar flux has not been fully investigated. So, continuous dye injection experiments were conducted to
evaluate the vertical mass transport in open-channel flow with rigid vegetation models by changing the
vegetation density. In the present study, a combination technique between PIV and planar laser-induced
fluorescence (LIF) was developed by using two sets of CMOS cameras, to measure the instantaneous velocity and the instantaneous concentration field simultaneously.
Keywords: LIF, PIV, Simultaneous measurements, Submerged vegetation, Vertical scalar flux
and examined the effect of bed roughness on a
chemical plume. They revealed that the concentration fluctuation intensity is smaller and decreases
faster as the bed roughness increases.
On the other hand, turbulence structure and
transport mechanism of momentum and mass in
the vegetated flows have been investigated in the
past decades. Gao et al. (1988) have proposed a
ramp-jump structure and humidity within and
above a terrestrial canopy by using triaxial sonic
anemometers and thermometer. They revealed
that coherent structures consisted of a weak ejection from the canopy top followed by a strong
sweep into the canopy.
Ghisalberti & Nepf (2005) conducted continuous dye injection experiments to characterize
vertical mass transport in submerged vegetation
flow. Through the absorbance-concentration relationship of the Beer Lambert law, a digital imaging was used to provide high-resolution concentration profiles of the dye plumes. They suggested
that vertical mass transport has the strong periodicity and coherent vortices of the shear layer
dominate the turbulent diffusion.
Reidenbach et al. (2007) have measured finescale mixing and mass transport within a coral canopy by using planar LIF. They showed that the
action of surface waves, interacting with the struc-

1 INTRODUCTION
Aquatic plants are fundamental components of a
natural water environment in rivers and wetlands.
Submerged vegetation generates coherent turbulent motions near the vegetation edge and reduces
suspended sediment transport because of the local
reduction in bed shear stress. It is therefore important for river management to investigate hydrodynamic characteristics and coherent eddies in openchannel flows with vegetation canopies. In recent
years, the measuring techniques of PIV and planar
laser induced fluorescence (LIF) are extensively
used to investigate the mixing processes.
For example, Chen & Jirka (1999) have measured the instantaneous concentration field in shallow jet flows by LIF. They revealed the overall
meandering of the plane jet and the role of largescale turbulence structure in the mixing processes.
Crimaldi & Koseff (2001) measured the spatial
and temporal structure of an odor plume in turbulent flows by two kinds of LIF techniques, i.e.,
full-field planar LIF and single-point LIF probe.
The results showed a wide range of turbulent
structures in detail; the nature of the structure varied significantly in the different regions of plume.
Rahman & Webster (2005) conducted planar
LIF measurements in turbulent open-channel flow
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Table1 Hydraulic condition
Case

Φ
Φ

H(cm)

R1
R2
R3

0.0
0.015
0.061

15.0

h (cm)

H/h

-

-

5.0

1.0

Ar-ion Laser

H
Vegetation elements

High-speed
CCD camera
CMOS
for PIV

LLS

Nozzle

H
y

Lv

Flow
V

U

z

Sharp cut-off
filter

x

W

Control
computer

High-speed
CCD camera
CMOS
for LIF
Pulse
generator

Figure 1 Experimental set-up
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Figure 2 Flow zone model in vegetated open-channel flow

water depth and h is the vegetation height.
Bv and Lv are the neighboring vegetation spacings in the spanwise and streamwise directions,
respectively. The elements of vegetation model
were made of rigid-strip plates (h=50mm height,
b=8mm width and t=1mm thickness) in the same
manner as conducted in laboratory experiments by
Nezu & Sanjou (2008). The time-averaged velocity components in each direction are defined as
U , V and W , and the corresponding turbulent
fluctuations are u, v and w , respectively.
c~ (t ) ≡ C + c(t ) is the instantaneous dye concentration, which is defined in the same manner as
velocity components.
In the present study, a combination technique
between PIV and laser-induced fluorescence (LIF)
was developed by using two sets of CMOS cameras (1024 × 1024 pixels), to measure the instantaneous velocity components (u~, v~ ) and the instantaneous concentration c~ simultaneously. The
2mm thickness laser-light sheet (LLS) was generated by 3W Argon-ion laser. The illuminated flow
pictures were taken by two sets of high-speed
cameras with 500Hz frame-rate and 60s sampling
time. The instantaneous velocity components
(u~, v~ ) on the x-y plane were analyzed by the PIV
algorithm for the whole flow depth region. These
PIV methods are the same as used previously by
Nezu & Sanjou (2008).
The
instantaneous
concentration
field
c~ ( x, y ) was quantified by using the planar LIF
technique. Dye (Rhodamine B) was injected
through a 3mm diameter stainless nozzle. The

ture of the reef, could increase instantaneous shear
and mixing up to six times compared to that of
non-conditional flow.
Jamali et al. (2008) conducted LIF measurements to investigate the exchange flow due to the
temperature differences between the vegetation
and non-vegetation zones. They suggested that
the magnitude of the exchange rate decreases as
the canopy drag increases.
However, these above-mentioned previous studies do not offer the detailed information of turbulent diffusion mechanism, because it has been difficult to measure the velocity and concentration
fluctuations simultaneously. In the present study,
a combination technique between PIV and LIF
was developed by using two sets of high-speed
cameras to measure the instantaneous velocity and
instantaneous concentration field simultaneously.
Of particular significance is that that the synchronicity allows the direct computation of scalar flux
and velocity. Consequently, effects of coherent
vortices on scalar flux were examined in detail.
2 EXPERIMENTAL METHOD
2.1 Experimental setup and vegetation model
The experimental setup and the coordinate system
are indicated in Figure 1. The present experiments
were conducted in a 10m long and 40cm wide tilting flume. x, y and z are the streamwise, vertical
and spanwise coordinates, respectively. H is the
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dye-injection velocity was adjusted to match the
local flow velocity U. The dye absorbed the green
laser light and reemitted light with the different
longer wavelengths. Under appropriate conditions,
the light intensity emitted by the dye is directly
proportional to the dye concentration and laser
light intensity. Consequently, the planar concentration field c~ ( x, y, t ) is calculated from the captured images by one CMOS camera (for LIF), using a relevant calibration function.
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1

2.2 Hydraulic condition

0.5

Table 1 shows the hydraulic condition. The bulk
mean velocity U m and the submergence depth H/h
were kept constant for all cases, i.e.,
U m = 12 cm/s and H/h=3.0. Two kinds of experiments were conducted by changing the vegetation
density Φ and the vertical position of the nozzle
tip y 0 . In this study, the vegetation density Φ is
defined as follows:
Φ=

∑Ab
i

i i

S ⋅h

= ab
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Mixing− layer zone (hp ≤ y ≤ hlog)
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change contributes largely to the momentum
transfer between over- and the within-canopies, as
discussed by Raupach et al. (1996) for terrestrial
canopy, and by Nezu & Sanjou (2008) for aquatic
canopy. hlog is the lower limit position of the Loglaw zone, in which turbulence characteristics are
analogous to those of boundary layers.

(1)

⎫
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⎪
⎭

0.5

0.015

Figure 3 Mean velocity and Reynolds stress

in which, Ai is the frontal area of the vegetation element, bi is the vegetation-element width
and S is the referred bed area.
In the present study, the nozzle tip position
was changed to examine the turbulent diffusion
properties in all three sub-zones of the vegetated
open-channel flow, as shown in Figure 2
Nepf & Vivoni (2000) and Poggi et al.(2004)
have pointed out that the whole depth region in
submerged vegetation flow could be classified into several layers on the basis of the vertical profiles of mean streamwise velocity and Reynolds
stress. Nezu & Sanjou (2008) found that the submerged rigid canopy flow can be divided into the
following three sub-zones on the basis of previous
experimental results.

Wake zone (0 ≤ y ≤ hp )

0

○
○

3

RESULTS

3.1 Mean flow
Before examinations of the concentration field, it
is very important to examine the mean-flow and
turbulence characteristics in vegetated openchannel flows. Figure 3 shows the vertical distributions of the time-averaged and space- (horizontal) averaged (i.e. double-averaged) streamwise
velocity U and Reynolds stress − uv for submerged vegetation density ( Φ =0.015, 0.061).
These values are normalized by the mean velocity
at the vegetation-edge U h and the friction velocity U * , respectively. The value of U * was evaluated as the peak of − uv in the same way as
conducted by Nezu & Sanjou (2008). Near the top
of the vegetation (y/h=1.0), both the local velocity
U ( y ) and its gradient ∂U ∂y increase rapidly,
which induces a strong shear layer and a significant inflection-point instability, as pointed by
many researchers.
It should be noticed that the value of − uv attains maximum near the vegetation edge, i.e.,
y/h=1.0. The Reynolds stress decays rapidly in the
canopy layer (y/h<1) and becomes negligibly
small near the channel bed. Figure 3 also shows
that the values of Reynolds stress decrease with an
increase of the vegetation density Φ .

(2)

h p is the penetration depth defined by Nepf &
Vivoni (2000) and hlog is the lower limit of the
log-law zone defined by Nezu & Sanjou (2008).
In the Wake zone (0 ≤ y ≤ hp), the vertical turbulent momentum transport is negligibly small due
to the strong wake effects behind vegetation
stems, i.e. the Karman vortex appears predominately. In the Mixing-layer zone (hp ≤ y ≤ hlog), a
large-scale coherent vortex is generated near the
vegetation edge due to the inflection-point instability and consequently, the vertical turbulent ex489
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layer) and b1 / 2 − (lower one) as well as the trajectory of the maximum concentration C max are also
included in Figure 4. It is found clearly that the
plume evolves downstream and the half-valuewidths b1 / 2 + and b1 / 2 − increase linearly along
the x-axis, which is consistent with the experiments of Webster et al. (2003).
Figure 5 compares the half-value-width
b1 / 2 + and b1 / 2 − at x / Lv =2.0 for Φ =0.0, 0.015
and 0.061. Both of b1 / 2 + and b1 / 2 − become larger
at y 0 / h =0.6 and 1.0, i.e., in the Mixing-layer
zone, for Φ =0.015 and 0.061. The vertical turbulent diffusion is smaller at y 0 / h =0.2, i.e., in the
Wake zone and y 0 / h =2.4, i.e., in the Log-law
zone. In contrast, for the Smooth flat bed (no vegetation, Φ =0.0), the values of b1 / 2 + and b1 / 2 −
are negligibly small, irrespective of the nozzle tip
position of y 0 / h . This implies that in submerged
vegetation flows, a large-scale coherent vortex is
generated near the vegetation edge due to the inflection-point instability (Figure 3) and the vertical turbulent exchange contributes largely to the
scalar transport in the Mixing-layer zone. These
results are in good agreement with Nepf & Vivoni
(2000) and Nezu & Sanjou (2008).
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Figure 4 Contours of time-averaged concentration

3.2 Time-averaged concentration
Figure 4 shows the contour lines of the timeC ( x, y ) for
averaged dye concentration
Φ =0.061 (dense canopy). The nozzle tip positions are y 0 / h = 0.2 (Wake zone), 1.0 (Mixinglayer zone) and 2.0 (Log-law zone). The contour
values are normalized by the mean concentration
at the nozzle tip C 0 . To evaluate the vertical turbulent diffusion quantitatively, the streamwise
variations of the half-value-width b1 / 2 + (upper
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3.3 Instantaneous velocity and concentration
field

It is also observed that b1 / 2 + and b1 / 2 − for
Φ =0.061 (dense canopy) are greater than those
for Φ =0.015 (sparse canopy) and Φ =0.0
(smooth bed). Nezu & Sanjou (2008) pointed out
that the strong shear layer appears near the vegetation edge for dense canopies. Ghisalberti & Nepf
(2005) also demonstrated that the dense canopies
would generate vortices with a greater rotational
speed and that the higher rates of rotation would
result in a more rapid flushing in the canopy layer.
Therefore, it is recognized that the large distributions of the dye concentration are mixed rapidly
due to the strong shear layer for Φ =0.061.
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Figure 6 shows the time-series of instantaneous
velocity vectors (u~, v~ ) by PIV and the corresponding instantaneous concentration field c~ ( x, y, t )
by LIF. At t = 0.0s, a sweep motion is observed
below the canopy top. The dye concentration is
transported into the canopy layer. At t = 6.0-7.0s,
an ejection motion appears and the high value of
concentration is observed above the vegetation
edge. At t = 12.0-13.0s, the sweep motion appears again near the vegetation top.
Figure 7 shows some examples of the instantaneous velocity vectors (u~, v~ ) , which were ob-
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1.5

tion is transported downward (v < 0 ) by the
sweep motion. At t=4.8(s), an ejection motion is
observed and causes the local increase of the concentration above the canopy. At t=7.5(s), the ejection motion is transported downstream and the
other sweep motion appears at the upstream side.
The individual filaments of the dye concentration
are observed clearly and the highly intermittent
nature of the plume is exhibited, which is consistent with Rahman & Webster (2005). These images also show that the locally-high distributions
of dye concentration correspond well to these coherent structure zones.
These results provide more evidence that the
large-scale coherent motions dominate the vertical
mass and momentum transport in vegetated flows.
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Figure 10 Contour of conditional sampling concentration

3.4 Conditional analysis

tained by PIV. The contours indicate the magnitude of turbulent fluctuations u (x,y,t) for the
streamwise velocity component. Figure 8 shows
the contours of the instantaneous Reynolds stress
–u(t)v(t) at the same time. It is recognized that
large values of the instantaneous Reynolds stress
are located near the vegetation edge and these locally-high distributions of Reynolds stress correspond well to ejection and sweep motions of Figure
7. These results imply that the coherent motions
govern the momentum transfer near the canopies
significantly. These noticeable features for submerged canopies are in good agreement with Nezu
& Sanjou (2008).
Figure 9 shows the corresponding simultaneous
concentration field c( x, y, t ) measured by LIF.
Figure 9 reveals the high spatial variability of the
instantaneous concentration field. At t=0.0(s), a
sweep motion, i.e., the downward vectors, appears
near the vegetation edge. It is observed that the
large distribution of the instantaneous concentra-

To examine the effects of the coherent motions on
the vertical turbulent diffusion quantitatively, quadrant analyses were performed. Figure 10 (b) and
(c) show the contours of the concentration C E and
C S at y 0 / h =1.0 for φ =0.061 (dense canopy)
by using conditional sampling of the Ejection motion (u<0, v>0) and the Sweep motion (u>0, v<0),
respectively. The contour of the time-averaged
concentration (non-conditional) C is also included
for comparison in Figure 10(a). It is evident from
Figure 10 (b) that C E has the peak value above
the vegetation edge and the values of C E are
larger than C (non-conditional) over the canopy.
This implies that the high-value of the dye concentration is transported to the above-canopy layer
by the Ejection motion, which is consistent with
Figs.4 and 5. Whereas, C S becomes larger than
C below the vegetation edge and the Sweep motion transports the dye concentration into the within-canopy layer.
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consistent with Figure 10. These results reveal
that the large distributions of the dye concentration are mixed more rapidly within the canopy due
to the stronger wake effects behind vegetation
stems, and consequently, the peak value of C S
decreases more significantly in the within-canopy
layers.
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Figure 13 Vertical distribution of conditional sampling turbulent scalar flux ( φ =0.061)

Figure 11 shows the vertical distributions of
the concentration C E and C S at y 0 / h =1.0 for
Φ =0.061 by using conditional sampling of the
Ejections and Sweeps. To exclude the lessorganized motion, a threshold level H, so-called
the ‘hole-value’ is used. The values of the concentration C E ( H = 1) and C S ( H = 1) are greater than
those of C E ( H = 0) and C S ( H = 0) . This indicates that much organized Sweep and Ejection
motions would transport larger-values of the dye
concentration.
It is also observed that the value of C S decreases more rapidly than that of C E , which is
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Of particular significance in this study is the turbulent scalar flux of a passive tracer. The PIV-LIF
measurements afford us to calculate the local covariance between the concentration and velocity
fluctuations, − uc and − vc . Figure 12 shows
the turbulent scalar flux − uc and − vc for dense
( Φ =0.061) and sparse ( Φ =0.015) canopies. The
RMS values of the streamwise velocity, u’, and
the concentration, c’, are used to normalize the
flux quantities. The turbulent flux − uc has the
positive values and − vc has the negative values
above the vegetation edge (y/h>1.0). The large
peak values of − uc and − vc are located in the
over-canopy region. This indicates that the high
distribution of concentration (c>0) is transported
upward by the ejection motion (u<0, v>0). In contrast, − uc have the negative values within the
canopy layer, which implies that the sweep motion (u>0, v<0) transports the dye concentration
into the canopy layer (c>0).
It should be noticed that the values of the turbulent scalar flux − uc and − vc are greater for
dense canopy than for sparse canopy, which is

consistent with Figure 5. These results reveal that
the strong shear layer near the vegetation edge generates the large-scale coherent vortices for dense
canopy and larger distributions of the dye concentration are transported toward the over- and within-canopies more significantly.
Figure 13 shows the vertical distribution of
turbulent scalar flux − uc at x / Lv =2.0 for dense
canopy ( Φ =0.061) by using conditional sampling
of the Ejections and Sweeps. The bulk mean velocity Um and the time-averaged concentration C
are used to normalize the flux quantities. The turbulent scalar flux − uc Sweep has the larger positive
values within the canopy layer than the
− uc Non −conditional , whereas the values of − uc Ejection
become larger above the vegetation edge
(y/h=1.2-2.0).
Vertical penetration of turbulent scalar flux into the canopy is a measure of a region within the
canopy, which actively exchanges mass. The extent of this region may be defined as the point
within the canopy at which the turbulent scalar
flux − uc becomes negligibly small. In Figure 13,
δ c is the penetration thickness of turbulent scalar
flux. δ c (Sweep) is significantly larger than
δ c (Non-conditional). This implies that the Sweep
motions dominate the vertical penetration of scalar flux into the canopy. This conclusion is supported by the conditional sampling concentration
(Figure 11).

above-canopy and the within-canopy regions
by ejection and sweep motions, respectively.
3. The PIV-LIF measurements afford us to calculate the local covariance between concentration and velocity fluctuations. The values of
the turbulent scalar flux are greater for dense
canopy than those for sparse canopy. These
results reveal that the strong shear layer near
the vegetation edge generates the large-scale
coherent vortices for dense canopy and larger
distributions of the dye concentration are
transported toward the over- and within- canopies more significantly.
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4 CONCLUSIONS
This study conducted PIV & LIF measurements to
reveal the effects of the submerged vegetation on
scalar flux in open-channel flows with rigid vegetations. The nozzle tip position was changed to
examine the turbulent diffusion properties in all
three sub-zones of the vegetated open-channel
flow.
The significant results obtained in this study are
as follows:
1. The half-value-width becomes larger in the
mixing-layer zone and the vertical diffusion is
smaller in the wake zone and in the log-law
zone. This implies that a large-scale coherent
vortex is generated near the vegetation edge
and the vertical turbulent exchange contributes
largely to the scalar transport in the mixinglayer zone.
2. On the basis of LIF&PIV data, the effect of the
coherent motion on mass transport was examined quantitatively. The conditional analysis reveals that the large distributions of dye
concentration are transported toward the
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Space-time correlation and momentum exchanges in compound openchannel flow by simultaneous measurements of two-sets of ADVs
M. Sanjou, I. Nezu & K. Itai
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ABSTRACT: Compound open-channel flows are often observed in rivers in flood. These complex flows
are highlighted in fundamental hydraulics as well as river engineering because they have various functions such as preventing water disaster, valuable open-spaces for aquatic lives and ecosystems. Recently,
several highly-accurate turbulence measurements have been conducted with a two-component laser
Doppler anemometer (LDA) and PIV, and they offer very valuable database of observed turbulent structures. However, all three components of large-scale flume data are not available as yet, because most of
turbulence measurements of LDA and PIV were limited for miniature size flumes, in which the flume
width was smaller than about 60cm. So, in the present study, 3D turbulence measurements with recently
available acoustic Doppler velocimetry (ADV) were conducted in a 150cm wide large-scale compound
channel flume. Furthermore, in this study, simultaneous measurements of two sets of ADV probes were
also carried out in order to reveal space correlation properties of velocity fluctuations between the mainchannel and the floodplain.
Keywords: Compound open-channel flows, Turbulence structure, Space correlation and simultaneous
measurements by two sets of ADVs
1 INTRODUCTION

a depth-averaged analytical solution including the effects of secondary currents, and evaluated the lateral
profiles of the apparent shear stress in large-scale
compound flume. A possibility of measuring turbulent
structures in compound open-channel flows has been
opened up relatively recently with the development of
non-intrusive measurement devices such as laser
Doppler anemometer (LDA) and particle image velocimetry (PIV). Tominaga & Nezu (1991) have conducted accurate turbulence measurements in compound
open-channel flows with a two-component LDA, and
they revealed the cross-sectional distributions of primary velocity and secondary currents and proposed a
generation mechanism of the apparent shear stress. The
flow-visualization measurements such as PIV enable
us to reveal horizontal vortex associated with shear instability near the junction region. The horizontal vortex was first identified by Sellin (1964), who conducted classical type flow visualization using
powdered aluminum. New digital PIV techniques can
evaluate the generation and transport mechanism,
along with their periodicity and scale length. Nezu et
al. (1999) revealed that a twin-vortex structure, which
consists of counter-rotating vortex pairs, appears as

Compound open-channel flow is one of two-stage
flows, that is to say, it is composed of main-channel
and floodplains. Particularly, such complex flows are
often observed in natural rivers in flood. Ikeda &
McEwan (2009) have reviewed previous studies on the
significant properties and sedimentation in compound
open-channel flows. Many studies pointed out that coherent horizontal vortices appear with a constant spacing in the streamwise direction. These are generated by
a shear instability associated with the velocity differences between the main-channel and floodplains in the
similar mechanism to coherent vortices in mixing layers. Recently, several highly accurate turbulence measurements have been conducted with laser Doppler
anemometer (LDA) and PIV, and they offer very valuable database of observed turbulent structures and coherent vortices. These vortices enhance mass and momentum exchanges significantly between the highspeed main-channel flow and the low-speed floodplain
flow. Thus, such compound open-channel flows have
been studied intensively in river environment and hydraulic engineering. Shiono & Knight (1991) proposed
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Table 1 Hydraulic condition
Q (l/s) U m (cm/s)
63.0
15
8.4
35

H (cm)
40
8

D (cm)
20
4
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2
2
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60
20
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Furthermore, in this study, simultaneous measurements
of two sets of ADV probes were also conducted in order to reveal space correlation properties of velocity
fluctuations between the main-channel and the floodplain.

water depth reaches 1.5 times the height of the floodplain. Nezu et al. (2004) further developed a dual-layer
PIV system, in which different elevations of laser light
sheet (LLS) were generated using a combination of
three plane mirrors, and they revealed the convection
properties in depth-varying unsteady compound channel flow. Meandering compound open-channel flow is
also a one of high interesting topics in river engineering and flood mitigation. There are complicated distributions of mean velocity and turbulence components
in these flows. In particular, significant cross-sectional
secondary currents and horizontal vortices are generated due to an interaction between meandering in-bank
main-channel flow and straight overbank floodplain
flow. Recently Sanjou & Nezu (2009) conducted 3D
PIV analysis to reveal instantaneous flow structures on
horizontal planes located at different elevations simultaneously. In particular, they examined an interaction
between turbulence structure in meandering compound
open-channel flows.
However, all three components of velocity are not
available as yet in large-scale open-channel flows, because most with turbulence measurements of LDA and
PIV were limited for miniature size flumes, in which
the flume width was about smaller than 60cm. These
measured data are also needed to examine the calculation accuracy of above-mentioned computational simulations. So, in the present study, 3D turbulence measurements with recently available acoustic Doppler
velocimetry (ADV) were conducted in a 150cm wide
middle-scale compound channel flume which has just
been constructed in our new Hydraulics Laboratory.

2 EXPERIMENTAL PROCEDURE
2.1 Experimental setup
Figure 1 shows the present measurement setup and
coordinate system, in which a 150cm wide middlescale compound channel flume was used. The flume
length is 10m and bed slope is 1/10000. The 20cm
height acrylic boxes were set on the left-hand-side of
the channel flume as a floodplain. B is the channel
width, B f is the floodplain width, Bm is the mainchannel width, H is the water depth, and D is the
height of the floodplain. x is the streamwise, y is
the vertical and z is the spanwise coordinates. The
origins of coordinates are x=0 at the channel entrance,
y=0 at the flume bed and z=0 at the junction, respectively. The time-averaged velocity components in each
direction are defined as U , V , W and the turbulence
components are defined as u , v , w , respectively.
Turbulence measurements were conducted by ADV
(Sontek, micro ADV) and PIV. The ADV probe was
traversed in the spanwise and vertical directions to obtain the cross-sectional distributions of mean velocity
and turbulence components. Time-series of all three
components of velocity were recorded simultaneously
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structure in the middle-size compound flume, we chosen the present hydraulic condition which has same
geometry as the accurate previous LDA data base. The
present results will be useful for benchmark tests of the
numerical simulations. In near future, another depth
cases will be measured.

(a) down-looking 3D probe

(a) Sontek

向 3D

ロー

3 RESULTS AND DISCUSSIONS
3.1 Cross-sectional distribution of streamwise
velocity

Sontek 横向
ロー
(b) side-looking
2D2Dprobe

Figure 3 shows the distribution of time-averaged
streamwise velocity U measured by ADV, which is
normalized by maximum velocity U max . There are
significant differences in streamwise velocity between
the main-channel and floodplain. Consequently, the
spanwise gradient of mean velocity ∂U / ∂z is formed
significantly near the junction, and thus it is suggested
that horizontal vortices may be generated periodically
due to the inflection point, e.g., see Nezu et al.(1999).
In the junction zone between the main-channel and
floodplain, one can see a bulge feature of streamwise
velocity from junction edge toward the main-channel
fee-surface. Such a bulge property is peculiar to secondary currents, as pointed out by many previous studies.

Figure 2. ADV probes of micro ADV (Sontek made) (a)
down-looking 3D type and (b) side-looking 2D type

using 3D down-looking ADV probe (Figure 2a) which
was traversed more than 5cm away from the freesurface. 2D side-looking ADV probe (Figure 2b) was
also used for the compensating measurements near the
free-surface. The noise and spike signals were removed by the wavelet method. As an advanced application, simultaneous measurements between the downlooking probe and the side-looking probe were conducted to reveal space correlation properties. A trigger
signal from a pulse generator realizes simultaneous
controls of two ADVs. The sampling rate was chosen
as 50 Hz and sampling time of one point measurement
is 60 sec.

3.2 Secondary currents
Figure 4 shows the time-averaged secondary currents
( V ,W ). The time-averaged vertical velocity components within the 5cm region from the free-surface
could not be measured, because the down-looking
probe cannot be operated in this region. So, the value
of V was evaluated from the following continuity
equation by using the measured data of U and
W near the free-surface.

2.2 Hydraulic condition

V=

The hydraulic condition is shown in Table 1, in
which LDA measurements conducted by Tominaga & Nezu (1991) were also included for comparison. The measuring section for ADV was 6m
downstream from the channel entrance. In this
study, the water depth was H=40cm, that is to say,
the relative water depth H / D = 2.0 , which is the
same value as LDA measurements. Of course, this
relative water depth is much larger and also the
aspect ratio is very low compared with the actual
rivers. The discharge Q was 63.0 l/s. The bulk-mean

∫

H

y

⎛ ∂U ∂W ⎞
+
⎜
⎟dy
∂z ⎠
⎝ ∂x

(1)

In the centerline ( z / Bm = −0.5) of the mainchannel, downflows are observed, and it causes the velocity dip, i.e., the maximum position of streamwise
velocity appeared below the free-surface, which is
marked as “x” in Figure 3. Of particular significance is
that a large-scale clockwise and counter-clockwise circulations appear in the floodplain and the mainchannel, respectively. These secondary currents form
in the same fashion as observed in rectangular openchannel flows. The maximum magnitude of secondary
currents, (V 2 + W 2 )1 / 2 , attains up to 4 % of U max ,
which is in good agreement with LDA data for smaller-scale flume

velocity, U m , was 15cm/s and the Reynolds number,
Re ≡ U m H / ν , was 6.0 × 10 4 in the present measurements. In this study, as a first step to study turbulence
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the near–wall layer, i.e., y + < 300 . It is noted that the
log-law used in flat open-channels could be applied to
even the junction region between the main-channel and
floodplain, and the same properties were observed in
both of the present ADV and LDA. These findings
imply that the log-law method can be applicable in
evaluation of friction velocity of compound openchannel flows.
Figure 6 shows the spanwise distributions of bedshear stress, τ b ≡ ρU *2 , in which LDA data were also
indicated for comparison. These results are normalized
by the spanwisely-averaged value, τ b . In the result of
LDA, the positive peak is observed in the mainchannel very near the junction. Local decrease appears
in the junction region. This is because the streamwise
velocity is comparatively small in this region. In the
floodplain near the junction, the downflows transport
the high-speed fluid toward the floodplain bed. The velocity gradient ∂U / ∂y becomes large in this region
as shown in Figure 3, and thus, the related bed-shear
stress increases. Consequently, such two peaks of bedshear stress appear in the main-channel and floodplain
regions, respectively. Same feature is seen in both of
the ADV and LDA data.
However, there are significant differences between
the results of the ADV (middle-size flume) and LDA
(small-size flume). The local decrease in the junction is
much larger in the ADV than in the LDA. But this reason is unclear. Further, the peak positions are closer to
the junction in the LDA results. This may be sidewall
effect of the small-channel.

B = 40cm
Bm = 20 cm
D = 4 cm

1.0 z/ Bm

Figure 4. Distributions of secondary-currents velocity vectors, (a) present ADV and (b) LDA measurements by Tominaga & Nezu (1991)

3.3 Distribution of bed shear stress
It is very important to reveal the properties of bedshear stress related to sediment transport and bed formation. Several methods are proposed for evaluating
the friction velocity. In this study, the log-law was applied, and the present results were compared with
those of Tominaga & Nezu (1991). Figure 5 shows the
streamwise velocity profiles normalized by the inner
variables at four different positions, i.e., (i) centerline
of main-channel, (ii) main-channel region near the
junction, (iii) floodplain region near the junction and
(iv) centerline of floodplain, in which, dashed line is
the log-law distribution given by
U + = 1 / κ ⋅ ln y + + A

y+

Figure 6. Spanwise distributions of bed-shear stress
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Figure 5. Sreamwise velocity profiles normalized by inner
variables

Figure 3. Distribution of streamwise velocity component
(“x” indicates the maximum velocity position)

y/ D

z / Bm = 0.12
(FP)

log-law

40

0.8 0.7
-0.4

60

(2)

in which, U + ≡ U / U * ， y + ≡ yU * /ν , κ = 0.412
and A = 5.29 . Except for the floodplain centerline, the
streamwise velocity decreases near the free-surface
compared with the log-law. This may be because secondary currents influence the streamwise velocity significantly. Of particular significance is that the velocity
profiles at all positions agree well with the log-law in
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hanced between the high-speed main-channel and the
low-speed floodplain flows.
The present ADV could measure even the secondary Reynolds stress − vw , the measurements of which
are quite difficult with LDA and ADV system. The
value of − vw becomes negative near the junction
region, and this seems to correspond to secondary currents as shown in Figure 4. The gradient of − vw appears in the vorticity equation associated with secondary currents. Therefore, in the future work, it is
expected that more detailed analysis allow us to reveal
the generation mechanism of secondary currents in
compound open-channel flows.
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Figure 7. Distribution of all Reynolds stresses, (a) − uv ,
(b) − uw and (c) − vw
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3.4 Cross-sectional properties of Reynolds stress
Figure 7 shows the distributions of all three components of Reynolds shear stress. Figures.7 (a), (b) and
(c) correspond to − uv , − uw and − vw , respectively. These values are normalized by the friction velocity
U * . It should be noticed that − uv becomes positive
near the main-channel bed and it decreases in the vertical direction. This tendency is similar to that observed in rectangular open-channel flows. This suggests that momentum transfer is promoted in the
vertical direction near the bed. In contrast, negative
values are observed near the free-surface. This is because the velocity gradient dU/dy is negative due to
the velocity dip phenomena as shown in Figure 3.
The spanwise Reynolds stress − uw means the
momentum exchanges on the horizontal plane. In the
sidewall regions of the floodplain, negative distribution is observed corresponding to the sign of the spanwise velocity gradient dU/dz. Of particular significance is that the negative zone is accentuated near the
junction between the main-channel and floodplain, and
it is inferred from this result that horizontal vortices
may cause high production of Reynolds stress. Consequently, mass and momentum exchanges are en-
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■
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LDA data by Tominaga &
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1 z / B 1.5
m

Figure 8. Distributions of contribution terms related to apparent shear stress

3.5 Relation between secondary currents and
bed-shear stress
According to Nezu & Tominaga (1991), the depthintegration of streamwise momentum equation is reduced to the following equation.

τ b / ρ = gIex H ′ +

d
H' (T − J )
dz

(3)

in which, H ' is equal to be H in the mainchannel, whereas, H ' is to be ( H − D) over the
floodplain. τ b / ρ = (−uv+ν∂U / ∂y) y=0 is the bed-shear
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Figure 9 shows the distributions of contribution
terms related to the apparent stress in Eqs. (4) and
(5). The total value of the lower layer is negative
in z / Bm > −0.14 , and this suggests τ b decreases
near the junction between the main-channel and
the floodplain. Around z / Bm = −0.3 , the secondary-current contribution, J L , becomes large. In
contrast, at z / Bm = −0.2 , UV y = D has a positive
peak which means significant interactions between the upper and lower layers.

stress in the streamwise direction and I e is the energy
gradient.
T=

1
H

∫

H'

y1

− uwdy and J =

1
H

∫

H'

y1

UWdy

are contribution terms to apparent shear stress
generated by Reynolds stress (−uw) and secondary
currents (UW ) , respectively. y1 =0 in the mainchannel and y1 = D in the floodplain.
Figure 8(a) shows the spanwise distributions of the
apparent shear stress normalized by the spanwiselyaveraged friction velocity U * . The secondary current
term, J , has a positive peak near the junction, z = 0 ,
and decreases toward the main-channel and floodplain.
These tendencies near the junction for the present
ADV is very similar to those of LDA data. In contrast,
the Reynolds stress term, T, has a negative peak, although there are some discrepancies. This seems to
correspond to the generation of horizontal vortex induced by shear instability.
Figure 8(b) shows the distributions for the total of
two kinds of contributions, (T − J ) . The spanwise
gradient of (T − J ) corresponds to an apparent shear
stress. In the junction, negative peak appears in both
results of ADV and LDA. This implies that a large apparent shear stress is produced significantly, and these
features may be correlated with horizontal vortex formation. In near future, flow visualization such as PIV
is needed to examine the effects of horizontal vortex
on the shear stress near the junction between the mainchannel and floodplain.
In compound open-channel flows, vertical momentum exchanges are also important, and the two-layer
model proposed by Lin (1991) is examined in the followings. Depth-integration of momentum equation in
the upper layer ( y > D) over the floodplain height,
and one in the lower layer ( y < D) is reduced to the
following two-kinds of shallow water, respectively.

−UV y = D

τ
d
d
DTL − DJ L − UVy = D + D
dz
dz
ρ

ν∂U / ∂y y = D

-15

dd
DT
( H L' T )
dz
d(HT)d
dz
d
( H L' J )
−マイナス
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dz
dz
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Figure 9. Distribution of apparent shear stress using twolayer model

The total value of the upper layer has positive and
negative in the floodplain and main-channel near the
junction. It is found that the contribution of J U is
twice to four times as large as that of TU in the
floodplain region, 0 < z / Bm < 0.3 . This suggests
that secondary currents have more significant than the
turbulence for generation of bed-shear stress. The total
value in the main-channel region corresponds to the
shear stress between the upper and lower layers, and it
is found that UV y = D becomes large associated with
upward flow from the junction edge toward the mainchannel free-surface as shown in Figure 4. Of particular significance is that contributions of turbulence and
secondary currents varies in the spanwise direction related to the distributions of Reynolds stress and timeaveraged velocity components.

(4)

and

(upper layer y>D)
d H
d H
τD
= g(H − D)Iex + ∫ − uwdy − ∫ UWdy+UVy=D
dz D
dz D
ρ
= g(H − D)Iex +

-10

− uv y = D

(lower layer y<D)
τb
τ
d D
d D
= gDIe + ∫ − uwdy − ∫ UWdy− UVy = D + D
ρ
ρ
dz 0
dz 0
= gDIe +

Main-channel

5

dd ( H ' T )
dz DT L
dz
0
dd ( H ' J )
−
− dz DJ
L
dz
-5

層

(a) lower-layer

−2

× U * 10

d
d
(H − D)TU − (H − D)JU +UVy=D (5),
dz
dz

3.6 Relation between secondary currents and
bed-shear stress

in which τ D / ρ = (−uv + ν∂U / ∂y ) y = D means shear
stress in the boundary plane between the upper
and lower layers.

Secondary currents and turbulence influence the shear
stress significantly. In this section, the correlation
analysis was conducted to consider transport properties
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Figure 10. Cross-sectional distribution of correlation function, C ww “x” indicates the reference position.

that mean eddy scales are influenced strongly by the
secondary currents.

of turbulence and relation with secondary currents. Six
reference points, (a) to (f), were given as shown in
Figure 10, i.e., ( y / D, z / Bm ) = (1.7, 0.5), (1.7, 0),
(1.7, -0.5), (1.1, 0.5), (1.1, 0) and (1.1, -0.5). Figure 10
shows the distribution of space correlation function,
C ww , given by
C ww

( w( y, z ) − W ( y, z )) × ( w( y o , z o ) − W ( y o , z o ))
=
w' ( y, z ) × w' ( y o , z o )

4 CONCLUSIONS
In the present study, ADV measurements in middlescale compound open-channel flows. The ADV results
allowed us to consider statistical properties of mean
and turbulence components. The main results are as
follows.
1)It is recognized that typical secondary currents are
formed in near the junction in the same manner as
observed in many previous studies. The distribution
of streamwise velocity was influenced strongly by
secondary currents and thus the velocity dip phenomena appear in the main-channel.
2)It is found that Reynolds stress is generated significantly associated with the gradient of streamwise
velocity. In particular, the spanwise Reynolds stress
− uw corresponds well to the generation of horizontal vortex.
3)Depth-integration analysis allows us to understand
the relation between the secondary currents and turbulence and also the examine contribution properties
of them to generation the apparent shear stress.
4)Two layer model is very useful to understand the relation between the upper and lower layers in the
main-channel. Particularly, the spanwise features of
their interaction were examined quantitatively .
5)Simultaneous measurements with two sets of ADV
probes allow us to conduct correlation analysis of
velocity fluctuations, It was revealed that velocity
fluctuations are influenced strongly by secondary
currents.

(6)

in which, the over-bar means time-average operation.
It is found that (i)the spanwise diffusion is observed
more significantly than the vertical one in Figure
10(d), (ii) a bulge feature is observed from the junction
edge toward the free-surface of the main-channel in
Figure 10(e) and (iii) a bulge appears below the reference point in Figure 11(f). It is inferred that these tendencies are induced by secondary currents as shown in
Figure 3. In the results of (a), (b) and (c), C ww distributes more largely in the spanwise direction than in the
vertical one.
The ratio of spanwise length scale L z to vertical
one L y is defined as

Lz / L y ≡

∫

z2

z1

C ww dz /

∫

y2

y1

C ww dy

(7)

z1 and z 2 are the spanwise terminal positions of
the measured region. y1 = 0 and y 2 = 0.9 H . L z / L y
at reference points (a), (b) and (c) were 1.60, 1.39 and
1.46, respectively. These results suggest that mean eddy scale is larger in the spanwise direction than in the
vertical one. The value of (b) is the smallest because
large upflow promotes more significantly generation of
vertical mean eddy scale than that of spanwose mean
eddy scale. It is revealed from the correlation analysis
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ABSTRACT: This paper investigates flows in compound channels with geometries which lie in-between
purely prismatic and fully meandering channels cases, namely: skewed channel, symmetrically converging, and diverging channels. Experimental results from large sets of data produced by two research
groups (University of Birmingham, UK and Université catholique de Louvain, Belgium) are analyzed and
compared. Based on the water level, velocity and bed shear stress measurements, similarities in the flow
behaviour are observed: (1) increased head losses due to the mass and momentum transfer; (2) homogenization of the velocity on contracting floodplains; and (3) increased velocity gradient on the expanding
floodplains. Differences in the flow forcing from one subsection to another are also observed, resulting in
significant differences in the flow distribution between main channel and floodplains.
Keywords: Compound channels, Overbank flow, Skewed, Converging, Diverging channels
However, to date, there has been little investigation into the change between prismatic and fully
meandering channels. Such non-prismatic channels, including e.g. converging, diverging and
skewed geometries (Fig. 1), are relevant to both
researchers and engineers since the geometrical
transfer processes may be isolated more easily and
(2) such configurations may be encountered in
floodplain planning projects as frequently as meandering geometries.
This paper reviews a large part of the existing
experimental data for such non-prismatic channels, produced at the University of Birmingham
and the Université catholique de Louvain. In particular, skewed, converging and diverging channels with similar cross-sectional shapes are selected. The experimental setup and main results
are summarized. Finally, the flow in the different
geometries are finally analyzed and compared.

1 INTRODUCTION
Flow in compound channels is complex and characterized by the transfer of momentum between
the main channel and floodplain(s). This momentum transfer affects the total channel conveyance
and should be accounted for in any flood management or engineering project. Two main process
of momentum transfer may be identified: (1) a
turbulent exchange, linked to the shear layer development between the main channel and floodplain of a prismatic compound channel; and (2) a
geometrical transfer, linked to the mass and flow
exchanged between subsections, when the floodplain wetted area is no more constant (Bousmar &
Zech, 1999).
There has been much work carried out in prismatic compound channels, including the work in
the Flood Channel Facility, Wallingford, UK
(FCF) in the 1980’s and 1990’s (Knight &
Shiono, 1990). This resulted in an improved understanding of the turbulent processes in the shear
layer, and in improved modelling methods. Fully
meandering compound channels were also investigated in detail, in the FCF and at smaller scale
elsewhere (see e.g. Sellin et al., 1993; Spooner &
Shiono, 2002).

2 PREVIOUS WORK
James & Brown (1977) are believed to be the first
to investigate, in compound channels, the behaviour of flow when the floodplains are skewed. In
their work, three skew angles of 7.2°, 11.0° and
24.0° were examined. Their main findings were
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faces (PVC and coated plywood, respectively).
Although the bed slope in Birmingham flume is
twice the UCL one, these similarities enable easy
comparison for non-dimensional variables.

that the flow on the expanding floodplain accelerated whilst the flow on the converging floodplain
decelerated. In addition, the overall resistance to
the flow increased with the angle of skew.
Further skewed channel experiments were done
at the FCF (Elliott & Sellin, 1990), with angle of
2.1°, 5.1° and 9.2°, and in a smaller scale flume
by Ervine & Jasem (1995). This confirmed the reduced conveyance of a skewed compound channel, compared to a prismatic channel of similar
cross-section. Ervine and Jasem (1995) found that
the velocity in the main channel is approximately
constant or decreases slightly downstream, implying that a process of substitution occurs along the
channel, due to the cross-over flow.
Recently, Chlebek (2009) carried out a new
experimental campaign on skewed channel, producing much more detailed data sets than the previously existing ones. This particular data will be
used in this paper.
First experiments on converging compound
channels with symmetrically narrowing floodplains were performed by Bousmar (2002),
Bousmar et al. (2004a) and Rezaei & Knight
(2009). These experiments highlighted the geometrical momentum transfer and the associated
additional head loss. The Bousmar data set will
also be presented in detail below.
Proust et al. (2006) also investigated an asymmetric geometry with a more abrupt convergence.
Larger mass transfer and total head loss resulted
from the higher convergence angle (22°). The
analysis also showed that the head presented distinct evolutions in each subsection; the total head
within the main channel decreases faster than that
in the floodplain.
Lastly, Bousmar et al. (2006) investigated diverging compound channels, with symmetrically
enlarging floodplains, in a similar setup to converging channels experiments of 2002. This data
is also included in the analysis below.

Figure 1. Configuration of the experimental flumes: (a)
skewed; (b-c) converging; (d-e) diverging and (f-g) prismatic
Table 1. Experimental conditions.
Series(1) Geometry
Sk6 (2) Skew angle = 3.8°
(6 m skewed reach)
Cv6 (3) Converging angle = 3.8°
(6 m narrowing reach)

Q (l/s) for Dr = (4)
0.2 0.3 0.4 0.5
16.2 21.4 29.6 43.4
10.0 10.0
12.0

Cv2 (3) Converging angle = 11.3° 10.0 10.0
(2m narrowing reach)
12.0
Dv6 (3) Diverging angle = 3.8°
(6 m enlarging reach)

3 EXPERIMENTAL SETUP

Dv4 (3) Diverging angle = 5.7°
(4 m enlarging reach)

3.1 Experimental program overview
The present paper associates data collected in two
experimental flumes located at (1) the University
of Birmingham, Birmingham, UK; and (2) the
Université catholique de Louvain (UCL), Louvain-la-Neuve, Belgium. Brief details relating to
both of these flumes are presented below.
Both flumes have quite similar cross-section,
with a main-channel width and depth around
400mm and 50mm respectively, and two symmetrical floodplains 400mm wide. Also, main channel
and floodplains in both flumes have smooth sur-

PrS (3)

12.0 12.0
16.0
20.0
12.0 12.0
16.0
20.0
9.9 13.4

12.0
16.0
20.0
12.0
16.0
20.0
16.0
20.0
16.0
20.0
27.6

Prismatic, symmetric
(2 floodplains 200 mm)
PrA (2) Prismatic,g asymmetric
18.0 21.0 30.1 43.8
(1 floodplain 400 mm)
(1)
Cv: converging, Dv: diverging, Sk: skewed, Pr: prismatic,
A: asymmetric, S: symmetric, 2/4/6: transition length in m
(2)
University of Birmingham flume;
(3)
UCL flume
(4)
For Cv and Dv series, at mid-section, where floodplain
width equals 200 mm.
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As detailed in Table 1, work the Birmingham
flume focused on a skewed channel geometry,
with a non-prismatic section 6 m long (Fig. 1a). In
this geometry, one floodplain width reduces,
while the other increases. The total cross-section
area remains almost constant, and a quasi-uniform
flow is obtained.

plains (Rezaei, 2006) and skewed floodplains
(Chlebek, 2009).
All of the experiments were carried out with
rigid boundaries. The non-prismatic geometries
were built using movable vertical walls on the
floodplains (Fig. 2). The length of the upstream
prismatic reach (Fig. 1a, g) was sufficient to ensure complete flow development.
Discharges were measured using a Dall tube, a
Venturi meter and an Electromagnetic flow meter.
Both local and depth averaged velocities were
measured with a mini-propeller meter together
with boundary shear stress (using a Preston and
Pitot Tube arrangement).
In the non-prismatic sections, the channel had a
total of 6 measuring sections; one at the start of
the transition, three intermediate sections, one at
the end and one 1m downstream of the end of the
transition (Fig 1a).
Surface water level data was taken at regular
intervals along the entire length of the flume using
a pointer gauge, which was fixed onto an instrument carriage which could be read to 0.1 mm. In
the skewed channel experiments, the normal depth
was set upstream of the transition by adjusting the
three tailgates. The actual relative depths corresponding to the discharges listed in Table 1 were
fixed to Dr = 0.205, 0.313, 0.415 and 0.514.
Further details on the measuring instruments,
procedures, and full data results may be found in
Atabay (2001), Rezaei (2006) and Chlebek
(2009).

Figure 2. Photograph of the University of Birmingham’s
experimental flume with a skewed geometry

The experiments in the UCL flume focused on
symmetrically converging (Fig. 1b-c) or diverging
(Fig. 1d-e) floodplains. In these geometries, the
cross-section area is not constant and as such uniform flow is not obtained. The concept of relative
depth, Dr, will be used throughout this paper and
is defined as:
Dr = (H – h)/H

(1)

where H = total flow depth in main channel; and
h = bank full depth. Each flume had a tailgate
which was adjusted to ensure that Dr could be
fixed at given values in the mid-section, where
both floodplains have the same width of 200 mm.
This enables comparison of the flow structure in a
similar cross-section, with the similar flow depth,
for different geometries.
Ancillary experiments where performed in reference prismatic geometries (Fig. 1f-g), corresponding either to the mid-section quoted above
or to the entrance/outlet section of the skewed geometry.
In the subsequent sections, the experimental
cases will be named with a three position label
SSS/DD/QQ, where SSS = Series code as defined
in Table 1; DD = relative flow depth Dr; and
QQ = discharge (l/s).

3.3 Université Catholique de Louvain flume
The UCL tilting flume has a total usable length of
10 m. The useable width equals 1.2 m which includes a 400 mm wide main channel (50 mm
deep) and two floodplains each 400 mm wide. The
bed slope was fixed at 0.99 x 10-3. This flume has
been used to study notably converging (Bousmar,
2002; Bousmar et al., 2004a) and diverging geometries (Bousmar et al., 2006).
Again, non-prismatic sections were built using
movable vertical walls. As the upstream length
was not sufficient to ensure proper flow development and discharge distribution between subsections, the upstream tank was separated into three
parts to control the actual flow distribution between main channel and floodplains (Bousmar et
al. 2005).
Discharges were measured using an Electromagnetic flow meter. Water levels and local velocities were recorded using an automated point
gauge and a Pitot tube connected to a differential
pressure sensor, respectively. The velocity direction was recorded using a micro-vane. All those
instruments were mounted on an automatic dis-

3.2 University of Birmingham flume
The University of Birmingham flume has a total
length of 18 m, a depth of 400 mm and a 398 mm
wide main channel which is 50 mm deep (Fig. 2).
There are two floodplains which are each 398 mm
wide. The flume has a bed slope of 2.003 x 10-3.
This flume has been used to study a number of
possible channel configurations including prismatic channels with symmetrical or asymmetrical
floodplains (Atabay, 2001), non prismatic flood505

placement trolley. Additional surface velocity data
were recorded using digital imagery. Measurement sections are located on Figure 1b-e.
Further details on the measurement instruments
and procedures, and full data results may be found
in Bousmar (2002), Bousmar et al. (2004a, 2004b,
2006).
0.8

X = 19 m
X = 22 m
X = 25 m
X = 26 m

0.7
Velocity U (m/s)

depth downstream. The rising water level has a
marked effect on the velocity data.
Figure 3 shows typical depth-integrated velocity profiles. From these data the following observations were made:
− The maximum velocity moves from the centreline (where the velocity reaches a maximum in
prismatic channels) to a location left of the centreline in the direction of skew.
− The velocities in the left hand floodplain (the
receiving floodplain) are always greater than
those on the right hand floodplain (the giving
floodplain). Velocity on the left floodplain is
up to 0.17 m/s greater than on the right one.
However, as the water depth increases the difference between the right and left floodplains
lessens.
− The velocity peaks slightly on the receiving
floodplain at the interface between the main
channel and floodplain. At this location, the
peak is approximately 50 % larger than mean
velocity on the left floodplain. Conversely, the
velocity dips at the interface of the right/giving
floodplain and main channel.
− The average velocity in the channel decreases
through the transition due to the increasing water level caused by the increasing lateral mixing. The section average velocity decreases by
approximately 0.04 m/s between X = 19 m and
X = 26 m regardless of experiment.
− Using the velocity data, the discharge in each
zone (floodplains and main channel) of the
channel was estimated (see Fig. 13). Generally,
the percentage of area in the main channel
tends to be lower than the corresponding discharge. Conversely, in the floodplains, the percentage of area tends to be greater than the percentage discharge. As the depth increased
(Dr > 0.313), the agreement between the percentage area and discharge increases.
Figure 4 shows typical boundary shear stress distribution, which was measured indirectly using
Preston tubes. This data is useful for a number of
reasons. In the context of the current work it: (1)
enables force balances along the channel to be examined; (2) provides excellent data for the calibration of numerical models and (3) can indicate
the location of secondary flow cells. Examining
this data, it can be observed that there is a peak at
the interface of the main channel and left hand
floodplain. The peak at this location can be up to
twice that of the section average boundary shear
stress for the lowest flow depth (Dr = 0.205). At
the highest flow depth (Dr = 0.514), the peak approximately equals the section mean. This peak
appears as it is located in a particularly turbulent
region were the floodplain is receiving cross-over
flows.

0.6
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0.4
0.3
Direction of skew

0.2
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0.2
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Figure 3. Sk6/03/21: Lateral distributions of streamwise
depth-integrated velocity, at different cross-sections
Boundary shear stress τb (N/m2)

1.2
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X = 22 m
X = 25 m
X = 26 m
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0.4

Direction of skew

0.2
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0
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0.8
Position Y (m)

1

1.2

Figure 4. Sk6/02/16: Boundary shear stress distribution

4 KEY FINDINGS
4.1 Skewed channels
The skewed channel geometries, Sk6, were studied in detail by Chlebek (2009) and Chlebek &
Knight (2008).
Using the stage-discharge data for the Sk6 series, a line of best fit was obtained mathematically
in the form of a simple power function:
H = 0.5587 Q0.5325

(2)

When compared to the asymmetric prismatic
channel data (PrA series), the flow resistance is
found to be slightly higher in the skewed channel.
This highlights the effect of flow and momentum
transfer between subsections.
It was found that water level variations
throughout the transition were highly non-linear
(see Fig. 10). The water surface profile followed
that of the bed slope until the skewed transition
begins. At the start of the transition, the water
depth rises over the length of the 6 m skewed
transition before coming back towards the normal
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4.2 Converging channel

50

The converging channel geometries Cv6 and Cv2
were studied in detail by Bousmar (2002) and
Bousmar et al. (2004a).
Typical water surface profiles for Cv2 and Cv6
series are shown on Figure 10. Before entering the
non-prismatic section, a M1 water profile is observed, as the flow accumulate potential energy to
pass the contraction. In the non-prismatic section,
the flow accelerates strongly, resulting in a plunging water profile.
Figures 5 & 6 show typical depth-averaged
streamwise velocity profiles. From these data the
following observations were made:
− Due to the acceleration, the mean velocity increases in the downstream direction.
− Due to the convergence, the velocity is almost
constant across the whole floodplain width.
There is no velocity increase near the interface,
as usually observed in the shear layer of a
prismatic compound channel.
− Analysis of instantaneous surface velocity
fields revealed that the large vortices with vertical axis observed in the shear layer of a prismatic compound channel are washed out in the
converging section (Bousmar et al., 2004b)
− When the relative flow depth increases, the velocity profile becomes flatter, with a floodplain
velocity almost equal to the main-channel one
at Dr = 0.5.
− For a given flow depth in the mid-section
(X = 5 m), the normalized velocity profile is
similar for different discharges, and also for
different converging angles.

Ud (m/s)

Ud/Q (1/m2)

20

0
0.0

0.1

0.2

0.3
0.4
Position Y (m)

0.5

0.6

Figure 6. Cv2 & Cv6 series: Lateral distribution of depthaveraged velocity, normalized by the discharge, in the midsection (X = 5 m)

Figure 7. Schematic view of the flow structure in a converging compound channel.
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0.60
0.50

Cv2/02/10
Cv6/02/10
Cv2/03/10
Cv6/05/20
Cv6/05/12

40

0.20

0.40
0.60
0.80
Position Y (m)

1.00

1.20

Figure 8. Dv4/03/16: Lateral distributions of streamwise
depth-integrated velocity, at different cross-sections
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0.00
0.0

0.1

0.2

0.3

0.4

0.5
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Figure 5. Cv2/03/12: Lateral distributions of streamwise
depth-integrated velocity, at different cross-sections (half
section)

The flow structure was summarized as depicted
on Figure 7: (1) a transverse current is generated
from the floodplain to the main channel due to the
narrowing floodplains; (2) as these currents enter
the main channel, they plunge towards the channel
bottom; and (3) helical flows results in the inbank
part of the main channel.

Figure 9. Dv4/05/20: Depth-averaged velocity field, obtained from digital imaging (velocity labels in m/s)

The momentum balance analysis of the converging flows highlighted the significant momentum transfer associated with the mass transfer
through the interface. Additional head losses due
to these transfers were found in some cases to be
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equal to the friction losses in a prismatic case with
the same cross-section and discharge.

Xr = (X – Xmid-section) / L
where L = length of the non-prismatic reach.

4.3 Diverging channel

5.1 Surface water profiles

The diverging channel geometries Dv6 and Dv4
were studied in detail by Bousmar et al. (2006).
Contrary to the converging cases, the water
profiles in the diverging geometries are found to
rise in downstream direction, due to the deceleration (Fig. 10).
Figure 8 shows typical depth-averaged
streamwise velocity profiles. From these data the
following observations were made:
− Due to the deceleration, the mean velocity decreases in downstream direction.
− The velocity presents a very strong gradient on
the whole floodplain width, with values close
to zero along the lateral bank, and values close
to the main-channel ones at the interface.
− There is a significant difference in the flow distribution between left and right floodplains. As
illustrated in Figure 9, the flow presents strong
instabilities due to its expansion. For the larger
discharges, like the one depicted, some recirculation areas may even be observed along the
floodplain banks.
− Due to these instabilities, the similarity between the normalized velocity profile at different discharges for a given flow depth in the
mid-section (X = 5 m) is less clear than in the
converging cases.
Momentum and energy balance analysis again revealed increased head losses in the non-prismatic
reach. Moreover, the local specific energy was
found to evolve in a different way between the
main channel and the floodplain, where is it even
found to increase along a significant part of the
non-prismatic section.

Figure 10 shows a selection of water surface profiles, measured for the different geometries and
flow depth. The different flow behaviours depicted in the previous sections are clearly identifiable.
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Figure 10. Water surface profiles for selected cases. Dr =
0.3 and 0.5. The non-prismatic sections are located in the
segment Xr = [-0.5, 0.5]

The flow depth slightly increases along the
non-prismatic section for the skewed channel Sk6.
The diverging channel (Dv4 & Dv6) also shows
increasing flow depth, preceded in this case in the
upstream prismatic section by a strong decrease
(M2 profile). In some cases, for the larger discharges, the flow conditions were close to critical
flow just at the entrance of the enlarging section.
Strong surface perturbations (with quite stable
waves) are observed in this area.
For the converging geometries (Cv2 & Cv6)
plunging flow in the non-prismatic section was
observed and the water profile is smoother than
for the diverging cases. Similarities between the
flow conditions for different converging angle are
again notable (see e.g. Cv6/03/12 & Cv2/03/12).

5 COMPARISON BETWEEN SKEWED AND
CONVERGING/DIVERGING CHANNELS
Although the geometries of skewed and converging/diverging channels are quite different, there
are a number of key sections and locations which
can be directly compared, such as the midsection.
Since the discharges involved in the skewed,
converging and diverging channels differed, they
will be compared by using similar relative depth
values, namely (1) Dr = 0.2, 0.3 and 0.5; (2) nondimensional velocity (Ur):
Ur = Ud / Um

(4)

(3)

5.2 Velocity

where Ud = depth-averaged velocity; and Um =
cross-section-averaged velocity; and (3) nondimensional position (Xr) defined as:

Figure 11 shows non-dimensional velocity Ur distribution in the mid-section for various geome508

to be larger than in the prismatic reference case:
as the water is flowing from the main channel, it
enters the floodplain with the main channel
streamwise velocity. The mean velocity is larger
in the skewed channel Sk6 than in the diverging
channel Dv4. This is probably due to the forcing
of the flow by the convergence on the other floodplain of the skewed channel, whereas in the diverging channel, no forcing controls the flow expansion.
Figure 12 shows the velocity profiles at the
outlet of the skewed channel Sk6, compared to the
profiles in the asymmetric prismatic channel PrA.
Observations are very similar to those for the
enlarging floodplain in the mid-section: the velocity at the interface is much larger for the skewed
channel than in the prismatic case; then it decreases linearly towards the bank.

tries, and different flow depths. For legibility,
only one profile is shown for each series, taking
benefit of the similarity properties demonstrated
earlier.
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5.3 Discharge distribution
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The evolution along the channel length of the discharge distribution between subsections was estimated from the velocity distribution for all cases.
Figure 13 shows the evolution of this distribution for selected cases at Dr = 0.5. Similar evolution is observed for almost all cases in a same series, excepted for the Dv4 series, where the lack
of symmetry of the flow causes some unevenness.
On the converging floodplain (right), the discharge ratio evolution is rather similar between
the converging Cv6 and skewed Sk6 channels,
with a quasi-linear evolution. On the diverging
floodplain (left), the discharge in the skewed
channel Sk6 is found to grow faster and more
linearly than in the diverging channel Dv6. This
results from the forcing of the flow by the converging floodplain in the skewed case.
Figure 14 summarizes discharge distribution at
mid-section for most of the investigated cases at
Dr = 0.3. In agreement with the analysis of the velocity distribution, the floodplain discharge is
found slightly larger in the converging cases Cv6
& Cv2 than in the prismatic cases PrS. As already
pointed out, this is probably due to the flow obstruction resulting from the contraction. In the diverging cases Dv6, the discharge is lower, due to
the flow expansion and to the absence of forcing.
In the skewed channel Sk6, the discharge on
the expanding floodplain (left) is larger than in the
prismatic case, as a result of the flow forcing by
the contraction of the right floodplain. On the
other hand, the contracting floodplain presents a
lower discharge, as it is not obstructed.
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Figure 11. Non-dimensional velocity distribution for selected flow cases, in the mid-section. Dr =0.2, and 0.5

In the main channel, the mean velocity is almost the same for the prismatic PrS, skewed Sk6,
and converging geometries Cv2 & Cv6. The
skewed channel velocity profile is however less
symmetrical, with its peak clearly shifted towards
its enlarging floodplain (Y < 0.4 m). Also, the diverging channel Dv4 profile present larger velocities in the main channel, related to the lower values on its floodplains.
The converging floodplains (Cv2, Cv6 and
right side of Sk6) present a flatter profile than the
prismatic channel PrS. This is related to the convergence of the flow which tends to ensure the velocity distribution becomes more uniform. The
mean floodplain velocity in the converging channel is larger than in the prismatic channel, itself
larger than in the skewed channel. This is believed
to be related to the obstruction effect in the symmetrically converging channel, where all of the
flow is forced to accelerate, whereas it can freely
expand on the enlarging floodplain in the skewed
channel.
On the enlarging floodplain (Dv4 and left side
of Sk6), the velocity profile present an almost linear transition between a maximum velocity at the
interface and a minimum velocity at the left bank
(Y = 0.2 m). This minimum velocity is almost
equal to zero for the diverging channel case Dv4.
In both cases, the velocity at the interface is found
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served in prismatic geometries near the interface
with the main channel completely vanishes. On
the expanding floodplains, the shear layer also
disappears and is replaced by a linear velocity distribution, between a maximum at the interface,
close to the main-channel velocity, and a minimum at the floodplain bank.
Some discrepancies are also pointed out. The
floodplain discharge measured in symmetrically
converging channels is larger than on the contracting floodplain of the skewed channel, due to the
flow obstruction by the contraction. Conversely,
the discharge is higher on the skewed channel expanding floodplains than in the symmetrically diverging case, as the contracting floodplain forces
the flow to enter the opposite floodplain.
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Figure 12. Non-dimensional velocity distribution for selected flow cases, in the end of non-prismatic section of Sk6
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6 CONCLUSIONS
This paper summarizes the findings from three
pieces of experimental research on non-prismatic
compound channels, namely work carried out on
converging, diverging and skewed channels. The
findings of each of these studies have been briefly
covered within this paper and comparisons between the datasets drawn.
Similarities between velocity profiles and discharge distribution are highlighted for the contracting floodplains of the converging and skewed
channels, and for the expanding floodplains of the
diverging and skewed channels. On the contracting floodplains, there is a significant homogenization of the velocity. The shear layer usually ob510
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Overtopping and breaching of dikes – Breach profile and breach flow
L. Schmocker & W.H. Hager

Laboratory of Hydraulics, Hydrology and Glaciology VAW, ETH-Zurich, Zurich, Switzerland

ABSTRACT: Recent examples of dike breaching around the world (e.g. the Elbe flood in 2002, the New
Orleans flood in 2005, or the Mississippi Flood in 2008) highlight the need for a detailed assessment of
dike failure mechanisms, especially due to overtopping. Breaching of a dike can lead to extensive flooding of nearby areas along with both monetary and human losses. An accurate prediction of the dike failure process is essential to develop effective emergency action plans or establish adequate safety measurements. Therefore, systematic plane dike breach tests due to overtopping were conducted to understand
the dike breach processes. All dikes were of trapezoidal shape, consisted of uniform non-cohesive sediment and were not protected by a core or a surface layer. The temporal dike breach progress was optically
recorded to allow for a detailed analysis of the sediment and water flow surfaces. The tests resulted in basic findings regarding plane dike breach profiles. Further, a new equation for the discharge coefficient of
the round-crested dike breach profile was obtained. The discharge during a dike breach can thus be determined depending on the breach profile radius and the angles of both the up- and downstream dike
faces.
Keywords: Dike breaching; Flood; Hydraulic modeling; Risk management; Weir flow
1 INTRODUCTION

(3) Structural failure due to shear slide or
foundation problems (geotechnical failure), and
(4) Failure due to natural or induced seismicity

1.1 Dike failure modes
Dikes are earthen embankments to protect endangered regions and their population from seasonal floods. They are subjected to water loading
for periods of only a few days or weeks a year
and are therefore mostly constructed without a
surface seal or a core. Compared to dams, dikes
are short in height but can have lengths of several 100 km. Due to insufficient maintenance and
increasing floods during the past years, dike
breaching became a frequent cause of major
flood events. For earth dikes in particular, the
most common failure modes are (Singh 1996):

As the majority of dikes breach due to overtopping, this failure mode was investigated in detail
in the present investigation.
One of the first large studies on the mechanics
of overflow erosion on embankments was conducted by Powledge et al. (1989 a, b). They presented various hydraulic aspects of dike overtopping along with a detailed discussion of the
three main hydraulic and erosion zones, namely:
(1) subcritical flow from the reservoir to the dike
crest; (2) transcritical flow on the crest zone; and
(3) rapidly-accelerating supercritical flow on the
downstream dike slope. Coleman et al. (2002)
conducted model studies on the overtopping failure of homogenous embankments of noncohesive sediment. Observations relative to the
breach profile, the breach development and the
breach discharge are presented.

(1) Overtopping caused by extreme floods
(hydraulic failure),
(2) Structural failure due to internal erosion
or piping (hydraulic/geotechnical failure),
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1.3 Breach discharge

A series of field tests to study the stability of
embankment dams of various materials was presented by Höeg et al. (2004). The tests included
failures due to overtopping and piping of up to
6 m high dams made of homogenous rockfill,
clay or gravel. Between 2001 and 2004, the
European IMPACT project provided valuable
field and laboratory data to assess and develop
breach models. The project highlights are summarized in a special issue of the Journal of Hydraulic Research (Garcia and Zech, 2007). In
2004, the integrated FLOODsite project was initiated with the objective to better assess and
manage flood risks in Europe, including a stateof-the-art review on breach modelling (Morris
2008).

For the plane dike erosion process presented
herein, the discharge over the dike crest can be
predicted using the general overflow formula

(

Q = C d b 2 gH o

)

3 1/ 2

(1)

with Q = overflow discharge, Cd = discharge coefficient, b = overflow width, g = gravitational
acceleration, Ho = ho+Q2/[2gb2(ho+w)2] = energy
head, ho = overflow depth, and w = dike height.
Herein, the discharge coefficient is mainly a
function of the dike breach profile. Given the
plane dike erosion process, the dike breach profile varies with ongoing erosion time (Fig. 1).
After initial overtopping, the dike breach profile
is similar to a broad-crested weir and CD can be
determined according to Fritz and Hager (1998)
as

1.2 Breach development
Studies in the past investigated the breach development due to overtopping. An overview on spatial breach formation can be found in e.g. Singh
(1996), Coleman et al. (2002), Visser at al.
(2006), Rozov (2003), and Morris et al. (2008).
The present investigation focuses only on the
plane dike breach process. Powledge et al.
(1989b) described the breach development for
both granular and cohesive embankments due to
overtopping. Erosion of granular embankments
starts when the shearing stresses induced by the
water flow over the downstream dike face exceed the critical shear stress of the dike material
or the dike protection system made up by e.g.
grass, gabions, geoweb or soil cement. Chinnarasri et al. (2003) observed four stages in plane
dike erosion, namely: (1) Small erosion on dike
crest after initial overtopping; (2) Slope sliding
failure with ongoing erosion; (3) Wavelikeshaped dike profile; and (4) Large sediment
wedge with small slope at erosion end. Similar
processes were as well noted by Dupont et al.
(2007), Wu and Wang (2008), and Schmocker
and Hager (2009).
Cohesive embankments are generally more
resistant to erosion than granular (Powledge et
al. 1989b), mainly due to higher erosion resistance and lack of seepage as a result of the low
permeability. Erosion often starts at the downstream embankment toe propagating from there
upstream. The undercutting of the downstream
slope removes large parts of material by shear
failure on the over-steepened slope. In the present study, the development of the breach profiles was investigated for granular material and
plane overflow erosion.

Cd = 0.43 + 0.06sin[π(ξ − 0.55)]

(2)

with ξ = Ho/(Ho + LK) = relative crest length and
LK = crest length. With ongoing erosion, the dike
breach profile gets more and more rounded
(Fig. 1b, c), similar to a circular-crested weir.
The discharge coefficient can be estimated using
the standard circular-crested weir formula as
Cd =

3ρ k
2 ⎛
⎜⎜1 +
3 3 ⎝ 11 + Ωρ k

⎞
⎟⎟
⎠

(3)

with ρk = Ho/R = relative crest curvature,
R = crest radius and Ω = 4.5 (Hager 1994). However, Cd does not include the effect of the upand downstream slopes of the breach profile. Especially the downstream dike slope varies
strongly during a dike breach in the current investigation. Therefore, the effects of both the upand downstream slopes on the discharge coefficient were investigated. The discharge coefficient was determined for a series of fixed, characteristic dike breach profiles.
The effect of sloping faces of a circularcrested weir has been studied by Ramamurthy
and Vo (1993). For broad ranges of Ho/R, they
tested upstream angles of 60°, 75°and 90°, and
downstream slopes of 45°, 60°, and 75°. The upstream slope was found to have no effect on the
discharge coefficient for a fixed downstream
slope. For a fixed upstream slope, they observed
an increase of the discharge coefficient for increasing downstream slopes. However, a specific
equation for the discharge coefficient, including
the effect of both side slopes, is still missing. In
addition, the dike slopes in the present experiments are always below 45°.
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8, 10, 12, 16, 20 l/s. The dike overflow was always free and the tailwater did not affect the basic erosion process. The discharge overtopped
the dike on its entire width resulting in plane
dike erosion. The streamwise dike profile observed through the channel side glass wall was
therefore representative for the entire dike width.
Small three dimensional erosion patterns, e.g. lateral deviations from the average erosion surface,
were only observed after long erosion times. The
breaching duration from initial overtopping to almost the equilibrium erosion profile was always
about 500 s. Given this short breach duration and
relatively small upstream reservoir, no constant
reservoir level was attained. The tests can therefore only be applied to dike breach processes
with a falling reservoir level.
The entire erosion process was filmed through
the channel side wall, using a 30 Hz CCD camera. Both the water and sediment surfaces were
directly derived from the camera records.
Major scale effects are absent for the chosen
dike dimension and sediment size such that the
effect of channel side wall can be neglected
(Schmocker and Hager 2009). Regarding the approach flow discharges Qo = 1 and 2 l/s, scale effects may occur as the breach flow is below fully
turbulent flow. However, the effect on the general dike erosion process is small.

Figure 1. Dike erosion profiles: (a) initial erosion of downstream dike crest; broad-crested breach profile (b,c) circular-crested breach profiles and (d) equilibrium stage with
large wedge breach profile

2 EXPERIMENTAL SETUP
2.1 Hydraulic Model 1 – Dike erosion process
The plane dike erosion tests were conducted in
the rectangular VAW dike breach channel. The
channel is 8 m long, 0.40 m wide, 0.70 m high,
has a discharge capacity of Q = 70 l/s and its bottom is horizontal. The channel is considered hydraulic smooth and a flow straightener at its intake generated undisturbed inflow. The channel
width was adjusted with PVC insets to
b = 0.20 m. All dikes were inserted 1.0 m from
the channel intake and the origin of the plane coordinate system (x, z) was located at the upstream dike toe (Fig. 2).
All dikes were of trapezoidal shape, consisted
of homogenous, non-cohesive material and did
not exhibit any surface protection or core. The
seepage through the dike was controlled with a
bottom drainage (Schmocker and Hager 2009).
The following parameters were kept constant for
all tests:

2.2 Hydraulic Model 2 – Discharge coefficient
The effect of the dike slopes on the discharge
coefficient was investigated in a rectangular,
horizontal channel at VAW. Its discharge capacity is 150 l/s, it is 0.50 m wide, 0.70m high and
7.0 m long, and its bottom is horizontal. The
flow uniformity was improved with a flow
straightener. Discharges up to 60 l/s were determined with a standard V-notch weir (±0.1%) and
up to 120 l/s with Inductive Discharge Measurement (IDM). The overflow depth was measured with a point gage of ±0.2 mm reading accuracy.
Figure 3 shows the experimental setup for
free overflow conditions, with ho = overflow
depth measured from the crest elevation,
Qo = discharge, R = crest radius, αo = upstream
(subscript o) angle, αu = downstream (subscript
u) angle, b = channel width and Ho = total overflow head. Circular-crested dike models made of
steel were placed 3.5 m from the channel intake
(Fig. 3). Two crest radii of R = 0.15 m and
R = 0.30 m were tested and both the up- and
downstream angle ranged from 20°, 30°, 45° to
90°. Ten combinations of up- and downstream
angles were considered (Table 1). The standard
circular-crested weir was tested using

Dike height w = 0.20 m
Dike width b = 0.20 m
Crest length LK = 0.10 m
Sediment: d = 2.0 mm, ρ ≈ 2,650 kg/m3
Dike slope So = 1:2 (V:H).
Dike length LD = 0.90 m
A total of nine different tests were considered,
with steady inflow discharges of Qo = 1, 2, 4, 6,
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αo = αu =90°. For each dike profile, four different
overflow depths were considered, namely
ho = 0.05, 0.10, 0.15 and 0.20 m for R = 0.30 m
and ho = 0.075, 0.10, 0.15 and 0.20 m for
R = 0.15 m. For each dike profile and overflow
depth, the inflow discharge Qo was measured
with either the V-notch weir or the MID. The
discharge coefficient was then determined using
Eq. (1) and compared with Eq. (3). Twenty dike
profiles combined with four overflow depths resulted in a total of 80 measured discharge coefficients.

were recorded using a 30 Hz CCD camera of a
resolution of 1,034(H) × 778(V) pixels, resulting
in a accuracy of ±0.015w for both profiles. The
sediment surface z (x,t) was then directly derived
from the camera records. Figure 4 shows the particular dike erosion profiles X(Z) with X = x / LD
and Z = z / w at various times for Qo = 10 l/s.
Overtopping starts at t = 0 s, with the dike still in
its original shape. The initial erosion then starts
at the downstream dike crest. The minor sediment accumulation at X = 0.85 at t = 2 s results
from the small overflow discharge transporting
sediment downwards. The water front consisted
of a sediment-water mixture, similar to a debris
flow. At t = 4 s, the erosion advances fast and the
dike crest is already rounded. The eroded material forms a small mound at X = 1.25 but is already washed away at t = 6 s due to the increased
breach flow. At t = 15 s, the dike has reduced to
half of its original height. The eroded material
forms a large tailwater wedge. The erosion advances and finally leaves an almost stable ‘equilibrium’ dike surface. During the erosion process, both the crest radius and the downstream
dike slope increase significantly with the upstream slope remaining at 1:2. This erosion process was observed for all tested discharges.
The dike overflow is related to the discharge
over an embankment, as indicated by Powledge
et al. (1989b). The flow condition upstream of
the dike is subcritical. Transitional flow occurs
on the dike crest and the flow on the downstream
slope is supercritical. The hydraulic control point
is located at the highest instantaneous dike elevation. The velocity increases significantly over
the downstream dike slope such that the tractive
shear stresses result in high erosion. As the energy head and the tractive shear stresses decrease
as the dike crest height reduces, the erosion both
at and beyond the original dike crest slows
down.

Table 1. Tested circular-crested dike breach profiles with
various
up- and downstream angles
_________________________________________
R = 0.3 m
R = 0.15 m
______________
______________
αo [°]
αu [°]
Symbol
αo [°] αu [°]
_________________________________________
+
90*
90
90
90

□

○

90

45

90

45

90

30

90

30

90

20

90

20

45

90

45

90

30

90

30

90

20

90

20

90

20

30

20

30

30

30

30

30

20
20
20
20
_________________________________________
* no side slopes
(Symbols used in Fig. 9)

3 OBSERVATIONS AND PRELIMENARY
RESULTS
3.1 Erosion Profiles
During each test both the water surface h (x,t)
and the sediment surface z (x,t) with t = time

Figure 2. (a) Hydraulic model 1: Streamwise section of VAW plane dike breach model and (b) Hydraulic model 2: Definition
of flow geometry for free overflow over representative dike erosion profile, notation
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maximum dike height reaches eventually the
equilibrium (subscript e) height Zme = zme/w after
a certain time te. For Qo = 1 l/s, the equilibrium
dike height is Zme ≈ 0.43 at te = 200 s. For
Qo = 20 l/s, the dike is eroded completely
(Zme = 0) at te = 600 s. The maximum equilibrium dike height Zme follows from Fig. 7 as

Sliding of the downstream dike face was only
observed for Qo = 1 and 2 l/s. The bottom drainage was not efficient enough for theses small
discharges. Due to the long reservoir filling
times, the seepage line reached the downstream
dike face before overtopping started. The water
drained from the dike body and eroded the
downstream dike toe similar to a piping failure.
This resulted in backward erosion of the downstream dike face (Fig. 5). The eroded dike face
was still stable, yet with a smaller slope S. However, the effect of sliding failure on the entire
breach process is comparatively small, as discussed below.

(1 − Z me ) = 0.64 + 0.019Qo

for 1 l/s ≤ Qo ≤ 20 l/s. For Qo < 1 l/s, Zme →1,
whereas for Qo > 20 l/s, Zme = 0. Eq. (4) is limited to the present experiments and data set, as it
is dimensionally incorrect. A detailed analysis is
required to account for a dimensionless interpretation of the results. Therefore, no direct application or up-scaling to prototype dimensions is currently possible.
For each discharge Qo and time t, the maximum dike heights Zm were normalized with Zme
as ζ = (1–Zm)/(1–Zme). Figure 8 shows ζ(t) for all
tests. All data collapse on a single curve as

Figure 3. Fixed dike breach profile with R = 0.30 m and
αo = αu = 30 °.

1

Z

0

0

⎛ t ⎞
ζ = tanh⎜
⎟
⎝ 140 ⎠

0.25

0.5

0.75

X

1

1.25

1.5

0.2

(5)

The general dike erosion process is therefore
similar for all test discharges. The normalized
maximum dike height decreases linearly with t
for small erosion times, then advances slowly
and reaches the equilibrium state. The largest
deviation are seen for Qo = 1 l/s. Small overflow
depths
result
in
Reynolds
numbers
R = 4V·Rh/ν < 105, with Rh = hydraulic radius
and ν = kinematic fluid viscosity, i.e. below
fully-turbulent flow. The erosion potential is
therefore too small as compared to the higher
discharges. In addition, the observed sliding failure prior to initial overtopping leads to a smaller
downstream dike slope and therefore a decreased
flow velocity. The effect on the entire erosion
process is however surprisingly small. Again,
Eq. (5) is dimensionally incorrect as it only applies to the present data set.

t=0s
t=2s
t=4s
t=6s
t = 10 s
t = 15 s
t = 20 s
t = 50 s
t = 100 s

0.5

(4)

1.75

Figure 4. Dike breach profiles Z(X) at various times t for
Qo = 10 l/s, w = 0.20 m, b = 0.20 m, LK = 0.10 m and
d = 2.00 mm

1

1−Z

m

Figure 5. Backward erosion due to seepage for Q = 1.0 l/s,
b = 0.20 m, w = 0.20 m, LK = 0.10 m and d = 2.0 mm

3.2 Maximum dike height

0.5

The maximum (subscript m) dike height zm(t)
during the erosion process was derived for all
tested discharges. Figure 6 shows the normalized
maximum dike elevation (1–Zm)(t) with
Zm = zm/w. For all tested discharges, Zm decreases
fast after initial overtopping and then gradually
slows down as both the dike height and the tractive shear stress decrease. For all tests, the
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Q = 6 l/s

Q = 16 l/s

Q = 4 l/s

Q = 12 l/s
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Q = 10 l/s

Q = 1 l/s

o
o
o
o

0

Q = 8 l/s
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o
o
o

300
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500
t [s]
Figure 6. Maximum dike height (1–ZM) versus breach time
t for all tested discharges
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0

o

1

1−Z

cient is always smallest for αu = 20°. A steeper
downstream angle improves the weir performance, increasing the overflow discharge for a
fixed overflow depth (Halldórsdóttir 2009).
To account for the embankment angles of circular-crested weirs, all Cd values were normalized using the dimensionless parameter

me

1−Z

me

Eq. (4)

0.5

1

0

H ⎛ α + 2α u ⎞ 3
ρk' = o ⎜ o
⎟
R ⎝ 270 ⎠

Q [l/s]
o

0

5

10

15

20

with Ho/R = relative crest curvature and
[(αo+2αu)/270]1/3 = embankment angle ratio parameter. As the effect of the downstream angle is
predominant, it is multiplied with two, resulting
in the best data fit. For the standard circularcrested weir with vertical sides (αo=αu=90°), the
second parameter equals 1, and ρ' = ρ = Ho/R.
The discharge coefficient may be expressed according to Hager 1994 with ρk' instead of ρk as

25

Figure 7. Maximum equilibrium dike height Zme(Qo) for all
tested discharges with (–) Eq. (4)
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Cd =

o
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o

3ρ k ' ⎞
2 ⎛
⎜⎜1 +
⎟
3 3 ⎝ 11 + Ωρ k ' ⎟⎠

(5)

with Ω = 4.5. Figure 9 shows CD(ρk') for all tests
and Eq. (5) with r2 =0.98 . The angle ratio parameter increases the data fit significantly and
Eq. (5) can therefore be used to determine the
coefficient of discharge for circular-crested weirs
with arbitrary up- and downstream angles.

o

200

300
400
500
t [s]
Figure 8. Normalized maximum dike height ζ(t) for all
tested discharges compared with (–) Eq. (5)

3.4 Breach discharge
The breach flow can be calculated using Eqs.
(1), (4) and (5) for each time step of dike erosion. The profile radius, both the up- and downstream angles and the overflow depth were directly derived from the camera records.
Figure 10 shows the breach discharge hydrograph Q(t) for the approach flow discharge
Qo = 4 l/s.
As soon as overtopping starts, Q increases
fast and reaches its maximum of Qm ≈ 7.4 l/s at
t ≅ 10 s. The breach discharge Q therefore exceeds Qo, particularly if dike erosion is fast and
the reservoir volume is emptied. After reaching
the maximum outflow, the breach discharge decreases slowly until Q = Qo. This feature was observed for all tested discharges. Currently, a detailed analysis of all test is conducted to account
for normalized breach flow information.

3.3 Discharge coefficient
The discharge coefficient was investigated using
fixed dike erosion profiles (2.2) with various radii and up- and downstream slopes. For each
tested profile, the discharge coefficient was determined with Eq. (1) using the discharge Qo and
the corresponding energy head Ho. The values of
Cd(ρk) were afterwards compared with Eq. (3) for
the standard circular-crested weir. It was found
that Cd for such a weir with up- and downstream
slopes is generally lower as compared with the
standard circular-crested weir (Halldórsdóttir
2009).
The data indicate that for fixed values of ρk
and αu, Cd does not significantly change with αo.
This is in agreement with previous studies e.g.
Ramamurthy and Vo (1993). The upstream slope
contributes to the streamlining of the weir flow
and tends to increase Cd. However, it although
adds to the upstream area over which the flow
occurs, therefore decreasing Cd. The data for
both fixed ρk and αu and variable downstream
angles αu indicate that Cd decreases as the downstream slope reduces. This effect becomes more
apparent for increased ρk. The discharge coeffi-

4 OUTLOOK
The erosion profiles have so far been analyzed
for one specific dike dimension and grain size
along with various steady inflow discharges. The
results are therefore limited to this test setup.
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However, the results indicate that a detailed investigation of the plane dike breach problem is
possible using the current hydraulic model. It allows to consider a wide range of test conditions
with a comparatively small effort. Besides the
variation of Qo, the present tests conducted at
VAW include: (1) Dike heights w = 0.15, 0.20,
0.30 m; (2) Sediment diameters d = 1, 1.5, 2, 4,
5.5 mm; and (3) Dike slopes So = 1:2, 1:2.5 and
1:3. The main goal is a detailed analysis of all
these parameters regarding their effect on the
plane dike erosion process. These results are of
significance in applications presented in the Introduction of this work.

The observed dike erosion profiles are similar
to those observed in the literature. The dike develops from its original trapezoidal shape to a
rounded profile, similar to a circular-crested weir
with both up- and downstream slopes, and finally forms a large tailwater wedge. The erosion
process was described using the maximum dike
elevation. The major part of the erosion occurs
shortly after initial overtopping with the energy
level in the reservoir still at its maximum. An
almost equilibrium dike profile is attained toward erosion end. However, additional tests have
to be conducted to account for all major factors
affecting the dike breach process. Especially the
erosion time has to be analysed more systematically.
The discharge coefficient for the rounded
breach profile with various up- and downstream
slopes was investigated using fixed dike breach
profiles. The results indicate the effect of the
dike radius and especially the downstream embankment angle on the discharge. A generalized
equation for the discharge coefficient of circularcrested weirs with various up- and downstream
angles is also presented.

Figure 9. Measured normalized discharge coefficients
Cd(ρk') with (–) Eq. (5). R = 0.30 m (grey symbols) and
R = 0.15 m (black symbols). Notation Table 1.
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ABSTRACT: In a hybrid approach experimental model data are combined with results from 3D and 2D
numerical modelling. The latter was conducted by two different models solving the depth-averaged shallow water equations. 3D computations are based on the REYNOLDS-averaged NAVIER-STOKES equations
(RANS) using a volume of fluid approach to capture the free water surface. Measurements were performed on a scale model which was especially designed to reproduce the specific conditions of dike
breaks. In various simulations it turned out that 2D shallow water models are able to reproduce steadystate flow patterns of dike-break induced flows and that there is a low sensitivity of the solution concerning turbulence modelling, bed and wall roughness. Nevertheless, final flow splits and breach discharges
are systematically underestimated. This discrepancy seems to result from inherent modelling assumptions
such as zero-vertical velocity and hydrostatic pressure distribution. Therefore, the complementary use of
3D RANS and 2D depth-averaged modelling frameworks for detailed predictions of dike-break induced
flows is discussed in the present paper, based on BOUSSINESQ and pressure coefficients, which represent
effects of non-uniform velocity profiles and non-hydrostatic pressure distribution over water depth, respectively. Values of these coefficients are inferred from 3D numerical results for the final steady state.
Keywords: BOUSSINESQ coefficients, Discontinuous Galerkin, Finite volume, Dike break, Hybrid modelling
structures, the potential damage on people and
property has to be determined, which involves the
identification of inundated areas as well as flow
depths and velocities of the initiated wave.
The static impact basically depends on the total
water volume entering the hinterland over a long
period. This state has to be considered when focussing on the long-term and large-scale inundation in the entire floodplain. The steady-state
breach discharge through a collapsed dike section
significantly affects final water levels and the extent of inundated areas, while during the first transient phase the combination of flow velocities and
water depths within the dike-break wave induces
dynamic damages nearby the breach location.
Compared to the duration of the whole flood event
this period is often short but equally dangerous for
people and property in the affected region.
The results of dike-break induced flow computations are used to identify and illustrate areas of
significant flood risk (flood mapping). Simulations of scenarios may also provide authorities

1 INTRODUCTION
1.1 Motivation
In case of a failure of flood protection measures
(e.g. dikes, mobile walls) a wave is initiated into
the hinterland and may cause extensive damage in
densely populated floodplains. Recurring dike
breaks at massive flood events indicate that inland
flood protection is vulnerable and the resulting
risk has to be assessed. A Risk Assessment procedure has been developed at the Institute of Hydraulic Engineering and Water Resources Management (IWW), RWTH Aachen University. The
basic principle of this approach, which was originally developed for German dams by Rettemeier
et al. (2000), can be transferred to rivers and dikes
(Kutschera et al., 2008). Mathematically, the risk
is obtained by multiplying the probability of a
dike failure by the extent of the damage caused in
the event of a collapse. To assess the risk provoked by floods and corresponding protective
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flow effects and to validate numerical models. In
an experimental model natural phenomena are
scaled down and idealised resulting in differences
between modelled and real procedures. A numerical model contains simplifications in the mathematical description and numerical treatment of
flow phenomena. To solve this problem, experimental and numerical models are combined in a
hybrid approach to benefit from each other by exploiting their respective advantages and compensating their weak-points at the same time.

with valuable information like flood arrival time
or main flow directions to manage the residual
risk: definition of evacuation zones, coordination
of civil protection, and land use planning.
1.2 Phenomenon
In contrast to the wide knowledge of flood wave
propagation initiated by dam breaks (Hervouet &
Petitjean 1999, Brufau & Garcia-Navarro 2000,
CADAM 2000, Toro 2001, RESCDAM 2001,
IMPACT 2005) the expertise of dike-break induced flows is not satisfactory. The latter are influenced by the main flow direction of the river
parallel to the flood protection structure (asymmetric flood wave propagation). Moreover, unlike
reservoirs at rest, a river bed will not be empty:
the persisting flood discharge of the river leads to
a fixed water level in the breach after a certain
time (final steady state) resulting in a partition of
the inflow into the downstream and the breach
discharges, which partly corresponds to a withdrawal of water. A dike break may thus be classified between a dam break and a channel junction
as illustrated in Figure 1.
The related flows can be characterized as largescale, long-term but at the same time transient,
3D, turbulent and multiphase (air entrainment, sediment transport) flows with complex free-surface
behaviour upon a heterogeneous topography (initially dry, geometrically complicated, covered by
buildings and plants).
There is a lack of knowledge as regards these
types of flood waves. The existing measured data
are not sufficient due to the unpredictability, rareness and the danger of such events. The safety of
threatened people and property as well as the security of the gauging staff during the event has
priority, which complicates complex measuring
campaigns close to a breach.
There exist only few investigations considering
the propagation of a wave into an area, such as
Fraccarollo & Toro (1995), Stelling & Duinmeijer
(2003), Kulisch (2002), Shige-eda & Akiyama
(2003), Aureli et al. (2004), and Eaket et al.
(2005) relating to dam-break flows, however. Aureli & Mignosa (2002, 2004) only considered the
presence of a permanent river discharge. That is
why numerical models can not be properly validated and therefore may not calculate reliable
simulation results for complex scenarios.

Figure 1. Classification of dike-break induced flows.

On the one hand, the accuracy of numerical
forecasts can directly be quantified by measurements. On the other hand, numerical simulations
complement the model tests by calculating scenarios of different configurations, geometries and
boundary conditions. The combination enables selective improvements in numerical methods and
more reliable forecasts for long-term and largescale applications. The forecast quality is directly
quantifiable by comparisons between simulation
results (coming from different numerical schemes
and mathematical approaches) and measured data
in terms of flow discharges, water depths, flow
velocities, and arrival times (depending on the fact
whether the first dynamic phase or the final steady
state is evaluated).

1.3 Hybrid procedure
Circumventing the expense of a full-sized prototype, a bench-scale model was used to provide
experimental data, which were recorded with sophisticated measurement techniques to explore
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Figure 2. Scale model set-up.

minimize roughness effects and to enable laser
measurements from below the plate. Initial water
levels in the channel (0.3 – 0.5 m), channel discharges (0.1 – 0.3 m³/s), and breach widths (0.3 –
0.7 m) could be varied.

2 EXPERIMENTAL MODEL
2.1 Apparatus
The idealised experimental set-up in Figure 2
takes into account specific boundary conditions of
dike-break induced flows close to the breach section (Briechle & Köngeter, 2002, Briechle et al.,
2004). It consists of a horizontal rectangular
channel (width 1 m) with a pneumatically driven
gate at one bank and an even adjacent flat propagation area (3.5 times 4.0 m²) made of glass. The
entire opening of the flap gate takes less than 0.3
s, which represents the worst case scenario of a
sudden and complete dike failure. Moreover, the
opening mechanism is a combination of pull and
rotation to minimize influence on the free water
column when the wave is initiated. As opposed to
straight flumes, the water propagates radial and
falls off the glass plate freely at three edges. The
bottom of the propagation area is made of glass to

2.2 Measuring techniques
Due to strong temporal and spatial variations of
the initiated wave as well as air entrainment, an
advanced non-intrusive measuring technique was
necessary providing high frequencies and stability
towards dynamically changing water levels. Thus,
water depths were recorded by ultrasonic sensors
with 25 Hz frequency all over the propagation
area with grid lengths of Δx = Δy = 0.2 m, and a
refined grid of 0.1 m close to the breach zone.
Within the channel detection was performed at
different cross sections. Up to eight sensors were
mounted on movable cross-beams enabling measurements at various locations.
Vertical velocity profiles u(z), v(z) were sampled using a conventional 1D Laser-Doppler
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On the one hand DGFLOW is applied, a total
variation diminishing (TVD) RUNGE KUTTA discontinuous GALERKIN (RKDG) finite element
(FE) method on unstructured triangular meshes,
developed at IWW, RWTH Aachen University
(Schwanenberg & Harms, 2002, 2004). On the
other hand WOLF 2D is used, a finite volume
(FV) scheme involving a flux vector splitting
(FVS) method on a multiblock structured grid,
developed at the University of Liege (Erpicum et
al., 2010a).
Both schemes are well suited to handle transient, rapidly varying dam-break induced flows
with steep gradients over a dry bed. Now they are
applied to the dike-break induced flow conditions
in the experimental test arrangement. As Roger et
al. (2009) describe the computational methods in
detail the two following paragraphs and Table 2
only delivers a brief insight.

Anemometer (LDA), mounted on an automatic
traversing unit beneath the glass plate. Horizontal
velocity components over depth are sampled at
three cross-sections y = 0.25, 0.30, 0.35 m near
the breach in a dense grid of Δx = 0.05 m,
Δz = 0.01 m within the wave. These profiles provide a distribution of momentum correction coefficients (BOUSSINESQ coefficients), which may be
exploited for 2D numerical modelling.
2.3 Test configurations
Four initial hydraulic configurations (Table 1)
were considered differing in the discharge at the
channel inlet and in the initial channel flow depth.
A steady flow was established in the channel, before the gate was opened in each model run. Then,
the inflow splits into the breach discharge and the
weir overflow from the downstream channel.
Table 1. Test configurations for breach width b = 0.70 m.
______________________________________________
Test ID
Inflow
Initial depth Crest height
[l/s]
[cm]
[cm]
______________________________________________
Q300-h50
300
50
24.1
Q300-h40
300
40
15.2
Q200-h50
200
50
29.7
Q200-h50
200
40
20.2
_____________________________________________

Table 2. Comparison of the two applied SWE models
DGFlow
and WOLF 2D.
______________________________________________
Characteristics
DGFlow
WOLF 2D
____________
_____________
______________________________________________
Model type
Finite Element
Finite Volume
Space
Discontious
Flux Vector
ALERKIN
(DG)
Splitting
(FVS)
Discretisation
G
______________________________________________
Time integration TVD RUNGE-KUTTA RUNGE-KUTTA
Numerical grid
Triangular
Cartesian
Number of elements
23,000
60,000
Edge lengths [m]
0.03 – 0.05
0.02
MANNING
Bottom friction
MANNING
Turbulence Closure
None
Algebraic/k-ε
Wall roughness
None
Accounted for
OUSSINESQ coeff.
Set to unity
Distributed values
B
_____________________________________________

The channel inflow was controlled via an ultrasonic flow-measuring device. A weir at the channel end was calibrated for different crest heights
to control the initial water depth. The rating curve
for each of those weir positions and the corresponding discharge coefficients were determined
experimentally running various known discharges
from the inlet while keeping the gate closed.
Measuring the water level at the channel end
yields the discharge over the weir. Consequently,
the steady-state breach discharge QB was indirectly calculated as the difference between model
inflow and weir overflow Qw. Figure 2 also shows
the different boundary conditions.

3.2 DGFlow
DGFlow is based on the RKDG method for hyperbolic equation systems and the local discontinuous Galerkin method for advection-dominated
flows (Cockburn 1999, Cockburn et al. 2000). The
leadoff implementation of the RKDG method to
the SWE was presented by Schwanenberg and
Köngeter (2000). The scheme can be divided into
three main steps:
− Decoupling the partial differential equations by
a DG space discretisation (polynomial degree
k) into a set of ordinary differential equations
− Integrating the ordinary differential equations
in time by a (k+1)-order TVD RK method
− Applying a slope limiter on every intermediate
time step introducing a selective amount of dissipation to obtain stability at shocks

3 MATHEMATICAL AND NUMERICAL
MODELS
3.1 Shallow water models
Firstly, numerical simulations of the experimental
flow configurations have been performed with
two different 2D models solving the depthaveraged Shallow-Water Equations (SWE). The
basic assumption states that velocities normal to
the main flow directions remain small. As a consequence the pressure field is hydrostatic, which
limits the applicability of the SWE.

3.3 WOLF 2D
WOLF 2D solves the divergence form of the shallow-water equations by means of a finite volume
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breach discharge. In some cases (dispersion, dissipation), the 3D information is used to estimate
appropriate settings for the 2D approaches.

scheme. Variable reconstruction at cells interfaces
is either constant or linear, combined with a slope
limiter, leading in the latter case to second-order
space accuracy. The fluxes are computed by a
self-developed Flux Vector Splitting (FVS)
method, in which the upwinding direction of each
flux is simply dictated by the sign of the flow velocity reconstructed at the cell interfaces.
A “VON NEUMANN” stability analysis has demonstrated that this FVS leads to a stable spatial
discretization, requiring low computational cost.
This FVS offers the advantages of being completely Froude-independent and of facilitating a
satisfactory adequacy with the discretization of
the bottom slope term. The turbulent fluxes are
simply evaluated by means of a centred scheme.
The time integration was performed here by
means of a 3-step first-order accurate RK algorithm. A semi-implicit treatment of the bottom
friction term in was used, without requiring additional computational cost.
Besides, wetting and drying of cells is handled
free of mass conservation error by means of an iterative resolution of the continuity equation at
each time step. A grid adaptation technique restricts the simulation domain to the wet cells.
This finite volume scheme has already proven
its validity and efficiency for numerous applications (Dewals et al., 2008, Erpicum et al., 2009,
Erpicum et al., 2010b).

4 NUMERICAL MODELLING
4.1 Computational procedure and former results
All numerical simulations of the different experimental configurations reproduce the basic flow
pattern satisfactorily (Figure 3), which confirms
the convergence and general applicability of the
methods on dike-break type of problems. At first
the initial state was computed for a closed flap
gate which corresponds to a simple steady channel
flow with a sharp crested weir at the outflow section. According to the opening mechanism in the
scale model tests, an immediate and complete
failure of flood protection measures with a rectangular breach was realised in the numerical computations by changing the respective boundary condition at the breach location. Simulations
contained the transient propagation and development of the dike break wave in the floodplain as
well as the open channel flow. The whole flooding
event was modelled, starting from an initial condition until the final steady solution in a single stable run without oscillations.
The resulting deviations from the performed
measurements were analysed focussing on the
simplifications of the mathematical model or the
numerical approach (Roger et al., 2009). The latter has to deal with complex free surface structures or steep gradients. As regards the mathematical models the different simulations enable
direct comparisons between the assumptions of
the SWE and the less simplified RANS in relation
to the collected experimental data.
In addition to the hydraulic (discharge, initial
water level) and geometric (breach width) boundary and initial conditions, several numerical parameters were examined. A preliminary study
with DGFlow has yielded the required fineness of
the numerical grid in order to obtain an almost
mesh independent solution and to minimize the
discretization error (Roger et al., 2009). A sensitivity analysis was performed as regards bed
roughness. Additional simulations were performed
with WOLD 2D introducing non-uniform BOUSSINESQ-coefficients (for uneven horizontal velocity distribution over depth) as well as different
turbulence closure schemes and wall roughness
coefficients to analyze whether these approaches
affect the computed 2D solutions compared to the
measurements.

3.4 Star-CD
Subsequently, a fully 3D model has been set up:
the commercial code Star-CD (CD-adapco, 2005)
is based on the REYNOLDS-averaged NAVIER
STOKES equations (RANS) and accounts for the
free surface location via a volume of fluid method
(Table 3).
Table 3. Main characteristics of RANS model Star-CD.
______________________________________________
Model type
Finite Volume
Space
Discretisation
Upwind Differencing Scheme
______________________________________________
Time integration
Implcit scheme
Numerical grid
Triangular prisms
Number of Cells
250,000 – 300,000
Cell dimensions [m]
0.02 – 0.05 m
Bottom friction
wall function
Turbulence Closure
k-ε-model
Wall
roughness
wall function
_____________________________________________

Roughness and turbulence effects are considered via a wall-functional approach and a k-εturbulence model, respectively. Once again the
different scenarios of the scale model tests are
computed in 3D. All results are compared with the
measurements and exploited in detail in terms of
flow depths, flow velocities, and calculation of the
527

lated to the interplay of flow partition and downstream boundary.
4.3 Breach discharge
The large-scale and long-term inundation of a
floodplain in practical applications is strongly affected by the steady-state discharge through the
breach. Thus, its correct calculation is the decisive
parameter to evaluate model modifications. Simulated and measured discharges across the breach
are compared in Table 4 and Fig. 4. Though the
qualitative flow split for all four configurations is
modelled correctly, the 2D-numerical predictions
underestimate the discharge released into the
floodplain by 6 to 11% of the test breach discharge. Consistently with theoretical hypothesis,
the 3D results fit better the scale model data than
the shallow water approaches, without succeeding
in exactly calculating the breach discharge. The
next paragraphs aim at investigating whether this
issue can be enhanced in the framework of depthaveraged flow modelling.

a) Experimental dike break wave.

Table
4. Measured and computed breach discharges.
______________________________________________
Test ID
Measured DGFlow WOLF 2D Star-CD
[l/s]
[l/s]
[l/s]
[l/s]
______________________________________________
Q300-h50 218
200
198
211
Q300-h40 159
141
141
153
Q200-h50 194
183
182
190
Q200-h50
154
143
141
148
_____________________________________________

b) Numerical dike break wave (Star-CD).
Figure 3. Experimental (a) and numerical (b) modelling of
dike-break induced flow.

4.2 Boundary conditions

250.0

Breach discharge (l/s)

At the channel inlet (Figure 2), the unit discharge
was prescribed as an upstream inflow boundary
condition. At the edges of the propagation area
(glass plate) no boundary condition was needed
for the obtained supercritical outflow.
Specific difficulties occur with respect to the
modelling of the flow split into breach discharge
and the discharge in the downstream channel. Particularly, in combination with the downstream
boundary condition, this additional degree of
freedom may lead to numerical problems (Roger
et al., 2006). In both 2D codes the calibrated weir
formulas for different crest heights (Table 1) were
implemented as possible downstream boundary
conditions (Roger et al., 2009) while the complete
weir has been geometrically discretized for the 3D
computations. Thus, the dynamics of the weir discharge depending on the actual channel water
level could be modelled properly. The resulting
backwater effects interact with the flow resistance
of the downstream channel reach compared to the
breach section as well as with the flow split into
breach discharge and downstream channel discharge. The 90°-turn of momentum from the main
channel flow to the breach main axis is closely re-

Measured
WOLF 2D

200.0

DGFlow
Star-CD

150.0
100.0
50.0
0.0
Q300-h50

Q300-h40

Q200-h50

Q200-h40

Figure 4. Measured and computed breach discharges.

For test configuration Q300-h50, the simulations
were repeated with two types of turbulence closures implemented in WOLF 2D, that is a purely
algebraic expression for eddy viscosity and a twolength-scale depth-averaged k-ε model. Moreover,
the influence of bed and wall roughness was investigated. As described in Roger et al. (2009) and
summarized in Table 5, the turbulence closure as
well as bed and wall roughness have basically a
minor effect on the computational results.
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downstream channel reach tends to be too low
compared to the breach section. That might be the
reason why too much water goes over the weir instead of entering the floodplain.

Table 5. Influence of turbulence and wall-roughness on
breach
discharges predicted by WOLF 2D.
______________________________________________
Test ID
Measured WOLF 2D WOLF 2D WOLF 2D
[l/s]
[l/s]
Turb[l/s] Wall[l/s]
______________________________________________
Q300-h50 218
198
198
202-204

4.4 Velocity profile and pressure distribution
The 6 to 11% discrepancy between measured values and the breach discharges simulated based on
the 2D depth-averaged model is found to remain
essentially insensitive to the turbulence closure
and the roughness coefficients. This suggests that
the difference may result from the basic assumptions inherent to depth-average modelling, such as
simplified velocity profile and hydrostatic pressure distribution along the water depth. This was
investigated based on the evaluation of BOUSSINESQ coefficients ρxx, ρyy, ρxy and pressure coefficient Λ, defined as follows:

ρ xx = u 2
ρ xy = uv

u

(

2

u v

; ρ yy = v 2

)

v

2

;

; Λ = 0.5 + p ( ρ gh )

Figure 5. BOUSSINESQ coefficient ρxx.

(1)

where h = flow depth, u, v = local velocity components in x- and y-directions, p = water density,
g = gravitational acceleration, ρ = water density
and angle brackets representing depth-averaging.
The BOUSSINESQ coefficients are all equal to
unity in case of a uniform velocity profile along
the water depth, whereas the greater the BOUSSINESQ coefficients the more irregular the velocity
profile. In standard shallow-water models, BOUSSINESQ coefficients are all implicitly set to unity.
It may be mathematically demonstrated that the
value of ρxx and ρyy, is never below unity, while
ρxy verifies: ρxy ρxy < ρxx ρyy. In river flows,
BOUSSINESQ coefficients remain usually very
close to unity, except if significant secondary
flows occur (e.g. in bends). Similarly, the pressure
coefficient equals unity in case of hydrostatic distribution and deviates from unity in all other
cases.
Here, the velocity and pressure profiles along
the water depth computed by Star-CD were used
to evaluate the BOUSSINESQ and pressure coefficients by integrating manually the horizontal velocities and the pressure values over water depth.
As detailed in Fig. 5, the pattern of BOUSSINESQ
coefficients ρxx reveals mainly two regions of significantly non-uniform velocity profiles, namely
in the dike-break wave and at the beginning of the
downstream channel reach. The former probably
has no influence on flow split because of the supercritical flow in advance. The latter, however,
may strongly affect the discharge partition. Considering the 2D-results, the flow resistance of the

Figure 6. Pressure coefficient Λ.

The pattern of BOUSSINESQ coefficient ρxy in
the downstream channel is found similar to the
pattern of ρxx represented in Fig. 5. Hence, ρxy reflects a non-uniform profile of flow velocity
which also contributes an increase to the effective
flow resistance in the downstream channel. This
effect is disregarded in the 2D depth-averaged
predictions of breach discharge. Although the
third BOUSSINESQ coefficient ρyy also takes values
significantly deviating from unity in the channel,
it may not be invoked as an explanation for the
underestimation of breach discharge. These high
values of ρyy simply result from zero-crossings of
the very low depth-averaged transverse velocity
components throughout the whole channel.
Finally, the pressure coefficient Λ is
represented in Fig. 6. The pressure is found to
show an interesting pattern of secondary waves
superimposed on the main dike-break wave.
Again, this effect does not play a part in the flow
split since it is located downstream of the transition from subcritical to supercritical flow. But in a
confined region of the channel there are deviations from hydrostatic distribution which also may
enlarge the flow resistance for the main channel
flow.
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5 CONCLUSIONS
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Dike-break induced flow has been investigated
based on hybrid modeling, involving physical
modeling as well as 2D depth-averaged and complete 3D simulations. While the 2D simulations
were shown to underestimate the breach discharge, post-processing of 3D results has been
successfully used to demonstrate that non-uniform
velocity profiles as well as non-hydrostatic conditions near the breach in the channel are most
probably the main reasons for this underestimation. Additional simulations introducing a reliable
spatial distribution of BOUSSINESQ and pressure
coefficients may clarify their respective impact.
ACKNOWLEDGEMENTS
The first author thanks the German Research
Foundation (DFG) for funding his research project
under reference number KO 1573/15-2.
REFERENCES
Aureli, F., Mignosa, P. 2002. Rapidly varying flows due to
levee-breaking. Proc. Intl. Conf. Fluvial Hydraulics
(River Flow), Louvain-la-Neuve, Belgium, 1, 459-466
Aureli, F., Mignosa, P. 2004. Flooding scenarios due to levee breaking in the Po river. Water Manage. 157, 3-12.
Aureli, F., Maranzoni, A., Mignosa, P. 2004. Experimental
modelling of rapidly varying flows on wet bed and in
presence of submersible obstacles. Proc. 2nd Intl. Conf.
Fluvial Hydraulics (River Flow), Naples, Italy, 2, 849858, Balkema, Rotterdam.
Briechle, S., Köngeter, J. 2002. Experimental data for dikebreak waves. Proc. Intl. Conf. Fluvial Hydraulics (River
Flow), Louvain-la-Neuve, Belgium, 1, 467-473.
Briechle, S., Joeppen, A., Köngeter, J. 2004. Physical model
tests for dike-break induced, two-dimensionaol flood
wave propagation. Proc. 2nd Intl. Conf. Fluvial Hydraulics (River Flow), Naples, Italy, 2, 959-966, Balkema,
Rotterdam.
Briechle, S. 2006. Die flächenhafte Ausbreitung der Flutwelle nach Versagen von Hochwasserschutzeinrichtung
an Fließgewässern. Shaker, Aachen [in German].
Brufau, P., Garcia-Navarro, P. 2000. Two-dimensional dam
break flow simulation. Int. J. Numer. Methods Fluids,
33(1), 35-57
CADAM 2000. Concerted action on dambreak modeling.
Final Report SR 571, HR Wallingford UK.
CD-adapco 2005. Star-CD Version 3.26. Methodology,
Commands and User Guide.
Cockburn, B. 1999. Discontinuous Galerkin methods for
convection-dominated problems. Lecture Notes in Computational Science and Engineering, 9, 69-224. Springer,
Berlin.
Cockburn, B., Karniadakis, G.E., Shu, C.W. 2000. Discontinuous Galerkin methods. Lecture Notes in Computational Science and Engineering 11. Springer, Berlin.
Dewals, B.J., Kantoush, S.A., Erpicum, S., Pirotton, M.,
Schleiss, A. J. 2008. Experimental and numerical analysis of flow instabilities in rectangular shallow basins.
530

and without Structures. Journal of Hydraulic Engineering 129(10), 817-821.
Toro, E.F. 2001. Shock-capturing methods for free-surface
shallow flows. Wiley, Chichester – 0-471-98766-2

531

532

River Flow 2010 - Dittrich, Koll, Aberle & Geisenhainer (eds) - © 2010 Bundesanstalt für Wasserbau ISBN 978-3-939230-00-7

Velocity profiles in dam-break flows: Water and sediment layers
R. Aleixo

Department of Civil and Environmental Engineering, Université catholique de Louvain. B-1348 Louvainla-Neuve, Belgium

S. Soares-Frazão & B. Spinewine

Fonds de la Recherche Scientifique-FNRS and Department of Civil and Environmental Engineering,
Université catholique de Louvain, B-1348 Louvain-la-Neuve, Belgium

Y. Zech

Department of Civil and Environmental Engineering, Université catholique de Louvain. B-1348 Louvainla-Neuve, Belgium
ABSTRACT: To gain a deeper understanding of the physics of a dam-break flow, detailed measurements
that go beyond measurements of macro-scale variables such as water-depth evolution and water-front celerity are needed. These measurements should focus on the determination of the velocity profiles and on
the description of flow-bed interactions. A dam-break propagating over a loose sediment bed will induce
sediment transport and in this process two moving layers can be distinguished, namely a clear-water layer
and a sediment-laden layer. A deeper understanding of dam-break flows is therefore directly connected to
the behaviour and the mutual interactions of those two layers. Such a two-layer description may be used
in numerical modelling, for which some assumptions are commonly made, e.g., a simplified uniform velocity profile in each of the moving layers. Improvements in image acquisition techniques have made it
possible to measure the actual velocities in the two layers. In this paper a study of the velocity profiles in
a dam break flow, both for water layer and sediment layer, is presented. The measurements were made by
means of a Particle Image Velocimetry (PIV) system. They allow the determination of the velocity field
in the water and sediment layers, giving some insight about the interactions between those two layers.

Keywords: Dam-break flow, Experiments, PIV, Sediment
1 INTRODUCTION

1.1 Dam break flows generalities

The study of dam-break flows is a challenge
whatever the approach: experimental, numerical,
and theoretical. In the particular case of experimental research adequate techniques are needed to
capture the essential features of the flow. In the
past the experimental analysis of a dam-break
flow mainly focused on macroscopic variables of
the problem, e.g. water height evolution and wave
celerity (Lauber & Hager, 1998). The transient nature of a dam break flow inhibits the application
of intrusive techniques and/or point-wise techniques such Laser Doppler Velocimetry (LDV),
but opens the way to the application of imagebased techniques such as Particle Image Velocimetry (PIV) and Particle Tracking Velocimetry
(PTV).
In this study, PIV measurements were carried
out on a dam break flow over loose sediment bed
and the velocity fields of the water and sediment
layers were simultaneously determined.

Dam-break flows are transient flows that have
been studied since the end of the XIXth century
(Stoker, 1957). These flows may be considered either over fixed bed, hereafter designated as hydrodynamic case, or over a moving sediment
layer, referred in this paper as sedimentologic
case. The scaling variables for this kind of flow
are the initial water height, h0 and the gravity’s
acceleration, g. With these two variables it is possible to define a velocity scale, c0, and a time
scale, T0, given respectively by (Stoker, 1957):
c0 = gh0

T0 =

h0
g

(1)
(2)

Non-dimensional horizontal and vertical velocity
components are then obtained respectively as
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U=

u
c0

and

W=

w
c0

flow previously seeded with particles, as depicted
in Figure 2. Consider also a camera that is synchronized with the laser, acquiring one image for
each of the two laser pulses. The consecutive images are then separated in smaller areas designated as interrogation windows. The interrogation
windows of the first image I1 are correlated with
the corresponding interrogation windows of the
second image I2 (Keane and Adrian, 1992) as depicted in Figure 2. The displacement of the correlation peak will be a measurement of the most
probable displacement of the particle’s ensemble
of each interrogation window. So, having the displacement vector and knowing the time interval
between laser pulses, the velocity vector for each
interrogation window, i, is obtained as:

(3)

Non-dimensional horizontal and vertical coordinates and time are scaled respectively as

X=

x
,
h0

Z=

z
h0

and

T=

t
T0

(5)

The gate is considered to be at X = 0. For the
sedimentologic dam break flow, i.e. over a bed of
loose sediments, one has to take into account not
only the water-layer velocity field but also the velocity of the moving sediment layer. A possible
simplified model is schematized in Figure 1,
where uniform velocity is assumed both in the
clear-water layer as in the sediment layer (e.g.
Spinewine, 2005 and Zech et al. 2008).

vi =

xi
dt

(6)

where vi is the velocity vector of interrogation
window i, xi is the displacement vector of the correlation peak and dt is the time interval between
pulses.
Using one camera for the image acquisition,
PIV allows the determination of two of the components of the velocity vector in the light sheet
plane.
In modern PIV algorithms the detection of the
correlation peak is made with sub-pixel accuracy
by fitting a Gaussian curve to the correlation intensity distribution (Raffel et al., 2007). According to the same authors this process leads to accuracies of the order of 0.1 pixel in the
determination of displacement vectors. On other
hand, the generalization of digital image acquisition has allowed the introduction and use of advanced digital interrogation techniques like multiple-pass interrogation and iterative window
deformation, in order to adapt the interrogation
windows to flow gradients (Raffel et al. 2007).

Figure 1 Sketch of a two layer model. The different layers
are hw the water layer, hs the moving sediment layer and zb
the fixed bed level. The velocity profiles for the water and
sediment layers are denoted by uw and us, respectively.

Some previous works have shed some light on the
velocity profiles of each layer separately. According to Van Goethem & Villers (2000), the sediment layer follows a linear velocity profile,
whereas, according to Aleixo et al. (2009) following an analysis made by Voisin & Greindl (2007)
the velocity profile of the water layer is practically
uniform in the near-field of the dam-break flow,
i.e. in the first instants after gate opening, and
close to the gate.
2 PARTICLE IMAGE VELOCIMETRY
Particle Image Velocimetry is nowadays an established and mature measurement technique (Raffel
et al., 2007). It allows measuring the instantaneous velocity field based on the cross-correlation of
two flow images obtained over a short time period
Δt.
Let one consider a double-pulsed laser, which
by means of an appropriated diverging optics,
produces a light sheet illuminating a section of a

Figure 2. Principles of Particle Image Velocimetry.
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3 EXPERIMENTAL SET UP

Table
1. Experimental conditions
______________________________________________
Variable
Value
______________________________________________
Channel
width
0.25 m
height
0.50 m
length
6m
Sediment
0.10 m
layer height, hs
1.72×10-3 m
d50
2.63×103 kg.m3
ρs
0.325 m
Initial water level h0
______________________________________________

3.1 The Dam-Break Channel
Experiments were conducted in the dam-break
channel of the Hydraulics Laboratory at the Université catholique de Louvain, Belgium. It is a
constant width rectangular channel with a length
of 6 m, a width of 0.25 m and a height of 0.5 m.
The channel is divided in two reaches of equal
length by a narrow gate controlled by a downward-moving pneumatic jack that allows an opening time of about 120 ms. The reach upstream of
the gate is used as a reservoir and the reach downstream is used as test section. The experimental
setup is depicted in Figure 3. A detailed description of the facility can be found in Spinewine &
Zech (2007) and Bailly & Van Reybroeck (2003).

3.2 The PIV System
The velocity profiles were measured by means of
a LaVision® Particle Image Velocimetry system.
This system consists of a double pulsed laser of
30 mJ that is used to light the desired flow region,
and a CCD camera of 1.92 Mpix synchronized
with the pulsed laser by means of a computer controlled time unit.
The laser beam is guided by an optical arm until reaching the diverging optics system that will
transform the laser beam into a laser light sheet.
The obtained laser sheet is then positioned parallel
to the principal direction of the flow allowing
measurements of the two flow components in the
vertical and horizontal directions. In Figure 3 it is
possible to see the laser light guiding arm (A) on
top of the channel.
The main hardware characteristics of the PIV
system are listed in Table 2.
Table
2. PIV hardware parameters
______________________________________________
Parameter
Value
______________________________________________
Lens focal distance and aperture
60 mm / f1.7
Time interval between pulses
1.0 ms < dt < 1.5 ms
Nominal
acquisition frequency
15 Hz
______________________________________________

Figure 3. Dam break channel used for the experiments and
part of the PIV system. A) Laser light guiding arm and diverging optics to create the light sheet. B) channel structure.
C) downward moving gate. D) Sediment bed.

On the channel bed a layer of sand was emplaced,
with a thickness of 0.10 m, a density
ρs = 2.63×103 kg.m-3 and a d50 = 1.72×10-3 m. For
each experiment the bed was levelled, compacted
and saturated with water in order to ensure the
same conditions from one experiment to another.
The initial water level in the reservoir was set to
0.325 m for all the three runs. In Table 1 the relevant values are summarized.
According to Lauber & Hager (1998) a dam
break can be considered as instantaneous if the
gate removal time Tr obeys the relation
Tr < (2h0/g)0.5. For h0 = 0.325 m the measured falling time was Tr = 0.12 s < 0.25 s. Therefore the
dam break can be considered as instantaneous.

Seeding of the flow was made with pliolite particles. In order to break the surface tension the
pliolite particles were first immersed in a bath of
soapy water and afterwards added to the upstream
reservoir.
For the PIV processing a multi-step procedure
was used, starting with interrogation windows of
256 × 256 pixels and ending at 32 × 32 pixels. A
window overlap of 75% was also considered. This
allowed a spatial resolution of about 2 mm.
3.2.1 PIV Calibration Procedure
In order to convert pixel units into physical units a
calibration must be performed. The latter must be
performed in the same imaging conditions as the
experiment, i.e. under water. As the test section is
not filled with water before the initiation of the
experiment, the calibration is performed by placing a calibration target inside the upstream reser535

voir at the desired longitudinal section. For the
present case the calibration and measurements
were carried out at the centreline of the channel.
This calibration target consists in a plate where a
matrix of calibration points, equally spaced, are
drawn. After filling the reservoir with water the
calibration target is immersed and a picture is
taken. Through the reference points of the obtained image a 3rd order polynomial is fitted and
used as calibration function. This is made automatically by a sub-routine included in the PIV
software. The camera and laser are then rigidly
translated to the test section downstream the gate,
keeping the same imaging configuration.

Figure 4. Dam break PIV image at T = 0.44.

4 EXPERIMENTAL RESULTS
The time amount needed to prepare one dambreak experience limited the number of tests
made. Three independent runs were made and the
presented results refer to each one of those runs. A
lack of a synchronization signal between the gate
and the PIV prevented the possibility of averaging
the results of each run. Nevertheless each run allowed to capture the dam-break flow at different
time steps and since the dam-break flow has
proven to be quite repeatable (Soares-Frazão &
Zech, 2008) this procedure allowed to obtain a
better temporal resolution than the one provided
by the PIV system (ΔT = 0.37 which corresponds
to the 15 Hz acquisition rate presented in Table 2)

Figure 5. Dam break velocity field for T = 0.44. For clarity
only 1 out of 8 vectors represented.

4.1 Near Field Measurements – Water Layer
For the near-field study, three instants were considered, T = 0.44, 0.67 and 0.77. These instants
were obtained from three different runs and since
the dam-break flow shows a good repeatability
(Soares-Frazão & Zech, 2008) they are used here
to describe the near field. Figure 4 shows the PIV
image at T = 0.44 and Figure 5 gives the measured
velocities at the same instant (T = 0.44). It is possible to see on Figure 4 the breaking wave. As the
gate is pulled down to simulate the dam break, the
falling down movement of the top of the water
column might be faster than the horizontal water
motion. This will mostly depend on the initial water level and the friction between sediment layer
and water layer, and the water solicitation over the
sediments. The bed sediments in motion are also
captured by the camera, and this will be used later
to determine the sediment layer velocity. The velocity-vector fields for the remaining instants are
depicted in Figures 6 and 7.

Figure 6. Dam break velocity field for T = 0.67. For clarity
only 1 out of 8 vectors represented.

For the considered instants T = 0.44, 0.67 and
0.77 the velocity profiles for the horizontal and
vertical components at X = 0 (gate section) are
depicted in Figures 8 and 9 respectively. After the
acceleration of the flow, there is a deceleration between T = 0.67 and T = 0.77. For X = 0, the flow
accelerates more near the bed than near the surface.
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points in the 1st quadrant are due to the upward
sediment velocity as can be seen Figure 9.

Figure 7. Dam break velocity field for T = 0.77. For clarity
only 1 out of 8 vectors are represented.

Figure 10. Velocity vector angle and modulus distribution
for T = 0.44. Concentric circles represent a value of constant
velocity norm, whose scale is represented by the vertical
line adjacent to the plot.

4.1.1 Detailed Analysis of the Sediment Layer
As observed in Figure 4 the moving water will interact with the bed causing it to erode. The motion
of sediment particles is captured by the PIV camera and processed with the PIV algorithm just as
for the pliolite tracers. Nevertheless one must be
careful when processing the results. As it can be
seen on Figure 4, not only the sediments present
in the laser light sheet plan are visible but also
sediments between that plane and the channel
sidewall. So the velocity calculation may be biased by this effect.

Figure 8. Profiles of horizontal velocity at X = 0 (gate section) for T = 0.44, 0.67 and 0.77. The dashed line indicates
the initial bed level.

Figure 9. Profiles of vertical velocity at X = 0 (gate section)
for T = 0.44, 0.67 and 0.77. The dashed line indicates the
initial bed level.
Figure 11. Detail for the velocity field near bed region for
T = 0.439. For clarity only 1 out of 8 vectors are represented
along the horizontal and 1 out of 2 vectors are represented
along the vertical.

One of the characteristics associated with the
near-field regime of the dam-break flow is the fact
that the velocity field has a strong non-horizontal
component. This can be seen by drawing in polar
coordinates the velocity field modulus and angle
as shown in Figure 10, for T = 0.439. The most
part of the points lie within the 4th quadrant. The

Contrary to what happens in the water layer,
the sediment layer shows a velocity field that has
no significant downward component.
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4.2 Far Field Measurements – Water Layer
As time goes by the dam-break flow is continuously evolving, and the flow characteristics
change accordingly. This is quite noticeable on
the flow field behaviour when comparing Figure 4
and Figure 12. In Figures 13 to 15 the velocity
fields obtained for T = 4.90, 5.13 and 5.21 are
shown.

Figure 15. Dam break velocity field for T = 5.21. For clarity
only 1 out of 8 vectors is represented.

The velocity profiles obtained at X = 0 are shown
in Figure 16. For the far field the water layer has
an approximate constant velocity while the sediment layer still has a linear velocity profile. On
the other hand the flow accelerated between the
first instants (Figure 8 and 9) and later times (Figure 16 and 17). The velocity increased from about
U ≈ 0.55 at T = 0.77 to U ≈ 0.65 at T = 5.21. Also
to note is the expected reduction in the flow level,
decreasing from Z ≈ 0.55 at T = 0.77 to Z ≈ 0.47 at
T = 5.21.
The velocity at X = 0.5 is plotted in Figure 18
and 19. It is clear that at X = 0.5 there is a slight
acceleration of the flow in part caused by the decrease of the water level.

Figure 12. Dam break velocity field for T = 4.90.

Figure 13. Dam break velocity field for T = 4.90. For clarity
only 1 out of 8 vectors represented.

Figure 16. Profiles of horizontal velocity for T = 4.90, 5.13
and 5.21 at X = 0.

Figure 14. Dam break velocity field for T = 5.13. For clarity
only 1 out of 8 vectors is represented.
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Figure 17. Profiles of vertical velocity for T = 4.90, 5.13 and
5.21 at X = 0.
Figure 20. Velocity vector angle and modulus distribution
for T = 4.90. Concentric circles represent a value of constant
velocity, whose scale is represented by the vertical line adjacent to the plot.

4.2.1 Detailed Analysis of the Sediment Layer
A similar analysis to the one presented in 4.1.1 is
made for the far field conditions.
For this case the velocity field is more regular
than the one depicted in Figure 11 (T = 0.44). The
vector field of the sediment layer and the vector
field of the water layer have the same angle.
Figure 18. Profiles of horizontal velocity for T = 4.90, 5.13
and 5.21 at X = 0.5.

Figure 21. Detail for the velocity field near bed region for
T = 4.90. For clarity only 1 out of 8 vectors are represented
along the horizontal and 1 out of 2 is represented along the
vertical.

Figure 19. Profiles of vertical velocity for T = 4.90, 5.13 and
5.21 at X = 0.5.

When looking at the velocity field angle in Figure
20 it is possible to see how significantly the flow
has changed since the first time instants. From
Figure 20 it is clear that the velocity field is practically horizontal at T = 4.90.
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5 CONCLUSIONS
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ABSTRACT: Many recent studies have pointed out that further improvements in dam breach modelling
are still necessary, in particular about the description of the breach enlargement mechanisms. Among
these, a correct description of the breach morphology plays an important role on the discharge
hydrograph flowing out from the breach. In this paper, the sensitivity analysis of a physically based dam
breach model to the breach morphology is shown. The model was proposed by Macchione and it is
specifically intended to be used for the breaching of earthfill dams. The model needs only one calibration
parameter whose value was obtained on the basis of 12 dam breach event simulations concerning
uniformly erodible earthfill dams. This paper concerns the effects on the peak discharge and on the
outflow hydrograph produced by the morphology of the breach and in particular by the value of the
breach side slope. The analysis has been carried out for breaching caused by overtopping.
Keywords: Dams, Dam failure, Earthfill, Peak flow, Flash floods
Even more complex is the description of the
overall phenomenon of breach formation and
enlargement. A detailed description of breaching
process, among non-cohesive soils, was given by
Coleman and Andrews (2000). Hanson et al.
(2005) and Hunt et al. (2005), through some field
tests, provided an accurate description of the
headcut formation and advance and of the breach
enlargement for cohesive dams. They also
remarked that these processes are strongly
influenced by the geotechnical properties of the
dam material. In particular, even small variations
in some properties like particle size, or water
content, can produce great variations to the
erosion strength and therefore in the discharge
from the breach.
The previous observations suggest that the
research in dam breach modelling encompasses
various aspects and it needs more time for their
development (Morris et al., 2008). Meanwhile the
researchers also have to meet the needs of
practical engineering with reliable methods that
allow to compute the peak discharge or the flood
hydrograph caused by the erosion of earthen
dams.

1 INTRODUCTION
The ability of dam breach numerical models to
give reliable results about the outflow hydrograph
lies on a correct description of the essential
physical aspects of the phenomenon like
hydraulics, breach morphology and widening
process. In general the enlargement of the breach
is produced by both continuous erosion and
discrete breach sides collapses. Moreover the
process is highly influenced by the soil used for
the dam and in particular by its cohesive or noncohesive nature (Powledge et al, 1989).
The aspects concerning the breach shape and
the enlargement process have been widely
investigated in the last years through physical
modelling. Many laboratory and field tests have
been carried out in the framework of IMPACT
project, concerning mainly cohesive and noncohesive dams. These tests seem to prove that
during the enlargement of the breach, its sides, at
least for the portion above the water level, are
usually very steep or even near vertical (IMPACT,
2005). Similar results have been found, through
some laboratory experiments, by Rozov (2003)
which observed a rectangular breach.
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A comprehensive review of dam breach
modelling can be found in Singh (1996). Recently
Macchione (2008) proposed a dam breach model
with a simplified approach. The model considers a
triangular breach cross section until the lower
vertex reaches the natural ground, then the breach
becomes trapezoidal and erosion occurs only
along the breach sides. The model also considers
the breach as a throat through which it is
reasonable to assume the occurrence of critical
flow (Macchione, 1986). The amount of eroded
volume is computed as a function of shear stress
along breach sides. The slope of breach sides is
fixed a priori and it is constant throughout the
erosion process. Moreover the model needs only
one calibration parameter for the closure of the
erosion law.
The most interesting feature of this model is
that, with a single value of the calibration
parameter, very good results have been obtained
for the simulation of 12 historical dam breach
events with observed peak discharges covering 3
orders of magnitude.
These results suggest that the model can
simulate the flood hydrograph of a dam breach
event with a synthetic approach, so without the
need of an explicit description of many aspects
(like breach side collapses or headcut migration)
that actually are very complex. The model takes
into account these aspects within a simplified
erosion law that describes the enlargement of the
breach as a function of shear stresses and with a
calibration parameter.
A limitation of the model is that the value of
breach side slope needs to be assumed a priori so
that a sensitivity analysis was carried out by
Macchione and Rino (2008) to provide a guidance
on a value to choose for tanβ for prediction. The
above sensitivity analysis shown that for small
reservoirs the highest values of peak discharge are
obtained assuming tanβ=0.2, whereas for large
reservoirs the highest values of peak discharge are
obtained assuming tanβ=2. The present paper
focuses one’s attention on intermediate values of
tanβ, within the range 0.2÷2 in order to highlight
the role of breach morphology in dam breach
modelling.
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Equations (1) and (2) describe respectively the
enlargement of the breach and the depletion of the
reservoir during the triangular stage, whereas
equations (3) and (4) are valid for the trapezoidal
stage. The meaning of each variable can be
deduced from fig.1, while a detailed explanation
of the model can be found in Macchione (2008)
and (Macchione and Rino, 2008).
The parameter G has the following expression
G = ve

WM
g Z M7/2

(5)

in which ve is the calibration parameter, and WM is
the volume of stored water at ZM. The stored
volumes are given as a function of level Z by the
reservoir volume curve:

2 MODEL EQUATIONS
In order to carry out a sensitivity analysis,
Macchione and Rino (2008) rewrite the equations
of the model in terms of the following
dimensionless variables:

W = W0 Z α 0

so that WM = W0 Z Mα0 .
The parameter G therefore takes account of the
sizes of the dam and of the reservoir. In particular,
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values of G. In the plots the curves corresponding
to G=G* are drawn; G* is the value of G for which
the value of Qp* obtained assuming tanβ=0.2 is
equal to the value of Qp* obtained assuming
tanβ=2. For values of G>G* the peak discharge
increases with tanβ, otherwise for G<G* Qp*
decreases as tanβ increases. G* varies as a
function of the exponent α0, as shown in Table 1.

high values of G are related to large reservoirs and
indicate high erosion velocity in comparison with
drainage velocity. Conversely, when the reservoir
volume in small in relation to the dam height, G
takes low values and the depletion of the reservoir
is very fast. With reference to a value of 0.07 m/s
for ve, for the majority of real situations
0.01≤G≤1000.

Table 1: values of G* as a function of α0 (Macchione &
Rino, 2008)
G*
α0
1
13
1.5
10
2
9
2.5
8
3
7
3.5
6.5
4
6

Moreover the areas of the plots are divided in two
zones separated by a bold line. In the upper zone,
which is marked by the letter A, the peak
discharges happen when the breach is already in
the trapezoidal shape, while in the lower portion,
marked with letter B, the peak discharges happen
when the breach is still triangular.
As an example, for α0=4, the peak discharge is
reached when the breach is in the trapezoidal
stage for any value of β only if G is greater than 2.
Conversely for G<0.02, for any value of β, the
cross section is still triangular when the peak
discharge is reached. Therefore for 0.02≤G≤5, the
peak discharge happens during the triangular or
the trapezoidal stage depending on the value
chosen for β.
The influence of the parameter β on the shape
of the flood hydrograph has been carried out
assuming α0=1÷4. The results are shown for three
different values of G: G=G*, G=10-1·G* and
G=10·G*,
since
they
summarise
three
representative scenarios of what has been
previously said about the influence of β on the
peak discharge.
Figure 3 shows the dimensionless flood
hydrograph obtained for G=10-1·G* and how its
shape changes with different values of tanβ. As
already said the greatest value of the peak
discharge is obtained for tanβ=0.2, and as a
consequence the empting of the reservoir is faster.
Moreover as greater values of tanβ are assumed
the empting of the reservoir becomes gradually
slower, and the time to peak tend to remain
unchanged.

Figure 1: sketch of the dam and breach cross section.

3 EFFECT OF BREACH MORPHOLOGY
In the present study the variation of the breach
side slope was explored within the range
0.2<tanβ<2, as suggested by the frequency
distribution of the final breach side slopes
observed in dam breach events of the past
(Macchione, 2008).
Plotting the values of the dimensionless peak
discharge Qp* as a function of G shows that, in the
range 5<G<15, the value of Qp* does not vary
significantly as tanβ varies. For G<5, Qp* has a
marked sensitivity to tanβ, and for values of
G>15, sensitivity is more limited.
The plots shown in figure 2 report the
discharge Qp* as a function of tanβ for different
543

The figure 4 shows the temporal evolution of
water level Z* in the reservoir and of the elevation
Y*of the breach invert. For tanβ=0.2, Y* decreases
very fast and when the breach becomes
trapezoidal the water level in the reservoir is still
almost unchanged. In the other cases the drop of
Y* is slower and the water level (Z*-Y*) above the
breach invert increases more slowly. For tanβ=2
the breach invert does not reach the natural
ground and the breach remains triangular. The
figure 5 shows the average width of the breach
bm*, and so it also shows the breach growth since
the area is proportional to bm*. The area of the
breach grows faster for tanβ=0.2, but the
maximum value is obtained for tanβ=2.
Figure 6 shows the dimensionless flood
hydrograph obtained with G=G*. The figure
shows that the peak discharge is only slightly
influenced by the value of the breach slope, and in
particular the smallest values occur for values of
tanβ placed in the middle of its range. Again the
rising limb of the hydrograph is very faster only if
the breach sides are very steep, and the influence
on the time to peak and on the duration of the
whole hydrograph tends to fade as tanβ is
assumed higher. Figure 6, 7 and 8 show that the
breach is always trapezoidal at the end of the
process and that the peak discharge is obtained
after the breach became trapezoidal and after the
water level starts to drop.
The flood hydrograph shown in figure 9 is
obtained assuming G=10·G*. During the first
stages of the breach enlargement, the water level
keeps almost unchanged and the increase of
critical depth in the breach lies only on the
deepening of the breach invert. In this case the
higher values of the peak discharge are obtained
assuming tanβ=2. The figure also shows that the
time to peak is generally poorly influenced by
tanβ. Figure 9, 10 and 11 shows that also Z* is
poorly influenced by tanβ since the stored volume
is so large that the water levels start to drop later
than the breach becomes trapezoidal. The highest
value of the peak discharge is thus obtained
assuming tanβ=2 since it gives the higher values
of the breach average width.
All the previous figures suggest that, apart
from the value of G, the rising limb of the flood
discharge is very steep if near vertical side slopes
are assumed, and as a consequence the time to
peak is anticipated. With low values of tanβ the
discharge is higher during the first stages.
Figure 2: peak discharge as a function of β for α0=1 (a),
α0=2 (b), α0=3 (c), α0=4 (d)
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Figure 3: flood hydrograph for G=10-1G*

Figure 6: flood hydrograph for G=G*

Figure 4: water depth and elevation of breach invert for
G=10-1G*

Figure 7: water level and elevation of breach invert for
G=G*

Figure 5: breach average width for G=10-1G*

Figure 8: breach average width for G=G*
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initial phase and for the subsequent phase of
enlargement respectively. The values of peak
discharges and, as a consequence, the shape of
discharge hydrograph depend on the values
assumed for tan β.
The analysis carried out in this paper shows
that the values of peak discharge are greatly
influenced by tanβ for G<G* and in the range
0.2≤tanβ≤1. The greatest variations of time to
peak are located in the same range of tanβ. For
G>G* the influence of tanβ on peak discharges
seems to be much more uniformly distributed on
the whole range 0.2≤tanβ≤2. For high values of G
the values of time to peak seem to be poorly
influenced by tanβ.
As a conclusion this analysis highlighted that
the breach morphology is particularly important
for dam breach events that happen in small (i.e.
fast draining) reservoirs.

Figure 9: flood hydrograph for G=10·G*
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Figure 10: water level and elevation of breach invert for
G=10·G*

Figure 11: breach average width for G=10·G*

4 CONCLUSIONS
Breach morphology description is one of the most
difficult problems in treating dam breach
modeling. All the models proposed in literature
have in some degree the same drawback in
assuming the shape of the breach.
In the model analyzed here, on the basis of
recorded historical observations of earthfill dam
failures, a triangular shape and a trapezoidal
shape for the breach have been assumed in the
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ABSTRACT: The failure of 17.4m-high Big Bay Dam in southern Mississippi, USA, on March 12, 2004,
resulted in a catastrophic flood that damaged 104 homes or businesses, of which 48 were destroyed completely, 37 experienced major damage and the remaining 19 had only minor damage. Shortly after the
failure, the USGS and USDA-NRCS jointly surveyed the high water marks and provided maximum elevation data at 42 locations along the entire length of the downstream valley. In addition, data is available
on the types of damages sustained by various structures and roads in the inundated area. This data can,
thus, be used for validation of 2D numerical models not only based on flow depth and flood arrival time,
but also with regard to the failure criteria of structures; which is extremely important for consequence
analysis in a risk-based study frame. This paper describes the simulation of the Big Bay Dam failure case
using a 2D numerical model developed at the National Center for Computational Hydroscience and Engineering, the University of Mississippi. The numerical model solves full dynamic shallow water equations
over a regular Cartesian mesh (such as a DEM) using a shock capturing 1st order upwind finite volume
scheme. The simulation results were with the field data on flow depths and arrival times. Simulated flow
depths and velocities were also verified based on the damage sustained by individual structures and the
available damage criteria. Finally, the 2D simulation results were also compared with an extensive 1D
model study carried out by Yochum et al. (2008).
Keywords: Dam break, Numerical modeling, Field observation, Validation, Damage functions
of 27km from the dam down to confluence of
Lower Little Creek with the Pearl River (Yochum
et al., 2008). Of these, 48 were completely destroyed, 37 experienced major damage and the
remaining 19 had only minor damage.
The report by NWS (2004) describes the level
of damage as “incredible” and compares it to the
damage that would be produced by an F3 to F4
tornado. According to the same report, the worst
damage occurred within the first 8 km. Water
flowing out of the breach flattened all the trees in
the wooded area immediately downstream of the
dam all the way down to Columbia-Purvis Road.
The scar seen in Figure 1 is about 550m long and
280m wide. Further downstream, about 70 m of
Tatum-Salt Dome Road was washed out and several wooden structure homes and cars were swept
and lodged against a line of trees. NWS (2004) estimates a flow depth of 4.5 to 6 m in this area.
Areas along Robbins Road, which parallels Lower
Little Creek, were severely affected by flood wa-

1 INTRODUCTION
1.1 Description of the Dam-Break Event
Big Bay Dam was a privately owned earthen dam
located on Bay Creek in Lamar County, Mississippi, USA. The principal data for the dam are
listed in Table 1. About 1.6km south of the dam,
Bay Creek discharges into Lower Little Creek,
which flows westward into Marion county and
then into the Pearl River.
On March 12, 2004, at about 12:35, the 13
year-old Big Bay Dam failed due to piping. The
breaching took place in the area surrounding the
spillway structure. Figure 1 shows the satellite
images of the dam before and after the failure.
The failure occurred at approximately normal
pool level and released 17,500,000m3 of water to
the downstream, creating a catastrophic flood. No
human lives were lost; however, the flood waters
damaged 104 homes or businesses over a distance
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ters. Every home that was not attached to a concrete slab was moved off its foundation and many
homes were damaged or destroyed. A section of
the road at the intersection of Robbins Road with
Caney Church Road was washed out. Downstream, a section of Luther-Saucier Road was
washed off. Houses along the McGraw Road to
the west of Luther-Saucier Road were inundated
by a water depth of 1.5 m and three structures
were moved off their foundation.
Table 1. Principal data on Big Bay Dam
Longitude/Latitude
89º34’19.2”W ; 31º10’57.0”N
Dam Type
Earth fill
Purpose
Recreational
Year Completed
1991
Dam Length
609.6 m (2000 ft)
Dam Height
17.4 m (57.0 ft)
Maximum Discharge
3m3/s (107.0 cfs)
Maximum Storage
26,365,674 m3 (21375.0 acre-feet)
Normal Storage
13,876,670.7 m3 (11250.0 acre-ft)
Surface Area
3,642,171 (900.0 acres)
Drainage Area
25.3 km2 (9.7688 square miles)
Hazard Classification High-hazard

About 10 km downstream of the dam, somewhat slowed flood waters entered Marion County.
Nevertheless, several homes were flooded up to a
depth 0.9 to 1.5 m. Flow depth over Highway 13
was about 0.5m. The flood washed off the crown
of the Pine Burr Road over a large section. The
pieces of asphalt from the road were deposited in
the gardens of the nearby houses.
Shortly after the incident, the U.S. Geological
Survey (USGS) surveyed 42 high water marks
along the length of the inundated area in collaboration with the Natural Resources Conservation
Service (NRCS) of the U.S. Department of Agriculture (USDA). The locations of these high water
marks are shown in Figure 2.

Figure 1. Satellite images of the Big Bay Dam before and
after the failure. The scar left by the flood waters is clearly
visible in the image below.

The Manning’s roughness coefficients were assigned as follows: 0.05 m-1/3s for main channel;
0.15 m-1/3s for densely vegetated areas; 0.10 m-1/3s
for less densely vegetated areas; 0.07 m-1/3s for
areas with patchy trees and shrubs, and 0.03 m-1/3s
for roadways. The normal depth boundary condition was assumed at the downstream end with the
energy slope equal to the valley slope. The computations were carried out using unsteady option
in HEC-RAS (Brunner, 2002a and b) and a time
step of 10s.
The actual final breach geometry measured on
an aerial photo of summer of 2004 indicated a
breach width of 70 m at the bottom and 96 at the
crest. The local scour hole that formed at the
breach location down to the soil-bentonite cutoff
wall was ignored and the breach was assumed to
stop at the original bed level of 71.3 m a.s.l.

1.2 1D Numerical Modeling
Yochum et al. (2008) constructed a onedimensional (1D) numerical model based on the
river cross sections and surveyed bridge sections.
The cross sections were developed from a 10-m
digital elevation model (DEM) using HECGeoRAS 4.0 software (Ackerman, 2005). They
were verified based on 7.5-min quadrangle topography maps and aerial photography. The geometry of the main channel was added by estimating it
from the elevation contours crossing the stream
bed. A total of 105 cross sections were developed
and 61 additional cross sections were interpolated.
The model included eight bridges based on the
cross sections surveyed by USGS in 2005.
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al. (2008). The volume of the hydrograph developed by HEC-RAS was found to be 17,5000,000
m3, which agreed with the estimated storage
available at the time of the dam-break.

The breach formation time was estimated to be
55 minutes based on the information provided by
Burge (2004), who was on site at the time of the
failure. The detailed account of the piping initiation and the breaching can be found in Yochum et

Figure 2. Locations of 42 high water mark observations along the inundated area. The inserts show enlarged pictures of the
area around various groups of observation locations. The extent of the inundated area as calculated by Yochum et al. (2008) is
also superimposed on the Google Earth image taken on Jan 20, 2004, i.e., about 2 months before the dam break incident.

tational Hydroscience and Engineering, the University of Mississippi. The salient characteristics
of the numerical model are briefly described and
the results of the simulation of Big Bay Dam
break flood are presented. The computed 2D results are compared with observed high-water
marks and the 1D simulations by Yochum et al.
(2008). USACE (1985) and RESCDAM (2000)
define the collapse criteria for various types of
structures subject to flood related loadings. Based
on the computed values of flood depths and velocities, the collapse criteria were calculated at various locations where structural damage was observed. These values were compared with the
limiting values given by USACE (1985) and
RESCDAM (2000).

The inundation area calculated by Yochum et
al. (2008) is superposed on the Google Earth image in Figure 2. The differences between water
surface elevations computed by HEC-RAS and
the observed high-water marks were found to
range from -0.02 m to -0.90m and +0.01 to
+0.62m. Computed flow depths associated with
high-water marks were in the range 5.7m to 9.3m.
The peak flow average channel velocities were
found to be 1.2m/s to 5.4m/s whereas the average
floodplain velocities ranged from 0.2m/s to
1.5m/s. The rise time of the flow hydrographs was
found to vary from 24 min at 1.8 km downstream
of the dam up to 218 min at the confluence of
Lower Little Creek with the Pearl River. Froude
numbers in the main channel and the flood plain
were less than one, indicating subcritical flow
conditions everywhere.

2 SIMULATION OF BIG BAY DAM BREAK
USING CCHE2D-FLOOD

1.3 2D Numerical Modeling

Two-dimensional (2D) simulation of the Big Bay
Dam break incident and the resulting flood was
modeled using CCHE2D-FLOOD.

In the present study, the Big Bay Dam break
was modeled using a two-dimensional (2D) numerical model called CCHE2D-FLOOD, which
was developed at the National Center for Compu549

2.1 Description of CCHE2D-FLOOD

discharge components in both directions are set to
zero. The numerical code is stable, oscillation-free
near discontinuities, robust, and rigorously conserves mass and momentum.
The model has several additional capabilities.
Linear terrain features, such as roads and railroad
embankments that may affect the propagation of
flood waters are taken into account by projecting
them onto the computational grid as immersed
boundaries that can be overtopped. The cells
whose computational stencils are affected by the
immersed boundaries are computed using ghost
fluid technique (Miglio et al., 2008; Altinakar et
al., 2009b). Immersed boundaries are also used to
implement 1D-2D coupling capability. The details
can be found in Altinakar et al. (2009a and c). The
numerical model results can be directly imported
into a GIS (Geographical Information System)
software for mapping and consequence analysis.
CCHE2D-FLOOD is also integrated with a set of
GIS-based decision support tools running as an
extension of ArcGIS. These tools allow the user to
evaluate loss-of-life potential, and urban and agricultural damage, etc. The detailed description of
the integrated software can be found in Altinakar
et al. (2009a).

CCHE2D-FLOOD numerically solves shallow
water equations over complex topography using a
2D conservative upwinding finite volume scheme.
The 2D shallow water equations governing the
propagation flood waters are written as:
∂U ∂F ∂G
+
(1)
=S
+
∂t ∂x ∂y
The vectors of conserved variables U , fluxes
in x, F(U) , and y, G (U) , directions, and sources,
S , are defined, respectively, as:
⎤
⎡Q y
⎡Q x
⎤
⎡h ⎤
⎥
⎢
⎢
⎥
⎢ ⎥
U = ⎢Q x ⎥ F = ⎢Q x2 / h ⎥ G = ⎢Q y Q x / h ⎥
⎥
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⎢Q y ⎥
⎣ ⎦
⎣
⎦
⎣⎢Q y / h ⎦⎥
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⎤
⎡0
⎥
⎢
S = ⎢− gh(∂Z / ∂x ) − g u u 2 + v 2 / C 2 ⎥
⎢
2
2
2 ⎥
⎣⎢− gh(∂Z / ∂y ) − g v u + v / C ⎦⎥
where h is water depth, u and v are fluid velocities in x and y directions, Q x and Q y are specific discharges in x and y directions, g acceleration of gravity, Z water surface elevation, and C
represents Chezy’s coefficient of resistance.
Finite volume discretization over a regular
mesh results in the following explicit scheme:
Δt
(Fi +1 / 2, j − Fi −1 / 2, j )
U ijn +1 = U ijn −
Δxi
(3)
Δt
(G i, j +1 / 2 − G i, j −1 / 2 ) + ΔtS ij
−
Δy j
Where Fi +1 / 2, j , Fi −1 / 2, j , G i , j +1 / 2 , and G i , j −1 / 2
are the fluxes at a cell’s right, left, top, and bottom
interfaces, respectively, S ij represent source/sink
terms, Δx = Δy the cell size and Δt the time step
value. First order upwinding is used to compute
the intercell fluxes:
⎡Q y
⎤
⎡Q x
⎤
⎢
⎥
⎢
⎥
Fi +1 / 2 j = ⎢Q x2 / h ⎥ G ij +1 / 2 = ⎢Q y Q x / h⎥
(4)
⎢
⎥
⎢Q x Q y / h⎥
2
⎣
⎦ i+k
⎣⎢Q y / h ⎦⎥

(
(

)
)

2.2 Modeling of Big Bay Dam Break
The 10m and 30m resolution DEMs (Digital Elevation Model) for the region of interest were
available at the Mississippi Automated Resource
Information System (MARIS), which provides
access to Mississippi's statewide geographic information system (http://www.maris.state.ms.us/).
To reduce the computational time, a 20m resolution DEM was prepared by resampling the 10m
DEM.

j+m

where
⎧0 Q y ≥ 0
⎧0 Q x ≥ 0
(5)
k =⎨
m=⎨
1
Q
0
≤
1
Q
0
≤
y
x
⎩
⎩
The time step is variable and based on the CFL
condition expressed by:
⎡ Δt ( u + gh ) Δt ( v + gh ) ⎤
,
N CFL = Max ⎢
⎥ ≤ 1 (6)
Δx
Δy
⎥⎦
⎢⎣
A very small water depth threshold (10-8m) is
assumed in dry cells. If the computed water depth
in a cell is less than some minimal threshold, the

Figure 3. Hydrographs and peak discharges obtained with
55min and 38min breaching times.

The ground level in the vicinity of the failed section is 71.337m a.s.l. Based on a dam height of
17.4m, the dam crest would be at 88.7m a.s.l.
Burge (2004) reports that, at the time of the failure, the storage was slightly above the normal
pool level of 84.73m a.s.l. Following Yochum et
550

al. (2008), the water surface level in the dam was
assumed to be at 84.89m a.s.l. The final breach
geometry was assumed to be the same as obtained
by Yochum et al. (2008) based on a 2004 aerial
picture. The breaching started immediately at the

beginning. The final trapezoidal shape had a bottom width of 70.1m at the ground level (71.3m
a.s.l.) and a top width of 96m at the elevation of
84.89m a.s.l. The side slopes were 1.30:1 (H:V)
on the left side and 0.61:1 (H:V) on the right side.

Figure 4. Maps of maximum flow depth (top) and maximum discharge (bottom) computed using CCHE2D-FLOOD. The extent of the inundated area as calculated by Yochum et al. (2008) is also superimposed on the Google Earth image taken on Jan
20, 2004, i.e., about 2 months before the dam break incident.

A 20-m resolution DEM of 1390 cells (27,800m)
along North-South and 626 cells (12,520m) along
East-West was chosen as computational grid. The
river bathymetry was not available. The elevations
from the DEM were directly used as the ground
elevation. Bridges on Lower Little Creek were not
modeled in this study. An average value of n=
0.05m-1/3s was used as the Manning’s roughness
coefficient for the entire computational domain.
Simulations were carried out for 32,400s (9 hrs),
which lasted about 75,000s (~20.8 hrs) in realtime on a desktop computer with a dual-core
AMD microprocessor running at 3.01GHz.
With breaching duration of 55min as reported
by Burge at al. (2004) and assumed by Yochum et
al. (2008), the resulting hydrograph had a peak
discharge of 3795m3/s. By trial and error, it was
found that a breaching duration to 38min provides
a peak discharge of 4155m3/s, which is closer to
the peak discharge of 4160m3/s reported by Yochum et al. (2008). The simulation results with the

breaching duration of 38min are presented in this
paper.
3 DAM BREAK SIMULATION RESULTS
The maximum flood depth and maximum flood
discharge per unit length computed with
CCHE2D-FLOOD for a breach time of 38min are
presented in Figure 4 together with the inundation
area computed by Yochum et al. (2008).
3.1 Flood Depths
As it can be seen, although they are very similar,
the inundation area computed by CCHE2DFLOOD has a somewhat narrower footprint than
that obtained from HEC-RAS 1D modeling. It is
to be noted that HEC-RAS model ends where the
river reaches the flat land around Pearl River,
whereas CCHE2D-FLOOD simulation continues
all the way down to the confluence with Pearl
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River. This is probably due to the fact that, in the
relatively flat Pearl River floodplain. river cross
sections are no longer well defined and the 1D
flow hypothesis does not hold.

In Table 1, observed high-water mark elevations are compared with water surface elevations
and depths computed using CCHE2D-FLOOD.

Table 1. Comparison of water surface elevations and depths computed by CCHE2D-FLOOD with observed high-water marks.
Elevation
CCHE2D-FLOOD
Bed Elev
Bed. Elev.
DifferObs. Elev
High Water
Latitude
Longitude
Comp. Elev.
Comp.
using 20m
20m-DEM
ence
(m a.s.l.)
Mark ID
(Degrees) (Degrees)
(m a.s.l.)
Depth (m)
DEM (m)
(m a.s.l.)
(m)
HWML01
31.131389 -89.77494
37.535
38.507
0.971
38.71
1.175
-0.203
HWML02
31.131417 -89.77483
37.509
38.592
1.083
38.74
1.231
-0.148
HWML03
31.131500 -89.77500
37.935
38.646
0.711
38.71
0.775
-0.064
HWML04
31.131778 -89.77508
37.493
38.683
1.190
38.74
1.247
-0.057
HWML05
31.131806 -89.77494
38.010
38.772
0.763
38.74
0.730
0.032
HWML06
31.132028 -89.77517
36.992
38.824
1.832
38.77
1.778
0.054
HWML07
31.132278 -89.77525
36.589
38.888
2.299
38.80
2.211
0.088
HWML08
31.129750 -89.77500
36.576
38.421
1.845
38.68
2.104
-0.259
HWML09
31.129972 -89.77400
37.079
38.461
1.383
38.92
1.841
-0.459
HWML10
31.135389 -89.77594
38.864
39.242
0.378
38.62
-0.244
0.622
HWML11
31.134972 -89.77681
39.355
39.355
0.000
38.47
-0.885
0.885
HWML13
31.132806 -89.77547
35.397
38.919
3.522
38.89
3.493
0.029
HWML14
31.133083 -89.77556
36.585
38.944
2.358
38.89
2.305
0.054
HWML16
31.158333 -89.62703
60.340
61.373
1.033
62.36
2.020
-0.987
HWML17
31.173222 -89.57408
72.206
72.871
0.665
74.92
2.714
-2.049
HWML18
31.171694 -89.58267
71.682
71.706
0.024
73.03
1.348
-1.324
HWML19
31.177056 -89.62247
62.469
62.469
0.000
63.09
0.621
-0.621
HWML20
31.173444 -89.58269
72.523
72.523
0.000
73.49
0.967
-0.967
HWML21
31.176444 -89.57850
74.986
74.986
0.000
75.07
0.084
-0.084
HWML22
31.171694 -89.57272
71.062
71.062
0.000
72.33
1.268
-1.268
HWML23&25 31.161778 -89.58986
69.803
69.803
0.000
69.19
-0.613
0.613
HWML26
31.157694 -89.60878
66.222
66.222
0.000
65.96
-0.262
0.262
HWML27
31.163278 -89.60931
64.280
65.391
1.110
66.45
2.170
-1.059
HWML28
31.164472 -89.60956
64.501
64.584
0.083
65.75
1.249
-1.166
HWML29
31.164000 -89.60975
64.677
64.924
0.247
65.75
1.073
-0.826
HWML32
31.145528 -89.75144
43.969
43.969
0.000
43.13
-0.839
0.839
HWML33
31.144722 -89.75144
42.663
42.841
0.177
43.07
0.407
-0.229
HWML34
31.143972 -89.75989
42.390
42.390
0.000
42.28
-0.110
0.110
HWML35
31.142833 -89.75872
39.984
42.142
2.158
42.12
2.136
0.022
HWML36
31.142083 -89.75761
41.855
42.023
0.168
42.06
0.205
-0.037
HWML37
31.141556 -89.75625
41.416
42.545
1.129
42.49
1.074
0.055
HWML38
31.142083 -89.75717
41.892
42.474
0.582
42.43
0.538
0.044
HWML39
31.135833 -89.70219
46.021
50.884
4.863
50.81
4.789
0.074
HWML40
31.139722 -89.67083
54.907
55.548
0.641
55.66
0.753
-0.112
HWML41
31.147278 -89.64525
54.872
58.109
3.237
59.07
4.198
-0.961
HWML42
31.146639 -89.64461
55.023
58.417
3.394
59.13
4.107
-0.713

In Table 1, observed high-water mark elevations are compared with water surface elevations
and depths computed using CCHE2D-FLOOD.
The last column shows the difference between
computed and observed values. The highlighted
differences are greater than 0.70m. The largest
difference of -2.049m is observed at HWML17,
which remains dry in 2D simulation. In fact, the
largest differences are occurring close to the dam
(HWML17) and near the bridges (for example
HWML41 & 42). Uncertainties in bed elevations,

the use of a single roughness value for the entire
computational domain, and neglecting the modeling of the bridges may all have contributed to the
discrepancies between computed and observed
elevations at certain observation points. The bed
elevations at high-water mark locations are not
known. The second column from the right shows
the “observed water depth” calculated by subtracting the bed elevation in 20m DEM from the observed high water mark elevation. It is interesting
to note that for six locations negative depths are
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obtained, indicating that the uncertainties in DEM
may have played an important role. In fact, if
HWML17 is displaced to the west by about 20m,
one obtains a water surface elevation which differs from the observed one by only a few centimeters.
Yochum et al. (2008) do not provide a table of
computed water depths at high-water mark loca-

tions. It is only mentioned that the differences in
elevation range from −0.02m to −0.90m and from
0.01m to 0.62 m. A direct comparison for each
high-water mark is, therefore, not possible. For
CCHE2D-FLOOD simulation the differences in
elevation range from −0.057m to −2.049m and
from 0.022m to 0.622 m.

Table 2. Comparison of simulation results from CCHE2D-FLOOD with those simulated by HEC-RAS (Yochum et al., 2008).
HEC-RAS (Yochum et al., 2008)
CCHE2D-FLOOD (present study)
Peak DisFront ArRise
Peak
Rise
Peak
Station
River
charge ArTime
Discharge
Time
Discharge rival Time
(km)
rival Time
(s)
(s)
(m3/s)
(s)
(m3/s)
(s)
Big Bay Dam Breach
0.0
4,160
3,300
4,155
0
2,280
6,540
Columbia-Purvis
Roadway
Bridge
1.4
4,000
1,680
4,084
982
NA
NA
Salt Dome Roadway Bridge
3.4
3,010
1,740
3,083
1,889
NA
NA
Chaney Church Roadway Bridge
5.9
2,550
2,400
2,738
3,015
3,525
6,540
Luther Saucier Roadway Bridge
8.6
1,970
3,180
2,341
4,108
3,092
7,200
Pinebur Roadway Bridge (upper)
11.7
1,470
4,560
2,223
5,834
3,166
9,000
Pinebur Roadway Bridge (lower)
19.6
964
7,800
1,702
10,558
4,652
15,210
MS-13 Roadway Bridge
28.6
781
11,820
1,113
17,020
4,700
21,720
MS-43 Roadway Bridge
30.9
762
13,080
653
18,796
4,920
23,716
Table 3. USACE (1985) criteria for structural damage.
Description
1-Story
2-Story
Masonry or conV > 1.92 m / s and
V > 2.29 m / s and
crete bearing
2
3
V 2h > 38.80 m3 / s
V h > 12.80 m / s
walls
Wood studs in
V > 4.57 m / s and
V > 3.05 m / s and
bearing walls
V 2h > 7.51 m3 / s
V 2h > 7.51 m3 / s
with wood frame
Steel studs in
V > 5.40 m / s and
V > 5.40 m / s and
bearing walls
2
3
V h > 10.13 m / s
V 2h > 20.00 m3 / s
with steel frame

tion discharges seem to agree quite well. As it
would be expected, the values given by CCHE2DFLOOD are slightly higher than those of HECRAS, especially as the inundation area enlarges in
the downstream direction.

Table 4. RESCDAM (2000) criteria for structural damage.
Structure Type
Partial Damage
Total Damage
2
Unancq = Vh ≥ 2 m / s q = Vh ≥ 3 m 2 / s
Wood hored
framed
q = Vh ≥ 3 m 2 / s q = Vh ≥ 7 m 2 / s
Anchored

Structures located in inundation areas are subjected to the following forces: 1) hydrostatic force
on the walls; 2) hydrostatic force of saturated soil
on underground foundations; 3) buoyancy force;
4) hydrodynamic force; 5) surge impact force; and
6) debris impact force (FEMA/FIA and FEMA,
2000). Tables 3 and 4 present the damage criteria
recommended by USACE (1985) and RESCDAM
(2000) regarding the flood damage to structures.

Masonry, concrete
and Brick

V ≥ 2 m / s and
2

q = Vh ≥ 3 m / s

4 DAMAGES TO STRUCTURES
4.1 Flood Related Loadings on Structures

V ≥ 2 m / s and
q = Vh ≥ 7 m 2 / s

3.2 Peak Discharges
Table 2 compares the cross section averaged peak
discharges from HEC-RAS simulation with those
from
CCHE2D-FLOOD
simulation.
The
CCHE2D-FLOOD peak discharges were obtained
by integrating the area under maximum discharge
versus cross section width. In a 2D simulation the
maximum discharge does not necessarily arrive at
the same time at all points across the width. The
integration of maximum discharges at a cross section is expected to overestimate the peak discharge. Despite this fact, the maximum cross sec-

4.2 Evaluation of Damage Criteria for Big Bay
Dam Failure Case
Maximum flood depth, velocity and discharge
values simulated with CCHE2D-FLOOD were
post processed to compute the damage parameters,
Vh and V 2 h at the locations where damages to
structures and residences were observed. In Table
5, these computed values are compared with the
field observations. As it can be seen, the values of
the criteria computed from 2D simulation are gen553

erally above the limiting values for partial and/or
total damage values, indicating an agreement with
field observations.
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ABSTRACT: A two-dimensional flow model based on shallow water equations is developed. The spatial
discretisation is obtained by the FVM cell centered type method. The numerical system is solved in explicit way. The flux modeling has been deployed by TVD WAF scheme with a second order accuracy both
in space and time. The local Riemann problem is solved by the HLLC method. Verification of the model
was carried out by comparison of model results and analytical and numerical solutions. Comparison of
these two set of results present a reasonable degree of similarity. Finally, the results of numerical model
were compared with available experimental data of dam- break test case.
Keywords: Numerical models, Dam failure, Shallow water equations, TVD WAF method
mined as the high-ranked schemes in terms of
ease of implementation. It was highlighted that a
first-order accurate solution algorithm using either
Osher or HLLC schemes can be recommended for
the simulation of all kinds of applications.
There have been a number of studies, aimed at
developing numerical models to predict dambreak flows. Fraccarollo and Toro (1995) utilized
a numerical model using a shock-capturing method of Godunov type. They used HLL method for
modeling fluxes at the cell interface and TVD
WAF method for achieving the second order accuracy. They compared the numerical model with
their experiments of dam-break flow. SoaresFrazão and Zech (2002) used numerical simulations of the flow with three Roe-type finite volume schemes, including 1D, 2D and the hybrid
approaches. They compared the results of numerical models with their experimental data for the
dam break waves in a channel with a 90˚ bend.
Valiani et al. (2002) simulated the flood wave using a Godunov-type method. In the model, the local Riemann problem is solved by the HLL method. They used the TVD MUSCL technique in
order to achieve second order accuracy in space
and also time. They utilized the model for simulating Malpasset dam-break. Yu-chuan and Dong
(2007) simulated dam-break flows in curved
boundaries by the finite-difference method, in a

1 INTRODUCTION
In recent years free-surface flow models have
been increasingly developed using explicit
schemes. Because the result of numerical models
behave better when used to simulate flows with
sharp gradient free surfaces, such as dam-break
flows (Namin et al. 2004). Several techniques
have been published in the literature concerning
the use of the finite volume method to solve the
shallow water equations to model free surface
flows. Shock capturing techniques in the framework of finite volume discretisation, especially
Godunov type methods, have recently drawn more
attentions. At least five approximate Riemann
solvers i.e. Roe, FVS, Osher, HLL and HLLC can
be found in the literature, all of which are based
on the characteristics theory (Toro, 2001). Zoppou
and Roberts (2003) examined explicit conservative schemes for the solution of the one dimensional homogeneous shallow water equations. In
the conclusion, for the ease of implementation, efficiency and robustness, the HLLC and Osher
schemes have been recommended for first-order
schemes. Also in comprehensive study of Erduran
et al. (2002), the performance of the approximate
Riemann solvers has been evaluated according to
five criteria including ease of implementation, accuracy, applicability, simulation time and stability. Finally, HLL and HLLC method were deter555

which yields by application of the divergence
theorem:

channel-fitted orthogonal curvilinear coordinate
system.
In this paper, the HLLC approximate Riemann
solver is selected for computing the fluxes in the
interface of the cells. In order to achieve secondorder accuracy, the Weighted Average Flux
(WAF) method which was introduced by Toro
(1989) is used. The following part consists of how
to develop a two dimensional finite volume model. Then the model is verified by dam-break with a
left dry bed and partial dam-break through a sluice
gate. Then the model is applied for the dam-break
in channel with 90◦ bend (CADAM test).
2 NUMERICAL MODEL

Figure 1. Generic control volume and notations

2.1 Governing equations

∫

Under the assumption of hydrostatic pressure, and
neglecting the diffusion terms and Coriolis and
wind effects, the obtained two-dimensional model
of depth averaged shallow water equations appears as:
∂U ∂F (U ) ∂H (U )
+
+
= S (U )
∂t
∂x
∂y

v

(1)

ΔV

H (U ) = (hv, huv, hv 2 + gh 2 / 2)T

ΔV

S (U ) = (0, gh( S ox − S fx ), gh( S oy − S fy ))T

S fy

(5)

m
dU i
= −∑ Tnij−1 F (TnijU i , TnijU j )dsij + S i (U i )ΔV (6)
dt
j =1

Consequently, in order to compute the fluxes in
the cell interface, the local one-dimensional Riemann problems are utilized in the normal directions of the cell sides. Which F(TnijUi, TnijUj) is
resolved via an HLLC method. The numerical
flux of HLLC, Fi+1/2, evaluated as follows (Toro et
al., 1994):

where h = water depth, u, v = depth-averaged velocity components in the x and y directions, g =
acceleration due to gravity, Sox, Soy= bed slopes in
the x and y directions, S f x , S f y = friction terms in
the x and y directions, respectively (Valiani et al.,
2002).

n 2v u 2 + v 2
n 2u u 2 + v 2
,
=−
=
−
S
fx
h4/3
h4/ 3

m
dU
= −∑ G (U ) nij dsij + S (U )ΔV
dt
j =1

where ΔV= the area of each control volume,
m= the number of cell sides, dsij =the length of
side j. The Rotational Invariance Property is utilized between F and H over each side (Toro,
1992):

F (U ) = (hu, hu 2 + gh 2 / 2, huv)T

∂z
∂z
, S ox = −
∂y
∂x

(4)

where G (U ) = ( F , H )T , ni =the unit normal
vector outward from control volume that is shown
in Figure 1. Equation (4) can be rewritten as:

U = (h, hu, hv)T

S oy = −

∂U
dV + ∫ G (U )ni ds = ∫ S (U )dV
∂t
s
v

(2)
Fi +1 / 2

(3)

where n = Manning’s roughness coefficient.

⎧ FL
⎪F
⎪ *L
=⎨
⎪ F* R
⎪⎩ FR

if S L ≥ 0
if S L ≤ 0 ≤ S*
if S* ≤ 0 ≤ S R

(7)

if S R ≤ 0

where SL, S* and SR are the speeds of the left,
contact and right waves, respectively that is
shown in Figure 2, and FL=F(UL), FR=F(UR), UL
and UR are the left and right Riemann states of a
local cell interface, respectively, F*L and F*R are
the numerical fluxes in the left and right sides of

2.2 Discretisation
The computational domain is divided into a set of
quadrilateral finite volumes. Then the governing
equations are integrated over each control volume,
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the star region of the Riemann solution which is
divided by a contact wave (Toro et al., 1994).

ficulty of numerical methods. In a real application
in which such fronts are to be propagated by several kilometers, the propagation speed and thus
the predicted wave arrival time will suffer from
considerable errors (Toro, 2001). The model result
is shown in Figure 2 by the TVD WAF scheme
with Superbee limiter function. The model has a
good agreement with analytical solution especially in the beginning of the rarefaction part that is
indicated by a circle in Figure 2. Most of the
models with the second order accuracy are more
diffusive in this part.

Figure2 Wave structure of HLLC Riemann solver

In order to achieve second-order accuracy, the
WAF method was selected. The WAF scheme, as
being second-order accurate in space and time,
produces spurious oscillations near steep gradients, and so needs TVD stabilization. According
to TVD WAF scheme the flux at the cell interface
is calculated by the relation (Toro, 1992):
FiTVD
+1 / 2

WAF

3

= 1 / 2( Fi + Fi +1 ) − 1 / 2∑k =1 sign(C k ) Ai(+k1)/ 2 ΔFi (+k1)/ 2

1.2

WAF (Superbee)
Exact

1

h (x )

0.8
0.6
0.4

(8)

0.2
0

Fi = F (U ), ΔFi (+k1)/ 2 = Fi (+k1+/ 12) − Fi (+k1)/ 2 , C k = ( Δt / Δx) S k (9)

where Ai(+k1)/ 2 is a WAF flux limiter function.
There are various choices for computing the limiter function in the present model such as Superbee, Van Leer, Van Albada and Minbee limiter
functions (Toro, 2001).
In modeling the bottom slope source terms, the
numerical pointwise treatment of So is not so difficult if the bottom slope in the x and y directions
can be easily determined. However, generally the
four vertices of each cell do not lie on the same
plane; therefore the slope of the cell is not trivially
computable. To avoid this problem, the technique
has been developed by Valiani et al. (2002) is
used.

0

10

20

30

40

50

x (m)

Figure 3. Dam-break problem with left dry bed

3.2 Partial Dam-break through a sluice-gate
The aim of this test case is to study the capacity of
the present model to simulate the front wave
propagation over a dry bed. The spatial domain is
a 200×200 m2 flat region (Figure 4).

3 MODEL TESTING
3.1 Dam break problem with left dry bed
The test has been designed by Toro (2001). The
computational domain is a channel 50 m long, unit
width, frictionless and horizontal bed. The downstream section of the dam is dry in this test case.
Let hL=0, hR=1 m, uL=0 and uR=0, depth and velocity in the left and right side of x0=30 m which
is the position of initial discontinuity. In Figure 2,
the model results and analytical water surface profiles are shown at t= 4 s. The solution consists of a
single right rarefaction wave, with the wet/dry
front attached to the tail of it. The propagation of
wet/dry front at the correct speed is one major dif-

Figure 4. Partial dam-break layout (Loukili and Soulaïmani,
2007)

The bottom is frictionless. The computational
domain is a 40×40 square mesh. The upstream
discharge is zero. The initial water levels are 10 m
upstream and 0 m in downstream. The asymmetric
breach is 75 m wide. There is no analytical reference solution for this test case, but in the literature
numerical results of various authors are available
e.g. Mingham and Causon (1998), Loukili and
Soulaïmani (2007). Figures 5 and 6 show the re557

the calculation is taken equal to 0.011 s.m-1/3
(Prokof’ev, 2002).

sults of present model for water surface and water
depth contours. The duration of the simulation is
7.2 s. Figure 7 shows the water depth contour of
Loukili and Soulaïmani (2007). The present model
result shows a good agreement with the published
results.

Figure 7. Results of Loukili and Soulaïmani for water depth
contour (Loukili and Soulaïmani, 2007)

The variation of water surface elevation with
time is compared with the experimental data at the
different gauge positions as shown in Figure 9.
The comparison of results for gauge P1 is satisfactory as it shown in Figure 9 (a). It shows that the
numerical model computes the right discharge
coming in to the channel. Figure 9(b) shows the
arrival of the first shock traveling downstream of
the reservoir and the arrival of the second shock
reflected from the channel bend. The agreement
for the second shock is very good. However, there
are differences at P3 and P4 for the arrival of
second shock. At most gauge positions, there is
good agreement between the present model results
and the experimental data. The deviation between
the model results and experimental data may be
due to the local head loss caused by sudden
change in flow geometry at the entrance to the
channel and due to eddy losses, which are not taken into account in the numerical computations.

Figure 5. Results of present model for water depth contour

Figure 6. The results of present model for water surface

3.3 Dam-break in channel with 90◦ bend
This test problem is the experimental case designed by Soares-Frazão et al. (1998) for verifying
the capability of numerical methods to simulate
dam-break flows. The flow domain consists of a
square reservoir and L-shaped channel as shown
in Figure 8. The bottom level of the channel is
0.33 m higher than the bottom level of the reservoir, which means that there is a step at the entrance of the channel. Initially, the water depth
was 0.53 m in the reservoir which is separated by
a gate from the channel and then the gate is suddenly opened to produce a dam-break situation.
The water depth in the channel was set to 0.01 m.
Taking into account the effect of the bottom and
the chute walls the average friction coefficient in

Figure 8 Plane view of Channel with 90° bend (dimensions
in cm) (Prokof’ev, 2002)
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A two dimensional finite volume model has been
developed based on shallow water equations. In
the current study the TVD WAF method with
second order accuracy both in space and time has
been used for modeling fluxes at the interface of
the cells. Model verification has been made by
comparison of the model results with analytical
and numerical solutions. Comparison of the two
set of results represent a reasonable degree of similarity. Finally, the model was applied to one of
CADAM test and the results of numerical model
compared with measurements. The results of
present model indicate that:
- The model is applicable when the bed is dry.
- The model has a good agreement in the beginning of the rarefaction wave in 1-D dam break
problem.
- Comparison of the model results and experimental data in different gauge stations in channel with
90˚ bend shows that the model operates well in
predicting the wave caused by dam-break.
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It is reported some discrepancy between the results of numerical models and the experimental
data at the gauge stations P2 and P5 by previous
researchers such as Prokof’ev (2002). However,
the results of the present model at the mentioned
stations are good agreement with experimental data which can be caused by good accuracy of TVD
WAF method as mentioned in section 3.1.
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ABSTRACT: A 2D first order upwinding finite-volume scheme is used on a regular orthogonal mesh in a
numerical model to simulate dam break and dam breach flow from a reservoir. The discharge through the
time-varying breach geometry is crucial to the accuracy of the resulting flood wave, yet the method of
representing the breach evolution by changing the bottom elevation of individual cells within the vicinity
of the dam makes the breach hydrograph and peak discharge highly dependent on the mesh size and dam
orientation. To increase accuracy and reduce computational burden associated with refining the entire
mesh, a quadtree local mesh refinement technique was used to better model the dam breach geometry.
Simulation results from the model using a combined regular and quadtree mesh showed that a coarse
mesh with local refinement can yield a good approximation of the discharge hydrograph obtained using a
globally-refined mesh, with significant savings in computational time.
Keywords: Dam break, Flood, Quadtree, Mesh Refinement, Breach hydrograph
dam over which the resulting flood propagates.
One possibility is to separately compute the discharge through the dam breach using a dedicated
program. Then the resulting hydrograph is used as
a boundary condition in the 2D model.
If the bathymetry of the reservoir is known,
one can also consider a computational domain
which includes the reservoir, the dam, and the
downstream area. In this case, the cells occupying
the area of the dam are represented as topography
and, thus, have a bottom elevation equal to the
crest elevation of the dam. The gradual breaching
of the dam is then represented by manipulating the
elevation of the cells representing the dam according to a predefined schedule, which follows the
evolution of the breach geometry.
The flow of water through the breach is of paramount importance to the resulting downstream
flood. It is therefore important that it must be
modeled as accurately as possible. When using a
regular mesh, accurate representation of breach
evolution can be a problem. Typical cell sizes for
dam-break simulations using a regular mesh may
be 50 m or larger. The evolution of breach geometry cannot be accurately represented with such
large cell sizes.

1 INTRODUCTION
1.1 Purpose
Two-dimensional numerical models are commonly used in solving shallow water equations for a
problem of interest, such as a dam break releasing
water into a floodplain. Numerical models solve
governing equations for the variables of interest
after discretizing the problem domain. In the case
of a finite volume model for dam break, the variables of interest are flow depth and flow velocities, and the domain is discretized into cells. Each
cell in the domain corresponds to a real-world
area where the flow variables can be used for consequence analysis and emergency management
planning operations stemming from damage
caused by the flowing water. These analyses necessitate accurate results from the numerical model.
One of the easiest ways to discretize a domain
is to divide it into equal-sized square cells, resulting in a regular orthogonal mesh. This type of
mesh requires little preparation but has some
drawbacks which will be discussed.
In the case of dam break flood modeling, the
problem usually involves some reservoir or source
of water, the dam, and terrain downstream of the
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It is of course possible to use a regular mesh
with a higher resolution, but that would require
smaller time steps and, thus, longer computational
times due to the CFL condition.
Ideally, the breach discharge should be independent of the mesh size, and the evolution of the
breach geometry should be correctly simulated
even when using a coarse regular mesh dictated
by other considerations, such as the size of the
computational area.
Since refinement of the entire mesh imposes
significant increases in computational burden, and
because the dam breach progression requires
small features to be modeled accurately, the capability to locally refine the mesh in the vicinity of
the dam is a worthwhile endeavor. In the present
study, this was accomplished using a version of
quadtree mesh refinement.

2 DESCRIPTION OF EXISTING 2D
NUMERICAL CODE CCHE2D-FLOOD
A description of this model can be found in Ying
(2003) and Altinakar et al. (2009a).
2.1 Governing equations
The conservative form of the two-dimensional
shallow water equations is written as
∂U ∂F ∂G
+
+
=S
∂t
∂x
∂y

(1)

where U , F(U) , G (U) , and S represent the vector of conserved variables, the vector of fluxes in
the x-direction, the vector of fluxes in the ydirection, and the vector of sources, respectively:

⎡h ⎤
⎡hu ⎤
⎡hv ⎤
⎥
⎢
⎥
⎢
U = ⎢hu ⎥ F = ⎢huu ⎥ G = ⎢⎢huv ⎥⎥
⎢⎣hv ⎥⎦
⎢⎣huv ⎥⎦
⎢⎣hvv ⎥⎦

1.2 Quadtree method
Quadtree refers to a hierarchical organization of
data in which a single “parent” element is associated with four equal-size “child” elements that,
when taken together, spatially represent the original parent element completely. Each child element may, in turn, have child elements, and so on,
up to any practical level of refinement imposed by
the modeler. The connectivity between parent and
child is maintained, so communication is possible
between different levels of the data structure.
In the current model, the quadtree structure is
applied to cells in the two-dimensional mesh.
Once the entire problem domain is discretized into
cells with the original size, the ones near the areas
of interest (dams) are refined until the smallest
child cells are of the desired size. Refinement refers to the process of creating child cells within a
given cell.
The quadtree structure has been implemented
in a pre-existing verified and validated twodimensional numerical code called CCHE2DFLOOD (Altinakar et al. 2009a, b, and c). This
uses an explicit, conservative, finite-volume, firstorder upwinding scheme on a regular square
mesh. A test case involving a dam breach was
modeled with mesh sizes of 5m, 10m, 20m, and
40m. For the three largest mesh sizes, the breach
was modeled first with no refinement and then
with local refinement to a level of 5m near the
dam. No refinement was made to the 5m mesh.
Section 4 of this paper describes the results of
these tests.

⎡
⎢0
⎢
⎢
u u2 + v2
∂Z
S = ⎢− gh
−g
∂x
C2
⎢
⎢
v u2 + v2
∂Z
⎢− gh
−g
∂y
C2
⎢⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦⎥

(2)

(3)

where h = water depth, u = fluid velocity in the
x -direction, v = fluid velocity in the y -direction,
g = acceleration of gravity, Z = water surface
elevation, and C =Chezy’s coefficient. Integrating (1) over a cell and applying Green’s theorem
yields:
U ijn+1 = U ijn −
−

Δt
(Fi+1/ 2, j − Fi−1/ 2, j )
Δxi

Δt
(G i, j +1/ 2 − G i, j −1/ 2 )
Δy j

(4)

+ ΔtS ij
where Fi+1/2, j, Fi-1/2, j, Gi, j+1/2, and Gi, j-1/2 are the
fluxes at a cell’s right, left, top, and bottom interfaces, respectively, and ∆t is the time step value.
A simple upwind method is used to calculate the
intercell fluxes in x and y directions:
Fi +1 / 2
with
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⎡(hv ) j + k ⎤
⎡(hu )i + k ⎤
⎢
⎥
= ⎢⎢(huu )i + k ⎥⎥ G j +1/ 2 = ⎢(huv ) j + k ⎥
⎢(hvv ) ⎥
⎢⎣(huv )i + k ⎥⎦
j +k ⎦
⎣

(5)

⎧0
k =⎨
⎩1

if Q ≥ 0
if Q ≤ 0

initially given a bottom elevation equal to the dam
crest elevation. The cells inside this rectangular
area have their bottom elevations updated at each
time step according to a breach geometry profile.
A profile is a series of elevation changes along the
length of the dam that define a “snapshot” of the
geometry of the breach at a certain point in time.
The geometry is interpolated both in space (using
a single projected cell-center point between the
user-given profile points) and in time (between
different profile snapshots) for each cell under the
dam.

(6)

The time step for this explicit scheme is governed
by the CFL condition:

⎤
⎡ Δt
Δt
N CFL = MAX ⎢ ( u + gh ), ( v + gh )⎥ ≤ 1 (7)
Δy
⎦
⎣ Δx
2.2 Wetting and drying treatment
To simulate the flood waves propagating over initially dry land, the model must be able to deal
with wetting and drying processes. The present
model first solves for water depths (h) and then
for discharges (hu and hv) from which the velocities (u and v) are calculated. The wetting and drying process is implemented by checking if the water depth computed is less than some minimal
threshold. If the depth is beneath this threshold,
the cell’s velocities in both directions are set to
zero. Once the cell’s depth reaches the threshold
value, the velocities are calculated as normal

3 IMPLEMENTATION OF QUADTREE
METHOD
3.1 Description of method
3.1.1 Data structures
The data structures for the quadtree mesh were
implemented similarly to the method described by
Zheng (2008). Each cell in the quadtree data
structure has an associated level of refinement.
Cells in level 1 are the same size as the cells in the
regular 2D mesh, while cells in each level greater
than 1 have dimensions exactly half as long as the
cells one level lower. A cell in the quadtree data
structure has four nodes at its corners and four
edges which can be shared by neighboring cells.
Corner nodes are only used to keep position information and are not used in the computation.
The four edges of a cell are of the same level of
refinement as the cell itself. The procedure for refining a cell is as follows. A new node common
to the four child cells at the center of the parent
cell is added to the nodes list. Four new child
cells are added to the cell list with one level higher than the parent cell. Four new interior edges
with the same level as the child cells are added to
the edge list. Each of these edges is shared by two
of the new child cells. Then each of the four existing edges of the parent cell is checked to see if
it already has child edges. If so, then the new
child cells identify with the proper edge, and if
not, the edge is also refined by one level. This is
done to ensure that there is no duplication of
edges, nodes, or cells, and that connectivity between parent and child exists at all times for both
cells and edges. Once this is done, all four adjacent cells are checked to make sure that the difference in level of refinement does not exceed one,
as the quadtree data structure requires that a cell
have no more than two cells adjacent to it on a
given side. The procedure of cell refinement is
recursive, allowing this rule to be verified in
neighbors of each refined cell in succession.

2.3 Procedure
2.3.1 Overview
The existing model is quite flexible in that it reads
bottom elevation values from a DEM prepared by
common GIS software and implements dams and
reservoirs through simple text input files that are
easily edited to set up a simulation. The cells
within a user-given area representing the dam are
identified and set to the proper dam crest elevation, and the reservoirs are filled with water to the
proper level. The user can define points at which
to sample data at regular intervals, and can also
define lines across which flow discharge is measured. Once all data have been read, the program
calculates a time step based on the maximum signal speed of the water with regard to eq. (7) and
then calculates fluxes for all cell interfaces in the
domain according to eqs. (5-6). Using these fluxes, the program updates the flow values of depth
and velocity in each cell with eq. (4). A new time
step is then calculated from the updated water
depth and velocity values. This procedure repeats
until a desired simulation time has been reached.
2.3.2 Dam breach progression
A dam is defined by two points, a crest elevation,
a width, and a breach geometry profile. The dam
width is applied to the line from the first point to
the second point, which forms a rectangular area.
All cells whose centers lie inside this rectangle are
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when all levels are stacked together, some cells
and edges are collocated in space, but the computational procedure accounts for this.

The quadtree method was implemented by constructing separate linked lists, one for cells of each
level, one for edges, and one for nodes. A cell is
treated as a record in the cell list with several
fields including flow variables, position information, parent-child connectivity, and the connections with the four corresponding edges. Connectivity between parent and child cells, between
parent and child edges, and between cells and
edges is maintained with pointers. Cells of different levels are kept in separate lists to increase
speed of computation. Figure 1 depicts the hierarchical structure of the data, with cells labeled
C1 in the list of cells with refinement level 1, ones
labeled C2 in the list with refinement level 2, and
so on. A cell with no child cells is called a leaf
cell, while a cell with child cells is called a stem
cell. In Figure 1, cells C1* and C2* are stem cells
and the rest are leaf cells.

3.1.2 Computation
The same numerical scheme from the original 2D
model is applied to the quadtree model with some
differences. Calculations are done to update the
edge fluxes and cells with the highest level of

Figure 3.
cells.

Depiction of various levels of refinement for

refinement, and then progressively toward the
edges and cells with lower levels of refinement.
For leaf edges, the fluxes are calculated according
to eqs. (5-6). For stem edges, the fluxes are calculated by summing the two child edge flux values.
Once all edge fluxes have been calculated for the
current level, flow variables at the cell centers are
updated. If a cell is a leaf cell, it is updated according to eq. (4). If a cell is a stem cell, then its
flow variables h, Z, u, and v are taken from the
average of the child cells which are not dry. For
instance, a cell with one dry child cell would take
the average of the flow values from the remaining
three. This prevents higher bottom elevations in
dry cells from causing problems. Since a cell at a
higher level of refinement is exactly half as large
as its parent cell, the time step for each level is also half the value of the parent cell in order to
maintain the same CFL value. This is represented
as the following, where n is the level of the cell
starting with level 1:

Figure 1. Depiction of hierarchy of quadtree data structure
for cells

Edges are kept in a list that includes records of
parent-child connectivity, flux values, and connectivity to the two adjacent cells. An edge with
no child edges is called a leaf edge, while an edge
with child edges is called a stem edge. In Figure
2, edges E1* ad E2* are stem edges and the rest
are leaf edges.

Figure 2. Depiction of hierarchy of binary tree data structure for edges.

Figure 3 shows the hierarchy of refinement. An
edge of level E1 is associated with a cell in level
C1. It can be seen that in the refined cell C1*,
edge E1* will have two child edges in level E2.
When a cell or edge is refined, the parent record is
kept to maintain connectivity with the other elements of its level. It can be seen in Figure 3 that

Δt n =

Δt1
2 n−1

(8)

The calculation procedure is a nested loop where
the smallest cells are calculated in the inner-most
loop. To calculate any level, all the levels below
it must first be calculated with its own time step.
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3.2 Application to dam cells

Essentially each level is calculated and updated
twice before moving to the next level.
The water surface slope source term seen in eq.
(3) is applied by judging the upwind direction of
the flow of water, which comes from looking at
the flow direction in the cell’s neighbors. In the
case of the regular 2D mesh, a cell has only one
neighbor on each side, and this term is easily calculated. However, with the quadtree mesh, a cell
can have two neighbors on a side, so the water
surface elevation used for the slope is the average
of those two neighbor cells.
At the beginning of the calculation of the
quadtree mesh, the flow variables of the level-1
leaf cells are copied from the regular 2D mesh.
These cells exist in the quadtree mesh precisely
for connectivity purposes, and their flow values
are calculated only in the regular 2D mesh calculation. After the quadtree calculations have finished, the newly-computed flux values on the
edges of these level-1 connection cells are copied
back into the regular 2D mesh arrays. This way,
the cell-center flow values in both regular and
quadtree meshes are calculated using the current
time step’s fluxes, and the fluxes for the next time
step are calculated using the current time step’s
cell-center flow values.
Initially it was assumed that the refinement
process only needed to obey the rule requiring adjacent cells to differ by no more than one level.
However, if a cell was adjacent to a mesh size
change on both top and bottom, or on both left and
right sides like in the top image of Figure 4, it led
to instabilities stemming from the calculation of
the water surface slope source term. The problem
was diminished by also requiring that the difference between the maximum level and minimum
level of refinement in all neighbors of a cell be
less than or equal to one, as shown in the bottom
image of Figure 4.

The quadtree mesh refinement procedure is applied once at the beginning of a simulation. The
needed level of refinement is determined by calculating the smallest distance between points in all
profiles (above some minimal threshold) and
equating that to the minimal cell size required to
resolve it. This level of refinement is applied to
the entire dam as a whole. Level-1 cells that are
identified as being inside the dam are created
within the quadtree data structure and then refined
one level. The resulting child cells are then
checked for being inside or outside the dam, and
the procedure continues refining the new cells up
to the needed level. The bottom elevation of any
cell found to be inside the dam is initialized to the
level of the dam’s crest for the initial time step. It
is possible that once a cell is refined, some of the
child cells are inside the dam and some are outside. This refinement procedure is recursive,
meaning that when refining a given cell, a neighboring cell is also refined if it differs by more than
one level. Figure 5 shows the results of the refinement process for a typical dam. The figure on
the left shows the level-1 cells identified as being
underneath a section of a dam. The figure on the
right shows the results after refining these cells to
level 4.

Figure 5. Cells underneath a dam identified (left) and refined to level 4 (right).

4 TEST CASES
4.1 Simulation setup
The model with quadtree refinement was validated against the existing model using a test case
from Chauhan et al. (2008). The computational
domain was a 1,000 m wide and 1,680 m long
area with a flat bottom (see Figure 6). A 1,000 m
wide and 1,280 m long portion of the computational domain was used to model a 19.35 m deep
reservoir having a storage volume of 24,768,000
m3 as in the test case of Chauhan et al. (2008).
The remaining area downstream of this dam was
initially dry. The dam had an 80 m wide section

Figure 4. Top: Refinement level changes too rapidly for
emphasized cells. Bottom: Improved mesh refinement.
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charge hydrograph using the 5 m mesh was considered to be the most accurate, and other simulations were compared to it. Figure 8 clearly shows
that the breach discharge hydrograph depends on
the cell size used to represent the breach. The 80
m breach is represented with just two adjacent
cells in the 40 m mesh, and this causes the peak
discharge to be overestimated by more than 25%
compared to the 5 m mesh hydrograph.
It is interesting to note that the differences between the results of the 10 m mesh and the 5 m
mesh are small, which gives the notion that further refinement would yield little increase in accuracy.

in the middle that was modeled with the linearly
progressing breaching sequence shown in Figure
7. The breaching started right at the beginning of
each simulation. It took 2,520 s (42 min) to attain
the final trapezoidal breach geometry which had a
bottom width of 46 m and a top width of 80 m
(side slopes approximately 0.9:1 horizontal:vertical).
The reservoir was allowed to drain through the
breach into the downstream basin and freely exit
the domain. The test case was first simulated using regular mesh sizes of 5 m, 10 m, 20 m, and 40
m without any refinement. Then a new series of
simulations was performed with the same regular
mesh sizes but with quadtree local refinement of
the dam. Each simulation was carried out for
3,000 seconds, which was long enough to capture
the falling end of the hydrograph after the breach
reached its full size.

Figure 8. Dam breach discharge hydrographs for various
mesh resolutions with no refinement.

A new series of simulations was also carried
out using the three largest mesh sizes, but locally
refining the mesh in the area of the breach using
the quadtree method. The 40 m cells were refined
three levels, 20 m cells were refined two levels,
and 10 m cells were refined one level. In each
case the smallest cells in the quadtree mesh were
5 m square. The discharge hydrographs for these
three simulations with quadtree mesh refinement
are plotted in Figure 9 together with the hydrograph simulated with the 5 m regular mesh over
the entire computational domain.

Figure 6. Representation of domain with dam at x=1280 m.

Figure 7. Dam breach geometry profiles.

4.2 Results
The simulations without mesh refinement yielded
the discharge hydrographs shown in Figure 8.
Based on the assumption that finer mesh resolutions are better able to capture the breach geometry sequence than the coarser meshes, the dis-

Figure 9. Dam breach discharge hydrographs for various
mesh resolutions with refinement near the dam.

It is evident that the local quadtree refinement of
the mesh at the breach area allows a computation
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second estimate used parameters given by Froehlich (1995b) to directly estimate the peak discharge of 3,637 m3/s. Chauhan explains that using the parameters from Froehlich (1995a) for
input into DAMBRK causes overestimates of the
peak discharge. Thus, the discharge predicted by
Froehlich (1995b) serves as a low estimate while
the discharge predicted by DAMBRK serves as a
high estimate for the expected results from the
present model. Macchione (2008a, 2008b) also
gives estimates for peak discharge parameters
which result in a value of 7,737 m3/s for the
present case. Though the peak discharge estimated from the various sources varies considerably, the value predicted by the current model
seems to agree with the general trend.

with larger mesh sizes to better approximate the
hydrograph obtained from a 5 m unrefined mesh,
which was assumed to be best available estimation of the breach hydrograph.
Figure 10 shows the differences in discharge
values for each mesh size with refinement and
without refinement along with the 5m mesh hydrograph plotted for reference. The 10 m mesh
simulation matched the 5 m mesh simulation quite
well, with and without refinement. This shows
that the breach appears to be adequately modeled
with 10 m cells.

Table 1. Peak discharge flow rates calculated using
CCHE2D-FLOOD results, DAMBRK results, and equations
of
Froehlich and Macchione.
__________________________________
Model
Peak discharge (m3/s)
__________________________________
CCHE2D-FLOOD 4,258.7
DAMBRK
6,908.8
Froehlich
3,626.6
Macchione
7,737.0
__________________________________

The simulations were run one at a time on a
desktop computer with a dual-core AMD microprocessor running at 3.01GHz to clock their CPU
time. For the different cases, the CPU times to
run 3,000 simulation seconds are given in Table 2.
The coarser meshes had fewer total cells and calculated the fastest while the finer meshes took
longer to calculate, as expected. It is remarkable
to consider that the 20 m mesh with refinement,
for instance, yielded a discharge hydrograph comparable to the 5 m unrefined mesh while requiring
only 1.2% of the CPU time to compute with the
current model. Obviously not all scenarios will
demonstrate such drastic gains in computational
efficiency as the simple cases shown here. In general, however, the larger the domain, the more efficiency there is to gain from using local mesh refinement as opposed to refining the mesh globally;
that is, if the only goal is to capture the breach
progression and resulting hydrograph accurately.
Figure 10. Breach discharge hydrographs comparing nonrefined and refined representations of breach geometry.

Table 2. Computation time for simulations with each mesh
size
with and without local refinement.
_____________________________________________
CPU time (s)
____________________________
Coarsest
mesh
With refinement No refinement
_____________________________________________
40m
16.7
6.5
20m
73.6
67.3
10m
532.5
561.7
5m
N/A
6167.0
_____________________________________________

The discharge of the reference hydrograph
from the simulation with the 5m mesh had a peak
flow rate of 4,259 m3/s as shown in Table 1.
Chauhan et al. (2008) described the same dam
breach scenario and gave estimates of the peak
flow rate in two ways. The first estimate of
6,908.8 m3/s was obtained by using parameters
given by Froehlich (1995a) and modeling the peak
discharge with a program called DAMBRK. The
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5 DISCUSSION AND CONCLUSIONS
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ABSTRACT: The failure of a major flood control structure may expose the surrounding population to serious risk. Such an event kind may involve rapid transients with strong interactions between flow and topography. Similar morphodynamical processes may then exhibit a behavior not explainable using the hypothesis of immediate adaptation of solid transport to flow condition. So, to correctly simulate the
consequences of a dam failure in a complex topography, this interaction should be accounted for in mathematical modeling, which should however rely on physical descriptions that are not yet completely established. Within this framework, accurate experimental data in idealized cases are essential to clarify the
process evolution and to validate mathematical and numerical models still in development. In the present
paper, recent experiments realized in a channel with a sudden enlargement are used for comparing results
of a morphodynamical model with an explicit dynamical description of sediment transport, against a classical Saint Venant – Exner model. Such an enlargement features some interesting particularities, with
zones with highly curved flow filaments with high curvature and strong erosion and shadowed zones behind the enlargement.
Keywords: Dam-break wave, Bed-load transport, Sediment inertia, Two-phase flow, Enlargement
sand and gravel mobile bed, the investigation of
Chen & Simons (1979) highlighted the effect of
river sinuosity and deposited sediments after the
failure of a dam. Capart & Young (1998) used
lightweight artificial pearls of uniform size as bed
material in a horizontal flume. The authors discovered that the dam-break wave, just after its release, excavates a growing scour hole and forms a
hydraulic jump which propagates upstream with
time. Leal et al. (2002) compared the propagation
of dam-break waves on fixed, pumice and sand
bed in a horizontal flume. Spinewine & Zech
(2007) realized dam-break experiments on sand
and PVC bed featuring a level discontinuity at the
location of the gate. Soares-Frazão et al. (2007)
executed their test in half a channel presenting
banks. Pioneer experiments of a two-dimensional
dam-break flow, i.e. a sudden enlargement on a
mobile bed, were analyzed by Palumbo et al.
(2008) and by Goutière et al. (submitted).

1 INTRODUCTION
The failure of a major flood control structure as a
dam constitutes a risk for the surrounding population. During such a hazard involving rapid transients, interaction between flow and bed can be
significant. For example, the 1996 Lake Ha !Ha !
breakout flood in Québec severely reshaped the
downstream valley (Capart et al. 2007). To predict
correctly the consequences of a dam failure in a
complex topography, the interaction between flow
and bed must be carefully modeled. Accurate experimental data in idealized cases are, therefore,
essential to understand the phenomenon and to validate numerical models.
Earlier dam-break flow experiments were executed with clear-water on fixed bed in onedimensional configurations (e.g. Dressler 1954) or
with two-dimensional features (e.g. Bell et al.
1992, Bellos et al. 1992, Aureli et al. 2004).
Among the first laboratory studies concerning
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lution of the bed level following erosion or deposition. These equations can be written in vector
form as (see Soares-Frazão & Zech 2010 for additional details)

In order to simulate mobile-bed dam-break
problems, the simpler numerical models used a
shallow-water formulation of mass balance of
each phase, i.e. liquid and solid phase, and momentum balance for the whole mixture. The solid
phase description often reduced to bed time evolution following erosion and deposition, neglecting
both the suspended load and the inertia effects of
the moving sediment phase. Assuming hydrostatic
pressure, incompressible fluid and small slope, the
Saint-Venant-Exner set of equations are obtained
(Lyn & Altinakar 2002). These models are closed
with formulas for hydraulic slope and for bed-load
transport. A failure operator can be included to
predict bank morphological evolution (Spinewine
et al. 2002, Swartenbroekx et al. submitted).
These classical models based on Saint-VenantExner equations usually assumed that the solid
transport capacity equals the actual solid transport. However, Armanini & Di Silvio (1988)
showed the importance of non-equilibrium equation to calculate the flux through the bottom surface at short time-scale. They assumed a spatial
lag between the transport capacity and the actual
sediment discharge, defining a characteristic
length for which empirical formulations exist or
which has to be calibrated.
To take into account the inertia of the sediments, several authors proposed to express the
momentum balance of all the sediments, leading
either to a two-layer model (e.g. Fraccarollo &
Capart 2002, Spinewine and Zech 2005, Chen et
al. 2007, Savary & Zech 2007) or to a two-phase
model (e.g. Jha & Bombardelli 2007, Greco et al.
2008a & b). Two-phase approach considers the
sediment as a phase sharing the same space as water, so that in each point of the flow either liquid
or solid may exist. While the classical approach
(with Saint-Venant-Exner equations) assumes that
the solid discharge is determined by the uniform
flow formulas, a two-phase model is based on the
physical description of dynamic principles applied
to the sediment phase. Sediment transport thus
progressively adapts to hydrodynamics. Moreover, the closure in terms of erosion flux could in
principle address bank failure without any further
operator.

∂ U ∂ F(U ) ∂ G (U )
+
+
=S
∂t
∂x
∂y
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with vectors U, F, G and S defined as follows
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where t is time, x and y the space coordinates, g
the gravitational acceleration, h the water depth, u
and v the depth-averaged velocity components in
the x and y directions, respectively, qx and qy the
unit discharge components, zb the erodible bed
elevation, qs,x and qs,y the components of the sediment transport rate per unit width and p the bed
porosity. In the source term vector S, S0,x=∂zb/∂x
and S0,y=∂zb/∂y are the bed slope in the x and y directions, respectively, and Sf,x and Sf,y the friction
slope components. The friction slope is calculated
by the Manning formula. The sediment transport
rate qs is calculated using a closure relation. Here
the Meyer-Peter and Müller (MPM) formula, initially developed for one-dimensional flows, is
used, because it appeared to be reasonably well
suited for the experimental test of the enlargement:
3
(max(0,τ * − τ *c ))3 2
qs (q, h) = 8 g Δ d 50

(3)

2 MODELLING DAM-BREAK FLOW ON
MOBILE BED

where ρ and ρs are the water and sediment density, respectively, Δ = (ρs-ρ)/ρ , d50 is a representative grain diameter, τ∗ denotes the nondimensional bed shear stress and τ∗c the nondimensional critical bed shear stress. It is considered that sediment start to move when τ∗ exceeds
the threshold value τ∗c (about 0.047). The nondimensional bed shear stress is calculated as

2.1 The Saint-Venant-Exner (SVE) Model

τ* =

The Saint-Venant shallow-water equations describe mass and momentum conservation for water. The Exner equation states mass conservation
for the sediment in the bed, and describes the evo-

where q = q x2 + q y2 and n is the Manning friction

n2 q2

Δ d 50 h 7 3

coefficient.
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(4)

2.2 The Greco et al. model

∂z b
= − eb
∂t

The morphodynamical model proposed by Greco
et al. (2008) is here used. It is a two-phase model,
whose equations express, in a depth averaged
framework, mass and momentum conservation
with reference to water and sediments separately.
Water and sediment mass conservation equations are:
∂h ∂
∂
∂z
+ (Qx + Qsx ) + (Qy + Qs y ) + b = 0
∂t ∂x
∂y
∂t

(5)

∂δ ∂Qsx ∂Qs y
∂z
+
+
+ (1 − p) b = 0
∂t
∂x
∂y
∂t

(6)

Clearly system (5)-(11) can be written in the same
vector form of (1).
A closure relation for the entrainment/deposition term eb is then required. In order
to better compare with previously described SVE
model, eb is expressed through a linear lag relation, evaluating the transport capacity QsMP of the
flow by Meyer Peter and Muller formula.
eb =
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Qs MP − Qs
L*

(12)

Model parameters are then the drag coefficient
(Cd), that accounts for the momentum transfer between water and solid phases, the Bagnold α coefficient, the non-dimensional Chezy coefficient
(Ch) the friction angle (ϕ) and the entrainment
adaptation length (L*). More details are given in
the original paper by the Authors.
Equations (5) – (11) are a system of conservation laws. As demonstrated by Greco et al. (2008),
the system is strictly hyperbolic, which is an essential requirement for well-posedness of the
problem in the case of a multi-phase model (Stewart and Wendroff, 1984).
In the following, both PDE systems, eq. (1) and
eqs. (5) - (11) have been numerically solved by
means of a finite-volume discretisation. The
achievement of reasonably grid independent solutions has been checked before the comparison
with experimental results.

in which the same notations as in Section 2.1 are
used, except for Qx and Qy (Qsx and Qsy) the two
components of liquid (solid) discharge along x
and y, respectively, zb the bottom elevation above
a datum, and δ the ratio of sediment volume to
base area.
Water and sediment momentum equations are:
2
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(9)

3 DAM-BREAK FLOW ON MOBILE BED
WITH A SUDDEN ENLARGEMENT

(10)

Δ ∂zb
+ Ss y = 0
Δ + 1 ∂y

3.1 Experimental results
Experiments of dam-break flow over movable bed
were carried out at the Hydraulic Laboratory of
the Université catholique de Louvain (Belgium).
These experiments are reported by Palumbo et al.
(2008) and Goutière et al. (submitted).
The tests were performed in a 6 m long flume,
presenting a non-symmetrical sudden widening,
from 0.25 m to 0.5 m width, located 1 m downstream of the gate (Figure 1). The breaking of the
dam is simulated by the rapid downward movement of a thin gate at the middle of the flume. The
opening of the gate is achieved in a time of about
0.1 s. The sediment used is a uniform coarse sand
with a median diameter d50 of 1.72 mm and relative density of Δ+1 = 2.63, deposited with a bulk
concentration of 39.22% (Becker and Kaiser,

where Sfx and Sfy (Ssx and Ssy) denote the water (sediment) momentum source/sink terms in x and y
directions, respectively, and C is the solid concentration (assumed as a constant).
The water source term is the sum of the bottom
friction (evaluated using a uniform flow formula)
and the drag exchanged between the two phases.
The corresponding solid source terms account for
drag exchange, Mohr-Coulomb friction and collisional shear stresses, which are evaluated, after
Bagnold, as a coefficient α multiplied by the
square of the particle velocity.
The seventh and last equation relates the bottom evolution to the mass exchange with the flow,
eb and reads:
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2008). The initial conditions consist of a 0.1 m
high horizontal layer of fully saturated and compacted sand over the whole flume, and an initial
layer of 0.25 m clear water upstream of the gate
(Figure 1).

Figure 3. Positions of the 9 cross-sections analyzed by the
laser-sheet imaging technique.

3.2 Numerical results
The experiment described in the previous section
was simulated using the morphodynamical models
described above, namely the SVE and the twophase dynamical one. The values of the parameter
in the source terms of the two-phase model have
been chosen as the ones which appeared to provide the best agreement with the experimental data.
It is worth of note that, due to the lack of
knowledge on the evaluation of the adaptation
length in similar flow conditions, a constant value
L* = 10-1 m has been adopted, based on the relevant lengthscales of flow.
For both models, simulated time histories and
final bed configuration were computed in the locations corresponding to the experimental devices.
The achieved results in terms of time histories
of water surface elevation and final bottom configurations are depicted in Figures 4 and 5, respectively. Experimental results are plotted as solid
lines, while void (filled) symbols represent the results of the equilibrium (dynamical) model.

Figure 1. Experimental set-up and initial conditions.

The measurements of the flow depth and the
final bed topography were performed with nonintrusive techniques: ultrasonic gauges and digital
imagery. The evolution in time of the water level
is provided by 8 ultrasonic gauges placed downstream of the gate as sketched in Figure 2. The
morphological changes generated by the flow
were measured at the end of the experiment. A laser sheet imaging technique, described in SoaresFrazão et al. (2007), has been used to measure the
shape of successive cross-sections in the enlarged
part of the channel (Figure 3).
The main observations of the experiments are
here recalled. After the opening of the gate, a water and sediment wave propagates in the downstream direction and progressively spreads over
the wider region of the flume. This rapid flow generates intense erosion and a scour hole develops
at the inner corner of the widening. Progressively,
the water spreads in the wider reach of the flume
and reflects against the left sidewall. This reflection generates an oblique hydraulic jump and a recirculation area is created in the outside corner of
the widening. The final topography displays a deposition crest in the left part of the wider region
while erosion is visible between the left sidewall
and the deposition crest.

3.3 Comparison and discussion
The examination of the results represented in Figure 4 shows that the overall behavior of the flow
is well captured by both models, but a deeper
analysis reveals the inherent complexity of the investigated flow field. Several bores appear on the
experimental water surface, especially at the
gauges located close to the expansion zone, up to
the position of U6 gauge. None of the models is
able to accurately capture the sudden increase or
decrease of the water surface level, even if a
slightly better agreement can be observed for the
dynamical model for gauge U3.

Figure 2. Positions of the 9 ultrasonic gauges.
572

Figure 4. Experimental and simulated time histories of water
surface elevation. From top to bottom: gauge U1, U2, U3
and U6.

Figure 5. Experimental and simulated cross-sections of final
bottom elevation. From top to bottom: section S1, S3, S5
and S7.

A more detailed comparison should require
spatially distributed observations of the twodimensional configuration of bores, which are not
available from the experiments.
The final bottom configuration of the bottom is
characterized by two main geomorphic features: a
major deposit in the downstream-looking left half
of the wide channel (see Figure 1 for the axis convention), and an intense scour close to the middle
of the wide channel, both clearly noticeable in the
interval bounded by S1 and S7 sections.
Moving downstream, the height of the deposit
grows up to about 2·10-2 m, and its crest moves
approximately from y = 0.3 m (S1) to y = 0.4 m
(S7). On the other hand, the flow curvature near
the sudden enlargement causes an excavation of
about 3·10-2 m in S1, with a pronounced scour
hole close to the middle of the wide channel.
Moving downstream, the shape of the scour tends
to flatten, so that in S7 the minimum can be hardly
noticed.

When looking at the simulated results, the qualitative shape of the bed is somewhat respected,
but again some differences still can be observed.
A common feature for both models is that the deposit takes place on a distance longer than the experimentally observed. Such a spatial lag is witnessed by the fact that in section S1 no
appreciable deposit exists.
As far as the equilibrium model is concerned,
the deposition seems to be triggered by the sudden
arrest of the sediment, caused by to the impact
with the right sidewall. By contrast, the deposit
predicted by the dynamical model, similarly to the
observed one, does not reach the right sidewall in
any of the cross-sections. A possible explanation
of this behavior is that deposition may be caused
by particle friction rather than by the decrease of
the shear stress of the carrying flow, which ac573

companies the formation of an oblique hydraulic
jump as the dam-break wave hits the sidewall.
Concerning the shape of the scoured zone, both
models predict the return to a quasi-flat bed in a
reach shorter than the observed one. The dynamical adaptation of the solid transport seems to allow to predict more accurately the position of the
maximum scour in the section S1, but the differences in the final bottom topography become almost negligible after the section S5.
From the above analysis, the present test-case
still appears to be a really challenging test for
morphodynamical model, especially as far as the
quantitative agreement is concerned. Despite the
inclusion of physically-based modeling of nonequilibrium transport seems to lead to some improvement, further research, both experimental
and theoretical, is needed to understand the physics of such kind of complex geomorphic flows.

namical model seems permit a better reproduction
of the whole process but the final bottom configuration can be prevised in a reasonable manner also
using the classical model.
We may therefore conclude that the present
test-case still appears to be a really challenging
test for morphodynamical models. Further research, both experimental and theoretical, is
needed to understand the physics of such a complex geomorphic flows.
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bed in the smallest positive-y half of the wide
channel. However, the dynamical adaptation of
the solid transport seems to allow to predict more
accurately the position of the maximum scour, but
the differences in the final bottom topography become almost negligible as soon as we move away
from the enlargement zone. In other words the dy574
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ABSTRACT: A two-phase morphodynamic model has been developed to simulate dam-break wave on a
mobile bed. The numerical implementation of such a model using classical upwind methods remains a
challenging task due to the complexity of developing a suitable Riemann solver for multi-phase flow
problems. The present study employs the GMUSTA method to compute the numerical intercell fluxes,
which is simpler and avoids the solution of the Riemann Problem in the conventional sense. GMUSTA is
a multi-stage centered-scheme for constructing numerical intercell fluxes using a local grid around the interface. It is capable of reproducing the high accuracy of upwind schemes while keeping the simplicity of
centered schemes. Several laboratory experiments of dam-break wave over a mobile bed from the literature were simulated using a one-stage GMUSTA implementation. The numerical results obtained with the
GMUSTA method were compared against those obtained using a second-order accurate classic finitevolume implementation of the same mathematical model and the measured experimental data. It is shown
that the numerical results obtained through a 1-stage GMUSTA implementation give a good agreement
with the experimental results. A significant improvement is achieved with respect to the classic upwind
method in terms of simplicity and computational efficiency.
Keywords: Dam break, mobile bed, numerical methods, GMUSTA
structure. The main aim of the present work is to
present a way to circumvent this difficulty by using a recent innovative numerical scheme.
A two-phase morphodynamic model (Greco et
al., 2008) has been considered here to simulate
dam break on a mobile bed. The implementation
using classic upwind methods remains a challenging task due to the complexity of the use of the
Riemann solvers in multi-phase flow problems.
Hence, the present study employs the GMUSTA
method by Toro & Titarev (2006) to compute the
numerical intercell fluxes. This method is considerably simpler and avoids the necessity of solving a generalized Riemann Problem.
GMUSTA is a first-order multi-stage centeredscheme meant to be capable of reproducing the
high accuracy of upwind schemes while keeping
the simplicity and generality of centered schemes.
It calculates the intercell fluxes as a particular average of symmetric fluxes, namely a weighted average of the Lax-Friedrichs and Lax-Wendroff
fluxes (GFORCE flux), passing through predictor
and corrector steps (MUSTA approach).

1 INTRODUCTION
The propagation of a dam-break wave over a mobile bed has been the subject of several research
studies in the last few years. Due to its very rich
and complex behavior, the propagation of dambreak waves over a mobile bed has recently
gained the status of a standard benchmark for developing innovative solid transport models (e.g.
Zech et al., 2004). From a physical point of view,
the special features of the process suggest abandoning the hypothesis of immediate adaptation of
solid transport to changes in hydrodynamics in favor of adopting non-equilibrium formulations,
which are likely to provide a more accurate description (Fraccarollo & Capart, 2002, Greco et
al., 2008). From the numerical standpoint, the accurate tracking of the water and bed wave-fronts
requires adequate numerical schemes (e.g. Fraccarollo et al., 2003).
However, the development of new morphodynamic models (two-layers or two-phases) remains
a difficult task due to the complexity of the eigen577

Simulations of laboratory experiments from the
literature have been carried out using a one-stage
GMUSTA method. The numerical results obtained with GMUSTA have been compared
against measured experimental data and numerical
results given by a second-order accurate finite volume implementation of the same mathematical
model, which requires a numerical viscosity in order to damp spurious oscillations.
It will be shown in the following that the numerical results obtained through a one-stage MUSTA
implementation show a good agreement with the
experimental results. A significant improvement is
also achieved with respect to the classical upwind
method in terms of simplicity and computational
efficiency.

sity, respectively, Δ = (ρs-ρ)/ρ and C is the solids
concentration (assumed as a constant).
The water source term Sf is computed as the
sum of the bottom friction (evaluated using a uniform flow formula like Chezy’s) and the drag exchanged between the two phases:

2 THE MORPHODYNAMIC MODEL

S s = αU s 2 −

2.1 The Model

The fifth and last equation relates the bottom
evolution to the mass exchange with the flow, eb
and reads:

⎛ U w 2 Drag ⎞ 1
,
Sf = ⎜ 2 +
⎟
ρ ⎠ gh
⎝ Ch

where Uw is the average water velocity, Ch is the
non-dimensional Chezy coefficient, Drag is the
drag force exchanged between the two phases.
The corresponding solid source term Ss accounts
for drag exchange and the collisional shear stress
computed, after Bagnold, as a coefficient α multiplied by the square of the particle velocity Us:

The morphodynamic model proposed by Greco et
al. (2008) is used here. It is a two-phase model,
whose equations express mass and momentum
conservation with reference to water and sediments separately. Here these equations are written
in a 1D framework for sake of simplicity.
Conservation of total mass and of sediment
mass leads to:
∂h ∂ (Q + QS ) ∂Z
+
+
=0
∂t
∂x
∂t

(1)

∂δ ∂QS
∂Z
+
+ (1 − p )
=0
∂t
∂x
∂t

(2)

∂QS ∂ ⎛ QS 2
gΔ δ 2
+ ⎜
+
C ( Δ + 1) 2
∂t
∂x ⎜⎝ δ
Δ ∂Z
+ gδ
+ Ss = 0
Δ + 1 ∂x

⎞
⎟⎟ +
⎠

⎞
⎟=0
⎠

ρs

.

∂Z
= −eb
∂t

(5)

A closure relation for the entrainment/deposition term eb is then required. Greco et
al. (2008) assumed that entrainment occurs due to
the unbalance among the sum of stresses exerted
on the bed by water phase (Chezy) and solid
phase (Bagnold) and the attrition among solid particles belonging to the bed:
eb =

in which t is time, x is the abscissa, Q and Qs are
the water and the solid discharge for unit width,
respectively, h is the total flow depth, Z is the bottom elevation above a datum, δ is the ratio of sediment volume to base area and p is the bed porosity.
Water and sediment momentum equations are
written separately:
∂Q ∂ ⎛ Q 2
h2 ⎞
⎛ ∂Z
+ ⎜
+ g ⎟ + gh ⎜
+ Sf
∂t ∂x ⎜⎝ ( h − δ )
2 ⎟⎠
⎝ ∂x

Drag

τ w +τ s −τ b
,
csc ( ρ s − ρ ) ⋅ max( ws , U s )

where τ w =ρU w 2 / Ch 2 and τ s = ρ sαU s 2 are, respectively the stresses exerted by the water and by
the solid phase and τ b = ( ρ s − ρ ) gδ tgϕ is the attrition among solid particles belonging to the bed,
with Csc an empirical coefficient determined by
calibration, ϕ the sediment friction angle and ws
the particle free fall velocity.
Model parameters are then the drag coefficient
(Cd) that accounts for momentum transfer between
water and solid phases, the Bagnold α coefficient,
the non-dimensional Chezy coefficient (Ch) and
the internal friction angle (ϕ). More details are
given in the original paper by the Authors (Greco
et al., 2008).

(3)

(4)

where Sf and Ss denote the water and sediment
momentum source/sink terms, respectively, g is
gravity, ρ and ρs are the water and sediment den578

of the model, such as the one presented in section
2.2. In fact for 2-equation problems, such as clearwater dam-break wave propagation over a fixed
bed, it is easy to identify the so-called “star region” and, therefore, the solution of the Riemann
Problem. However, when the number of equations
is higher, this may become quite complicated.
Moreover the coupling between the two phases
(solid and liquid) renders the task of writing Riemann invariants very difficult.
Thus, numerical techniques which avoid the
solution of the Riemann Problem in the conventional sense appear more appropriate in terms of
the simplicity of their implementation and their
computational efficiency. Centered schemes allow
the resolution of the Riemann Problem to be
avoided, but they are in general not as accurate as
upwind methods, which are widely considered,
within the class of existing monotone first-order
fluxes, the best in terms of accuracy (Toro, 2009).
However, the superior accuracy of upwind methods comes at the cost of the necessity of solving
exactly or approximately the Riemann Problem.
The GMUSTA method (Toro & Titarev, 2006)
is a first-order centered scheme, which achieves
the accuracy of upwind methods by incorporating
the GFORCE flux into the MUSTA approach using predictor and corrector steps.
Since the eigenstructure of the system (1) - (4)
of non-linear hyperbolic equations is not completely available, the application of the GMUSTA
method is of great utility in this case. The scheme
may be interpreted as an “unconventional approximate Riemann solver” that has simplicity and generality as its main features.

2.2 Eigenstructure of the Model
Equations (1) – (4) are a system of conservation
laws since equation (5) can be substituted in (1)
and (2). They can be written in the conservative
matricial form as
Qt + Fx (Q) = S(Q),
where:
⎛ h ⎞
⎜ ⎟
δ
Q = ⎜ ⎟,
⎜ Q⎟
⎜ ⎟
⎝ QS ⎠

(6)
⎛ Q + QS
⎜
QS
⎜
2
2
⎜
F(Q) = ⎜ Q + g h
2
⎜ h −δ
⎜Q 2
δ Δ δ2
⎜ S +g
C Δ +1 2
⎝ δ

⎞
⎟
⎟
⎟
⎟,
⎟
⎟
⎟
⎠

eb
⎛
⎞
⎜
⎟
⎜ (1 − p ) eb
⎟
⎜
⎟
S(Q) = ⎜ − gh ⎜⎛ ∂Z + S f ⎟⎞ ⎟
⎝ ∂x
⎠ ⎟
⎜
⎜
⎟
Δ ∂Z
− Ss ⎟
⎜ − gδ
Δ +1 ∂x
⎝
⎠
are, respectively, the vector of conserved variables, the vector of fluxes and the vector of
source terms. Qt and Fx(Q) are, respectively, the
time derivative of the vector of conserved variables and the space derivative of the flux vector.
As demonstrated in the paper by Greco et al.
(2008), the model (1) – (4) is strictly hyperbolic
and its eigenvalues are:
⎛
1 ⎞
1 ⎞
⎛
λ1,2 = U w ⋅ ⎜1 ± ⎟ ; λ3,4 = U s ⋅ ⎜ 1 ±
⎟
⎝ Frs ⎠
⎝ Fr ⎠
where Uw and Us are water and solids phases velocities and Fr and FrS are peculiar Froude numbers:
U
Fr = w ; FrS =
gh

Us

δ

Δ
g
C Δ +1

3.2 Description of the method
The finite volume scheme to solve the generic
m × m one-dimensional homogeneous system of
hyperbolic conservation laws, given as

.

Qt + Fx (Q) = 0 ,

Because of the hyperbolicity of this system of equations, numerical methods for conservation laws
can be applied for the numerical integration of the
model (Toro, 2009).

(7)

where Q is the vector of the m conserved variables
and F(Q) the corresponding vector of fluxes,
reads:
Qi n+1 = Qi n −

3 GMUSTA METHOD

Δt
[ Fi+1/ 2 − Fi−1/ 2 ] ,
Δx

(8)

in which i is the cell index, n is the time index,
Δt is the time step and Δx the space step.
Given two adjacent data states Qin and Qi+1n,
the corresponding intercell numerical flux Fi+1/2 at
the interface i + 1/ 2 is evaluated as a GFORCE
flux (Toro, 2006), a weighted average of the LaxFriedrichs and Lax-Wendroff fluxes. It is then incorporated in the framework of the MUSTA ap-

3.1 Selection of the method
Application of conservative Godunov schemes for
solving systems of conservation laws requires the
use of a suitable Riemann solver. However this
task can be quite involved in multi-phase problems due to the complexity of the eigenstructure
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proach, resulting in a version of the method called
GMUSTA.
The GFORCE flux is given by:

Fi +1/ 2GFORCE = ω g ⋅ Fi +1/ 2 LW + (1 − ω g ) ⋅ Fi +1/ 2 LF ,

The initial condition for the numerical problem on
the MUSTA mesh is:
Ql

(9)

where:
Fi +1/ 2

LW

(

= F Qi +1/ 2

LW

⎧⎪Qi n
if l ≤ 0
=⎨
,
n
⎪⎩Qi +1 if l ≥ 1

(10)

where l is the cell index.
The τ − time evolution of the problem (or multistaging) is performed via the conservative
scheme:

)

is the Lax-Wendroff flux, with:
1
1 Δt ⎡
Qi +1/ 2 LW = ⎡⎣Qi n + Qi +1n ⎤⎦ −
F Qi +1n − F Qi n ⎤⎦ ,
⎣
2
2 Δx
and
1
1 Δx
⎡⎣Qi +1n − Qi n ⎤⎦
Fi +1/ 2 LF = ⎡⎣F Qi n + F Qi +1n ⎤⎦ −
2
2 Δt

(

( ) (

(0)

) ( )

Ql k +1 = Ql k −

Δt
⎡ Pl +1/ 2 k − Pl −1/ 2 k ⎤⎦ ,
Δd ⎣

(11)

where Δτ is the time step in the MUSTA mesh and
P(VL,VR), is a two-point monotone numerical flux
for the MUSTA mesh, called the predictor flux.
One usually takes Δd = 1 . The MUSTA time step
Δτ is computed as Δτ = Cmusta Δd / Smusta(k),
where Cmusta is the CFL coefficient and Smusta(k) is
the maximum signal speed in the MUSTA mesh at
stage k. In the examined problem, in particular,

)

is the Lax-Friedrichs flux, with ωg = 1/ (1 + CFL ) ,
where CFL is a prescribed Courant number such
that 0 ≤ CFL ≤ 1 .
In the MUSTA multi-stage approach, the numerical flux Fi+1/2 for the conservative scheme is
found by first approximating numerically the solution of the corresponding Riemann Problem to
produce two modified states on either side of the
cell interface (predictor step). In the corrector
step the intercell numerical flux is corrected by
evaluating a numerical flux function at the two
modified states of the predictor step.
The solution of the Riemann Problem is approximated numerically through a separate, independent mesh called the MUSTA mesh, on a
d − τ plane of independent variables, where d denotes the spatial variable, associated with x, and
τ denotes the temporal variable, associated with t.
In Figure 1 the separate frame in the
d − τ plane corresponding to the interface xi+1/2 is
represented. The d − axis is discretized into an integer number of M cells of regular size Δd . The
states Qin and Qi+1n are associated with the mesh
points 0 and 1: the cells i and i + 1 in x − t plane
correspond, respectively, to cells 0 and 1 on the
MUSTA mesh, so that the intercell position
i + 1/ 2 corresponds to the interface 1/ 2 .

⎛
1 ⎞
Smusta(k) = U w ⎜ 1 + ⎟
⎝ Fr ⎠

After a total number of stages K, i.e. K+1 time
steps along the τ axis, the predictor procedure
yields two new states Q0(K) and Q1(K) on either side
of the cell interface in the MUSTA mesh, which
are evolved from the initial states Q0(0) = Q1n and
Q1(0) = Qi+1n.
For a sufficiently large number of stages and a
convergent scheme (11) one would obtain an approximation to the solution of the Riemann Problem at two positions left and right close to the interface position, not at the interface itself. In order
to obtain a numerical flux at the interface itself a
corrector stage is performed, whereby the evolved
data (Q0(K), Q1(K)) is resolved via a two-point, monotone numerical flux C(VL,VR), called the corrector flux. In this manner the sought intercell
numerical flux Fi+1/2 for use in the conservative
scheme (8) is found:

(

)

Fi +1/ 2 MUSTA− K = C1/ 2 Q0 ( K ) , Q1( K ) .
In this paper the number of multi-stages K chosen for the calculation is equal to 1 (i.e. GMUSTA-1), as suggested by Toro & Titarev (2006) for
practical applications. The gains to be obtained by
using 2 or 3 stages (GMUSTA-2 and GMUSTA3) do not seem to justify the extra expense in calculation.
The GMUSTA −1 scheme is illustrated in Figure 2. The initial data is prescribed in the domain
of just two cells, namely l = 0 and l = 1 . The
boundary fluxes P-1/2(0) and P3/2(0) are computed on
the initial data, namely P-1/2(0) = F(Q0(0)) and P3/2(0)

Figure 1. Correspondence between the computational and
MUSTA meshes in the MUSTA approach. [Toro & Titarev,
2006]
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= F(Q1(0)). The only non-trivial flux is P-1/2(0). Using (8), the vectors Q0(0) and Q1(0) will be evolved
as:

A dam break is simulated starting from an initial water level of 0.35 m on a 8-m long horizontal
channel, with a gate positioned in the middle.

Q0(1) = Q0(0) − Δτ (0) ⎣⎡ P−1/ 2(0) − P1/ 2 (0) ⎦⎤ (left cell)

4.2 Sand tests
The values of the parameters assumed for the calculation in the sand case are: time step Δt = 0.005
s, computational mesh space Δx = 0.02 m, MUSTA-mesh space Δd = 1.00 m, Courant number
CFL = 0.90, water density ρ = 1000 kg/m3, sediment density ρs = 2680 kg/m3, water kinematic
viscosity ν = 1.0e-06 m2/s, sediment internal friction angle ϕ = 30°, average sediment particles diameter d50 = 0.00182 m, average sediment volume
concentration in the transport layer C = 0.5, bed
porosity p = 0.5, Bagnold coefficient α = 0.07,
gravity g = 9.81 m/s2, empirical factor scale for
erosion Csc = 0.80, Drag coefficient Cd = 0.015,
non-dimensional Chezy coefficient Ch = 30.
Figure 3 shows the bottom profile, the interface
between the transport layer and the clear water
and the free surface, respectively, at 0.50, 1.00
and 1.50 s after the removal of the gate.

Q1(1) = Q1(0) − Δτ (0) ⎡⎣ P3/ 2(0) − P1/ 2 (0) ⎤⎦ . (right cell)

Figure 2. One-stage MUSTA-1 scheme (K=1). [Toro & Titarev, 2006]

The spacing has been set as Δd = 1 and Δτ (0) is
the size of the stable time step calculated on the
initial data (Q0(0), Q1(0)).
As K = 1 , the multi-staging is complete and the
sought numerical flux is simply obtained by applying a corrector flux C(VL,VR) to the evolved
data Q0(1) and Q1(1):

(
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Treatment of source terms is performed using a
fractional step approach (Leveque, 2002).
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4 NUMERICAL RESULTS
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4.1 Simulations and experimental data for
comparison

0.35

A numerical implementation of the morphodynamic model has been performed using a GMUSTA-1 scheme. It allows performing simulations of
sample phenomena of dam break on movable and
fixed bed for one-dimensional and twodimensional cases.
A large number of simulations were performed
with GMUSTA-1 taking into account different
boundary conditions and bed morphologies.
In this paragraph a comparison of the numerical results of a one-dimensional dam break against
some experimental data are shown.
The experimental data are the ones collected
during the experiences of Spinewine and Zech
(2007). The bed is made of sand (d50 1.82 mm) in
the first case (Figure 3 and Figure 4) and spherical
PVC particles (d50 3.9 mm) in the second one
(Figure 5).
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Figure 3. Comparison of GMUSTA numerical results
against experimental data from Spinewine and Zech (sand
d50 1.82 mm) and FIV2I numerical results, respectively at
0.5, 1.0 and 1.5 s after the removal of the gate.
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diameter almost twice the size of the sand sediment particles.

The numerical results obtained with GMUSTA-1
are also compared, for the case of sand bottom,
against the ones obtained by the numerical technique used by Greco et al. (2008), which is based
on a Finite Volume Second Order Interpolation
Technique (FV2I) proposed by Leopardi (2001).
There is good agreement between the position
of the wave front predicted by GMUSTA-1 and
the experimental data, which is quite important in
dam break problems. Many numerical models fail
to predict the thickness of the transport layer correctly. It is interesting to note that the thickness
predicted by GMUSTA-1 agrees quite well with
the measured data.
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Figure 4. Detail of the wave front position: comparison of
GMUSTA numerical results against experimental data from
Spinewine and Zech (sand d50 1.82 mm) and FIV2I numerical results at 0.5 s after the removal of the gate.

0.20
0.15

t = 1.5 s

0.10
0.05
0.00

It is also evident that the numerical results obtained with GMUSTA-1 have a better accuracy
than those obtained using FV2I. This is more evident in Figure 4, which shows in detail the wave
front position at 0.5 s after the removal of the
gate.
It is important to note that 1-stage GMUSTA
method is computationally efficient and requires
shorter computational time compared to FV2I.
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Figure 5. Comparison of numerical results against experimental data from Spinewine and Zech (PVC d50 3.9 mm),
respectively at 0.5, 1.0 and 1.5 s after the removal of the
gate.

5 CONCLUSIONS
A two-phase morphodynamic model has been
numerically implemented using the 1-stage
GMUSTA method (GMUSTA-1) for the simulation of dam break flows on a mobile bed. The results have been compared against literature experimental data.
It is shown that the numerical results obtained
through this 1-stage GMUSTA implementation
give a good agreement with the experimental results. The good agreement between the simulation
results and the experimental data proves that
GMUSTA method allows a high accuracy despite
its simplicity. The comparison with the implementation through a classical technique also shows a
good accuracy and computational efficiency of the
method.

4.3 PVC tests
The values of the parameters assumed for the calculation in the PVC case are: time step Δt = 0.005
s, computational mesh space Δx = 0.02 m, MUSTA-mesh cell size Δd = 1.00 m, Courant number
CFL = 0.90, water density ρ = 1000 kg/m3, sediment density ρs = 1380 kg/m3, water kinematic
viscosity ν = 1.0e-06 m2/s, sediment friction angle
ϕ = 38°, average sediment particles diameter
d50 = 0.0039 m, average sediment volume concentration in the transport layer C = 0.5, bed porosity
p = = 0.5, Bagnold coefficient α = 0.075, gravity
g = 9.81 m/s2, empirical factor scale for erosion
Csc = 0.80, Drag coefficient Cd = 0.017, Chezy
coefficient Ch = 30.
In this case the prevision of the thickness of the
transport layer is particularly satisfying, considering the fact that the PVC sediment particles have a
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time
abscissa
total flow depth
water discharge for unit width
solid discharge for unit width
bottom elevation above a datum
δ ratio of sediment volume to base area
p bed porosity
Sf water momentum source/sink term
Ss sediment momentum source/sink term
g gravity
ρ water density
ρs sediment density
Δ = (ρs-ρ)/ρ
C solids concentration in the transport layer
α Bagnold coefficient
Drag drag force between the two phases
Cd drag coefficient
Ch non-dimensional Chezy coefficient
ϕ friction angle
eb entrainment/deposition term
τ w stress exerted by the water phase
τ s stress exerted by the solid phase
τ b attrition among solid particles of the bed
Q vector of the conserved variables
F(Q) vector of the fluxes
S(Q) vector of the source terms.
Qt space derivative of the vector Q
Fx(Q) time derivative of the vector F(Q)
Uw water velocity
Us solid velocity
Fr Froude number for the water phase
Frs Froude number for the sediment phase
λ1,2 , λ3,4 eigenvalues of the system of conservation
laws
CFL Courant number
d, τ MUSTA mesh space and time variables
M number of cells
K number of stages
Cmusta CFL coefficient in the MUSTA mesh
Smusta(k) maximum signal speed in the MUSTA
mesh at stage k,
i
cell index
n time index
Δt time step
Δx space step
d50 average sediment particles diameter
Csc empirical factor scale for erosion
ws particle free fall velocity
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ABSTRACT: The evaluation of the net flux of sediments entering/leaving the flow over an erodible bed
(entrainment) plays a key role in the description of solid transport. Furthermore, the expression of the entrainment is required as one of the closure relations of several recent morphological models suited for the
analysis of fast erosional transients, as dam break over a loose bed. However, the choice among the formulations proposed in the literature for erosion/deposition (entrainment) evaluation is far from being
straightforward. In order to investigate the effect of the choice of different entrainment/deposition formulas, in the present paper a comparison among some of the existing formulations, either deduced from experimental investigations or based on theoretical analysis, has been performed. As a benchmark, a well
documented laboratory experiment of dam break over an erodible bed has been selected from the literature, while a two-phase morphodynamical model has been employed to simulate the process. The comparison between numerical simulations and experimental data highlights the different performances and
limitations of the considered formulations.
Keywords: Entrainment/deposition, Non-equilibrium transport, Dam-break, Adaptation length.
1 INTRODUCTION

Cao et al., 2004), and several models aimed to
describe unsteady sediment transport have
been proposed so far. Apart from the conceptual framework under which momentum and
mass balance equations are obtained, a feature
common to most of these morphodynamic
models is the presence of an entrainment/deposition source term, expressing the
net flux of sediments entering/leaving the flow
as the consequence of erosion and deposition
processes.
However, the evaluation of particle fluxes
exchanged between the flow and the mobile
bed still constitutes an open challenge. Despite
several formulations have been proposed, their
use is far from be straightforward. A widely
accepted and accurate formula describing the
entrainment/deposition process is not available, and existing formulas may often exhibit
significant prediction errors when applied to
datasets different from the one used for their
derivation (Pontillo et al., 2010)
With these premises, in the present paper
several relations for the entrainment are compared in the reproduction of a laboratory dambreak test on a mobile bed, accurately docu-

Modelling accurately geomorphic changes associated with dam-break flows is important for
emergency planning, risk management and
damage assessment. The propagation of a
wave over a mobile bed after the sudden collapse of a dam causes important modifications,
due to the complex interaction between the
flow and the river bed particles constituting
the bed. Through friction, inertial effects and
momentum exchanges with the fluid phase,
erosion of bed material may in turn significantly affect the development of the flood.
Damages resulting from sediment erosion,
transport and deposition may even be larger
than the damages resulting from the flooding
itself.
Since the propagation of a dam-break wave
is a strongly unsteady flow, its prediction is
still affected by the lack of knowledge about
solid transport in unsteady conditions. As far
as the early stages of the phenomenon are considered, the role of solid transport dynamics
has been widely recognised in the literature of
the last decade (Fraccarollo & Capart 2002,
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mented in the literature. Their influence on the
simulated results is furthermore discussed.

dZ
=−
dt

ηUwλ + (Δ +1)Us (1− λ)

(2)

in which U w and U p denotes the average water and sediment velocities, respectively, Ch is
the non-dimensional Chezy coefficient, h the
water depth, δ the solid phase volume for unit
base area, α the Bagnold coefficient, φ the sediment repose angle, φ’ the dynamic sediment
repose angle, θ the bed slope. Finally, Δ= (ρsρ)/ ρ, with ρ and ρs water and sediment densities, respectively.

2 ENTRAINMENT MODELING
2.1 Theoretical models
The simplest approach for modeling river
morphology is based on computing bed load
transport by an equilibrium flow formula. This
approach may not work well in highly unsteady flows, such as the propagation of dambreak wave in alluvial channel.
To overcome these limitations, an equation
describing the delay in the adaptation of solid
transport to equilibrium conditions has been
introduced by Armanini & Di Silvio (1988),
which is analogous to a “reaction” equation of
chemistry. Following this approach, the bottom depth variation in time, dZ/dt, in the following named vertical bottom velocity, can be
written as:
dZ Q s .cap −Q s
=
dt
L* ( 1 − λ )

2
⎡
⎛ tanϑ ⎞⎤
Uw
2
+ (Δ +1)αUs − gΔ⎢δ (tanϕ − tanϕ' ) +ϑ*,cr⎜⎜1−
⎟⎟⎥
ghCh2
⎝ tanϕ ⎠⎦
⎣

2.2 Empirical formulations
Numerous empirical relations, obtained by
best fitting of experimental data, for describing
entrainment exist (Pontillo et al., 2010). It is
important to remark the scarcity of experimental data, due to the difficulty of measuring the
vertical flux of sediment. They refer often to
extremely simplified conditions, as uniform
flow. Moreover, the definition of the entrainement term is itself not always clear. Most
of existing formulas computes the rate in volume per unit area per unit time of bed sediment E [kg/(m2s)], but depending on the features of the experimental setting considered,
they may implicitly refer either to difference
between erosion and deposition fluxes or to
the mere entrainment.
Usually E is expressed as function of flow
parameters and sediment characteristics. In
particular, it is mainly related to the bed shear
stresses and the associated shear velocity u* as
stated by Van Rijn (1984 a) in his first relation:

(1)

where Qs,cap represents the transport capacity
of the flow, commonly evaluated as the sediment discharge computed by a uniform flow
formula, Qs represents the instantaneous sediment discharge, L* is a “characteristic length”
which in general depends on the flow and sediment features and λ is the bed porosity.
An alternative expression of the entrainment/deposition term may be also obtained
considering the bed surface as a shock surface,
and applying the Rankine-Hugoniot conditions, which express the conservation of mass
and momentum fluxes across the bottom surface (Fraccarollo & Capart 2002). This allows
to relate the velocity of the bottom surface to
the shear stresses exerted on its two sides. The
specification of the stress tensor across the bed
is required to achieve an amenable relation. In
the present analysis, a two-phase mixture is
considered and continuity of normal stresses is
assumed. Furthermore, shear stress on the upper facet of the bottom is assumed as the sum
of turbulent shear stresses exeterd by the flow,
and of a frictional collisional shear due to the
sediment phase. Finally, on the lower facet,
Mohr-Coulomb friction due to the mixture
augmented by the critical Shields shear stress
is considered. The following relation is thus
obtained:

0.3

E = 0.0033 ⋅ ρ s (Δgd ) 0.5 D* T 1.5

(3)

where ρs is the sediment density, g the gravity,
d the grain mean diameter. In (3) the dimensionless particle (D*) and a transport-stage (T)
parameters are defined by
1

⎡ Δg ⎤ 3
D* = d 50 ⎢ 2 ⎥
⎣ν ⎦

(4)

where ν is the cinematic viscosity;
2

T=

2

(u* ) − (u*,cr )
2

(u*,cr )

(5)

where u*,cr denotes critical bed shear velocity
according to Shields’criterion.The function has
been yield as “best-fitted” of experimental da586

ta obtained by the author himself at University
of Delft.
Nino & Garcia (1994 a, b) proposed a formula with a similar structure :
3

E = 0.028 ⋅ ρ s (Δgd ) 0.5 (ϑ* − ϑ*,cr ) 2

characterized by flat erodible bed and a water
height upstream the dam of 35 cm.
The sand has the following mechanical
properties: particle sizes ranging from 1.2 to
2.4 mm, with mean diameter d50 = 1.82 mm,
density ρs = 2683 kg/m3, friction angle ϕ =
30◦ and negligible cohesion. Bottom solid
packing concentration is 1-λ = 53%.
The instantaneous water and bed profile is
recorded at times: 0.25, 0.5, 0.75, 1.00, 1.25,
1.50 seconds.
This test is reproduced using the dynamical
model proposed by Greco et al. (2008) using
the different entrainment relations reported in
the previous section.
The use of a model requires the calibration
of numerical parameters. Despite all parameters of the considered model have a clear physical meaning, their direct measurement is almost impossible. So, the parameters have been
chosen using the relation obtained by application of Rankine-Hugoniot condition (2) after a
sensitivity analysis and a best-fitting of experimental data. The adopted values are reported
in Table 1.

(6)

with θ* the non-dimensional Shields shear
stress.
Another relation was obtained by Garcia &
Parker (1991) based on dimensional analysis:
E = ws ρ s

A ⋅ Zu
A
1+
Zu
0.3

(7)

with ws the fall velocity of the sediment in
quiescent fluid, the coefficient A=1.3·10-7 and
Zu function of the shear velocity expressed as
⎡ (Δgd ) 0.5 d ⎤
u* ⋅ ⎢
⎥
ν
⎦
⎣
Zu =
ws

0.6

(8)

Van Rijn (1984b) proposed also a second
formulation, based on the hypothesis of dynamic equilibrium characterized by the equality of the entrained and deposited material:

E = 0.015 ⋅ ws ρ s

d T 1.5
a D*0.3

Table 1. Parameters value
α
CD
0.0025

(9)

θc

18

0.047

Figure 1 compares experimental and numerical results obtained with the above values
of the parameters. Both free surface, Zfs, and
bottom, Z, profiles are reported in dimensionless variables, being h0 the water depth in the
reservoir before the dam break. Symbols denote experimental results, while solid, dashed
and dotted lines the simulated ones.

being a the elevation above the bed at which
the equilibrium suspended sediment concentration is computed.
The following relation, proposed by Elhakeem & Imran (2007), is based on similar hypotheses:
E = 0.0024 ⋅ ρ s (Δgd ) 0.5 (ϑ* − 0.0033)1.263

0.06

Ch

(10)

It is worth of note that in the above formula
stress excess is raised to an exponent smaller
than the common value 1.5 of the previous
ones.
3 BENCHMARK EXPERIMENTAL TEST
Spinewine & Zech (2007) published a considerable set of experimental data on small scale
dam break over erodible bed. Distribution of
these data in electronic format allows accurate
comparisons with the results from numerical
models.
Experiments were performed in a flume
with on overall length of 6 m, i.e. 3 m on both
sides of a central gate simulating an idealised
dam. The considered test’s configuration is
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graphical representation of the results is given
in Figure 2.

Figure 2. Measured and simulated free surface and bottom profiles at times t = 0.5, 1.0 and 1.5 seconds.

Although the hydrodynamic is well reproduced, the bed erosion is not. The overall entrainment of sediments from the bottom is significantly smaller than the experimental
evidence.
The characteristic length was then changed
to the water depth value, but still the reproduced entrainment has been found to be smaller than the experimental one. Therefore, apart
from the order of magnitude of the characteristic length L* this kind of approach seems to be
not suitable for simulating short-time dambreak waves.
Also the empirical formulations reported in
paragraph 2.2 have been tested in order to understand their applicability to the simulation of
this kind of process. The results obtained by
applying the first formulation proposed by
Van Rijn are shown in Figure 3.
As in the latter case, the bottom erosion computed by the Van Rijn relation (3) is less than
the observed one.
So far the chosen entrainment relation does
not affect significantly the simulated water
profile. The hydrodynamic is quite well reproduced in all cases, and the magnitude of the
entrainment varies in a range so that the celerity of the downstream water wave still agrees
with the experiments.

Figure 1. Measured and simulated free surface and bottom profiles. Top panel: t = 0.25, 0.5 and 0.75 seconds.
Bottom panel: t = 1.0, 1.25 and 1. 5 seconds.

The agreement is reasonably good, and the
used formulation reproduces qualitatively the
erosion process, capturing also the magnitude
of the scour depth. It is worth of note that the
excavation close to the original dam location is
not reproduced. It is probably due to the discrepancy in the theoretical assumption of instantaneous fluid release and the experimental
procedure used for dam removal. In fact, the
dam break is reproduced by a quick downward
movement of the thin rigid wall: in this
movement the sand tends to fill the space in
the bottom previously occupied by the dam.
The same experiment has been then reproduced by the two-phase model, using the adaptation formula (1) for the entrainment, and
evaluating the characteristic length L* accordingly to Armanini & Di Silvio (1988). The
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Figure 3. Measured and simulated free surface and bottom profiles at times t = 0.5, 1.0 and 1.5 seconds.

Differently, the second relation for the entrainment proposed by Van Rijn, Eq.(9), simulates an erosion process close than the experimental one, but predicts that the downstream
front of the water wave propagates with a
smaller celerity than measured one (see Figure
4).

Figure 5. Measured and simulated free surface and bottom profiles. Top panel: t = 0.25, 0.5, and 0.75 seconds.
Bottom panel: t = 1.0, 1.25 and 1. 5 seconds.

The results obtained with the other formulations, Eqs. (6), (8) and (10), are not reported
herein for sake of brevity. However, applied to
the considered case-study, they predict a negligible entrainment rate. This can be due to the
fact the sand constituting the bed in the test is
not fine and those formulas do not have a parameter depending on the particles diameter.
The relation proposed by Garcia and Parker, Eq. (7), accounts for the particles diameter
in the parameter Zu, but still it gives an almost
null entrainment rate.
To have a quantitative assessment of the
agreement between numerical and experimental results (Figure 6), the mean square error in
the simulated bed profile has been evaluated
for each of the times at which experimental
data are available. In particular, the performance of Eqs. (2) and (9) are compared in

Figure 4. Measured and simulated free surface and bottom profiles at times t = 0.5, 1.0 and 1.5 seconds.

A re-calibration of model parameters has been
carried out to investigate the effect of the entrainment formulation chosen for the initial
model calibration. The water profile (Figure 5)
is quite similar to the observed one and also
the bed erosion seems to be reproduced quite
well.
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Figure 6. The error measure is made nondimensional by dividing by the initial water
depth.
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Figure 6. Square mean error between computed and estimated bottom elevation as a function of time.

A part of the error is given to the scour hole
close to the original dam location, which is not
reproduced in the simulated results. The entrainment formulation derived from the Rankine-Hugoniot conditions performs better than
the Van- Rijin formula, provided that the same
formula is used also for parameter calibration.
4 CONCLUSIONS
The large use of mathematical models in the
analysis of rapid river morphodynamical processes implies the choice of a relation describing the entrainment and deposition of sediment
particles constituting the river bottom.
In this paper the influence of the choice of
the entrainment/deposition formulation has
been investigated. To this aim, a well documented experiment regarding the propagation
of a dam break wave over an erodible bed has
been chosen to compare the performances of
some existing formulations as closure relations
of a recently proposed morphodynamic model.
The application of Rankine-Hugoniot conditions to the bed surface has lead to a relation
expressing the entrainment rate as a function
of the stresses acting on both side of the same
surface. The use of this relation gives good results if compared to the experimental evidence. Good results are also obtained by using
the second relation proposed by Van Rijn
(1984 a), provided that the other parameters of
the morphodynamical model are calibrated.
The other literature considered formulations
produce a less satisfactory agreement with the
experimental data. The erosion process simulated by the numerical model using those formulas is less than the observed one.
REFERENCES
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Validating a simplified model for flood hazard downstream levees
A. Paquier & C. Béraud
Cemagref, UR HHLY, 3bis quai Chauveau, CP 220, 69336 Lyon, France

ABSTRACT: For assessing the risk caused by the flooding due to a breach across a levee along a river,
one should simulate both the process of breaching and the process of propagation in the flood plain. If the
breach location is unknown, a lot of locations should be investigated to estimate the peak water depth, the
time of arrival of the wave and the peak velocity in any point. To reach this last aim, a simplified method
was defined; it includes a simplified erosion model of the levee and a simplified propagation model. To
evaluate the latter model, results were compared to results of a 2-D reference model, which permits to assess the error or uncertainty in case a simplified model is applied for typical situations. Although the development of the simplified model is based on non-dimensional variables, high discrepancy appeared
when the comparison concerns an experiment performed in laboratory with much lower water depths.
Thus, use of the simplified model should be limited to a specific range of field cases.
Keywords: Levee breaching, Wave propagation, Flood risk, Numerical model
amounts to several days, which generally results
in a study limited to a few locations of breaches.
To avoid this unsatisfactory situation, Cemagref started to develop a simplified model named
CastorDigue in order to enable the study of a large
range of events and locations because of a much
shorter calculation time. Then, more accurate calculations will be limited to the more complex
situations and the higher stakes. But it is essential
that the simplified calculation does not provide
too optimistic results, which would lead to a false
safety. Thus, we studied the accuracy of CastorDigue in various situations to evaluate if the
safety margin is enough.
In the paper, first, we detail the structure of the
software and the methods used in the various
components insisting on the calculation of the
breach discharge hydrograph and the propagation
in the near field downstream the breach. Second,
we compare propagation results in the reference
situations for which CastorDigue was built; these
situations are idealized cases built to compare results of various types of numerical calculations.
Finally, the application to a laboratory experiment
is shown to illustrate the limitations of the
method.

1 INTRODUCTION
Extreme flood events provide a large set of examples in which levees supposed to maintain the
flow in the main channel breach causing high
damages in the protected areas. In France, the
more recent examples are the floods of 2002 and
2003 along the Rhône, Gard and Vidourle Rivers.
In such events, the location of the breaches is unknown before the flood and the damages; then,
casualties are often due to the absence of suitable
local mitigation measures. However, even if some
studies are performed to determine the most sensitive areas for breaching, the length of levees that
can be breached remains high. Thus, assessing the
consequences of various types of breaching in
various locations for various hydrological events
requires a lot of hydraulic calculations. In order to
obtain accurate results of the flow features downstream from the breach, models solving 2-D shallow water equations can be used (Jaffe and Sanders (2001), Harms et al. (2004)) although
sensitivity analysis are always necessary because
parameters such as roughness coefficients cannot
be calibrated easily (because a similar event never
occurred). Then, calculation time for one single
breach location and one hydrological event
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flow and erosion provides the discharge hydrograph though the breach. The discharge crossing
the levee is calculated as the sum of the flow over
the levee and the flow through the breach. The
first term is calculated from a weir-type equation
in which the elevation of the weir crest is the one
of the levee crest. Generally, this discharge is
equal to zero because the water elevation in the
main channel remains below the crest of the levee;
a general overflow of the levees cannot be considered because only one inlet into the floodplain is
considered. The second term results from a simplified calculation of the breach erosion. The
levee is guessed a trapezoidal shape embankment
built using one single material that can be described mainly by grain diameter and porosity.
The breach is summed up by one single cross section, the shape of which is circular for beginning
of piping and rectangular for the other cases. The
flow is computed from the Manning equation considering the slope between the water level in the
main channel upstream from the breach and the
critical depth downstream from the breach (or a
higher water level if the calculation of water depth
in the “near field” provides it). At every time step,
the eroded volume is calculated from the sediment
discharge obtained using the Meyer-Peter and
Müller (1948) equation. The initiation of the
breach comes from either the opening of a small
pipe inside the levee or from the lowering of part
of the crest of the levee (initial rectangular breach
on the top of the levee). This type of simplified
evolution of the breach was previously developed
in the software Rupro by Cemagref, see Paquier
(2001). An extensive validation of the method
against results from experiments and results from
calculations using other methods was performed
during CADAM and IMPACT European projects
as reported in Paquier and Recking (2004). Further improvements described in Paquier (2007)
lead to an accurate calculation of both peak discharge and final breach width (error below 30%).
Although the method was developed and used
for dam breaching, it can be easily extended to
levee breaching considering that a lot of the software validation tests were performed using an upstream water elevation that evolves slowly. Thus,
the uncertainty of the results of this calculation
can be estimated from the previous studies.
Paquier and Recking (2004) summing up the studies performed during Impact project indicate that
an error in the estimate of the parameters of the
model can lead to an error less than 30 % for peak
discharge (interval of 90% confidence); thus
summing up this latter error and the error of the
method, we can estimate that peak discharge is
situated between 60 % and 170 % of the calculated peak discharge. Then, the software user to

2 PRINCIPLES OF THE SIMPLIFIED
METHOD
2.1 General organization
The calculation method couples four modules,
every one representing the processes in one specific area. To simplify, it is supposed that one
breach only will appear on one reach during one
flood event.
The first module describes the flow inside the
main channel that can be represented in a classical
1-D way, I.E. distance along the flow axis and a
series of cross sections. The input to this module
will be the discharge hydrograph at the upstream
end of the main channel. If observations or a previous calculation do not provide the relations between discharge and water level in the cross section of the channel, the Manning equation is used
to obtain water level.
The second module (details in §2.2) describes
the breaching process and provides the discharge
hydrograph at the breach site.
The third module (details in §2.3) describes the
propagation immediately downstream from the
breach. In this "near field", the flow will expand
in all the directions and cannot be considered as
one-dimensional. The inputs are the discharge hydrograph at breach site and the parameters of the
"near field": the friction coefficient and the slope
of the plane on which water is supposed to propagate.
The fourth module describes the propagation in
the far field. Far enough from the breach, the flow
is supposed to follow the main topographical features and thus becomes one-dimensional again.
The inputs are the cross sections of the flood plain
and the discharge hydrograph at breach site. The
outputs are the peak water level, discharge, velocity and the time of peak in any of the cross section
of the flood plain. The same method as in Castor
software (Paquier and Robin (1995), Paquier and
Robin (1997)) is used: the peak discharge is reduced along the valley by a coefficient depending
on the slope, the friction coefficient and a nondimensional distance to the breach; then the Manning equation is used to obtain water depth and finally peak velocity and time of wave arrival are
calculated by elementary equations. The nondimensional distance to the breach is calculated
from the water level above the ground level
downstream from the breach and the volume of
the discharge hydrograph at the breach site.
2.2 Breach discharge hydrograph calculation
Two kinds of erosion processes are supported:
piping and overflow. A simplified calculation of
592

culated by equation (8) and subscript b referring
to the breach location.

determine the range of uncertainty in the propagation downstream can enter this range of value.

∗

v = Vf

2.3 Equations for propagation in the near field
The equations are built on non-dimensional variables (noted by *) such as:

t − t0
h
h* =
or t* =
h0
h0
g

if
2

C = 1,2 /( 0,2 + 3,2η )

I ≥0
if I ≤ 0

η = 1 − 0 ,5 /(1 + 25 I 0 , 7 )
η = 0 ,5 exp ( − 200 I

2

if I ≥ 0
a * / h * ) if I ≤ 0

(a * −x*)2
h* = hb *
a *2

3

7

− x∗

(a )

∗ β

) (v
β

b

∗

− Vf

∗

)

(7)
(8)

Γ = 1 + 50 I + 0 .00732 n ∗
Γ = exp( − 0 .214 I

− 0 , 85

0 , 43 ∗

t )

I t∗

if I ≥ 0

if I ≤ 0

(9)

(3)

The set of equations presented here above permits to obtain the water depth and velocity at any
time step in any point of the plane surface. Then,
at any point, CastorDigue calculates the higher
water depth and the higher velocity. Only, these
latter values and the time of the wave arrival are
further validated because they are the main hazard
parameters to be used in a risk analysis. In the
present stage of development of CastorDigue, only slope in the direction normal to the levee is
considered although the above method can be applied for any slope direction.

(4)

3 REFERENCE CASES

(2)

3.1 Presentation

Empirical equation (2) was obtained fitting the
coefficients on about 50 reference cases described
by Monier (2009), similar to the ones presented in
§3.
To calculate the water depth at a distance x
from the breach along the main slope direction,
equation (5) from Whitham (1955) is used in the
front zone and, near the breach, equation (6) in
which exponent 2 comes from Ritter (1892). As
soon as the value obtained by equation (5) is up
the value of equation (6), this latter value is kept.
⎛7
⎞
h* = ⎜ V f *2 n *2 (a * −x*)⎟
⎝3
⎠

∗

Then, to obtain the flow parameters all over the
surface, we consider that the lines of same values
respectively of water depth and velocity are ellipses of which the main axis is in the direction of
the slope. On the same set of reference cases, we
fitted the ratio Γ between the lengths of the two
axes (equation (9)).

which means that the average upstream water
depth upstream h0 during the period starting from
the breaching time t0 is the basis for this non - dimensioning (notations: h water depth, t time, g
gravity acceleration).
The flow is shared between a front zone and a
backward zone. The velocity of the front Vf in the
direction of the slope is determined by equation
(2) in which C and η are coefficients calculated
using respectively equations (3) and (4), n is the
Manning coefficient, B the breach width, I is the
slope of the plane surface considered for propagation, a is the distance between the breach and the
front calculated using numerical integration of Vf.

C = 1,2 /( 7η − 2,5)

(a
+

β = 0.148 t ∗ 0, 46

(1)

Vf *(t) = Cηn*−0,4 B*0,2h*0,5t *(η−1)

∗

The reference cases are simplified cases that are
thought to permit comparison between various
numerical models. They are built on the same
schematization of the river, levee and flood plain.
Only the dimensions are changed from one case to
another case. Here below, we consider only
changes in the slope of flood plain (near field).
The river is a straight symmetrical trapezoidal
channel of which the bottom is 90 m wide and the
top 100 m wide at the levee crest elevation 10 m
up. The levee lies along the river and the floodplain is 1500 m long in the river direction and
2700 m long in the normal direction. The levee
foot in the floodplain side is 5 m down and it is
considered that the breach develops exactly down
to this elevation. The crest of the levee is 6 m
wide and the downstream slope of the levee is
100%. The slope of the river is 0.1 %, the discharge is constant at 2800 m3/s and the breach
width 13.5 m. Before breaching, the water eleva-

(5)

(6)

To calculate the flow velocity v, simple empirical equation (7) is used, coefficient β being cal593

gue were calibrated, the error linked to the use of
CastorDigue can be assessed to about 20 %.

tion above the flood plain at the foot of the levee
is 3.25 m. Breaching is considered as instantaneous in order to simplify the question of validating
the propagation in the near field. The friction in
the floodplain corresponds to a Manning coefficient of 0.04.
First case corresponds to zero slope in the
flood plain. Later, we consider various slopes of
the flood plain in the direction normal to the levee.
The reference calculation are carried out using
Rubar 20 that solves 2D shallow water equations
and includes a breaching module similar to the
one included in CastorDigue. Here below, the calculations using Rubar 20 starts from a steady state
in the river without breach and instantaneously, a
part of the levee is removed. Because Rubar 20
uses an explicit Godunov type scheme as described in Mignot et al. (2006), such an instantaneous failure can be quite well reproduced as
shown in Paquier (2001), which explains that such
a calculation can be used as a reference. The grid
is constituted of rectangles about 13 m long in the
river direction and 1 m to 20 m wide depending of
the distance from the breach. A control with denser grid in Beraud (2009) proved that there is no
bias in the results due to the grid, particularly near
the breach.
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Figure 1. Wave arrival time in the direction normal to the
levee.
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Figure 2. Peak water depth in the direction normal to the levee.

3.2 Comparisons for zero slope
Comparison takes place at 2400 s after the breach
opens. Figures 1 to 3 shows the results along the
direction normal to the levee. For CastorDigue,
ten points equally spaced are shown. For Rubar
20, all the calculation cells are used but results are
stored using a quite long time step.
Some discrepancies can be observed:
- The wave arrival time is slightly (about 10%)
overestimated using CastorDigue for the long distances (for which the 2-D calculation uses large
cells, which explains the steps in the curve);
- The peak water depth is overestimated at
breach site while velocity is strongly underestimated at the same location. Both problems that are
linked come from the estimate of the breach parameters; in Castordigue, a progressive failure is
modeled while 2-D calculation was set with instantaneous failure. A progressive failure in the 2D model will reduce the deviation but this problem stresses the difficulty to control the dynamics
of the breaching process;
- Far from the breach (more than 100 m), overestimate of peak water depth is reduced to less
than 20% while peak velocity becomes overestimated.
Although, this case is part of the set of reference cases on which the coefficients of CastorDi-

7
6
Peak water velocity (m/s)

CastorDigue
2-D

5
4
3
2
1
0
0

200

400
600
Distance (m)

800

1000

Figure 3. Peak water velocity in the direction normal to the
levee.

If there is some discrepancy along the direction
normal to the levee, it is expected a higher deviation else where for which the calculation results
are inferred from the results along the normal direction. A first insight of this question is shown on
figure 4. For zero slope, the shape of the flooded
area at any time is half a circle in CastorDigue
modeling. The 2-D calculation provides a slightly
different scheme because the velocities in the river and in the breach create some non-symmetrical
features; although, the flooded surface is similar,
the overlap is not complete because in the river
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flow direction (marked by the arrow in figure 4),
propagation is faster. In the direction showing
higher error, a 10% additional error can be estimated. Similar results are also observed for the
other variables but differences can be even higher
very close to the levee because the propagation is
slowed down by the levee itself; however, in such
cases, CastorDigue rises and accelerates the flow,
which means that it provides pessimistic results.
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Figure 5. Wave arrival time in the direction normal to the
levee.

More interesting is the case of strong positive
slopes in which the flow can accelerate because of
the slope. Figure 5 shows that CastorDigue reproduces this process in a quite suitable way with an
error limited to about 10% in any case.
Finally, a more extensive comparison with the
same basis leads to errors up to about 30 to 40%
on any of the three main variables for the 50 reference cases. However, because such cases were
used for coefficients calibration, it was necessary
to use other references. Because field measurements were scarce and uncertain, laboratory measurements were preferred; they have also the advantage to integrate a scale change because the
water head upstream the levee is generally much
lower.
4 LABORATORY EXPERIMENT
4.1 Presentation of the experiment
The experiment selected for this paper was performed in Korea and described in Yoon (2007)
and Yoon and Lee (2007). A 5 m wide and 30 m
long rectangular channel (acting as a reservoir)
was separated (by a wall) to a flat flood plain 28
m long and 24 m wide (with opened boundary).
The breach that was in the middle of the side of
the floodplain was 1 m wide (for the case considered) and the gate that closed the rectangular
opening can be opened in about 5 seconds. The
water depth in the channel was 0.5 m over the
flood plain ground level before the gate opening.
Manning coefficient was about 0.012. Gauges located in the flood plain measured the water depths
along time.

Figure 4. Flooded area at t=540 s. Grey area is result of CastorDigue (of which calculation was limited to 900 m), black
line limit according to 2-D calculation.

3.3 Comparisons for non-zero slope
Same comparisons as for zero slope can be performed with various slopes. In case of negative
slope, rapidly, the wave propagation is limited by
gravity and CastorDigue was fitted to this situation.

4.2 Comparison with experimental data
The experimental measurements are compared to
CastorDigue results and to results obtained by 2-D
calculation. The latter modeling used Rubar 20
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software on a grid made of rectangular cells with
an average space step of 0.15 m (denser grid near
the breach).
Figure 6 shows that CastorDigue overestimates
the wave arrival time far from the breach and
above all when compared to 2-D model. Because
the main process is the emptying of the reservoir
upstream from the breach, this discrepancy leads
to a too high water depth at one time and also to a
too high peak water depth. However, Figure 7
shows that the discrepancy on peak water depth is
very high, which means that there is another
cause.
We guess that the error is amplified by the equations (5) and (6) we used to calculate water
depth. We selected equation (6) because it permitted to obtain a "safe" result but in some cases and
particularly on experimental cases, it seems to
provide a very high overestimate. Compared to
real cases, this overestimate may be not so high
because some sediments coming from the erosion
of the levee can deposit and raise water level.

propagation downstream leads to the development
of a set of empirical equations describing the
propagation in the near field of the flood plain.
This set of equations and the calibrated coefficients included in CastorDigue lead to an error
generally limited to about 40% on the key parameters that are peak water depth, peak velocity
and wave arrival time. This error is equivalent to
the one obtained on the breach discharge hydrograph using the method included in CastorDigue.
However, this result is limited to a set of reference cases selected to represent the field situations
along the rivers when breaching can occur. The
comparison to results of experiments at a much
smaller scale permits to reveal some discrepancies; because the CastorDigue results are always
too pessimistic in this latter cases, software can be
used at a preliminary stage to identify if the risk
exists or not; a positive answer and the presence
of stakes will then lead to a more detailed hydraulic study.
Consequently, further research dedicated to
near field propagation will be oriented to determining the range of use of CastorDigue I.E. the
domain in which uncertainty on key results remains below 40%. A larger set of test cases will
be used including as much as possible experimental and field measurements together with reference
2-D modeling.
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5 CONCLUSIONS
The development of the simplified model CastorDigue to simulate breaching of levees and wave
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ABSTRACT: In this study the motion of saline gravity currents is investigated in lock-exchange
experiments which are carried out in a tank of rectangular upper cross section and a lower valley of
trapezoidal shape. This is considered as a realistic model of the valleys which occur in nature. The
experiments are performed for equal depths of heavy and light fluid on both sides of the lock gate.
Gravity current is generated, due to the horizontal density gradient, after the removal of the partition. The
heavier fluid propagates towards the lighter fluid reservoir along the bottom of the tank and the lighter
fluid propagates along the free surface in the opposite direction. Density difference between salt water
and clear water is varied between 0.1 % and 0.4 % and hence the effect of density difference on the
motion of the gravity currents is also investigated. The movement of the gravity current is monitored with
a digital video of high definition, the front velocity is measured and the height of the front is captured
Twenty four experiments were performed twelve inside the trapezoidal section (H=4, 6 or 8 cm) and
twelve over the trapezoidal section (H=12, 14 or 16 cm). The initial Reynolds number, based on the
height of the valley and the reduced gravity, is greater than 10000 for all cases indicating that the gravity
currents are turbulent. Results are compared with those of gravity currents in simple rectangular tanks as
well as with similar experiments in V-shaped valleys performed by Monaghan et al. (2009).
Keywords: Gravity currents, Lock-Exchange, Front Velocity, Valley, Trapezoidal

1 INTRODUCTION

free surface and the bed at the leading edges of the
surface current and undercurrent, respectively.
Shin et al. (2004) described a new theory and
experiments on gravity currents produced by lockexchange which suggested that the dissipation due
to turbulence and mixing between the current and
the surrounding ambient fluid is unimportant
when the Reynolds number is sufficiently high.
They provided an alternative theory that predicts
the current speed and depth based on energyconserving flow.
A related problem which has been studied
experimentally is the flow of gravity currents
down rumps into a horizontal surface. There has
been much less research on gravity currents
flowing along valleys.
Antenucci et al. (2005) have studied a constant
flux flow along a V-shaped channel into a
reservoir to model the spread of pathogens.
Constant flux currents along sinuous channels
have been investigated using saline current to
model turbidity currents (Keevil et al., 2006).

The environmentally important problem of gravity
current motion in an open channel has been
investigated theoretically and experimentally. The
lock-exchange flows have used for studying the
behaviour of gravity currents.
Such currents can be easily reproduced in the
laboratory through a lock-exchange experiment in
which a laboratory tank is divided in two
reservoirs, filled with fluids at different densities,
by installing a removable partition. When the
partition is removed, the horizontal density
gradient generates an exchange flow. The heavier
fluid propagates toward the lighter fluid reservoir
along the bottom of the tank and the lighter fluid
propagates along the free surface in the opposite
direction (Simpson, 1997).
Initially Benjamin (1968) studied the classic
lock exchange has negligible dissipation and its
inertia dominated. It exhibits a predominantly
horizontal interface that curves sharply toward the
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Takagi and Huppert (2007) examined
Newtonian viscous gravity currents propagating
along horizontal and inclined channels with
semicircular and V-shaped boundaries. The
mathematical equations are compared with data
from
laboratory
experiments.
Geological
applications of the results are discussed.
Also Takagi and Huppert (2008) used a model
of unidirectional Stokes flow on rigid surfaces to
obtain a variety of different propagation rates of
viscous gravity currents, which arise by
considering different releasing rates at the source
inside channels that change shape down the flow.
Also the position of a current inside either an
extremely narrow or nearly V-shaped channel that
gently widens along the flow is studied and shown
to be proportional to a power of time.
Monaghan et al. (2009a) investigated the
motion of saline gravity currents propagating
horizontally in a tank of rectangular upper cross
section and lower V-shaped valley by lockexchange experiments and a box model. The
presence of valley results in three major
differences in the gravity current compared to that
flowing along a flat bottom. These are : i) the
front of the current is approximately parabolic ii)
for sufficiently large time t the velocity of the
current in the V-shaped valley varies in the flat
bottom case and iii) the width of the current in Vshaped valley decreases with time t. They have
used the box model to predict the effect of
changing the slope of the valley after obtaining
good agreement between experiments and box
model results. The result is that for equal volume
currents, the steeper the valley the faster the flow.
Also Monaghan et al. (2009b) in their paper
extended previous studies of saline gravity
currents at high Reynolds number flowing along a
tank with a V-shaped valley. They used
experiments and a box model to determine the
primary features of the flow. The front of the
current is approximately parabolic. The results can
be described with remarkable accuracy by a box
model using a generalization of the equation for
sedimentation from a turbulent medium.
Finally Marino and Thomas (2009) studied the
variation of the Froude number at the front of
gravity currents developed in uniform channels
whose cross-section shape depends on a parameter
usually used in many numerical and theoretical
models. The relationships obtained agree with the
results of laboratory experiments in which open
and closed channels of different cross-section
shapes are used.
In this study the motion of saline gravity
currents is investigated in lock-exchange
experiments which are carried out in a tank of
rectangular upper cross section and a lower valley

of trapezoidal shape. This is considered as more
realistic model of the valleys which occur in
nature. The experiments are performed for equal
depths of heavy and light fluid on both sides of
the lock gate. Gravity current is generated, due to
the horizontal density gradient, after the removal
of the partition. Results are compared with those
of gravity currents in simple rectangular tanks as
well as with similar experiments in V-shaped
valleys performed by Monaghan et al. (2009).
2 EXPERIMENTAL PROCEDURE MEASUREMENTS
Experiments were conducted in a tank of
rectangular upper cross section and a lower valley
of trapezoidal shape. The dimensions of the tank
are: width W=23 cm, height H=25 cm high and
total length L=5 m. The trapezoidal section of the
valley has the following dimensions: bottom
width=5cm, height=10 cm and side slope 1:1. The
depth a of the valley which measured vertically
from the bed is 10 cm. The tank was separated
into two reservoirs by a removable thick vertical
partition, which was removed at the start of the
experiments. One reservoir was filled with H=4,
6, 8, 12, 14 or 16 cm of well-mixed saltwater of
density ρsw and the other with freshwater of
density ρw (ρw<ρsw) until the free surface in both
reservoirs was aligned. Twenty four experiments
were performed twelve inside the trapezoidal
section (H=4, 6 or 8 cm for four different
densities) and twelve over the trapezoidal section
(H=12, 14 or 16 cm for four different densities).
The distance from the lock gate to the front edge
of the current head is denoted as x (figure 1).
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Figure 1: Tank dimensions and symbols used

The slope of the channel was horizontal.
Experiments began with the removal of the
vertical partition. Gravity current is generated, due
to the horizontal density gradient, after the
removal of the partition. The heavier fluid
propagates towards the lighter fluid reservoir
along the bottom of the tank and the lighter fluid
propagates along the free surface in the opposite
direction. For flow visualization, the saltwater was
dyed with rhodamin (red color). Density
difference between salt water and clear water was
varied between 0.1 % and 0.4 % (ρw=1000 kg/m3,
ρsw=1010 or 1020 or 1030 or 1040 kg/m3). Series
of images were captured using a camera mounted
on a stationary tripod in front of the tank after the
initiation of the current. These recordings were
subsequently analysed to determine the front
position and velocity as functions of time, by
measuring the time required for the front to travel
fixed-length intervals marked on the tank. A
digital camera was used for the viewing of current
and then measured the height and the position of
the current front (figure 2).

Figure 2: Gravity Current (H=14 cm, Density Difference
0.3%) at three locations (x=50 cm, x=120 cm, x=300 cm).

3 ANALYSIS OF RESULTS
In figure 3 the effect of density difference on the
motion of the gravity current is examined. The
current with the greater difference (density
difference 0.4%) travels faster than the others in
both cases (H=4 cm within valley and H= 16cm
composite). This is due to the fact that the velocity
of the gravity current increases with increasing
density difference. The effect of density difference
is more pronounced in the case of composite
section than the trapezoidal section.
In figure 4 the effect of H on the motion of the
gravity current is examined for the same density
difference 0.1%. As it is observed, the gravity
current with the greater H travels faster in all
cases.
In figure 5 the dimensionless distance x* is
plotted against the dimensionless time t* from the
opening of the gate for currents within orthogonal
and trapezoidal valleys. The distance x is made
dimensionless with the water depth H (x* =x/H)
and the time t from the lock exchange with the
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parameter g(1 − γ ) / Η (t* =t g(1 − γ ) / Η , γ =

ρw
ρ sw )
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Also the time development of the gravity front
from the experiments of Shin et al. (2004), for
horizontal rectangular section, is included. It is
shown that the motion of the current depends on
the shape of the valley. The current moves faster
within the trapezoidal section which is in
agreement with the analytical findings of
Monaghan et al (2009).
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Figure 6 includes box model results of
Monaghan et al. (2009) for triangular valleys
(slope of the valley is 12o, 23o and 41o to the
horizontal with respective depths of the valley
0.03 m, 0.06 m and 0.12 m) together with our
experimental results for trapezoidal valley (with
side slope 1:1) and results for orthogonal valley
(Shin et al., 2004). The effect of the valley
geometry and the steepness of the flanks on the
motion is significant.
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Figure 6: Dimensionless comparison between triangular,
orthogonal and trapezoidal shape

In figure 7 the results of this study are compared
with similar experiments performed by Monaghan
et al. (2009). As it is shown in figure 7 the
dimensionless distance y is plotted against the
dimensionless time τ. The distance x is made
dimensionless with the parameter l and the time t
with the parameter σ. The former parameter l is
⎛ 2V ⎞
⎟ , V= volume of the current
defined as: l = ⎜
⎝ aW ⎠
1
( V = L1W ( H 0 + a) , L1=distance between the
2
lock gate and the rest of the tank, W=current
width, H0 =height of the water over the valley, a=
l
2
depth of the valley), and σ =
g ′a where
Fr
U
Fr=Froude number, Fr =
g ′h (U=current
speed, h= height of the current and
g ′ = g (ρ sw − ρ w ) / ρ sw with g=9.81 m/s2). As it is
observed (figure 7) a satisfactory agreement exists
between the measurements of these studies.

4 CONCLUSIONS
In this study the motion of saline gravity currents
is investigated in lock-exchange experiments
which were carried out in a tank of rectangular
upper cross section and a lower valley of
trapezoidal shape. The lock-exchange experiments
are performed for equal depths of heavy and light
fluid on both sides of the lock gate. The gate
separates the two fluids (water and saltwater) with
density difference 0.1%, 0.2%, 0.3 % and 0.4%.
The main conclusions of this study are:
•

•
•
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The gravity current propagates with a
parabolic head. The current with the
greater difference density difference 0.4%)
travels faster than the others in both cases
(H=4 cm and H=16 cm). This is due to the
fact that the velocity of the gravity current
increases
with
increasing
density
difference.
The effect of density difference is more
pronounced in the case of composite
section than the trapezoidal section.
The dimensionless distance x* is plotted
against the dimensionless time t* for both
orthogonal and trapezoidal valleys. The
effect of the valley section on the motion
of the current is clear. Also results from
the box model of Monaghan et al. (2009)
for triangular valleys of different side wall
steepness indicate the dependence of the
current motion on the geometry of the
valley.

•

The dimensionless distance y is plotted
against the dimensionless time τ. There is
a good agreement between the results of
this study with similar experiments in Vshaped valleys performed by Monaghan et
al. (2009).

REFERENCES
Antenucci, J.P., Brooks, J.D., Hipsey, M.R. 2005. A simple
model for quantifying cryrtospridium transport, dilution
and potential risks in reservoirs, J.Am Water Works
Assoc. 97, 86-93.
Benjamin, T.B. 1968. Gravity currents and related
phenomena, J. Fluid Mech., 31, 209-248.
Keevil, G.M., Peakall, J., Best, J., Amos, K.J. 2006. Flow
structure in sinuous submarine channels : velocity and
turbulence structure of an experimental channel.
Mar.Geol. 229, 241-257.
Marino, B.M., Thomas, L.P., 2009. Front condition for
gravity currents in channels of nonrectangular symmetric
cross-section shapes, J. of Fluid Eng., Vol 131, 0512011-6.
Monaghan, J.J., Meriaux, C.A., Huppert, H.E., Mansour, J.,
2009a. Particulate gravity currents along V-shaped
valleys. J.Fluid Mech., Vol 631, 419-440.
Monaghan, J.J., Meriaux, C.A., Huppert, H.E., Monaghan
J.M. 2009b. High Reynolds number gravity currents
along V-shaped valleys. European Journal of Mechanics
B/Fluids, (28), 651-659.
Shin, J.O., Dalziel, S.B., and Linden, P.F. 2004. Gravity
currents produced by lock-exchange, J.Fluid Mech., 521,
1-34.
Simpson, J.E. 1997. Gravity Currents in the Environment
and the Laboratory, Cambridge Univ. Press, New York
Takagi, D., Huppert, H.E., 2007. The effect of confining
boundaries on viscous gravity currents. J. Fluid Mech.,
Vol 577, 495-505.
Takagi, D., Huppert, H.E., 2008. Viscous gravity currents
inside confining channels and fractures. Phys. Of Fluids
20, 023104-1-6

604

River Flow 2010 - Dittrich, Koll, Aberle & Geisenhainer (eds) - © 2010 Bundesanstalt für Wasserbau ISBN 978-3-939230-00-7

Laboratory experiments on gravity currents moving on smooth and
rough beds
C. Adduce, V. Lombardi, G. Sciortino & M. La Rocca
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ABSTRACT: The aim of this paper is the investigation of gravity currents moving on both smooth and
rough beds by laboratory experiments. Gravity currents were produced in a Perspex tank of rectangular
cross-section by lock exchange release experiments. The tank is divided into two parts by a sliding gate:
one filled with tap water and the other one filled with salt water to the same height. Nine experiments
were performed varying both the bed roughness and the initial density of the gravity current. All the experiments were recorded by a camera and an image analysis technique was applied to measure the spacetime evolution of the gravity current's profile. For the experiments with a smooth bed three different
phases were observed in the gravity current’s dynamics: a first slumping or constant speed phase; a
second self-similar phase, in which the front speed decreased as t-1/3, where t is the time measured from
release; a third viscous phase, in which the front velocity decreased as t-4/5. In the experiments performed
with a rough bed the measured front’s velocities were observed to be lower than the front’s velocity of
gravity currents moving on a smooth bed.
Keywords: Gravity currents, Bed roughness, Laboratory tests
1 INTRODUCTION

tion separated by a vertical sliding gate, one filled
with tap water, and the other filled with salt water,
as shown in Figure 1. The experiment begins
when the gate is suddenly removed and the heavier fluid (salty water) flows under the lighter one
(fresh water), producing a gravity current. The experiment stops when the current’s front reaches
the right end wall of the tank.
The dynamics of gravity currents, obtained by
an instantaneous release, can be divided into three
different phases (Simpson 1997; Marino et al.,
2005). During the first phase, called slumping
phase, the front position varies linearly with time
and the front speed is constant. Rottman & Simpson (1983) found that the first phase stops at a distance from the left wall, ls, given by

Gravity currents occur when a fluid flows into
another fluid with a different density. The density
gradient can be due to a difference of temperature,
salinity or to the presence of suspended sediments
(i.e. turbidity currents). These phenomena are very
common in natural flows as avalanches, pyroclastic flows, sea breeze winds, oceans’ gravity currents. A large variety of examples of gravity currents can be found in Simpson (1997).
Several authors studied the dynamics of gravity
currents with both numerical and experimental
analysis. Most of the models simulating gravity
currents are based on the shallow water approximation as Rottman & Simpson (1983), Shin et al.
(2004), La Rocca et al. (2008) and Adduce et al.
(2009). When a gravity current moves inside an
ambient fluid, it mixes with the surrounding fluid.
A recent investigation on the parametrization of
mixing due to gravity currents is given by Cenedese and Adduce (2008).
An experimental technique used to produce a
gravity current is the lock-exchange release. In
this configuration the tank is divided in two por-

x f = ls ≅ 10 ⋅ x0

(1)

where xf is the front position, x0 is a length
scale defined as the distance between the gate and
the left vertical wall of the tank.
During the second phase or self-similar phase
the front speed Uf varies with t-1/3 (i.e. the front
position depends on time by a law t2/3). The transition to the second phase occurs when a wave,
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the front of the gravity current reaches the right
wall of the tank.
The desired bed’s roughness ε was obtained
gluing sand of a defined mean diameter on the
bottom of the tank.

caused by the reflection of the lighter fluid to the
left wall, reaches the current’s front, which is
slower than the wave.
The third phase or viscous phase occurs if
viscous effects become predominant. Huppert
(1982) found that the transition between the selfsimilar phase and the viscous phase is reached
when xf ≅ l* with l* defined as
1

⎛ g ' h5 x 5 ⎞ 7
l = ⎜ 0 02 0 ⎟
⎜ ν
⎟
⎝
⎠
*

where h0 is the initial depth of the lighter fluid, ν
is the kinematic viscosity of the heavier fluid and
g′0 is the initial reduced gravity, defined as
g0' = g

ρ01 − ρ 2
ρ2

where ρ01 is the initial density of the gravity current, ρ2 is the density of the heavier fluid and g is
the gravity acceleration.
The aim of this paper is the investigation of
gravity currents moving on beds with different
roughness by laboratory experiments.
Nine laboratory experiments were performed
by a lock release with three bed’s roughness ε ≅ 0
mm, 2.2 mm e 4.5 mm and three values of initial
density ρ01 ≅ 1009 Kg/m3, 1024 Kg/m3 and 1060
Kg/m3.
The observed general trend is that an increase
of bed’s roughness causes a decrease of the front
speed.

(2)
Figure 1. Definition sketch of the tank used for the experiments.

A CCD camera, with a frequency of 25 Hz, was
used to record the experiments and an image anal(3)ysis technique, based on a threshold method, was
applied to measure the space-time evolution of the
gravity currents.
Each acquired image is a matrix of pixels, each
of which is characterized by a number ranging
from 0 (black) to 255 (white). The grey level typical of the interface between the two fluids was
chosen as a threshold value. The program travelled along the columns of the matrix until it met
the threshold value (i.e. the interface between the
two fluids) and recorded the coordinates of this
pixel as a point of the current’s profile.
A rule was positioned along both the horizontal
and vertical walls of the tank in order to obtain the
conversion factor pixel/cm.
Figure 2 shows for run 7 the measured current’s profiles overlapping the images captured for
the camera for three different time steps.

2 EXPERIMENTAL SET-UP
The experiments were performed at the Hydraulics Laboratory of University Roma Tre, in a
Perspex tank of rectangular cross-section, 300 cm
long, 30 cm deep and 20 cm wide. A sketch of the
tank is shown in Figure 1.
The tank was divided into two parts by a sliding vertical gate placed at a distance x0 from the
left end wall of the tank. The right portion was
filled with tap water of density ρ2, while the left
part was filled with salty water with initial density
ρ01 > ρ2. Both in the right and in the left part of the
tank the depth of the fluid was h0.
A pycnometer was used to perform density
measurements. A quantity of dye was dissolved
into the salt water to allow the visualization of the
gravity current.
The experiment begins when the sliding gate is
suddenly removed and the heavier fluid moves
from the left part of the tank to the right part forming a gravity current. The time needed to remove
the gate is about 0.5 s. The experiment stops when

Figure 2. Gravity current’s profile (white line) overlapping
the images captured by the camera for RUN 7 at 7 s, 15 s
and 30 s after release.

Nine experiments were performed keeping constant ρ2 = 1000 Kg/m3, h0 = 0.15 m, x0 = 0.10 m
and varying the bed’s roughness ε and gravity current’s initial density ρ01. The experimental parameters are shown in Table1.
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Table 1. Experimental parameters
RUN
ρ01[Kg/m3]

For a constant time, the gravity currents moving on a smooth bed cover a longer distance than
those moving on rough beds.

ε [mm]

1

1009.3

0

2

1009.2

2.2

3

1008.8

4.5

4

1023.7

0

5

1024.4

2.2

6

1023.7

4.5

7

1059.6

0

8

1060.0

2.2

9

1059.5

4.5

3 LABORATORY EXPERIMENTS
In Figure 3a-c experimental front’s positions versus time are shown for all the performed runs. The
maximum front’s position was always at the flume
bed. The observed trend is that the speed of the
gravity currents decreases as the bed roughness
increases.
Figure 4a-c shows the measured gravity current’s profiles obtained with the threshold’s method for all the performed runs at three different
time steps after release.
All laboratory measurements start about 2
seconds after the gate removal, because of the
very chaotic behavior during the first stage of
gravity current’s dynamics.
Figure 4a shows the experimental profiles for
the runs performed with ρ01 ≅ 1009 Kg/m3: 12 s
after the gate removal, the gravity currents for the
runs 1, 2, and 3 covered a distance of 85 cm, 82
cm and 72 cm respectively; after 20 s the currents
covered a distance of 127 cm, 125 cm, 109 cm; at
least after 37 s the currents covered a distance of
198 cm, 191 cm and 174 cm.
Figure 4b shows the experimental profiles for
the runs performed with ρ01 ≅ 1024 Kg/m3: 12 s
after the gate removal, the gravity currents for the
runs 4, 5, and 6 covered a distance of 113 cm, 102
cm and 101 cm respectively; after 20 s the currents covered a distance of 169 cm, 155 cm, 149
cm; at least after 37 s the currents covered a distance of 262 cm, 240 cm and 224 cm.
Figure 4c shows the experimental profiles for
the runs performed with ρ01 ≅ 1060 Kg/m3: 12 s
after the gate removal, the gravity currents corresponding to the runs 7, 8, and 9 covered a distance
of 155 cm, 147 cm and 141 cm respectively; after
20 s the currents covered a distance of 228 cm,
209 cm, 206 cm; at least after 37 s the currents
covered a distance of 298 cm, 265 cm and 262
cm. As the bed roughness increases, the velocity
of the gravity currents decreases.

Figure 3. Experimental front position versus time for RUN
1, 2, 3 (ρ01 ≅ 1009 Kg/m3) (a), RUN 4, 5, 6 (ρ01 ≅ 1024
Kg/m3) (b), RUN 7, 8, 9 (ρ01 ≅ 1060 Kg/m3) (c).

The three phases developing in a gravity current are described in section 1. The lengths of the
slumping, self-similar and viscous phase were
computed for the gravity currents performed with
ε = 0 mm and ε = 4.5 mm, following the relations
found in the literature.
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Figure 4. Measured gravity current’s profiles for RUN 1, 2, 3 (ρ01 ≅ 1009 Kg/m3) (a), RUN 4, 5, 6 (ρ01 ≅ 1024 Kg/m3) (b),
RUN 7, 8, 9 (ρ01 ≅ 1060 Kg/m3) (c) at different time steps.

smooth bed and those obtained with ε = 4.5 mm
and the three regression lines, obtained by the

The dimensionless front position versus dimensionless time for gravity currents moving on a
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formulae found in the literature, for the linear,
self-similar and viscous phase are respectively
shown in Figure 5a-c and 6a-c. The length scale
x0 is the gate position, while the time scale t0 is
defined as
t0 =

x0

⎧ x f − x0
t
= 0.606 + 0.413
⎪
x
t
⎪
0
0
2
⎪
⎛ t ⎞3
⎪ x f − x0
= −3.105 + 1.635⎜⎜ ⎟⎟
⎨
⎝ t0 ⎠
⎪ x0
1
⎪
⎛ t ⎞5
⎪ x f − x0
= −62.582 + 37.226⎜⎜ ⎟⎟
⎪ x
0
⎝ t0 ⎠
⎩

(4)

h0 g 0'

R 2 = 0.998
R 2 = 0.999

(7)

R 2 = 0.999

The length of the slumping phase ls can be calculated following Rottman & Simpson (1983) by
Equation (1). The distance at which a transition
between the linear and self-similar phase occurs
is indicated by circles in Figures 5a-c and 6a-c.
The distance at which the viscous phase starts l*,
shown by triangles in Figures 5a-c and 6a-c, is
calculated following Huppert (1982) by Equation
(2). The length of the viscous phase lvis is given
by the difference between the total length of the
tank and the distance at which the third phase
starts. The length of the self-similar phase lss can
be obtained by the difference between l* and ls.
In table 2 ls, lss, lvis for the runs performed with ε
= 0 mm and ε = 4.5 mm are shown.
In agreement with the literature, the linear
phase, the self-similar phase and the viscous
phase can be regressed by a linear law, by a
power law with (t/t0)2/3 and by a power law with
(t/t0)2/3, respectively. The obtained three regression curves for each phase of Run 1, Run 4 and
Run 7 (i.e. ε = 0 mm) and for Run 3, Run 6, and
Run 9 (i.e. ε = 4.5 mm) are given by the sets of
equations (5)-(10). The coefficients of determination R2 has been also calculated for the three
phases. The dimensionless plots are in agreement
with previous formulae by Rottman & Simpson
(1983) and by Huppert (1982).
⎧ x f − x0
t
= 1.065 + 0.461
⎪
x
t
⎪
0
0
2
⎪
⎛ t ⎞3
⎪ x f − x0
= −2.962 + 1.782⎜⎜ ⎟⎟
⎨
⎝ t0 ⎠
⎪ x0
1
⎪
⎛ t ⎞5
⎪ x f − x0
= −54.74 + 34.631⎜⎜ ⎟⎟
⎪ x
0
⎝ t0 ⎠
⎩
⎧ x f − x0
t
= 0.721 + 0.437
⎪
t0
⎪ x0
2
⎪
⎛ t ⎞3
⎪ x f − x0
= −3.301 + 1.714⎜⎜ ⎟⎟
⎨
⎝ t0 ⎠
⎪ x0
1
⎪
⎛ t ⎞5
⎪ x f − x0
= −60.886 + 36.906⎜⎜ ⎟⎟
⎪ x
0
⎝ t0 ⎠
⎩

R 2 = 0.998
R 2 = 0.999

(5)

R 2 = 0.999

R 2 = 0.998
R 2 = 0.999

(6)
Figure 5. Dimensionless front position versus dimensionless time for RUN 1 (a), RUN 4 (b), RUN 7 (c) and regression lines for I phase (linear phase), II phase (self-similar
phase) and III phase (viscous phase).

R 2 = 0.999
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Table 2. Lengths of the three phases of gravity current’s
dynamics evaluated by the formulae for a smooth bed.
Run
ls [m]
lss [m]
lvis [m]
1
1
0.831
1.169
3
1
0.816
1.184
4
1
1.094
0.906
6
1
1.094
0.906
7
1
1.389
0.611
9
1
1.388
0.612

⎧ x f − x0
t
= 1.248 + 0.426
⎪
x
t
⎪
0
0
2
⎪
⎛ t ⎞3
⎪ x f − x0
= −1.928 + 1.581⎜⎜ ⎟⎟
⎨
⎝ t0 ⎠
⎪ x0
1
⎪
⎛ t ⎞5
⎪ x f − x0
= −47.308 + 30.4184⎜⎜ ⎟⎟
⎪
x
0
⎝ t0 ⎠
⎩
⎧ x f − x0
t
= 0.854 + 0.369
⎪
x
t
⎪
0
0
2
⎪
⎛ t ⎞3
⎪ x f − x0
= −1.819 + 1.405⎜⎜ ⎟⎟
⎨
⎝ t0 ⎠
⎪ x0
1
⎪
⎛ t ⎞5
⎪ x f − x0
= −47.274 + 29.437⎜⎜ ⎟⎟
⎪
⎝ t0 ⎠
⎩ x0

⎧ x f − x0
t
= 0.7.14 + 0.374
⎪
t0
⎪ x0
2
⎪
⎛ t ⎞3
⎪ x f − x0
= −1.52 + 1.374⎜⎜ ⎟⎟
⎨
⎝ t0 ⎠
⎪ x0
1
⎪
⎛ t ⎞5
⎪ x f − x0
= −55.299 + 32.852⎜⎜ ⎟⎟
⎪
⎝ t0 ⎠
⎩ x0

R 2 = 0.997
R 2 = 0.999

(8)

R 2 = 0.999

R 2 = 0.999
R 2 = 0.999

(9)

R 2 = 0.999

R 2 = 0.999
R 2 = 0.999

(10)

R 2 = 0.999

4 CONCLUSIONS
This paper investigates the effect of bed’s
roughness on gravity currents’ dynamics produced by lock release experiments. Nine laboratory experiments were conducted keeping constant the density of the ambient fluid, the initial
height of the two fluids, the initial position of the
vertical gate and varying the bed’s roughness ε
and the gravity current’s initial density. Three
different values of bed’s roughness and three different values of initial density were tested. The
space-time evolution of the gravity current’s profile was measured by an image analysis technique.
For the currents realized on a smooth bed and
for those performed with ε = 4.5 mm, three different phases were observed: a first or constant
speed phase, called slumping phase, a second
self-similar phase and a third viscous phase. During the second and the third phases the front velocity is observed to decrease as the time increases. Each phase was regressed by different
laws in agreement with the literature. For all the
experiments performed on a rough bed the
measured gravity current’s velocities were observed to be lower than those realized on a
smooth bed. The observed general trend is that

Figure 6. Dimensionless front position versus dimensionless time for RUN 3 (a), RUN 6 (b), RUN 9 (c) and regression lines for I phase (linear phase), II phase (self-similar
phase) and III phase (viscous phase).
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an increase of bed’s roughness causes a decrease
of the front speed.
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ABSTRACT: The shallow-water model with porosity is an attractive and efficient way to simulate inundations in valleys with urbanised areas. Indeed, at a very large scale, an urbanised area can be compared
to a porous media, for which the porosity parameter is the ratio between the space available for the flow
(i.e. the streets) and the total area. The urban fabric is also characterised by eddy head losses. The first
part of this paper is devoted to the sensitivity analysis of the model to these head losses by comparing
numerical results with experimental data, in steady and transient flow. It is shown that this coefficient is
necessary to represent accurately the flow through the urbanized zone, although beyond a certain threshold, it has no more influence on the results. Then, the distribution of the porosity parameter is investigated. Indeed, in former works it was always considered that this parameter was homogenous inside the
urbanized area, and that its value varied discontinuously at its boundaries. In the present study, a linearlyvaried distribution is tested. It is shown that in certain cases, smoothing the distribution of the porosity
can improve the results.
Keywords: Flood modelling, Urban flooding, Porosity, Head losses, Porosity distribution
1 INTRODUCTION
The simulation of floods in urban areas is important to assess the risks or to draw emergency
plans. However, it is a difficult task because of the
complexity of the flow through such a media, and
because of the scale of the problem. Indeed, simulating the flow in details in each street would be
tedious or even impossible due to lack of data.
That is why in the last decade, 2D simplified
models were developed to overcome this difficulty (McMillan 2007). Among them, a promising
approach is to represent the urban fabric as a porous medium (Lhomme 2006, Guinot and SoaresFrazão 2006, Soares-Frazão et al. 2008, Sanders et
al. 2008).
Indeed, at a large scale (Figure 1), the urban
fabric can be assimilated to a 2D porous medium,
in which the streets are the pores, and the buildings are the obstacles. As illustrated in Figure 1,
this medium is often not homogeneous and presents anisotropy, due to the presence of wide and
long avenues that form preferential paths for the
flow.

Figure 1: Similitude of a urban area to a porous medium
(Paris, France Google Earth)

The porosity approach leads to modified shallow-water equations including a porosity parameter to account for the area available to the flow in
a given control volume. Specific eddy losses
terms are then added to account for the important
flow fluctuations induced by the successive widenings and constrictions of the flow through the
urban area. Soares-Frazão et al. (2008) propose a
Borda-type formulation, while Sanders et al.
(2008) propose to quantify the eddy losses by
means of a drag coefficient.
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To solve the porosity equations, Guinot and
Soares-Frazão (2006) proposed a finite-volume
scheme with LHLL-type fluxes. This scheme was
successfully tested in several unsteady or dambreak flow situations but no steady-flow validations are yet reported. Among the dam-break flow
tests, experiments in an idealised urban district
(Soares-Frazão and Zech 2008) were used.
In this paper, we present new steady-flow experiments performed in the idealised urban district
configuration used by Soares-Frazão and Zech
(2008). The porosity model by Guinot and SoaresFrazão (2006) will be tested against these new
data. A sensitivity analysis to the head-loss coefficient is performed on both dam-break and steadyflow cases. Then, the influence of the porosity distribution is analysed.

Figure 2: Experimental set-up: channel dimensions (m)

The simplified urban district in the experiments is
composed of 5 × 5 wooden blocks aligned with
the flow direction (Figure 2). The “city” is placed
at the centre of the channel section, 5 m downstream of the gate. The “buildings” dimensions
are 0.3 m × 0.3 m, while the “streets” are 0.1 m
wide. The buildings are fixed on the channel bed
using a no-slip material at the bottom and heavy
weights inside the blocks.

2 EXPERIMENTS
2.1 Experimental set-up

2.2 Measurement devices

Two types of experiments are described in this
paper. The first ones are transient flow experiments, and were conducted by Soares-Frazão and
Zech (2008). The second ones were carried out in
the same set-up but in steady-flow conditions
(Van Emelen 2009).
The experiments were conducted at the Hydraulics Laboratory of the Civil and Environmental Engineering Department of the Université
catholique de Louvain, Belgium. The channel is
36 m long and 3.6 m wide, with a partly trapezoidal cross section as indicated in Figure 2. From
former measurements, the channel Manning
roughness coefficient was estimated at 0.01 sm-1/3.
A gate separates an upstream reservoir from
the downstream channel. The gate is located between two impervious blocks in order to simulate
transient flows through a rectangular breach. This
dam-break flow is generated with an initial water
level in the reservoir of 0.40 m and a thin layer of
0.011 m water in the downstream reach. On the
other hand, steady flows are generated by pumping downstream water and re-circulating it upstream, the gate being left open. In the present experiments, the discharge is 100 l/s, and a weir is
placed at the downstream end of the channel to
force a subcritical flow with a depth of about
0.20 m.

Several measurement devices were used to characterise the flow. These devices differ in the dambreak flow and in the steady flow experiments.
The water level evolution in dam-break flows
was measured by means of several resistive
gauges. Figure 3a shows the locations of the gauging points (about 40 gauge locations over the
channel). Thanks to the repeatability of the experiment (Soares-Frazão and Zech 2008), those
water level measurements can be combined to
form water profiles in the streets. In the steadyflow case, the water level (which is constant in
time) is measured with ultrasonic gauges fixed on
a moving device to measure continuous water profiles along the “streets” (Figure 3b).
For both flow cases, the surface velocity field
was obtained using digital imaging techniques
(Capart et al. 2002, Spinewine et al. 2003) by
tracking the movement of tracer particles on the
free surface. Again, thanks to the repeatability of
the experiment, several locations could be imaged
and combined, which allows to identify particular
features of the flow such as re-circulation for example. The study areas for the velocity field in the
transient and steady flow cases are indicated in
Figure 4.
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little decrease of the water level at the exit of the
city.

Figure 5. Hydraulic jump upstream of the urban district in
transient case

Figure 3: (a) Positions of the gauging points for transient
flow; (b) location of water profiles for steady flow (not at
scale)

Figure 6. Small variation of the water level at the city entrance
Figure 4: Areas filmed in experiments: (a) transient flow
and (b) steady flow

3 GOVERNING EQUATIONS AND
NUMERICAL SCHEME

2.3 Transient flow description

3.1 The porosity model

In the dam-break case, two main phenomena can
be observed. After the strong impact of the wave
against the buildings, the flow slows down before
entering the streets. A hydraulic jump forms upstream of the city entrance (Figure 5), with the
consequence that the water level is locally higher
than without buildings. Immediately downstream
of the city, a wake zone is observed. Then, further
downstream, the flow slowly recovers the structure it would have had without the presence of the
city (Soares-Frazão et al. 2008).

Defining the porosity φ as the ratio between the
plan-view area available to the flow to the whole
urban district area, the 2D shallow water equations with porosity can be written in conservation
form as (Soares-Frazão et al. 2008)

∂ U ∂ F ∂G
+
+
=S
∂t ∂ x ∂ y
where

φ uh
⎛
⎞
⎛φh ⎞
⎜
⎟
2
⎟
⎜
gh ⎟
2
⎜
,
U = ⎜ φ uh ⎟ , F = φ u h + φ
⎜
2 ⎟
⎜ φ vh ⎟
⎜
⎟
φ uvh
⎠
⎝
⎝
⎠

2.4 Steady flow description
The steady flow experiment is less spectacular
than the dam-break flow. Indeed, the consequences of the presence of the city are less immediately visible. However, a small increase of the
water level can be observed just upstream of the
city (Figure 6), which is immediately followed by
a small decrease just after the entrance into the
city. In the same way, flow observations show a

⎞
⎛
⎟
⎜
φ vh
⎟
⎜
G =⎜
φ uvh
⎟
⎜ 2
gh 2 ⎟
⎟
⎜φ v h + φ
2 ⎠
⎝
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+
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⎜
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(

)

⎞
⎟
⎟
∂φ ⎟
⎟
∂x ⎟
∂φ ⎟
⎟
∂y ⎠

global (x, y) coordinate system to the local system
attached to the interface, Sin is the average value
over the cell i between the time levels n and n + 1
of the source term, wi,j is the length of the interface (i, j) and Δt is the computational time step.
The fluxes are calculated by a HLL-type solver
(Guinot and Soares-Frazão 2006) with a lateralised discretisation for the pressure source term in
the momentum equations (Fraccarollo et al. 2003).
This consists in a kind of upwinding as presented
by Bermudez and Vasquez (1994).

(2)

where φ is the porosity, h the water depth, u and v
the depth-averaged velocities in x- and y- directions, S0x and S0y the bed slopes and Sl,x and Sl,y the
head loss slopes in each direction. These last
terms include friction and eddy losses:
⎡
1 (u + v )
S l , x = ⎢S f , x + ζ
2g
L
⎣

u⎤
⎥φ gh
⎦

⎡
1 (u + v )
S l , y = ⎢S f , y + ζ
2g
L
⎣

v⎤
⎥φ gh
⎦

2

2

2 1/ 2

2 1/ 2

4 SENSITIVITY ANALYSIS
4.1 Head-loss coefficient
In the original work by Lhomme (2006), the
Borda-type head loss coefficient ζ for the idealised urban district case was calibrated manually to
the value of 24, with L = 0.4 m. This calibration
was done for a dam-break flow situation.
Here, the adequacy of this calibrated value is
checked in the steady-flow situation, and the sensitivity to this coefficient is investigated. According to the urban district layout, the corresponding
porosity coefficient is φ = 0.38 . In the numerical
simulation, this value is prescribed to the computational cells located in the urban area, as illustrated in Figure 8. Outside the urban district, the
whole room is available to the flow, so the porosity may be defined as φ = 1.

(3)

L

w1

w2

Figure 7 . Definition of distributed Borda-type head losses

In (3), Sf,x and Sf,y are calculated by means of the
Manning formula while ζ is the Borda-type headloss coefficient and L is the spatial period of the
widening and narrowing (Figure 7).
To summarise, two terms in the governing
equations account for the restriction in area available to the flow: (1) the porosity φ and the related
porosity variation ∂ φ ∂ x and ∂ φ ∂ y , in the
source terms, and (2) the Borda-type head-loss
term. In the applications, the influence of each of
these terms will be investigated.
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A finite-volume discretisation is used to solve the
governing equations

=

U in

Δt
−
Ai

∑(

Ti , j Fin, +j 1 / 2
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3.2 Numerical scheme
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x (m)

Figure 8. Computational mesh around the urban district

The tested values for the ζ head-loss coefficients
are: 0, 0.784, 24 and 784, respectively. The 0
value is used to assess the influence of the porosity-related terms only, while higher value of ζ account for the additional head losses in the urban
district arising from the succession of narrowing
and widening in the urban district as illustrated in
Figure 7. The value of 24 is the value that was
calibrated by Lhomme (2006) for the dam-break
flow case.

(4)

where U in is the average value of U over the cell i
at the time level n, Ai is the area of the cell i,
Fin, +j 1 / 2 is the average value of the flux vector
along the normal to the interface (i, j) between the
time levels n and n + 1, N (i) is the set of
neighbour cells of the cell i, Ti,j is the matrix that
accounts for the co-ordinate rotation from the
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Figures 9a and b present the results for the
steady-flow along the axis B (Figure 3b). Experimental results are presented as a continuous line
because a continuous profile was acquired by
moving the sensor over the whole channel length
(Figure 3b). Figures 9c and d present the results
for the dam-break flow case at t = 10 s along the
axis A (Figure 3a). Here, experimental results recorded during the whole duration of the dambreak flow were obtained at 15 locations along
axis A, yielding 15 measurement points in the
profile (Figure 3a), represented by dots.
It can be observed that with ζ = 0 (Figures 9a
and 9c), sharp discontinuities appear at the entrance and at the exit of the urban district, this
trend being more significant in the steady-flow
case, even leading to unrealistic results. It can also
be observed in the steady-flow case (Figure 9a)
that the total head loss induced by the urban district is underestimated as the water level upstream
from the urban district is much lower than the actual one.
For increasing ζ values, it can be observed that
almost no more changes occur from the value
ζ = 24 (Figures 9b and 9d). This latter value appears to be the best suited value for both cases.
The computed and measured velocity fields
around the urban district are illustrated in Figures
10 and 11. These provide interesting information
on the influence of the ζ coefficient. For ζ = 0, it
appears that the flow is accelerated through the
urban district, which is the contrary of the expected behaviour. This abrupt acceleration is induced by the ∂ φ ∂ x and ∂ φ ∂ y source terms,
for which the effect is concentrated on the computational cells located on both sides of the urban
district perimeter, where the porosity jumps from
1 to 0.38. The abrupt flow acceleration is stronger
in the steady-flow case. In the dam-break flow
case, the dynamic effect of the flow impact
against the virtual wall induced by the porosity
discontinuity smoothens out the velocity variation.
In both the steady and dam-break flow cases, it
can be observed that an increasing ζ value has the
positive effect of slowing down the flow through
the urban district. This is coherent with the experimental observation (Figure 10e for the steadyflow case) where the velocity vectors direction indicates that the major part of the flow passes outside the urban district.

From the velocity vectors in Figure 10c and
10d, we can conclude that flow velocity reduction
through the city is such that even a very high ζ
value will not significantly affect the amplitude of
the corresponding source term in expression (3).
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Figure 9: Comparison between experimental and numerical
water levels, (a and b) in steady flow along the axis B defined in Figure 3b (y = -0.6 m), and (c and d) in dam break
flow along the axis A as defined in Figure 3a (y = 0.2 m).
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Figures 11: Computed velocity fields around the urban district in dam-break flow, with (a) ζ =0, (b) ζ=0.784, (c)
ζ=24, (d) ζ=784, around the south-west corner of the urban
area.
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4.2 Porosity distribution

-1

It can be observed in Figure 9a that a sharp porosity discontinuity induces sharp and unrealistic water-level discontinuities, especially in the steadyflow case. If we consider that one of the effects of
the presence of the urban district is to reduce the
area available to the flow, we can to a certain extent make an analogy with a sudden flow constriction. In such a case, for which the classical Borda
head losses apply, the flow adapts itself to
smoothen the abrupt channel narrowing, leading
to the well known vena contracta. This means that

-1.1
-1.2
-1.3
4.5

4.6

4.7

4.8

4.9

5

5.1

5.2

5.3

5.4

x (m)

(e)

Figures 10: Computed velocity fields around the urban district in steady flow, with (a) ζ =0, (b) ζ=0.784, (c) ζ=24, (d)
ζ=784, and (e) measured water velocity, around the southwest corner of the urban area.
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y (m)

the abrupt channel narrowing is replaced by a
progressive narrowing.
Applying a similar reasoning to the idealized
urban district, we could consider that the change
in porosity is distributed in a progressive way. In a
first trial, a linear distribution is adopted as illustrated in Figure 12.
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Figure 14: Velocity fields for uniform and linear distribution
of φ , ζ = 0, (a) in steady and (b) in transient flow.

Figure 12. Linear distribution of the porosity in the urban
district.
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The computed results are shown in Figures 13 to
16, with ζ = 0 (Figures 13 and 14) and ζ = 24
(Figures 15 and 16), in steady and dam-break
flow. In the figures showing water levels, the results computed with the uniform porosity distribution are also represented.
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Figure 15: Water levels for uniform and linear distribution
of φ , ζ = 24 , (a) in steady flow along the axis B and (b)
dam-break flow along the axis A

For the case with ζ = 0, a significant improvement of the quality of the results is observed in the
steady-flow case (Figure 13a): the sharp waterlevel discontinuities disappear. However, the total
head loss induced by the urban district is underestimated. In the dam-break flow case (Figure 13b),
the results with the distributed porosity are worst
than with the uniform porosity. This is confirmed
by the velocity vectors: only a very weak flow deviation is induced by the urban district (Figure
14b).
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Figure 13: Water levels for uniform and linear distribution
of φ , ζ = 0 , (a) in steady flow along the axis B and (b)
dam-break flow along the axis A
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If we consider the combination of the Bordatype head losses with ζ = 24, the results illustrated
in Figures 15 and 16 are obtained. In steady-flow,
almost no difference between the results can be
observed, while in dam-break flow, the hydraulic
jump upstream of the urban district is delayed.
Looking at the velocity vectors (Figure 16)
confirms that the velocity reduction in the urban
district induced by the head-loss coefficient significantly changes the whole velocity distribution.
The major part of the flow now passes around the
urban district.

form of a pyramid with a minimum value at the
city centre. It was shown that when no eddy headloss coefficient was used, the pyramidal distribution gave more realistic results in steady flow
case, while in transient state, the results may become worse. In this transient case, more sophisticated porosity distributions should improve the results. When the calibrated head-loss coefficient
was applied, both configurations gave similar results, close to the experimental results. But with
this calibrated head-loss coefficient, the computed
velocity fields showed that the flow was rejected
outside the urban area, to an exaggerated extent.

y (m)
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Figure 16: Velocity fields for uniform and linear distribution
of φ , ζ = 24, (a) in steady and (b) in transient flow.

5 CONCLUSION
This paper focuses on flood flow through urbanized areas. Two experiments in an idealised city
are considered, one in steady-flow conditions, the
other one featuring a dam-break wave. The water
depth and the velocity field at defined points were
measured. These experimental measurements
were compared to the numerical results of a porosity model, solved by the finite-volume method.
It was shown that as far as an eddy head-loss is
added to the model, this latter was able to represent accurately the flow.
A sensitivity analysis to the coefficient used for
expressing this head-loss showed that over a certain value, its effect on the flow did not change
anymore. Then, a study of the distribution of the
porosity was proposed. Two configurations of the
porosity were considered: a discontinuous one
where the porosity abruptly varies at the boundaries of the urban fabric, and a linear distribution in
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Unsteady flow in a channel with large scale bank roughness
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ABSTRACT: Systematic investigations on positive and negative surge waves from upstream have been
conducted in a 40 m long channel with a mean bed slope of 1.14‰ and non-prismatic bank geometries.
The channel banks included macro-roughness elements, namely various cavities. In total, 41 different
geometrical configurations have been investigated. The surge wave experiments confirmed the applicability of the elementary surge wave theory including secondary waves and wave breaking in the prismatic
reference configuration. In geometries with channel bank macro-roughness, the absolute surge wave celerity Vw and the celerity surge wave celerity c are reduced. Among other reasons, the observed reduction
of the absolute surge wave celerity is due to the increased flow resistance and lays between 5% and 30%
for both, positive and negative waves from upstream. Due to the dispersive character, the positive and
negative surges from upstream are characterized by a sudden change (front), followed by a progressive
change (body) of the water level. Under the influence of bottom slope and friction, the height of the front
of a surge wave is reduced exponentially along the channel. This reduction can be described by a simple
mathematical model. Its calibration on the surge wave experiments pointed out the extra diffusion due to
the macro-scale roughness.
Keywords: Unsteady flow, Macro-roughness, Surge wave experiments
1 INTRODUCTION

Experiments with highly unsteady flow in the
field of open channel hydraulics mainly cover
three domains: First, experiments of dam break
waves due to a sudden failure of a dam (e.g.
Schoklitsch 1917; Dressler 1954; Lauber and
Hager 1998a, 1998b; Leal et al. 2006, Boillat et al.
2008), secondly experiments dealing with positive
and negative surge waves from upstream or downstream due to sluice gate or fast turbine operations
including a baseflow (e. g. Favre 1935) and finally
experiments focusing on secondary waves. These
waves are also called “Favre waves” and occur behind the wave front (Favre 1935, Faure and Nahas
1961; Benet and Cunge 1971; Zairov and Listrovoy 1983; Treske 1994; Soares and Zech 2002).
First systematic investigations on the propagation speed of small positive and negative surge
waves from upstream and downstream in a channel
have been presented by Bazin (1865). The important theoretical and experimental work of Favre
(1935) resulted in equations for the determination
of the absolute wave celerity and the height of the
surge wave front due to a sudden change in dis-

Many anthropogenic actions and natural events,
namely sluice gate operations, flushing of reservoirs, debris jam and break up, ice jam and break
up, sudden stopping and starting of turbines of
runoff river and storage hydropower plants, flashfloods etc. can lead to rapidly varied unsteady flow
in open channels. High-head storage hydropower
plants for example mainly operate their turbines
during periods of high energy demand. Even if under the influence of bottom slope and friction,
surges often do not appear, the sudden starting and
stopping of turbines, called hydropeaking, might
cause rapidly varied unsteady flow in smooth
channels with small slopes. Morphological measures such as lateral cavities at the banks can increase the flow resistance and the natural retention
capacity of rivers. Thus, depending entities such as
the propagation speed or the height of the surge
wave front are modified in complex geometries
with large scale or macro-roughness.
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dynamic processes caused by the inclination of the
water-surface. Favre (1935) proposes an explicit
calculation method for surge waves which are superimposed to a uniform or gradually varied steady
or unsteady baseflow in prismatic configurations
including friction and slope. The proposed method
is based on a small ratio of h’/h1 and also applies to
channels having different cross-sections.

charge. Further experiments with surge waves including a downstream base flow have been done
by Ünsal (1983), Zairov and Listrovoy (1983).
This paper presents the results of systematic surge
wave experiments with positive and negative
surges from upstream in geometries characterized
by large scale or macro-roughness at the channel
banks. The experiments include a steady flow
downstream of the surge wave front and have been
conducted under controlled laboratory conditions.
The main goal of the study is to highlight the influence of large scale depression roughness, increasing the flow resistance and natural retention
capacity, on surge wave propagation and deformation.

Surgeflow
Q2 > Q1

U2

2 THEORETICAL BACKGROUND

Surgeflow
Q2 > Q1

The unsteady, non-uniform and rapidly varied flow
is characterized by a free surface having sudden
change and high curvature. As a consequence, assumption of hydrostatic pressure might not be
valid on a limited channel reach. A sudden change
of the discharge or water-level can cause a rapidly
varied flow called surge wave. Namely four different types of surge waves are defined (Favre 1935,
Chow 1959, Henderson 1966, Graf and Altinakar
1996): the positive surge wave moving downstream, the positive surge wave moving upstream,
the negative (surge) wave moving downstream and
the negative (surge) wave moving upstream.
In a horizontal, rectangular channel of width B
without friction, having a baseflow Q1 = U1·B·h1,
an increase of the discharge at the upstream channel border always leads to a positive surge with a
steep front. The water-surface discontinuity, called
a positive surge from upstream, travels downstream with an absolute celerity Vw of the surge
wave front:

Vw = U 1 + gh1 ⋅

h2 ⎛ h2
⎜1 +
2h1 ⎜⎝
h1

⎞
⎟⎟
⎠

h'

t + Δt

t

h1

Baseflow
Q1

h2

Vw
U1

t + Δt

t

h1

Baseflow
Q1

Figure 1: Positive surge from upstream in the horizontal,
prismatic and frictionless channel (above) and in the channel
including bottom and friction slope (below). U = mean flow
velocity, h = flow depth, h’ = surge height, Q = discharge,
t = time. The indices 1 and 2 refer to the pre- and post-surge
conditions.

When friction and bottom slope are taken into
account (Figure 1, below), the height of the surge
wave front exponentially decreases along the
channel and the wave body deforms (Favre 1935;
Zairov and Listrovoy 1983). Furthermore, a positive surge having a steep front does not necessarily
develop by the increase of the discharge at the upstream end of the channel under the influence of
friction and bottom slope. Based on, first the applicability of the Chezy formula for describing the
flow resistance, secondly the assumption of a wide
channel of constant bottom slope and third the assumption of a relatively small disturbance, Henderson (1966) developed a criteria relative to the
surge formation of a positive wave:

dh gh0 S 0 (2 − Fr0 )(1 + Fr0 )
≥
dt
3U 0

(1)

(3)

where h is the flow depth, t the time, h0 the
normal flow depth, S0 the constant bottom slope,
Fr0 the Froude number and U0 the mean flow velocity corresponding to the normal flow depth. The
right side term of this equation is negative if
Fr0>2. This means that for every positive disturbance dh/dt, the condition for the formation of a
surge is satisfied. For Fr0<2, the rate of change of
the flow depth must exceed a minimum value in
order to be higher than the right side term. Due to
the three assumptions, the applicability of (3) is
however rather limited and in many practical
cases, the question concerning the surge formation
is solved more efficiently by numerical methods

The negative surge from upstream, the positive
surge from downstream and the negative surge
from downstream are defined analogously (e.g.
Henderson 1966). If the disturbance compared to
the baseflow depth is small, (1) becomes:

Vw = U 1 + gh1

Vw
U1

h2

U2

(2)

Neither the height of the surge wave front h’
nor the propagation speed are modified along the
frictionless, horizontal and rectangular channel
(Figure 1, above). In natural channels or rivers,
where the channel slope and friction have to be
considered, the propagation of a surge depends on
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ing the logarithmic law with the constants of
Rouse (1965). The equivalent sand roughness of
the wall and the bottom are ksw=0.021 mm and
ks0=0.001 mm respectively. The channel bed made
of smooth painted steel is fix without sediment
transport. The discharge is introduced at the upstream border of the channel through a 0.5 m wide
and 0.9 m long, horizontal opening of the inlet basin. At the downstream border of the channel, the
flow depth is controlled by a particularly shaped
cross section (Carlier 1972). It corresponds almost
to the normal flow depth of the prismatic channel
without macro-roughness.

based on the de Saint-Venant equations. Furthermore, the numerical schemes solving the depth averaged de Saint-Venant equations have been found
working well for many practical applications
(Hicks et al. 1991).
3 EXPERIMENTS
3.1 Flume and geometrical configurations
The test flume has a useful length of 38.33 m and a
mean slope of 1.14 ‰ (Figure 2). It is divided from
upstream to downstream into an inlet reach (length
7.41 m), a reach with large scale depressions at the
banks (26.92 m) and an outlet reach (4.0 m). The
sidewalls of the reach with rectangular cavities and
the outlet reach are formed by smooth limestone
bricks.
Inlet reach

Reach with macro-scale roughness

0

5

10

Lb

15

20

Table 1. Summary of test range of geometrical parameters

Outlet reach

25

x [m]

Lc

Cavity length Lb

0.5 m, 1.0 m, 2.0 m

Distance between cavities Lc

0.5 m, 1.0 m, 2.0 m

Lateral extent of the cavity ΔB 0.1 m, 0.2 m, 0.3 m, 0.4 m
0.05, 0.10, 0.15, 0.20, 0.30,
Aspect ratios ΔB / Lb
0.40, 0.60, 0.80
Expansion ratios (B+2ΔB) / B
1.41, 1.82, 2.24, 2.65

3.2 Steady flow tests
The aim of the first test phase on steady flow was
to determine the flow resistance of the macrorough configurations (Meile 2007; Meile et al.
2008a, Meile et al. 2008b) by means of backwatercurve computations and by minimizing the last
square errors (Sieben 2003). Flow conditions have
been investigated for up to 12 different steady discharges between 0.0037 < Q < 0.1255 m3s-1 for
each geometrical configuration. The discharge during the tests was controlled by an electromagnetic
flow meter. Characteristic values of Froude Fr =
U·(g·h)-1 and Reynolds Re = U·Rh·ν -1 number relative to the base width B ranged between 0.37 < Fr
< 0.64 and 6’800 < Re < 110’000 for typical flow
depths between 0.03 m < h < 0.34 m and mean
flow velocities between 0.24 < U < 0.80 ms-1. The
water levels have been recorded with ultrasonic
sensors located along the channel axis.

ΔB
B

Figure 2: Situation of the test flume. Variable parameters of
the macro-rough configurations are Lb, Lc and ΔB.

The channel base width is B = 0.485 ± 0.002 m
and remained constant during all the tests. The macro-roughness elements considered in this research
are large scale depression roughness (Morris 1955)
at both channel banks. Three geometrical parameters namely the length of the cavity Lb, the distance
between two cavities Lc and the lateral extent of
the cavities ∆B, are systematically varied (Figure
2). Table 1 summarizes the range of the investigated geometrical parameters Lb, Lc and ∆B as well
as derived ratios.
The aspect and expansion ratios of the cavity
are defined as AR = ∆B / Lb and ER = (B + 2∆B) /
B respectively. The combination of three different
values for Lb and Lc and four different values of ∆B
results in the 36 different, axi-symmetric geometrical configurations covering 8 aspect and 4 expansion ratios. Additionally, three of the 36 axisymmetric configurations have been tested in an
asymmetric arrangement and a randomly generated
configuration has also been analyzed.
The equivalent sand roughness of the limestone
bricks without macro-roughness has been determined by means of backwater curve computations
in the rectangular, prismatic reference configuration. Friction coefficients have been calculated us-

3.3 Unsteady flow tests
The aim of the phase of the unsteady flow tests
was to evaluate the influence of the macroroughness on the propagation, attenuation and deformation of positive and negative surge waves
from upstream. The investigated surge waves have
been superimposed to a steady baseflow.
A selected amount of discharge can be added
rapidly to the well established baseflow to generate
the surge waves. To do this, an upper basin with an
individual water supply system has been placed on
the flume over the inlet basin of the channel. The
upper and the inlet basin were connected by four
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sensors regularly spaced along the channel. In the
prismatic configuration, velocity measurements
have been performed additionally using an Ultrasonic Velocity Profiler (Meile et al. 2008c).

pipes of different diameters. The sudden opening
or closure of one or several pipe(s) causes the positive or negative surges from upstream. Every geometrical configuration has been investigated under
5 to 30 scenarios of rapidly varied unsteady flow
(Table 2).Positive surges include additional flows
that present 9 % to 900 % of the baseflow. Negative surges include sudden flow reduction which
amounts for 9 % to 90 % of the baseflow. Scenarios 3, 8, 13, 18, and 23 (Table 2) have been systematically tested for every configuration. All other scenarios have been investigated for geometrical
configurations with ∆B=0.2 m and ∆B=0.4 m only.
0
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4 RESULTS
4.1 Highly unsteady flow in prismatic and macrorough configurations
According to the wave classification criteria of
Ponce et al. (1978) and Chung and Kang (2006),
all the positive waves from upstream of scenarios
3, 8, 13, 18 and 23 (Table 2) are classified in the
domain of gravity waves after the formation in the
inlet reach. The investigated negative waves are
mainly gravity waves at the origin, but they rapidly
transform into dynamic waves due to their dispersive character along the channel.

70 Cw [m0.5/s]

Chezy
coefficient
the
w ofzufällig
Chezy-Beiwert
CwCder
randomly
generated
configuration
generierten
Geometrie

1st widening

3rd widening

6th widening

0.25 m

(A)
(C)

Figure 4: Positive surge wave from upstream: Lb = 1.0 m;
Lc = 0.5 m, ΔB = 0.1 m. Qbase = 6.38 l/s; Qtotal = 24.93 l/s. (A)
Deformation and (C) reflection of surge wave.

However, the propagation of the positive and negative surge waves along the macro-rough reach revealed some major differences between the prismatic reference configuration and the various
macro-rough configurations. The absolute surge
wave celerity is reduced in the macro-rough configurations (§ 4.2) and the attenuation rate of the
height of the surge wave front is increased (§ 4.3).
In the prismatic channel the elementary surge wave
theory relative to the propagation speed and the attenuation of the height of the surge wave front is
confirmed. In the macro-rough configurations the
surge wave front deforms and becomes three dimensional, especially in the cavities of the widened channel reaches (Figure 4).
The detection of the exact position of the wave
front is more difficult in the macro-rough configurations due to a weak and heterogeneous watersurface. In the prismatic reference configuration,

Figure 3: Typical Chezy coefficients Cw of the macro-rough
configurations relative to the wall (relative flow depth
h/B ≅ 0.6 to 0.7) for 37 tested configurations.
Table 2. Unsteady flow tests: scenarios 1 to 30. The total discharge Qtotal at the channel inlet after complete opening and
stabilization of the flow is given in the brackets in [l/s].
Operated flaps

Baseflow before positive surge [litres/s]

[-]

≈6

Pipe 1

1 (12.5)

6 (17.3) 11 (25.9) 16 (41.4) 21 (55.4) 26 (69.3)

Pipe 2

2 (17.2)

7 (21.9) 12 (30.5) 17 (46.0) 22 (59.9) 27 (73.8)

Pipe 1 & 2

3 (23.6)

8 (28.4) 13 (36.9) 18 (52.3) 23 (66.2) 28 (80.1)

Pipe 1 & 3

4 (36.5)

9 (41.1) 14 (49.7) 19 (65.0) 24 (78.8) 29 (92.6)

Pipe 1, 2 & 4

inlet

≈11

≈19

≈35

≈49

≈63

5 (59.6) 10 (64.2) 15 (72.5) 20 (87.7) 25 (101.3)30 (115.0)

The propagation of the surge waves along the
flume has been recorded by the ultrasonic level
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the water surface is quite homogeneous before and
after the surge front which makes easier the detection of the surge front.
At the wave front, different conditions have
been observed for both, prismatic and macro-rough
configurations: 1) breaking surge wave front 2)
breaking of the first undulation of the surge wave
followed by secondary waves, also called “Favre
waves” 3) non breaking surge wave front followed
by secondary waves 4) non breaking surge wave
front without detectable secondary undulations.
x=-7.71
x=0.42
x=12.42
x=24.42

Flow depth [m]

0.12
0.1

−5

4

, (R2 = 0.98)

(4)

Considering also the data of Favre (1935) equation
(4) becomes:
⎛ h' ⎞
e
= 4.5 ⎜⎜ ⎟⎟
h'
⎝ h1 ⎠

−7
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, (R2 = 0.98)

(5)
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Figure 6: Relative spacing e / h’ of the wave crests. Ultrasonic sensor 5, 13 and 21 are located at the channel sections
x5 = 0.42 m, x13 = 12.42 m and x21 = 24.42 m (Figure 2).

Figure 5: Example of a positive surge followed by a negative
surge. Above: in the prismatic channel. Below: in the macrorough channel, Lb = 1 m, Lc = 1 m, ΔB = 0.2 m. Qbase ≅ 11 l/s,
Qtotal ≅ 28 l/s in both experiments.

In the macro-rough configurations, the conditions at the surge wave front are modified when the
wave travels downstream. For example, surge
waves having a breaking front in the prismatic
configuration might become surge waves with a
non breaking front followed by secondary waves in
some macro-rough configurations. Surge waves
with a non breaking front followed by secondary
waves might transform into a non breaking surge
without secondary waves etc.
Further insight into the characteristics of the
flow around a breaking surge wave front is obtained from the unsteady velocity profiles measured in the prismatic configuration. For this type of
surge waves, a "two-layer" velocity profile has
been detected during the short period corresponding to the passage of the front. A faster part moving on a lower, slower part is observed during a
very short period which equals a short distance in
the surge wave body (Meile et al. 2008c). Hence,
for the investigated, breaking conditions of the
surge wave front, significantly non hydrostatic
pressure distributions (due to an accelerated velocity profile) are limited to a very small wave
part. This physically explains the disappearance of
the secondary waves (Soares and Zech 2002) in
case of breaking conditions.

The investigations in the prismatic configuration confirmed the formation of Favre waves after
and before the surge front for ratios of the flow
depth higher than h2 / h1 > 1.1. The height of Favre
waves increases until the ratio reaches h2 / h1 ≅
1.42 for which the first undulation is breaking. For
higher values, the relative height of secondary
waves decreases rapidly and they disappear completely for a value of h2 / h1 ≅ 1.6. For this and
higher values, the surge wave front is characterized
by highly breaking flow conditions and a significant, local air entrainment. The relative spacing e /
h’ of the wave crests decreases as a function of the
relative surge wave height (Figure 6). For the
prismatic reference configuration, the observed
spacing between the first and second crest is stabilized at ultrasonic sensor 13 since no major difference can be observed compared to ultrasonic sensor 21 further downstream. At ultrasonic sensor 5,
the distance between the first two wave crests is
not established yet especially for relative surge
wave heights h’ / h1 < 0.25. The relative spacing of
well established secondary waves observed in the
laboratory flume of the present study is given by:
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4.2 Surge wave front speed
The absolute wave celerities along the macrorough reach have been found practically constant,
but reduced when compared to the prismatic reference. The reduction of Vw+ = U + c+ lays between
5% (configurations 141, 241 and 441) and 25%
(configurations 114, 214 and 414) compared to the
prismatic reference where U is a representative
mean flow velocity of the baseflow and c+ the
wave celerity of a positive surge. The decrease of
Vw− ranges approximately around 15% compared
to the prismatic reference (25% for 114 to 5% for
441). The reduction is exemplarily shown for 5 of
the 41 investigated macro-rough configurations as
a function of the observed upstream surge Froude
number Frs (Figure 7).

−

U1 =

∑x
i

i

⋅

Qtotal

Beff ⋅ hi

(8)

xtotal

xi = length for which hi (flow depth measured at
sensor i) is representative. xtotal is the sum of all xi.
Beff is equal to the base width of the channel (for
the prismatic configuration and for the parts between cavities) or computed taking into account an
expansion of the flow into the macro scale depression roughness elements as:

⎛ xΔB ⎞
⎛ L − xΔB ⎞
⎟⎟ + (B + 2ΔB )⎜⎜ b
⎟⎟ (9)
Beff = (B + ΔB )⎜⎜
L
L
b
⎝ b ⎠
⎝
⎠
where x describes the expansion of the flow
(Meile 2007):
⎞⎛ L ⎞
⎛ Re
x = ⎜⎜ lim + x0 ⎟⎟⎜ b ⎟
⎠⎝ ΔB ⎠
⎝ Re m

0.18

(10)

with Relim = 150’000 and x0 = 4.5, found from
the experiments under steady flow conditions.
The comparisons between the observed celerities (c = Vw – U) and the calculated, ones (from the
measured flow depths before and after the surge
front, Eq. (1)) are shown in Figure 8 and 9. For
some geometrical configurations, the observed
macro-rough positive and negative celerities are
close to the calculated ones. However, for most
scenarios and configurations, the observed celerities are significantly reduced, namely between 5%
and 20% for the positive and between 0% and 20%
for the negative surge waves from upstream.
1.6

Figure 7: Relative reduction of the absolute surge wave celerity of the positive and negative surge waves from upstream. The experiments have all Lb = 1 m, Lc = 1 m, whereas
ΔB varies between 0.1 m (221) and 0.4 m (224).

(Vw − U 1 )
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2h1
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(6)

Further analysis has been done on the relative
celerities c+ and c-, by correcting Vw+ and Vw- with
a representative mean flow velocity U1+ corresponding to the conditions before the positive surge
respectively U1- before the negative surge.
+

U1 =

∑x
i

i

⋅

Qbase
xtotal

B'=f(x, B, Lb, ΔB)
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Figure 8: Positive surge wave celerities after subtraction of a
representative mean flow velocity U1+ (Eq. 7, 9 and 10).

(7)
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1.6

macro-roughness elements and the passive retention in the cavities.
Along the prismatic channel, the ratio between
the surge wave height upstream and downstream of
the experimental channel h’+ds/h’+us indicates a decrease of the surge wave front height of 5% (for
low ratios Qtotal/Qb) to 25% (for high Qtotal/Qb). In
the macro-rough configurations, the decrease is
significantly higher (up to 70%). The height of the
negative surge front (h’−ds / h’−us) decreases along
the prismatic channel of 5% to 25%. The decrease
of h’− ranges between 10% and 75% along the
channel with macro-roughness at the banks.
The attenuation of the surge wave front height can
be described with the following equation which is
adapted from Lai et al. (2000):

B'=f(x, B, Lb, DB)

1.4
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Figure 9: Negative surge wave celerities after subtraction of
a representative mean flow velocity U1- (Eq. 8, 9 and 10).

(c+MR theoretical - c+MR observed) [m/s]

0.40

e ( − ( a + b )⋅ X )

(11)

where h’(x) = wave front height at a distance x
of the channel, h’(x0) = initial wave front height at
the reference location x0. The dimensionless distance X takes into account the channel slope S0 (a
priori constant) and the depth of the baseflow hb (a
priori uniform and steady):
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The attenuation parameters of the wave front
height in the prismatic channel are a+ = 0.39 for
the positive surge wave and a- = 0.99 for the negative surge wave. The additional attenuation of the
surge wave front height due to macro-roughness
and storage of water inside the cavities can be described with the parameter b.
The values of b have been determined for all
experiments with different macro-rough configurations by fitting the theoretical curve of Eq. (11) to
the observed values h’(x)/h’(x0). With this data set
and by using the technique of the Evolutionary Polynomial Regression method (Giustolisi and Savic
2006), the parameters b+ and b- are:

0.00
0.00

=

0.10

[-]

Figure 10: Difference between cMR theoretical and cMR observed as a
function of the friction coefficient. The friction coefficient
relates to Qb and is obtained from the steady flow tests.

The difference between the theoretical celerities in
the horizontal channel cMR theoretical and the observed celerities cMR observed for the positive surge
waves correlates with the identified friction coefficient fm = fprism + fMR under steady flow conditions.
Figure 10 supports the assumption that the decrease of the celerities in the macro-rough configurations depends at least partially on the flow resistance similar to the observed decrease of the front
celerity of a dam break wave under the influence
of friction (Dressler 1954, Whitham 1955, a and
Hager 1998a 1998b, Leal et al. 2006).

⎛ L + Lc
b + = 26.5 ⋅ ⎜ b
⎝ ΔB

(R2 = 0.77)

⎛ 2ΔBLb
⎞
⎞
+ 1⎟⎟
⎟ ⋅ f MR ⋅ ln⎜⎜
⎠
⎝ B (Lb + Lc ) ⎠

(13)

⎛ 2ΔBLb ⎞ ⎛ Lb + Lc
⎞
⎟⎟ ⋅ ln⎜
b − = 1.47 ⋅ ⎜⎜
+ 1⎟ + 37.7 ⋅ f MR
⎠
⎝ B (Lb + Lc ) ⎠ ⎝ ΔB

4.3 Attenuation of the surge wave front height
The analysis of the surge wave front height confirms the dispersive character of surge waves. The
extra dispersion in the macro-rough configurations
varies and is the result of the macro-rough flow resistance and other phenomena such as the partial
reflections of the surge wave in the cavities of the

(R2 = 0.71)

(14)

The attenuation parameter depends on geometrical parameters of the macro-rough configurations
as well as on the macro-rough friction coefficient
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fMR corresponding to the situation before the passing of the surges from upstream
The uniform baseflow depth conditions are verified in the present experimental study only for the
prismatic reference, which limits the range of application for quantitative results to comparable
situations, namely bottom slopes close to 0.001
and backwater-curves of the type M2. However,
comparative results might be extended to other
cases.
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5 CONCLUSIONS
Systematic experiments of positive and negative
surge waves have been conducted in prismatic and
macro-rough channels. For the prismatic reference
configuration the elementary surge wave theory
and the developments of Favre (1935) are confirmed. Due to the curvature of the wave front
(positive surge), leading to extra pressure terms,
secondary waves can be observed for wave height
ratios between 1.1 < h2 / h1 < 1.6. The spacing of
wave crests can be estimated by using equation (5).
For higher ratios, secondary waves disappear.
The absolute wave celerities along the macrorough reach have been found practically constant,
but reduced when compared to the prismatic reference. The reduction of Vw+ lays between 5% and
25% compared to the prismatic reference. The decrease of Vw− ranges approximately around 15%
compared to the prismatic reference. Among other
reasons (backwater-curve effects, the partial expansion of the flow in the widened channel reaches
and the reduction of the surge wave height), the
reduction of the absolute surge wave celerities in
the macro-rough configurations is due to the increased flow resistance.
The dispersive character of surge waves is experimentally observed. The front height decreases
in particular in the macro-rough configurations.
The attenuation of the surge wave front height can
be described with the empirical formula (11) including a dimensionless distance X (12) and the attenuation parameters a and b ((13) for b+ and for
(14) b-), which refer to the prismatic and macro
rough attenuation respectively.
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ABSTRACT: Flood inundation due to dam failure may cause loss of lives as well as widespread damages. According to recent changes in dam safety policy in Italy, regional authorities are required to build
their own laws regulating risk analysis of small dams. It is well known that a proper and rigorous analysis
should involve dam break flood wave modeling. Nevertheless, analytical solutions for dam break waves
badly fit real cases and numerical modeling is very expensive in terms of both data entry and time. The
large number of small dams built in Europe requires a simple but scientifically based methodology to assess flood wave routing. Referring to Piedmontese (Italy) dams many simple but representative models of
reservoirs and downstream valleys were built; the complete modeling of several dam break waves was
achieved using the numerical code BreZo 4.0. By means of this numerical lab a) finite basin length, b)
geometric and hydraulic reservoirs features, and c) valley characteristics influence on dam-break waves
were pointed out. This paper proposes a simple, effective, synthetic, physically based protocol to quickly
assess flood wave arrival time and peak discharge values at each point downstream of the dam.
Keywords: Synthetic methodology, Numerical analysis, Dam failures, Flood routing, Hydraulic and geometric properties
(Rodriguez, 2002). Referring to RESCDAM Final
Report of December 2000, wave intensity at each
downstream cross section depends on peak discharge value. Dam break waves modeling is extremely important in providing the information
needed for risk assessment and management of
river valleys.
Starting from the milestone contribution by
Ritter (1892), many analytical solutions were proposed. Briefly, we can list analytical solutions due
to Dressler (1952), Whitham (1955), Stoker
(1957), Su & Barnes (1970), Hunt (1982-84),
Hunt & Gozali (1993), Chanson (2009). All these
theories avoid the disturbance effects due to a finite basin length. Hogg (2006) first focused on the
reservoir emptying process and the disturbance effects due to the presence of a wall at the rear of
the lock; nevertheless Hogg’s analytical solution
applies only for smooth, horizontal channel.
Although many studies aimed at improving the
numerical aspects of dam break waves, physical
modeling is relatively limited despite basic experiments due to Schocklitsch (1917), Levin (1952),
Dressler (1954), US Corps of Engineers (1960),

1 INTRODUCTION
A dam failure may release large quantities of water that create major flood waves in the tail water
and cause loss of lives and serious damages.
Singh (1996) has noted 1000 dam failures since
the 12th century; about 200 have occurred in the
20th century causing a loss of more than 8000
lives and damage worth millions of dollars.
Risk analysis assessment of existing dams is
thus a central feature for both land use management and emergency planning. Risk analysis concepts for evaluation of existing dams safety have
been widely studied and applied in the last three
decades (Federal Coordinating Council for
Science, 1979; Gruetter and Schnitter, 1982;
Atkinson and Vick, 1985; US Bureau of Reclamation, 1989; Nielsen, 1993; Salmon and Hartford,
1995; Hartford and Nielsen, 1995; Rodriguez,
2002). According to the results of different dam
break scenarios risk zones are identified with respect to the elapsed time between the dam failure
and the arrival of dam break induced flood wave
as well as wave intensity at a certain cross section
631

with Ω , the flow depth and discharge by h and q,
respectively, we find that

Faurè and Nahas (1961), Cavaillè (1965), Estrade
(1967), Chervet & Dallves (1970), Drobir (1971),
Barr & Das (1980), Martin (1981), Miller &
Chaudrhry (1989), Lauber & Hager (1997), Chanson et al. (2000), Briechle & Koteger (2002), Leal
et al. (2002).
In recently years the emphasis has shifted toward numerical solutions such as those given by
Sakkas and Strelkoff (1973,1976), Strelkoff,
Schamber & Katopodes (1977), Chen (1980),
Chen & Armbruster (1980), Fread (1982), Zoppou & Roberts (2000); ICOLD Bulletin 111
(1998) listed 27 numerical models. Numerical
modeling is based on approximate solution techniques and it is validated by experimental or real
data sets. Nevertheless a strict numerical modeling is very expensive in terms of both data entry
and time. The large number of small dams built in
Europe requires a synthetic but scientifically
based methodology to assess main dam break
flood wave features, i.e. wave arrival time and
peak discharge values.
A proper analysis of Piedmontese dams (Italy)
allowed to build many simple but representative
models of reservoirs and valleys features. The
numerical code BreZo 4.0 (Begnudelli & Sanders,
2006) was used for the complete modeling of several dam break waves. Based on this numerical
lab, the main features of dam break flood wave
were investigated and pointed out. In order to
consider the worst scenario and achieve upper
boundary solutions a total instantaneous collapse
on a dry bed channel was assumed. Focusing on
the disturbance effect due to the limited reservoir
extension as well as morphology and hydraulic
parameters, this paper presents a simple but scientifically based methodology to assess wave arrival
time and peak discharge values.

⎧ ∂q ∂Ω
⎪ ∂x + ∂t = 0
⎪
⎨
2
⎪ 1 ∂q + 1 ∂ ⎛⎜ q ⎞⎟ + g ∂h − gi − gj = 0
f
⎪⎩ Ω ∂t
Ω ∂x ⎜⎝ Ω ⎟⎠
∂x
Local
acceleration
term

Convective
acceleration
term

Pressure
force
term

Gravity
force
term

(1a)

(1b)

Friction
force
term

where if is the bed slope and j is the friction slope.
The shallow water equations (1) cannot be solved
analytically because of nonlinear terms, e.g. the
friction slope j .
Dam break wave modeling is often based upon
numerical predictions. Referring to experimental
and real data sets results, we used the numerical
code BreZo 4.0 due to Begnudelli & Sanders
(2006). BreZo 4.0 solves the shallow-water equations using a Godunov-type finite volume algorithm that runs on an unstructured grid of triangular cells and was optimized for wet and dry
conditions. By means of this software forecasts of
the flood wave under different hypothesis can be
set up, simulated and analyzed.
3 MODELS DESCRIPTION
A physically based study on dam break flood
routing parameters involves the definition of
many simple but representative models of both
dams and downstream valleys features. A recently
developed survey on Piedmontese dams provided
the database required. Although Piedmontese
dams are 612, only a few geometric parameters
are known: reservoir volume (511 values) and
area (148 values); dam height (513 values) and
width (323 values). Furthermore only 148 dams
own the whole set of parameters while 296 dams
are described by reservoir volume, dam height and
width values. Hence very little information is often available; a suitable methodology must require
few parameters. A proper analysis of Piedmontese
dams and valleys features allowed to build many
simple but representative models.

2 BASIC EQUATIONS
A dam break wave is the flow resulting from a release of a mass of fluid in a channel witch generates a flood wave propagating in the tail water
valley and a negative wave propagating up along
the reservoir. The stream wise length scale of the
motion is usually assumed to be much greater than
the depth of the intruding current, so that the vertical fluid accelerations are negligible and the
pressure is hydrostatic to leading order. With the
further assumptions that drag forces may be neglected and that the current does not mix with the
ambient, the motion may be modeled by the shallow water equations (Whitham, 1974). Thus aligning the x-axis with the direction of propagation
and denoting the downstream cross section area

3.1 Reservoir geometry
Both numerical and experimental dambreak studies usually use wedge shaped reservoirs whose
bed slope equals downstream valley slope if, nevertheless our analysis highlighted that a parallelepiped can properly fit several reservoirs shape.
Figure 1 shows the Piedmontese reservoir shape
probability density frequency curve. A shape
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coefficient k (2) was defined as the ratio between
measured ams and modeled amd values of basin
area a.
k = a ms / a md
(2)

equations to assess valley roughness as a function
of bed slope values.

Modeled area values amd are computed as the ratio
between reservoir volume and height values (3).
a ms = v / ho
(3)

A total instantaneous collapse represents the worst
scenario. Since the base flow in such a case can
often be neglected, the dam-break wave propagates over a dry bed. This hypothesis is not intended to be exhaustive but it allows the assessment of upper boundary values of flood wave
arrival time and peak discharge. Furthermore the
analysis herein developed provides a reference to
further studies on partial, gradual dam break scenarios.

3.3 Dambreak mechanism

Referring to many simple solids, the shape
coefficient k equals 0.75 for an ellipsoid quarter, 1
for a parallelepiped, 1.5 for a rectangular based
pyramid, 2 for a wedge, 3 for a triangular based
pyramid. Based on the database supplied, the
probability density function of k values pointed
out that the largest fraction of Piedmontese dams
has a parallelepiped shape.
pdf
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4 DAM BREAK FLOOD WAVE ROUTING

Ap>Aw

A sudden release of a mass of fluid in a channel
generates a flood wave propagating in the tail water valley and a negative wave propagating up
along the reservoir. When the dam is instantaneously removed there is a rarefaction wave centered at the dam section (x=0) and the motion is
unaffected by the finite length l of the reservoir
until the first backward-propagating wave has
reached the rear of the lock. Thereafter the flow
becomes affected by the finite basin length. As far
as the first negative wave reaches the reservoir
upstream cross section, it is reflected downstream.
Whenever the disturbance due to the reservoir finite length catches up with the front wave, it affects the flood wave routing both in terms of arrival time and peak discharge values.
Using BreZo 4.0 and the information of the
Piedmontese dams a numerical lab was built to
investigate dam break flood wave routing main
parameters, i.e. negative, positive wave, and peak
discharge celerity as well as peak discharge values.
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Figure 1. Piedmontese reservoirs shape probability density
frequency curve

Despite the former hypothesis of a wedge
shaped reservoir, one more parameter, i.e. the reservoir length l, is required in addition to dam
height ho and width b values in order to completely define the geometry of a parallelepiped-shaped
reservoir.
On the basis of a statistic analysis of Piedmontese reservoirs typical upstream length l, dam
height ho and width b were used in order to build
our numerical lab.

4.1 Wave time arrival
4.1.1 Negative wave celerity

3.2 Downstream geometry

The simple reservoir morphology with a constant
depth yields to a constant value of the negative
front wave celerity cNF depending exclusively on
the dam height ho (4)

To minimize the natural flood wave attenuation
effect a downstream prismatic channel as wide as
the dam (b), with uniform slope if and roughness n
was used. Valley parameters values were defined
referring to Piedmontese downstream land features. We pointed out downstream valley slope
values using ArcGis instruments. A proper statistic analysis defined the range of values to be used
in our models. Previous experimental studies due
to Fabrizio & Bianco (2002) pointed out a few

c NF = g ⋅ ho

(4)

Our numerical analyses yielded to an identical
result to that proposed by Ritter (1892).
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4.1.2 Front wave and peak discharge celerity

tion. The resulting quasi-linear hyperbolic differential system has analytical solutions. Referring
to a rectangular prismatic channel equation (7) allows the evaluation of the celerity cq of a constant
discharge q.

Referring to a two-dimensional simulation of
flooding from the 1928 failure of St.Francis dam
in southern California, Begnudelli & Sanders
(2007) demonstrated that their numerical code
BreZo 4.0 over predicts the speed of the flood
wave by a significant factor; nevertheless peak
discharge arrival time prediction appears much
more accurate.
Actually, CADAM Final Report of January
2000 pointed out that all the numerical models
analyzed, i.e. the numerical codes listed in ICOLD
Bulletin 111 (1998), fail to predict the front wave
celerity, and there isn’t a clear relationship between wave speed, results accuracy and method
adopted.
A dam failure flood hydrograph generally has a
sharp rising limb with a very short interval between the initial discharge rise and the peak outflow. As a consequence the arrival time of a properly defined characteristic discharge value may
represent both front wave and peak outflow arrival time. Referring to Lauber and Hager’s experimental studies on the positive wave celerity
(1998), we defined the characteristic discharge
value qc as a fraction of the maximum outflow at
the dam site qdam, i.e. the outflow at the dam site
(x=0) at the collapse time (t=0):
qc = 0.05 qdam

2
⎛
3
−1 ⎜ n ⋅ b
cq =
=α ⋅
⎜ i 12
dt
⎝ f

α=

(8)
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Figure 2. Numerical model (BreZo): positive front (*), peak
discharge (o) arrival time; analytical model (eq.7,8): characteristic discharge qc () arrival time

3

8
(6)
q dam =
⋅ g 2 ⋅ b ⋅ ho2
27
Our numerical lab proved eq. (6) effectiveness.
4.1.2.1

3
8

Figure 2 compares numerical model and analytical equations (5-6) results.

In case of total failure Ritter’s analytical solution (1892) allows qdam evaluation as (6)
1

−1

⎞
⎟ ⋅ q 25
(7)
⎟
⎠
Our numerical lab demonstrated equation (7)
effectiveness in predicting the celerity of the characteristic discharge qc provided that
dxq

4.1.2.2

Finite reservoir length

A more realistic finite upstream length requires to
focus on the disturbance due to negative waves
upstream reflection and downstream routing. Figure 3 shows the limited basin effect on flood hydrograph at the dam site.
Although curve “adam” has a monotone decreasing trend, curve “bdam” shows a flex point
and a concavity change. Curve “bdam” lays on
curve “adam” as far as at time tl , i.e. as far as the
first reflected negative wave reaches the dam site.
For time t greater than tl curve “bdam” shows a
concavity change and a downward translation.
The reservoir depth attenuation neglectivity allows to evaluate the characteristic time tl as (9)

Infinite reservoir length

As explained earlier the perturbation due to the reservoir finite length may affect the arrival time
value. The implementation of a theoretical unlimited reservoir upstream length avoids the negative wave reflection at the upstream reservoir
wall.
Referring to Piedmontese dams and valleys
features we demonstrated that a total, instantaneous collapse involves, almost in its earliest phases,
a supercritical flow. According to hydro-dynamics
theory derivative terms of momentum equation
(1b) in shallow water equations, i.e. acceleration
and pressure terms, are negligible and friction and
mass forces lead the motion. The resulting wave is
called kinematic; the conceptually simpler kinematic model states that the flow is steady for momentum conservation while unsteady effects are
taken into account through the continuity equa-

tl =

2⋅l

g ⋅ ho

(9)

Since the reservoir is parallelepiped-shaped the
first instant at which the flow is affected by the
rear of the lock depends exclusively on dam
height and basin length.
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q / q dam

For time t greater than tl the disturbance generated by the rear of the lock travels downstream: as
far as it reaches the front wave it affects the flood
wave routing. In Figure 3 curves “amax” and “bmax”
represent the peak discharge values evaluated at
many downstream cross sections as a function of
time. Provided that we replace the reservoir characteristic time tl with a greater value tD, curves
“amax” and “bmax” behave exactly like curves
“adam” and “bdam”.
10
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a
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dam

4000

Our numerical analyses pointed out that the
disturbance discharge ql is constant and equals
dam site discharge value at time tl.
Referring to the kinematic model, equation (7)
allows the evaluation of the celerity of a constant
discharge. Numerical efforts pointed out equation
(7) effectiveness provided that (10)

α=

a
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Figure 3. Limited basin effect on dam site hydrograph and
peak discharge attenuation.

q / q dam

Figure 4 shows the disturbance routing; as explained later we refer to the disturbance discharge
as ql . Obviously, although such disturbance has
effects on each hydrograph, maximum discharge
value is affected by reservoir emptying process
despite that the laps of time employed by the negative wave to arrive at the basin upstream cross
section, reflect and reach the cross section itself is
smaller than the peak flow arrival time.
10

500

1000

1500

2000

2500

3000

0.9
0.8
0.7

ql /q0.6
dam
0.5
0.4
0.3
0.2
0.1
0

tl * (g/ho )0.5

tD * (g/ho )0.5

(10)

As stated so far, equations (7, 8) and (7, 10) respectively allow the evaluation of flood and disturbance wave celerities: Figure 6 shows that
point D (xD, tD) named detachment point is the only common solution. The detachment point D
marks both the first instant and the nearest location to the dam at which the peak discharge is affected by the presence of the rear wall of the lock.
Obviously the assessment the reservoir emptying disturbance celerity requires the evaluation of
the disturbance discharge value ql. The assessment
of the discharge value ql requires the reservoir
emptying equations. In case the flow is supercritical the downstream flood routing doesn’t have
any influence upstream and the reservoir geometric and hydraulic features, i.e. dam height and
width and basin length and roughness, lead the
emptying hydrograph. On the contrary, in case the
downstream flow is subcritical it influences upstream motion and the reservoir emptying depends
both on reservoir and downstream valley features.
We developed our numerical analyses referring to
the former condition and the hypothesis of a flat
downstream valley. A barely flat downstream valley provides the limit solution for the latter hypothesis; intermediate conditions of subcritical flow
lay between the previous conditions.
According to our analyses, for small times
Dressler theoretical solution (1952) fits numerical
results both in case of subcritical and supercritical
flows (equations 13, 16). Referring to larger times
our numerical lab yielded to equations (14), (15)
for a supercritical flow and to equations (17), (18)
in case of a barely flat downstream valley. The
Appendix lists the analytical equations pointed
out; we normalized discharge values q ( x = 0, t )
and time values t according to Dressler theory
(11,12)

5000

bdam Limited basin length

0,8

3
5

t * (g/h )0.5
o

Figure 4. Disturbance effect routing.

Since diffusive terms, i.e. acceleration and
pressure terms, of the momentum equation (1b)
are negligible, mass and friction force terms lead
the quasi-steady motion and the kinematic model
properly describes the flood wave routing. Hunt
(1982) showed how kinematic model can be used
to obtain closed-form approximations; calculations and experiments suggesteed that these kinematic wave solutions become valid after the shock
has traveled a number of reservoir lengths downstream.

Q( x = 0, t ) =
T =t⋅

g
ho

q ( x = 0, t )
q dam

(11)
(12)

Although in this paper we will exclusively use equations (13, 14, 15), Figure 5 shows numerical
and analytical reservoir emptying hydrographs.
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The flatter the valley, the greater the dam section
discharge attenuation is.
The reservoir emptying perturbation makes the
flood wave slow down and reduce its peak discharge values. Our numerical analyses highlighted
that the dam height ho as well as the basin length l
are the flood routing leading parameters. Equation
(19) allows the evaluation of the flood wave celerity for times t greater than tD and cross sections x
farter than xD from the dam site.
t − tD
x − xD
= 0.370 ⋅ g ⋅ h0 ⋅
l
l

q dam

0.82 * q

(19)

dam

qmax /q dam

q(x=0,t) / q dam

Subcritical flow
0.42 * q

Barely flat valley
-1

2 * 10

10

0

1

10

2

10

10

3

t*(g*ho )0.5

10

(6)

The implementation of a theoretical unlimited
reservoir upstream length avoids the disturbance
due to the wall at the rear of the lock and allows to
focus on downstream valley parameters influence
on peak discharge attenuation.
Numerical analyses pointed out that the ratio
if /n2 is the key parameter to describe the downstream land hydraulic features. Figure 7 shows the
normalized discharge values of an unlimited reservoir as a function of downstream cross section
distance from the dam. The smaller if /n2 , the
greater the influence of diffusive terms in momentum equation (1b), the larger the attenuation of the
discharge hydrograph .

Supercritical flow

dam

3

4.2.1 Total Collapse And Unlimited Reservoir
Lenght:

0
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8
=
⋅ g 2 ⋅ b ⋅ ho2
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Figure 5. Reservoir emptying numerical (BreZo, ---) and
analytical () hydrographs.
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Figure 7. Downstream land hydraulic influence on peak discharge attenuation.

All the curves plotted have a monotone decreasing behaviour. In particular, this behaviour
depends on downstream cross section distance x,
dam height ho, downstream land hydraulic features n, if (20); in general is:
q max
= f ( x, ho , n, i f )
q dam

Figure 6. Negative wave, characteristic discharge, and disturbance wave routing.

4.2 MAXIMUM DISCHARGE VALUES

(20)

4.2.2 Total Collapse And Limited Reservoir
Length

As mentioned earlier, flood wave intensity evaluation requires a procedure for estimating the maximum discharge at each cross section x far from the
dam, qmax In the following, qmax will be normalized by qdam. This approach allows us to focus on
the factors affecting the wave attenuation effect.
As mentioned earlier, according to both Ritter
theoretical solution and our numerical analyzes
, i.e. the discharge value at dam site x=0 at
failure time t=0, equals (6):

A more realistic finite upstream reservoir extension requires the introduction of the basin length l
in equation (21).
q max
= f ( x, ho , n, i f , l )
q dam

(21)

As explained earlier (Figure 3) curve “amax”
lays on curve “bmax” as far as the detachment point
D, i.e. the cross section nearest to the dam affected by the disturbance due to the finite basin
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length. The disturbance wave makes the flood
wave slow down; the second most noticeable effect is a sensible increase in the flood wave peak
attenuation.
In case the downstream cross section distance x
is greater than detachment point distance from the
dam xD, our numerical analyses pointed out downstream cross section distance x , basin length l,
downstream valley roughness n, and slope if as the
leading parameters of the flood wave attenuation.
Moreover, sensible changes in dam height ho have
no influence on peak discharge. Equation (22) reviews equation (21).
q max
= f ( x , l , n, i f )
q dam

qmax/qdam
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Figure 8. Numerical (BreZo, °) and analytical (eq. 24) behavior of the peak discharge attenuation for x>xD .

(22)
5 DISCUSSION

Numerical efforts yielded to the analytical equation (23,24) listed in Table 2.

Risk analysis assessment of existing dams is a
central feature for both land use management and
emergency planning. A proper risk analysis involves dam break wave modeling. Analytical solutions available badly fit real cases, while numerical modeling is very expensive in terms of both
data entry and time; nevertheless the large number
of small dams built in Europe requires a proper
synthetic methodology. Referring to Piedmontese
dams (Italy), many representative but simple
models of dams and valleys features have been
built. The complete modeling of dam break wave
routing was achieved using the hydraulic software
BreZo 4.0. By means of numerical analyses the
key parameters leading flood wave routing were
pointed out; in Figure 9. Evaluation of the degree
of damage undergone by an urban area in case of
total, instantaneous dam failure particular we focused on the disturbance effect due to the finite
basin length. This paper proposes an original,
simple, effective, synthetic, and physically based
on statistic analys Figure 9. Evaluation of the degree of damage undergone by an urban area in
case of total, instantaneous dam failures and hydraulic principles protocol to assess flood wave
arrival time as well as peak discharge values at
each point downstream of the dam. Previous studies pointed out the degree of damage caused to
an element at risk as a function of flood wave intensity and arrival time. For instance, referring to
RESCDAM Final Report of December 2000, Figure 9 shows that if a total, instantaneous dam failure occurs the urban area “Town” will undergo a
major damage.

Table 2. Analytical equations to assess peak discharge values at each point downstream of the dam
Cross section distance

Equations

x < xD ⇒
β

⎛ x⎞
qmax
= α ⋅ ⎜⎜ ⎟⎟ + γ
qdam
⎝ ho ⎠
0.27
if
0.30 ⋅ 2 + 1
n
⎛ if ⎞
β = β1 ⋅ log⎜⎜ 2 ⎟⎟ + β 2
⎝n ⎠

α =−

(23)
(23a)

(23b)

β1 = −0.00103 ⋅ ho + 0.08568

(23c)

β 2 = 0.01088

(23d)

γ = −α + 1

(23e)

x > xD ⇒
qmax
⎛ x⎞
= λ ⋅⎜ ⎟
qdam
⎝l⎠

if /n2 = 0
if /n2 = 1
if /n2 = 5
if /n2 = 20
if /n2 = 40

δ

(24)
⎛ if

⎞
⎟⎟ + 0.12780
+
1
2
n
⎝
⎠

λ = 0.96010 ⋅ log⎜⎜

(24a)

δ = −1

(24b)

As an example, Figure 8 shows numerical
model and analytical equations results.
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δ 3 = −0.6300
β 3 = −0.3200

(15c)
(15d)

SUBCRITICAL FLOW
Discharge value
Equations

1 ≥ Q( x = 0, t ) ≥ 0.82

(qmax /b)1

Q( x = 0, t ) = 1 − 0.239 ⋅
(qmax /b)2

χ=

g

χ2

⋅T

1
1
⋅ yo 6
n

(16a)
(16b)

0.82 ≥ Q( x = 0, t ) ≥ 0.42
Q( x = 0, t ) = α 2 ⋅ T β 2
α 2 = γ 2 ⋅ nδ 2
γ 2 = 0.042591 ⋅ log(ho ) + 0.4401
δ 2 = −0.5300
β 2 = −0.2667

Q( x = 0, t ) ≤ 0.42

x

Q( x = 0, t ) = α 3 ⋅ T β3

Figure 9. Evaluation of the degree of damage undergone by
an urban area in case of total, instantaneous dam failure

α 3 = γ 3 ⋅ nδ
γ 3 = 0.05154 ⋅ log(ho ) + 0.4570
δ 3 = −0.6300
β 3 = −0.3200
3

APPENDIX:
Analytical equations for dam site hydrograph assessing.

χ=

χ2

⋅T

1
1
⋅ yo 6
n

(13a)

(13b)

0.82 ≥ Q( x = 0, t ) ≥ 0.42
Q( x = 0, t ) = α 2 ⋅ T β 2
α 2 = γ 2 ⋅ nδ2
γ 2 = 0.05046 ⋅ log(ho ) + 0.5265
δ 2 = −0.5300
β 2 = −0.2667

(14)
(14a)
(14b)
(14c)
(14d)

Q( x = 0, t ) ≤ 0.42
Q( x = 0, t ) = α 3 ⋅ T β3

α 3 = γ 3 ⋅ nδ
γ 3 = 0.06193 ⋅ log(ho ) + 0.5872
3

(18a)
(18b)
(18c)
(18d)
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Flow around submerged groynes in a sharp bend using a 3D LES
model
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ABSTRACT: Large Eddy Simulation (LES) is used to elucidate the main features of the 3D turbulent
flow field around submerged groynes in a sharp channel bend with a flat bed at a channel Reynolds number close to 60,000. Submerged groynes are underwater structures that direct flow away from river banks
in order to reduce erosion. In the present study the groynes are submerged at a submergence ratio (channel depth/groyne height) of 1.8, which is characteristic for groynes at high flood conditions, and the conditions when the greatest scour occurs. LES is used to understand the main circulatory motions within the
embayments and at the interfaces between the groyne field and the main channel. LES shows that flow at
the inner bank of a strongly curved bend is characterized by strong streamwise oriented vortices that can
locally erode the bed and channel sidewalls. LES successfully captures the unsteady dynamics of horseshoe vortices forming at the groyne tips. For the present groyne layout, horseshoe vortices increase bed
shear and pressure fluctuations, and are likely the main mechanism inducing channel scour. Finally, the
predicted distribution of bed friction velocity identifies regions where sediment entrainment would occur
at conditions corresponding to the start of scour.
Keywords: Submerged groynes, Spur dikes, Large eddy simulation, River bank erosion, Bends
1 INTRODUCTION

form in river bends of high curvature where they
have shown considerable scour in the field (WST
Inc. 2002). This paper investigates some of the
main flow features around submerged groynes in a
sharp river bend using a highly resolved 3D Large
Eddy Simulation (LES). The present LES model
has already been used to study the flow and mass
exchange processes past emerged and submerged
groynes situated in straight channels (e.g., see
McCoy et al., 2007, 2008 and Constantinescu et
al., 2009). Studies of similar submerged structures
in a straight channel (Kuhnle et al. 2008) and in a
meander bend (Abad et al. 2008) have been conducted using Reynolds Averaged Navier Stokes
(RANS) models. In the present work, LES is used
for the first time to study the physics of flow past
submerged groynes in a sharp bend.

Groynes are flow diversion structures, commonly
used in river engineering to prevent bank erosion
and control river meandering. They may serve additional functions such as improving channel navigability by deepening the river centerline, and
improving aquatic habitats by creating low velocity scour pools around their toes where fish can
rest and feed. Groynes have typically a trapezoidal
section with a gentle surface slope, and they
project out from the bank at an angle (USDA
2005). For the purpose of bank protection, it is
best for them to be pointed in the upstream direction. Commonly they are also referred to in the literature as spur dykes, rock vanes, weirs and
stream barbs. Normally constructed from rock,
they may be submerged or emergent with respect
to normal water levels. A better understanding of
the flow dynamics around groynes is important,
particularly under submerged conditions when
they are more likely to cause bank erosion (Yossef
2005; US Department of Transportation 1985).
More knowledge is needed on how groynes per-

2 NUMERICAL SOLVER
The Large Eddy Simulation (LES) code used in
the present work (Mahesh et al. 2004) employs a
finite volume method to solve the 3D spatially fil643

radius/channel width) of 1.5, and a straight exit
section of length L=11.89H. The dimensions of
the groynes are shown in Figure 2. The size, spacing and location of the groynes were based on
previous studies conducted at the University of
Ottawa (Matsurra 2004; Minor et al. 2007), and
design guidelines from the USDA (2005). The
groyne top crest sloped downwards from the bank
at an angle of 6.5° with the horizontal, and the
groyne side walls were vertical. The submergence
ratio (H/d), where d is the groyne height, ranged
from 1.85 at the (bank-wise) base of the groyne to
4.29 at the (stream-wise) toe. The width ranged
from 0.57H at the base to 0.33H at the toe, and the
groyne centerline length was 4.00H. The groyne
centerline made an (upstream-side) angle of 25°
with the tangent to the outer bank. The first upstream groyne base was placed at the point where
erosion first impacted the outer wall, as determined from an experimental calibration run.
Placements of subsequent downstream groynes
were determined using the midpoint spacing method recommended by the USDA (2005) and used
by Matsurra (2004), with the spacing along the
outer wall between the groyne centerlines being
4.77H.

tered Navier Stokes equation, given by Equation
(1) in tensor notation, on a hybrid unstructured
grid.
∂p
∂ 2 ui ∂τij
∂u i ∂u i u j
=−
+v
+
+
∂x j
∂xi
∂x j x j ∂xi
∂t

(1)

Here spatial filtering is denoted by the overbar (-),
v is the kinematic viscosity and τij is the subgrid
(SGS) stress. The LES code is a parallel (MPI)
solver that uses a collocated finite-volume scheme
to solve the filtered Navier-Stokes equations with
the Smagorinsky model (Mahesh et al. 2004). In
the predictor-corrector formulation the Cartesian
velocity components defined at the center of the
cell and the face-normal velocities defined at the
center of the face are essentially treated as independent variables. The fractional step algorithm is
second order accurate in both space and time. All
the operators in the code, including the convective
terms, are discretized using central schemes. The
numerical scheme used to solve the Navier-Stokes
equations discretely conserves energy. This increases the robustness of the numerical algorithm
without the use of numerical dissipation which is
essential for accurate LES. Time discretization is
achieved using a Crank Nicholson scheme for the
convective and viscous operators in the momentum (predictor step) equations. The system resulting due to the implicit time discretization is solved
using the Successive over-relaxation (SOR) method. The pressure equation is solved using a conjugate gradient method with preconditioning. No
wall functions are used and the governing equations are integrated through the viscous sub-layer.

Table 1. Flow parameters for the model where u is the main
channel average velocity, H is the water depth, u* is the bed
friction velocity, u*cr is Shields’ critical friction velocity,
d50 is the sediment mean diameter, Re* is the Reynolds
number defined with the bed friction velocity, and Fr is the
channel Froude number.
u
(m/s)
0.310
d50
(mm)
0.689

3 SIMULATION SETUP
The numerical simulation was modeled after a
physical groyne experiment set up at the University of Ottawa. The experiment considered cases
with a flat fixed bed and an erodible bed, with and
without groynes. The numerical model described
in the present paper simulated flow in a sharp 135º
bend with three groynes over a flat fixed bed, assuming hydraulically smooth conditions. The flow
in the experiment was also very close to being hydraulically smooth. The main flow parameters are
given in Table 1 and the computational domain is
shown in Figure 1. The mean water depth (H) in
the experiment was 0.15 m, and was used as the
length scale for nondimensionalizing the flow and
geometrical variables in the simulation. The mean
velocity (u) in the incoming flow was used as the
velocity scale. The modeled flume contained a
straight inlet section of length L=14.55H, a sharp
135° bend with a radius of curvature (centerline

H
(m)
0.150
Re*
13.8

u*
(m/s)
0.0152
Re
(uH/v)
61,300

u*cr
(m/s)
0.0197
Fr
0.255

Figure 1. Plan view of flume showing main dimensions and
groyne layout.
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litatively similar to other studies of flow in sharp
bends (centerline radius/channel width <3) with
no groynes and a flat bed. As with the RANS
study by Zeng et al. (2008), which was conducted
at initial flat bed conditions, but without groynes,
the core of high streamwise velocity is gradually
advected by secondary circulation from the inner
to the outer bend (Figure 4a). There is strong vertical non-uniformity in the advection of the core
towards the outer bank. Surface velocities at Z/H
= 0.95 (Figure 4a) are being advected more quickly than near-bed velocities at Z/H = 0.25. While a
region of low streamwise velocity develops away
from the bed close to the inner wall starting at 25º
in the bend region (Figure 4a, Z/H = 0.5, 0.95),
the core of high streamwise velocity near the bed
remains close to the inner bank in the groyne region (Figure 4a, Z/H = 0.25). This is expected as
the groynes extend to less than half the channel
depth. Thus, a relatively large amount of the high
speed incoming flow can be convected between
the top of the embayments and the free surface.
However, past the groyne region, the position of
the core of high streamwise velocity is relatively
similar at all levels. One suspects that for emerged
groynes, the position of the region of high
streamwise velocity will be similar to that predicted at Z/H = 0.25 (Figure 4a) at all flow depths,
and flow non-uniformity in the vertical direction
would have been much lower.
As discussed previously, the effect of the
groynes is to reduce the strong streamwise velocity gradients that would otherwise develop at the
outer bank of a strongly curved bend. One should
point out that in the case of submerged groynes,
high velocities may still occur at the outer bank
above the top of the groynes, particularly near the
junction between the groynes and outer bank. Depending also on the orientation, spacing, and
geometry of the groynes, large streamwise velocities may induce bank erosion especially for a
highly inclined outer bank.
The ability of the groynes in counteracting the
main cell of secondary circulation induced by the
bend is seen in Figure 4b. For the present flow
conditions and geometry, the main cell of recirculation region cannot penetrate out to the outer wall
in the groyne field region (e.g. 900 section). As a
result, the core of high streamwise velocity does
not penetrate the lateral interface of the embayments. As this is the case not only over the embayment depth, but over the whole channel depth,
one can conclude that the groynes effectively protect the outer bank region for submergence depths
that are less or equal than the one used here.
The secondary flow pattern inside and over the
embayments is complex. Streamlines at 900 suggest the presence of a secondary counter-rotating

Figure 2. Three dimensional view of the channel in the region where the groynes are present.

Figure 3. Visualization of the mesh on the bed surface. Also
shown is a detailed view of the mesh around the first
groyne.

The mean inflow velocity profile was obtained
from a preliminary RANS simulation conducted at
the same Reynolds number. Zero mean turbulent
velocity fluctuations obtained from a preliminary
LES simulation in a periodic channel were added
on top of the mean velocity profiles. The constant
flow discharge was 6.67UH2. The free surface was
modeled as a symmetry boundary condition, assuming a rigid lid approximation. This is acceptable (see discussion in Zeng et al., 2008) due to the
low (<0.3) Froude number (Table 1). A convective outflow boundary condition was used at the
outlet. All solid boundaries of the channel and
groynes were treated as no slip smooth surfaces.
The unstructured mesh contained only hexahedral cells and was generated using a paving technique in horizontal planes (Figure 3). It consisted
of a total of 6.6 million grid points including 50
grid points in the vertical direction. The grid cell
closest to the bed and lateral walls had a non dimensional size of (Δn/H)~0.0009 or less than
three wall units. The maximum cell at the surface
had Δn/H~0.0907 or about 300 wall units.
4 DISCUSSION
All results presented in this paper, other than Figure 6, describe the mean flow field and turbulence
structures predicted by the LES. The results from
the simulation with groynes showed velocity patterns away from the groyne region that were qua645

Figure 4. 2D Distribution of the nondimensional mean streamwise velocity (+=in flow direction,-=opposite flow direction) in
a) horizontal planes situated at Z/H=0.95, 0.50 and 0.25, and b) in the 90º and 135º cross sections. Frame (c) shows the distribution of the nondimensional mean vertical vorticity component (+=upwards/counter-clockwise,-=downwards/clockwise) in
horizontal planes situated at Z/H=0.95, 0.50 and 0.25.

that, in horizontal planes, the flow is oriented in
the streamwise direction at all spanwise locations
between the inner bank and the center of the section. Thus, the shear layers do not correspond to
the boundary between a separated eddy and the
main channel flow. Rather, they are induced by
the strong non-uniformity of the streamwise velocity profile in the spanwise direction over the
upper part of the channel. The presence of these
regions of strong streamwise shear in a region of
high channel curvature induces the formation of
several streamwise-oriented vortices. The locations of these vortices are depicted in Figures 5a
and 5b using the Q criterion, and in Figure 5c using streamlines.
At first, one might link the formation of the
two shear layers and the associated secondary
streamwise oriented vortices only to the presence
of the submerged groynes that obstruct the flow
over the lower part of the channel inside the bend
region. However, the EPFL experiment of the
flow in a strongly curved bend without groynes
(Zeng et al., 2008) has shown the formation of a
similar secondary flow pattern close to the inner
bend. Thus, the high vertical non-uniformity of
the flow close to the inner bank, and the associated formation of streamwise oriented vortices
and shear layers, is a general characteristic of
sharp bend flows. We plan to investigate further
the influence of the groynes on the strength of the
streamwise oriented vortices at the inner bank by
comparing results of the present LES simulation
with a simulation performed in the same channel

weak cell of recirculating flow. However, the important point is that streamwise velocity gradients
within the embayment are small, both close to the
outer bank and channel bed. As the largest contribution to friction velocity is due to these velocity
gradients, one expects erosion to be greatly reduced compared to when groynes are not present.
Downstream of the groyne region (e.g. 1350
section), another cell of secondary circulation
with a rotation direction opposite to that of the
main recirculation cell is present. This counter rotating cell prevents the core of high streamwise
velocity from reaching the top part of the outer
bank, at least for a certain distance (~3H) downstream of the last groyne. This cell acts similarly
to the classical secondary recirculation cells forming at the outer bank of curved bends. However,
its formation, strength and extent are determined
to a large extent by the presence of the groynes.
Next, we focus on the flow structure close to
the inner bend. The information given by Figures
4a and 4c is directly related, in the sense that the
position of regions of high streamwise velocity
gradients in Figure 4a is correlated to the position
of regions of high streamwise vorticity in Figure
4c (one borders the other). The most obvious feature in the vorticity field at Z/H = 0.95 is the presence of a strong shear layer at the inner bank. This
shear layer originates close to 25º into the bend
region. At mid-depth level, a second shear layer is
observed in between the inner bank and the first
shear layer. These shear layers disappear in the
lower part of the channel. One should emphasize
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Figure 5. Visualization of the vortical structure of the mean flow close to the inner bank using a) Q criterion – 3D view from
above, b) Q criterion in the 95° cross section, c) 2D streamlines in the 95° cross section. V1 and V3 are rotating clockwise,
and V2 is rotating counter-clockwise.

The Q criterion is used to visualize in Figure 6
the necklace vortices present in the instantaneous
flow around the tip of groyne 2. The stronger primary necklace vortex is situated next to the tip of
the groyne. Upstream of it, a secondary necklace
vortex is present. The legs of these vortices in the
main channel side of the groyne are deflected
away from the groyne sidewall, and into the main
channel flow. Both vortices are also present in the
mean flow where they are visualized using vorticity magnitude contours in Figure 7b and 2D
streamline patterns in Figure 7c.
Several hairpin-like eddies induced by a secondary instability developing along the core of the
primary vortex wrap around it. Similar to the numerical study of the horseshoe vortex system
forming at a base of a rectangular cylinder conducted by Kirkil and Constantinescu (2009), these
eddies are not present when the Q criterion is used
to visualize the structure of the horseshoe vortex
system in the mean flow. A small junction vortex
is also present at the base of the tip of the groyne.
The distribution of turbulent kinetic energy
(TKE) in the vertical plane cutting through the
centerline of groyne 2 is shown in Figure 7a. A
large elliptical patch of high TKE is observed
around the location of the core of the main necklace vortex. The TKE distribution within this
patch shows the presence of two peaks.
The large amplification of the TKE inside the region where the core of the main necklace vortex
oscillates, and the two-peak distribution of the
TKE are induced by low-frequency bimodal oscillations of its core in the vicinity of the tip of the
groyne (e.g., see Devenport and Simpson, 1990,
Koken and Constantinescu, 2008, 2009 and Kirkil
and Constantinescu, 2009 for a detailed description of the characteristics of the turbulence within

but without groynes. To capture accurately the
position, extent and location of these shear layers,
and associated vortices, the use of LES is essential. This is because these streamwise oriented
vortices forming in bends of high curvature are
driven largely by curvature-induced anisotropic
effects.
Figure 5 shows three streamwise oriented vortices (V1, V2, and V3) near the inner bank. At approximately 35º, the clockwise rotating vortex V1
forms close to the inner bank. As one moves
downstream, V1 grows in size and then starts decaying past 900. At about 65º, V1 gets away from
the inner bank. Concurrently, a second clockwise
rotating vortex, V3, forms close to the inner bank.
The two vortices are separated by a weaker counter clockwise rotating vortex, V2, situated at a
slightly lower elevation (Figure 5b). As inferred
from Figure 4c, V1 is situated in the region of low
streamwise velocities forming on the left side
(toward the inner bank) of the central core of high
streamwise velocity. In fact, up to 650 V1 is situated in between the inner bank and the first
shear layer. Past 650, V1 is situated in between the
two separated shear layers. In the 900 section, V3
convects higher streamwise velocity fluid towards
the inner bank. Thus, the presence of V3 increases
the streamwise component of the friction velocity
on the inner bank wall, as well as the spanwise
component of the bed friction velocity on the inner bank side of the shear layer. The role of V1,
before it gets away from the inner bank (past 650
section), is similar. Thus, these streamwise
oriented vortices may induce additional erosion
close to the inner bank during initial stages of
scour. In this regard, their role is opposite to that
of the secondary cell forming at the outer bank of
a curved channel.
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the horseshoe vortex system forming in front of a
bluff body and of the flow structure in the two
dominant modes). Additionally, a second small
patch of high TKE values is present in the near
bed region where the downstream part of the jetlike flow developing beneath the core of the primary necklace vortex changes direction, as the
vortex switches between the zero-flow mode (the
core is close to circular and is situated closer to
the obstacle) and the back-flow mode (the core is
more elliptical and is situated far from the face of
the obstacle). This second patch of high TKE values was also observed in eddy-resolving simulations of the flow past circular and rectangular cylinders and past an isolated groyne in a straight
channel at 105<Re<106 (Kirkil and Constantinescu
2009; Koken and Constantinescu 2009), and in the
measurements of Devenport and Simpson (1990)
for flow past a wing-shaped body at Re~125,000.

Figure 7. Visualization of the structure of the mean flow
horseshoe vortex system around groyne 2 in a vertical section cutting through the groyne. The position of the section
is shown in Figure 6. a) Nondimensional TKE, b) Nondimensional total vorticity magnitude, and c) 2D streamlines.

Figure 6. Visualization of the horseshoe vortex system
around groyne 2 in the instantaneous flow. Line a shows the
location of the vertical section cutting along the centerline
of groyne 2. The structure of the horseshoe vortex system in
the mean flow is analyzed in Figure 7.

The elongated patches of high TKE and vorticity magnitude present over the top groyne face
are due to the orientation of the groynes, which is
against the flow in the present configuration.
Thus, rather than forming a horizontal mixing
layer at the lateral interface between the embayments and main channel, the mean flow is
oriented at a high angle with the outer bank.
Therefore, as the flow is convected past the extremity of the groyne, it separates. The quasisteady separation bubble is seen in Figure 7c, although the high value of the Q isosurface in Figure 6 was not able to capture this eddy. Most of
the TKE and vorticity amplification occurs within
the separated part of the shear layer forming in the
vicinity of the top groyne face.
Figure 8 shows distributions of nondimensional mean friction velocity magnitude
(u*/u) and pressure root-mean-square (rms) fluctuations at the channel bottom surface. The black
contour line in Figure 8 (top) corresponds to the
critical sediment entrainment value (u*/u = 0.064)

In contrast to the high levels of TKE within the
region where the core of the primary necklace
vortex is subject to large-scale aperiodic oscillations, levels of TKE remain low in the region of
the secondary necklace vortex core (Figure 7a).
This happens despite the fact that coherence of the
secondary necklace vortex is relatively high, and
its circulation is non-negligible compared to that
of the primary vortex (Figure 7b). Koken and
Constantinescu (2008) have shown this is because
the core of the secondary necklace vortice is not
subject to bimodal oscillations which are the main
reason for the strong TKE amplification (by about
one order of magnitude compared to the TKE in
the incoming flow).
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develops on the downstream groyne side (Figure
6). This separated shear layer contains eddies that
are advected within it. Some “shading” effect is
observed for groyne 3. The intensity of pressure
fluctuations is substantially smaller beneath the
separated shear layer forming on the downstream
side of groyne 3. The passage of these eddies explains the high values of pressure rms fluctuations
in the bed regions beneath these shear layers. This
is in contrast to when the groyne angle is 900 or
larger, in which case the separated shear layers
form a horizontal mixing layer between the
groyne field and the main channel (e.g., see discussion in Constantinescu et al., 2009). Amplification of bed friction velocity close to the outer
wall past the third groyne is in part related to a
strong junction vortex in that region (see 1350 section, Figure 4b).
As the region of high u*/u values remains
mostly situated outside of the inner part of the
embayments, it proves that the present groyne
configuration is an efficient way to protect against
scour even when the groynes become submerged.
However, regions of severe scour will occur within the channel. The very high values of bed friction velocity and pressure rms fluctuations suggest that the most severe scour will occur close to
the extremity of the three groynes, particularly at
the groyne tip. The loose bed experiments confirmed this, and the maximum scour depth was
similar to that observed in the experiments without groynes. For the present case, it was expected
that maximum scour would occur around the extremity of the groynes because they pointed in to
and obstructed the flow (the groyne angle was only 25º, thus the local main channel flow made a
small angle with each groyne). In fact, flow entered the embayment through most of the lateral
face of each embayment and was eventually
pushed out of the embayment close to the junction
between the downstream groyne and outer bank.
Besides the presence of a strong horseshoe vortex system, the strong downflow parallel to the
extremity face of each groyne is the main reason
for the very large amplification of pressure rms
fluctuations close to the groyne tips. Outside the
embayments, regions of high pressure rms fluctuations do not exactly coincide with those of high
bed friction velocity. Therefore relying only on
bed friction velocity distribution is insufficient to
characterize sediment entrainment capacity in a
complex flow. Compared to bed friction velocity,
pressure rms fluctuations are damped faster downstream of the third groyne. This is because the bed
friction velocity is induced by the core of large
streamwise velocities in the mean flow, while the
pressure fluctuations are associated mostly with

determined from the sediment size used in the
loose bed experiments. However, sediment entrainment can occur outside of the region where
u*/u > 0.064 if pressure fluctuations are sufficiently high. This is why analysis of the pressure rms
distribution (Figure 8 (bottom)) is required together with that of bed friction velocity.

Figure 8. Distribution of nondimensional mean-flow friction
velocity magnitude, u*/u, (top) and pressure rms fluctuations, < p’2>/(ρ2U 4), (bottom). The black line corresponds to
the critical friction velocity based on Shields` diagram.

Comparison of Figures 4a (Z/H = 0.25) and 8
shows that the correlation between the streamwise
velocity distribution in the lower part of the channel, below the embayment top interface, and the
bed friction velocity is quite high. This means that
the streamwise velocity component provides the
largest contribution to the bed friction velocity.
The region of high values of u*/u does not penetrate to the outer bank, though some relatively
large values of u*/u are observed near the downstream groyne faces, starting at their tip, over
more than half of their length. This is due to the
orientation of the groynes, that make a relatively
small angle with the local mean flow direction.
Consequently, a stronger separated shear layer
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the passage of large scale energetic eddies in a
certain region.
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5 CONCLUSIONS
This study revealed the complex interactions occurring between submerged groynes and the main
channel flow developing within a channel bend
during initial scour stages. Linkages were demonstrated between large-scale vortices and flow features near the bed and the bed friction velocity distribution. The main conclusions are given below.
1. The highest values of friction velocity and
pressure fluctuations likely to induce scour
occurred close to the groyne tips. These
values were induced by the horseshoe vortices and the strong downflow. Friction velocities higher than the critical Shields value
also occurred at the channel centerline near
the groynes, along the inner bend near the
bend entrance, and along the outer bank
downstream of groyne 3.
2. Within the inner part of the embayments,
friction velocities were low and recirculation was almost entirely absent, likely due
to the orientation of the submerged groynes.
3. For this initial bed case the groynes were able
to prevent high main channel velocities
from reaching the outer bank in the area
where the groynes were installed.
4. The LES revealed a complex set of vortices
in the shear layer along the inner bend that
may increase sediment erosion at the inner
bend. If this erosion is of practical concern,
one possible solution would be to install
groynes at the inner bank. A comparison of
the position and strength of these vortices
when groynes are not present is needed to
understand if groynes at the outer bank significantly increase the circulation and the
erosion capability of the streamwise
oriented vortices forming at the inner bank
in bends of very sharp curvature.
The long-term goal of this study is to better understand how groynes interact with the main channel
flow and to use this insight to propose new design
criteria for the placement and spacing of groynes.
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Experimental study of head shape effects on shear stress distribution
around a single groyne
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ABSTRACT: Accurate experimental measurements were conducted to investigate the head shape effects
on bed shear stress distribution around single straight and T-shape groynes. A yaw type Preston tube with
0.1 Pascal accuracy and 100 Hz sampling rate was used to locally measure the bed shear stresses in a
non-uniform refined grid around a single groyne. The analysis of the results indicates a considerable difference in the bed shear stress distribution between the two types. The extension of the high shear stress
zone is smaller in T-shape groynes, and its intensity decays much faster towards downstream. Flow visualization shows that in term of transverse oscillations, the separated shear layer downstream of the
straight groyne is more stable, than the T-shape groyne. In addition, the distribution of shear stress is
more uniform downstream of the T-shape groyne. In the straight type, the region of shear stress amplification was adjacent to the upstream part of the separated shear layer, whereas in T-shape case this region
shifts toward the channel centreline. On the other hand, the maximum amplification of the bed shear
stress (ratio of local bed shear stress to approaching flow shear stress) in T-shape groynes is about 35%
smaller than for the straight one.
Keywords: Groyne, T-Shape, Turbulence, Shear stress, Shear layer
1 INTRODUCTION
Groynes or spur dikes are river training structures
extending from the stream bank perpendicularly
or with an angle to the watercourse. Groynes are
used to: (1) deflect the high velocity flow away
from river bank and control the bank erosion (2)
increase sediment deposition near the river banks
to improved channel alignment; (3) preserve the
desired water depth, to improve the navigability of
the river also to secure water supply (4) hydro environmental purposes such as restoring fish habitat and improving the river ecosystem.
Groynes may be built with different plan view
shapes. Examples are straight groynes, T head, L
head, hockey stick, inverted hockey stick, straight
groyne with pier head and wing and tail groyne
(Basak, 1999). Despite their useful features, construction of the groyne in river may cause some
problems. When a groyne is placed in a channel, it
causes a significant disturbance to the flow for a
short distance upstream and for a longer distance
downstream. Fig. 1 illustrates main features of
turbulent flow around a single straight groyne in a
fixed bed channel.

Figure 1. Main features of turbulent flow around a single
straight groyne.

As the approach flow encounters a groyne it
experiences a longitudinal pressure gradient,
which cause separation of the flow from the channel side wall upstream of the groyne. This separation leads to the formation of a recirculation zone
at this region. Strong down flow results from a
stagnant vertical pressure gradient at the leading
face of the groyne. Due to the down flow and the
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adverse pressure gradient, the approaching bed
boundary layer separates and a complex helicoidally flow forms at the groyne base, known to the
horseshoe vortex (HV).
Diverted flow at the groyne tip separates and a
fully dynamic shear layer (SL) forms between the
groyne wake (down stream recirculation region)
and the main flow. The interface of separation
zone and the main flow is an intense shear zone
which downstream of the groyne becomes unstable and sheds vortices (Paik & Sotiropoulos,
2005).
The described phenomena cause a very complex 3D highly turbulent flow around the groyne.
The HV system, the accelerated flow at the groyne
tip, the down flow and the vortex shed inside SL
locally induce large bed shear stresses and intensify near bed turbulence around the groyne. In alluvial rivers combinations of these factors cause
the removal of bed materials and development of
a local scour hole. Consequently the groyne may
be undermined and fail.
Deflected flow at separate groyne tip along the
shear layer, with high turbulent kinetic energy,
picks up bed materials in its path and deposits
them in locations of decreased velocity flow along
the river bed further downstream. This kind of sedimentation is responsible for flooding due to an
increase in channel resistance and reduces the
flow depth locally. It is therefore important to
recognize the shear stress zones or in another
word the zones with high potential of scouring.
Furthermore, the quantification of the maximum
shear stress around groynes is important in sizing
the riprap material used to prevent scouring at the
groyne foundation. In this paper, straight and T
shape groynes are used to investigate the effect of
head shape on distribution of bed shear stresses
around a single groyne over a smooth fixed flat
bed. The main scope of this paper is to analyze the
effect of the additional part (wing of the T shape
groyne) on controlling the horseshoe vortex and
shear stress amplification (ratio of local bed shear
stress to approaching flow shear stress) at the
groyne tip.

chukwu (1983) measured bed shear stress experimentally around groyne like structures using a
Preston tube for different protrusion ratios and
Froude numbers. They found that the bed shear
stress is amplified up to 5 times of the undisturbed
approach shear.
Tingschali & Maheswaran (1990) used 2D
shallow water equations with modified k-ε turbulence model to predict the flow field around
groyne structures. They used the drag method
(with a correction for 3D flow around groyne tip)
to calculate the local bed shear stresses. Molinas
et al. (1998) experimentally measured bed shear
stresses around wall abutments using Preston
tubes. The maximum shear stress was found to
occur at the upstream corner of the abutment tip.
The shear stresses around wall abutment were
amplified up to 10 times and velocities were increased up to 50% depending up on flow conditions and abutment protrusion ratios. Ahmed &
Rajaratnam (2000) measured the flow field and
bed shear stress around a trapezoidal bridge abutment using a yaw probe. They found that the peak
stress amplification of 3.63 occurs near the upstream corner of the abutment.
Teruzzi et al. (2009) employed LES model to
analyze flow around a bridge abutment, and found
that the calculated maximum value of the shear
stress was nearly 13 times the approach flow
shear, which was however confined in a very thin
region near the upstream edge of the abutment.
This simulation was in agreement with Ahmed &
Rajaratnam (2000) who measured shear stress at
bridge abutments with a Yaw probe. Recently
some researchers measured the near bed turbulent
Reynolds stresses using Acoustic Doppler Velocimeter (ADV) to estimate the local bed shear
stress; τb. Dey & Barbhuiya (2005) used this method to estimate the bed shear stress distribution in
a scour hole at a semicircular abutment. Fazli et
al. (2007) and Vaghefi & Ghodsian (2008) used
the same method to calculate the bed shear stress
around straight and T shape groynes in a movable
bed 90 degree curved channel respectively. Duan
(2009) and Duan et al. (2009) measured turbulent
flow around a single spur dike in flat and scour
beds respectively using ADV. In Duan’s experiments the first measurement point was 1cm away
from the streambed. The main drawback of this
method is the inaccuracy of ADV measurements
near the bed. Dombroski & Crimaldi (2007) found
that Reynolds-stresses measured by an ADV agree
with LDV measurement for distances more than 1
or 2 cm form the bed. In closer distances Reynolds stresses are under predicted by ADV. Precht
et al. (2006) used synchronous ADV and LDA
measurement to evaluate the near bed performance of the ADV in alluvial bed channels and

2 LITERATURE REVIEW
Knowledge on the bed shear stress distribution
around groynes is based on a few past laboratory
experiments and numerical studies. Awazu(1967)
estimated the values of the bed shear stress around
spur dikes using gradually varied flow equations
and represented an equation for bed shear stress
amplification. Zaghlol (1974) related the bed
shear stress around the groyne to local velocity,
vorticity and turbulence. Rajaratnam & Nwa652

they found that for a distance about 2 cm from the
bed, the velocities determined with ADV were at
least 20% lower than those given by LDA and inaccuracy in turbulence characteristics may be
much more.
Though recent experiments and especially numerical simulations have led to a much better understanding of the effects of turbulent flow on bed
shear stress distributions around straight groynes
and abutments, effect of groyne head geometry on
flow field and associated shear stresses and scouring processes are still not well understood.

for positioning the ADV in position with accuracy
of 0.1mm. The measured time series were filtered
using the velocity correlation method (Cea et al.
(2007)).
The second device was a Yaw type Preston
tube for local bed shear stress measurement. This
instrument was manufactured using 3 brass tubes
with external diameters of 3.1 mm. The face of the
middle tube was completely flat and the side tubes
were chamfered at an angle of 45 degree. The
manufactured probe was connected to three capacitive types, Keller 41X pressure transducers using silicon tubing. The accuracy and sampling rate
of transducers were 0.1% of full scale and 100 Hz
respectively. A special method was used to calibrate the pressure transducers and the zero point
of all of them was set to the hydrostatic pressure
of the undisturbed approaching flow to improve
the accuracy of the output signals by decreasing
the reading pressure range. Finally the raw data
(i.e. pressure differences) were processed to obtain bed shear stresses using the calibration method proposed by Rajaratnam & Muralidhar
(1968). The yaw probe was connected to a point
gauge with an instrument rail bearing system that
can be moved precisely along the flume and in
lateral and vertical directions. The control of traversing system, data logging and processing of
ADV and Yaw probe recorded time series accomplished with integrated software developed using
the LabVIEW programming.

3 EXPERIMENTAL EQUIPMENTS AND
PROCEDURE
3.1 Laboratory facility
The laboratory experiments were conducted in a
straight rectangular flume, 11m long and 1m wide,
located at the hydraulic laboratory, Tarbiat Modares University. Fig. 2 shows the details of the
flume. The channel side walls were from glass and
the bed was made from 2cm thick smooth Perspex. Water in the flume was supplied by a pump.
At the down stream end of the flume a fully automated flap weir was installed to regulate the depth
of the flow. Small surface waves at the entrance of
the flume were eliminated with the use of 1.5m
long by 0.95m wide polystyrene plate held parallel to the upper water surface just down stream of
the intake. The flow rate was controlled with a
gate valve and was measured by means of a magnetic flow meter with an accuracy of 0.2%. Water
surface profiles were measured with a digital
point gauge with an accuracy of 0.01 mm.

3.3 Experimental program and procedure
Preliminary experiments were conducted to investigate the development of the free stream turbulent
flow along the flume using ADV. Purposes of this
measurement were: (1) to determine the developing length of the turbulent boundary layer. The
mean bed shear stress in the developed section
will be used to normalization shear stress in the
main experiments; (2) verification of the velocity
profile measured with the manufactured Yaw
probe in the fully developed section of the uniform flow.
The water discharge was 60 lit/s and the equivalent normal depth h=143mm was applied in the
flume entrance by adjusting the end flap weir.
Water surface profile was measured with the point
gauge and the flow uniformity was confirmed by
comparing the channel bed slope with surface profile. Seven longitudinal velocity profiles in the
vertical direction were measured along the center
line of the flume at intervals of 1m and at each
section velocity profile were measured at 18
points with non-uniform spacing from 1mm near
the bed to 15 mm near the water surface. The
sampling frequency of the ADV was set to 100 Hz

Figure 2. Details of the laboratory flume and groynes.

3.2 Measurement instruments
Two different instruments were used during measurements. The first device was the vectorino type
10MHZ down looking ADV (Nortek) with an accuracy of 0.5% measured value, capable of measuring point-wise instantaneous 3D velocity field.
A fully automated traversing system was designed
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The groynes did not submerge in any of the experiments.
Fig. 4 illustrates measurement grids for all
three types of groynes. The measurement domain
extended 4L upstream and 9L downstream of the
groyne location. The domain width was 4L. Thirty
one cross sections with non uniform spacing, including 8 upstream of the groyne, one at the
groyne tip (upstream tip of the wing in the T
shape case) and 22 downstream of the groyne
were measured in each experiment. Each cross
section contains 21 points and they were clustered
around the groyne tip (in front of the wing in T
shape groyne) and along the wake zone.
It was not possible to measure the bed shear
stress adjacent to the groyne tip and also along the
upstream face of the groyne due to yaw probe dimension. In these cases a two tube instrument
(standard Preston tube) was used for shear stress
measurement. The dynamic port of the probe was
positioned at the measuring point and aligned with
the local flow direction found by dye injection
tests.
An investigation was carried out to define the
sampling time needed for determination of mean
shear stress at each measuring point. The developed software for data logging and data
processing was able to calculate and plot simultaneously the average of the measured shear stress
time series. This average should not change by
time in a steady state flow.

and at each measuring node, 18000 instantaneous
velocities (i.e. 3 min measurement) were recorded.
Time series were filtered using the velocity correlation method (Cea et al. (2007)) and time averaged flow velocity profiles are illustrated in Fig.
3. By examining velocity profiles in this figure, it
can be seen that flow is fully developed when
x≥7m. In main experiments groynes will be installed in the fully developed region. Yaw probe
measurements for velocity distribution are also
compared with ADV results at a section in the fully developed region with very good agreement
(Figure 3b). In the next step, the lateral distribution of bed shear stress was measured in a fully
developed cross section using the Yaw probe and
the average bed shear stress value was found and
compared with that calculated fromτ = ρgRs and
agreement was good, showing the accuracy of the
Yaw probe.
Experiments were conducted to measure the
local bed shear stress around single groynes with
two different shapes. Geometrical definitions of
tested groyne shapes are illustrated in Fig. 2.
Table 1 summarizes the conducted experiments. As indicated in Table 1, three experiments
were conducted named S-D, T-H and T-F with
straight groyne, T shape groyne (L′=0.5L) and T
shape groyne (L′=L) respectively.
Groynes were made from 1 cm thick and 25 cm
high Perspex plates. The origin of the X axis was
assumed at the groyne position and distances were
normalized with groyne main length (L). In the
case of T shape groynes, the upstream tip of the
groyne wing was located at X/L=0. The ratio between groynes main length and the channel width
is L/b=0.15, where the b is the channel width. The
Ratio between the length and the height of the
groynes (b/h) was equal to 1.05. From application
point of view this corresponds to short groynes.
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0.5
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(m)

U (m/s)
Z (mm)

180

Table 1. Summary of experimental conditions.
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Figure 3. Flow development along the flume and comparison of vertical velocity profiles in the fully developed section.
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0.6

the groyne. On the other hand, visualizations
showed that the near bed reversed flow at the
upstream face of the groyne, acts as a jet like
flow and interaction of the approach flow and
the jet flow, cause the formation of the horseshoe
vortex (HV) around the base of the groyne. The
HV system lies near the side wall, parallel to the
upstream face of the groyne (the core of the vortex is approximately at X/L=-0.2), and changes
its orientation until to being parallel to the SL at
the tip of the groyne.
Fig. (5d) illustrates the enlarged details of the
distribution of the bed shear in the vicinity of the
straight groyne. It can be seen that the bed shear
stress is amplified in the region beneath the HV
system along the Z/L=-0.2 line.
Visualization showed flow accelerates strongly first in lateral direction, starting from mid
length of the groyne toward groyne tip and at the
groyne tip it accelerates tangential to the SL. Fig.
6 illustrates these phenomena. This phenomena
affect the bed shear stress and the largest values
of shear amplification (τ/τ00=4.3) occurs around
the groyne tip. This is consistent with experimental observations of Radice et al. (2006) that
showed scour is initiated in the groyne tip region. Due to the flow acceleration the high shear
region extends also laterally along the upstream
face of the groyne in a limited thin zone.
Contraction shear amplification is detectable
up to X/L=-3 upstream of the groyne and its effects are present until a long distance downstream of the groyne.
Interaction of the recirculating flow downstream of the groyne, separated shear layer and
the down stream extension of the horseshoe vortex and its interaction with the shear layer and
also flow contraction result in a very complex
flow structure downstream of the groyne.
Above mentioned flow mechanisms directly
affect the distribution of bed shear stress and
among them, the horseshoe vortex and the separated shear layer have more significant contribution in local shear amplification. The most interesting feature of the shear map at the
downstream of the straight groyne is development and extension of the higher bed shear zone.
As shown in Fig. 5, in T shape groyne, the
maximum amplification is smaller than the
straight groyne. It does not occur at groyne tip
and shifts toward the channel center. Furthermore, the high shear region after the upstream tip
of the groyne is confined to a smaller area and is
decaying much faster toward down stream.

So at each point this criterion has been used
to control the sampling time needed to provide
converged statistics of the mean shear stress.
(Y/L)
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Figure 4. Measuring domains and grids.

4 RESULTS AND DISCUSSION
Bed shear stresses measured in different experiments are presented in Fig. 5. The shear amplification (τ/τ00) in the contour plots relate the local
shear stress at any position, τ, to undisturbed fully developed uniform flow mean shear
stress, τ00. The dashed lines marked regions
around the groynes tip are enlarged and presented in more details.
These plots indicate in general: 1) the effect
of groyne on the flow field and consequently on
the bed shear stress is already detectable at
X/L=-4. The bed shear stress near the right wall
is lower than τ00 and increases towards the channel center, 2) considerable increase in bed shear
stress occurs around the tip and immediate
neighborhood of groynes. The largest bed shear
amplification values are around the tip (near the
up stream tip in T shape groynes) but high bed
shear stress values also extends towards downstream, (3) The total shear stress in the vicinity
of the groyne is a combination of shear stress
due to contraction (contraction amplification)
and shear stress due to the diversion of the
streamlines due to the presence of the groyen
structure and its accompanied vortex system (local amplification).
For the straight groyne, because of the backwater effect, approaching flow progressively decelerates along the right wall and consequently,
bed shear reduces towards the upstream face of
655

In this figure local amplification of the bed
shear stress near the right wall, especially for TF
groyne, is obvious. The most important feature
of this figure is the distinct difference between
maximum amplification of bed shear for the two
types. In straight groyne as mentioned before,
the shear amplifies in order of 4.3 but for T
shape groynes the maximum amplification factors for TH and TF types are 3.5 and 2.9 respectively which shows that the shear intensity reduces about 35% in TF case in comparison to
straight groyne. Furthermore the maximum shear
amplification occurs at Y/L=1 for straight
groyne, but in T shape groynes the high shear
zone shifts toward the channel center.
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3.5

(a)

(b)

(c)
3.0

(Y/L)

2.5
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2.0
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Figure 5. Shear stress amplification contours.
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Figure 7. Lateral distribution of Bed shear profiles at
(X/L=0) cross section.

Flow

A small but relatively strong vortex is present
at the intersection between the upstream face of
the T shape groyne and the right wall. This vortex is intensified in TF groyne relative to TH
case. Visualizations showed that the corner vortex has a tornado like structure over the channel
depth and its size is reduced from water surface
toward the channel bed. This vortical flow structure affects the distribution of the bed shear
stress and the local amplification of the bed
shear near the right wall (see Fig. 7).

Figure 6. Flow visualization at the tip of straight groyne.

Shear stress distribution at the upstream part
of the T shape groynes is also different from the
straight groyne. There are two distinct high shear
zones, one around the upstream tip of the wing
and shear amplification is also detectable near
the intersection of groyne and the right wall.
Fig. 7 illustrates the comparison of bed shear
profiles along the cross section passing from upstream face of the straight groyne and upstream
tip of the T shape groynes (X/L=0 line).
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5 SUMMARY AND CONCLUSIONS

Teruzzi, A., Ballio, F. and Armenio, V. 2009. Turbulent
stresses at the bottom surface near an abutment: laboratory-scale numerical experiment. J. Hydraul. Eng.,
135(2),106-117.
Tingsanchali, T., Maheswaran, S. 1990. 2-D depth averaged flow computation near groyne. J. Hydraul. Eng.,
116(1), 71-86.
Vaghefi, M., Ghodsian, M. Experimental study on scour
and flow field in a scour hole around a T-shape spur
dike in a 90° bend. 2008. International Journal of Sediment Research, 24(2),145-158.
Zaghloul, N. A. 1974. Analytical and experimental investigation of flow around a spur dike. PhD dissertation,
Civ. Engrg. Dep., University of Windsor, Windsor,
Ontario, Canada.

Distribution of bed shear stress around single
groyne with straight and T shape plan views at
high Reynolds number (Re=60000) were measured and investigated experimentally. It was
found that the maximum bed shear amplification
in the T shape groyne is 35% less than the
straight one. It does not occur at groyne tip and
shifts toward the channel center. Furthermore the
high shear region after the upstream tip of the
groyne is confined to a smaller region and is
more uniform than straight groyne. Consequently it is expected that in movable bed condition
the depth of the local scour be less than the
straight groyne.
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ABSTRACT: This paper deals with the spatial variations of steady open channel flows downstream of an
obstacle attached on the side wall of a flume. It is shown theoretically that using the linearized equations
of 2-D shallow flows, periodic wavy patterns exist for supercritical flows (Froude number >1), but the
amplitude of periodic wavy patterns always attenuates in the downstream direction. Standing waves can
exist only for the case of zero friction factor. The attenuation rate increases with the increase of Froude
number. These results are verified by hydraulic experiments carried out in this study.
Keywords: Open channel flows, High velocity flow, Water surface profile, Instability
Hosoda & Nishihama (2006) studied the response of water surface to a sinuous open channel
and the flow behavior near the resonance condition. Although there is no resonance condition in
the case studied in this paper, it is pointed out that
if the spatial variations are given on the uniform
bottom, the flow can be amplified in the downstream of side disturbances.
Hydraulic experiments are carried out to verify
the theoretical findings shown in this paper,
changing the hydraulic conditions such as depth,
bottom slope, etc.

1 INTRODUCTION
The spatial amplification of the sand bars generated downstream of a point bar along a river bend is
well known as the over-deepening phenomena of
sand bars. Struiksma et al.(1985) formulated this
phenomena mathematically, and derived the critical conditions for the spatial amplification of sand
bars. Blondeaux & Seminara (1985) derived the
analytical solutions on the temporal change of
point bars in a sinuous meandering channel. The
resonance relation between sinuous channel and
bars is included in the solutions. It is well known
nowadays that the condition of the spatial amplification of bars by Struiksma et al. (1985) is coincident with the resonance relation by Blondeaux &
Seminara (1985). In this paper, we don’t deal with
the spatial amplification of sand bars but the spatial variations of water surface in steady open
channel flows downstream of an obstacle attached
on the side wall of a flume.
It is firstly shown theoretically that using the
linearized equations of 2-D shallow flows, the periodic wavy patterns can exist for the supercritical
flows condition (Froude number >1), but the amplitude of periodic wavy patterns always attenuates downstream direction. The standing waves
without attenuation can exist only for the case of
zero friction factor. It is also shown that the attenuation rates of periodic wavy patterns increase
with the increase of Froude number.

2 THEORETICAL CONSIDERATIONS
Referring to the coordinate system shown in Figure 1, common plane 2-D shallow flow equations
are given by Eqs.(1), (2) and (3).
∂uh ∂vh
+
=0
∂x
∂y

(1)

u

τ
∂u
∂u
∂h
+v
+g
= g sin θ − bx
ρh
∂x
∂y
∂x

u

∂v
∂v
∂h
+v +g
=
∂x
∂y
∂y

−

τ by
ρh

(2)
(3)

where (x, y ) : Cartesian coordinates, (u, v ) : (x, y )
components of depth averaged velocity vectors,
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h : depth, θ : bottom slope and

(τ bx ,τ by ) :

depth and velocity components, δh, δu , δv can be
written as:

(x, y ) components of bottom shear stress vectors.

For simplicity, the following formula with friction factor, c f , is applied to evaluate bottom shear

⎛π ⎞
y ⎟ cos(2πx )
⎝2 ⎠

δh = ah sin ⎜

stress vectors.

z

⎞
y ⎟ cos(2πx + φ u )
⎠

(10)

⎛π
⎝2

⎞
y ⎟ cos(2πx + φ v )
⎠

(11)

δv = av cos⎜

θ

where δh , δ u , δv are small increment in h , u , v .

x

Substituting Eqs. (9)-(10) into Eqs.(6)-(8) yields:

Figure 1 Coordinate system and explanation of symbols

τ by
τ bx
= c f u 2 + v 2 u,
= c f u2 + v2 v
ρ
ρ

(4)

Considering the deviation of depth and velocity
from the uniform depth and uniform velocity, we
can derive the common linearlized equations. The
uniform depth and uniform velocity in the x direction are given by the following equations:
gh0 sin θ = c f U 0 2 , h0U 0 = q

cf
∂δv'
β ∂δh'
+
=
−
δv'
∂x' Fr0 2 ∂y '
λ

− 2πau cos φu − 2πa h + β (π / 2)av sin φv = 0

(12b)

− 2πau cos φu − (1 / Fr0 2 )2πa h

= 2(c f / λ )au sin φu

(5)

− 2πav sin φv + ( β / Fr0 2 )(π / 2)a h
= −(c f / λ ) av cos φ v

− 2πa v cos φv = (c f / λ ) av sin φv

(13a)

(13b)

(14a)
(14b)

It can be shown easily that Eqs.(12)-(14) have
solutions with physical meaning only in the case
of c f = 0 . The solutions are given by Eqs.(15),

h = h0 (1 + δh' ), u = U 0 (1 + δu ' ), v = U 0δv '

cf
∂δu '
1 ∂δh'
+
=
−
(2δu '−δh' )
∂x' Fr0 2 ∂x'
λ

(12a)

+ (c f / λ ) a h

x = Lx' , y = ( B / 2) y '

∂δu ' ∂δh'
∂δv'
+
+β
=0
∂x'
∂x'
∂y '

2πau sin φu + β (π / 2)av cos φv = 0

− 2πau sin φ u = −2(c f / λ ) au cos φ u

where h0 : uniform depth, U 0 : uniform velocity
and q : unit width discharge.
Using the following non-dimensional variables
with prime, Eqs.(1), (2) and (3) can be transformed into the linearlized equations, Eqs.(6), (7)
and (8).

(16) and (17).

(6)

au sin φ u = 0, au cos φ u = −

(7)

a v sin φ v =
(8)
Fr0 2 = 1 +

where the non-dimensional parameters, β , λ , Fr0
are defined as follows:
β=

⎛π
⎝2

δu = au sin ⎜

h

(9)

βa h
4 Fr0

β2
16

2

ah

Fr0 2

, av cos φv = 0

(15)

(16)

(17)

Eq.(17) shows the relation between Froude
number of flow and wave length of standing
waves. Eq.(17) indicates that the standing waves
exist under the condition of super critical flow.
Introducing the spatial functions of amplitudes,
a h ( x), au ( x), a v ( x) in Eqs.(18), (19) and (20), the
equations on a h ( x), au ( x), a v ( x) can be derived as
Eqs.(21a,b), (22a,b) and (23a,b).

h
U0
L
, λ = 0 , Fr0 =
B/2
L
gh0

where B : width of channel, L : wave length.
From here, primes indicating non-dimensional
variables are omitted for simplicity. Periodic
standing wave solutions for small disturbances of
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cos φu =

⎛π ⎞
y ⎟ cos(2πx + φu )
⎝2 ⎠

(19)

cos φ v =

⎛π ⎞
y ⎟ cos(2πx + φ v )
⎝2 ⎠

(20)

⎞
cf
cf
⎞⎛
⎛
1
⎟
Pcosφu = ⎜⎜ αAu + 2
Au ⎟⎟⎜ −
A
A
+
α
h
h
⎜ Fr 2
⎟
λ
λ
⎠⎝
⎝
0
⎠

δv = av ( x) cos⎜

da
dau
cos φu − 2πau sin φu + h
dx
dx
−β

π

2

−

(21a)

π

2

−2

cf

λ

au cos φu +

cf

λ

−2

cf

λ

=−

cf

λ

Pcosφv = −

Psin φv =

cf
⎛
⎞
Ah ⎜⎜ αAv +
Av ⎟⎟
2 ⎝
λ
⎠

β π
Fr0 2

β

Fr0

2

π 2 Ah Av
2

cf
⎞
⎛
Qcosφv = Qsin φv = ⎜⎜ αAv +
Av ⎟⎟ + 4π 2 Av 2
λ
⎠
⎝
c ⎞⎛
c f ⎞ 4π 2
⎛
α
⎟−
⎜ α + 2 f ⎟⎜ −
+
⎟⎜ Fr 2
⎜
⎟ Fr 2
λ
λ
⎠⎝
⎝
0
0
⎠
α

(22b)

(23a)
2π
+ 2π

(23b)

λ

2

c
⎛
⎜α + 2 f
⎜
λ
⎝

⎞
⎟ + 4π 2
⎟
⎠

cf

2 cf

λ

+ 2π

c
⎛
⎜α + 2 f
⎜
λ
⎝
2

We assume Eq.(24) as the mathematical expression of a h ( x) , au ( x) and av ( x) .
a h ( x) = Ah exp(αx), au ( x) = Au exp(αx),

(26)

Qsin φv

Au Ah

Fr0 2

av cos φ v

da
− v sin φv − 2πav cos φv
dx
cf
av sin φv
=

a v ( x) = Av exp(αx)

4π 2

Psin φv

(22a)

au sin φu

da v
β
π
cos φv − 2πav sin φv +
a
2 h 2
dx
Fr0

Qcosφv

, sin φ v =

(25)

,

(21b)

ah

dau
1
sin φu − 2πau cos φu +
2πa h =
dx
Fr0 2

Pcosφv

Qsin φu

2

av sin φv = 0

dau
1 da h
cos φu − 2πau sin φu +
=
dx
Fr0 2 dx

Qcos φu

, sin φu =

cf
⎛
⎞
Qcosφu = ⎜⎜ αAu + 2
Au ⎟⎟ + 4π 2 Au 2
λ
⎝
⎠
⎛
⎞
cf
1
Psin φu = −2πAu ⎜ −
A ⎟
αA +
⎜ Fr 2 h λ h ⎟
0
⎝
⎠
c
⎞
⎛
2π
⎜ αAu + 2 f Au ⎟
A
−
h
⎟
⎜
λ
Fr0 2
⎠
⎝
Qcosφu = Qsin φu

av cos φv = 0

dau
sin φu − 2πau cos φu − 2πa h
dx
+β

−

Psin φu

(18)

δu = au ( x) sin ⎜

−

Pcos φu

⎛π ⎞
y ⎟ cos(2πx )
⎝2 ⎠

δh = a h ( x) sin ⎜

Fr0 2 λ

2

⎞
⎟ + 4π 2
⎟
⎠

(27)

+α

c ⎞
1 ⎛
⎜α + f ⎟
2 ⎜
λ ⎟⎠
Fr0 ⎝

⎛π ⎞
=0
+ β 2⎜ ⎟
2
⎝2⎠ ⎛
cf ⎞
⎟ + 4π 2
⎜α +
⎟
⎜
λ
⎠
⎝

(24)

⎛
c ⎞
⎜− α + f ⎟ +
⎜ Fr 2
λ ⎟⎠
0
α⎝
c
⎛
⎜α + 2 f
⎜
λ
⎝

Substituting Eq.(24) into Eqs. (21), (22) and
(23), the basic relations on the spatial amplification/attenuation rate, α , and the phase lag between depth variations and velocities can be derived as Eqs.(25), (26), (27) and (28).
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c
1 ⎛
⎜α + 2 f
λ
Fr0 2 ⎜⎝
2

⎞
⎟ + 4π 2
⎟
⎠

⎞
⎟
⎟
⎠

−α

−

c f ⎞ 4π 2
⎞⎛ α
⎟
⎟⎜ −
+
⎟⎜ Fr 2 λ ⎟ + Fr 2
⎠⎝
0
0
⎠
−1
2
cf ⎞
⎛
⎜ α + 2 ⎟ + 4π 2
⎜
λ ⎟⎠
⎝

c
⎛
⎜α + 2 f
⎜
λ
⎝

β 2 ⎛π ⎞
Fr0

2

percritical flow condition and one case under subcritical flow condition. The hydraulic variables for
the laboratory tests are listed in Table 1.
Figure 4 shows photographs of flows in Run 1
and 4, while the contour maps of depth are shown
in Figure 5.

(28)

2

1
=0
⎜ ⎟
2
⎝2⎠ ⎛
cf ⎞
⎟ + 4π 2
⎜α +
⎟
⎜
λ
⎠
⎝

20cm
5cm

Substituting the following functional form,
Eqs.(29) and (30) with c f / λ into Eqs.(27) and
(28), the coefficients in these equations can be determined as Eqs.(31) and (32).
⎛cf ⎞
⎟
⎟
λ
⎝ ⎠

β = 16 Fr0

2

Figure 2 Schematic illustration of flume
5
4

)

⎛cf
− 1 + b1 ⎜⎜
⎝ λ

⎞
⎟
⎟
⎠

3

(30)

y(cm)

(

2

800cm

(29)

α = a0 + a1 ⎜⎜

2
1

2
1 Fr0 + 1
a 0 = 0, a1 = −
2 Fr0 2 − 1

(31)

b1 = 0

(32)

0
0

5

10
x(cm)

15

20

Figure 3 Shape function of an obstacle
Table 1 Hydraulic variables of experiments

Eq.(31) indicates that the spatial disturbances
always attenuate in the downstream direction of
supercritical flows, and the attenuation rate decreases with the increase of Froude number.
Eq.(32) indicates that periodic disturbances can
not exist in sub-critical flows.
3

30cm

Run
Discharge
number
(cm3/s)

HYDRAULIC EXPERIMENTS

The laboratory tests were carried out to verify the
results obtained by theoretical considerations. A
schematic illustration of the experimental setup is
shown in Figure 2.
As shown in the figure, an obstacle with the
shape of the function, y = A exp( − Bx 2 ) , is attached at 350 cm from the upstream end at the
left side wall of the flume. A plot of the obstacle
shape is shown in Figure 3.
The hydraulic experiments were conducted to
examine the amplification or attenuation of water
surface variations in the downstream of the obstacle. Water depth measurements were carried
out using point-gauge instrument.
10 cases were performed under different hydraulic conditions. 9 cases were carried under su-

Upstream Upstream Froude
average
number
water
velocity
at
depth
(cm)
(cm/s)
upstream
2.97
122.6
1.74

Bed
slope

Water
Temperature
(℃)

Flow
type

1

6,400

1/34

19.0

Supercritical

2
3
4

10,900
5,950
7,230

2.73
1.45
3.15

133.1
136.8
76.5

2.57
3.63
1.38

1/34
1/13
1/156

13.5
19.2
18.6

Supercritical
Supercritical
Supercritical

5
6
7

11,410
6,620
11,110

3.88
2.08
2.96

98.0
106.1
125.1

1.59
2.35
2.32

1/156
1/49
1/49

13.2
13.6
13.6

Supercritical
Supercritical
Supercritical

8
9

6,200
11,200

2.33
3.28

88.7
113.8

1.89
2.01

1/67
1/67

13.2
13.2

Supercritical
Supercritical

10

7,200

4.46

53.8

0.814

1/326

12.9

Sub-critical

The water surface variations along the both
side walls are shown in Figure 6. It is pointed out
that the amplitudes of depth variations attenuate in
downstream direction for both cases as predicted
theoretically in the former section, while we can
not identify the magnitude of attenuation rates. It
should be noted that since the depth distribution is
anti-symmetric, it is necessary to consider the
nonlinear effects in the theoretical analysis.
Figure 7 shows the relation between wave
length and Froude number for all cases. The solid
line in Figure 7 is the linear theory given by
Eq.(17). Experimental data are in good agreement
with the theoretical curve based on linear analysis,
although the nonlinear effect seems to be dominant.
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Figure 4 Water surface variation downstream
the obstacle (a) Run 1

Figure 4 Water surface variation downstream
the obstacle (b) Run 4

y(m)

y(m)

(m)

(a) Run 1

x(m)
(m)

x(m)
(b) Run 4

Figure 5 Contour maps of depth
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Figure 6 Water surface variations along side wall

eration mechanism of anti-symmetric depth distributions. Numerical simulation will be also applied
to reproduce the flows observed in laboratory
tests.

5
4
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3
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4 CONCLUSIONS
This paper describes the spatial variations of flow
depth in steady open channel flows downstream of
an obstacle attached on the side wall of a flume. It
is shown theoretically that using the linearized
equations of 2-D shallow flows, periodic wavy
patterns exist for supercritical flows (Froude
number >1), but the amplitude of periodic wavy
patterns always attenuates downstream direction.
The attenuation rate increases with the increase of
Froude number.
These results are verified by hydraulic experiments carried out in this study. Since the measured depth distributions show very anti-symmetric
feature, the further investigation including the
non-linear effects is necessary to clarify the gen664
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equipped with a diverting structure
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ABSTRACT: In the framework of a research project focusing on mitigation measures for hydropeaking, a
lateral embayment in riverbank is studied as a fish shelter. With the goal to find attractive configurations
of shelter, systematic experiments with wild juvenile brown trout (Salmo trutta fario) were carried out in
a flume supplied with freshwater from a natural river. The experimental is equipped with a rectangular
lateral embayment. In order to follow the fish trajectories, their movements were recorded continuously
by video camera during every test, and their positions were periodically observed. In order to link the
swimming trajectories of the trout with the flow conditions, 2D simulations were computed to obtain the
diverted discharge in the shelter, and systematic UVP measurement of the velocity field was performed.
The flow velocities were analysed in the vertical interface between the shelter and the flume. Comparing
the velocity patterns with the fish trajectories, the attractiveness of different configurations of fish shelters
could be analyzed. The first tests reveal that a very basic shelter configuration, with low water exchange
between shelter and channel, is not interesting for fish. When forcing a water exchange By introducing a
deviation groyne into the shelter with the aim to force the water exchange, the frequentation rate can be
increased significantly. The fish can easily detect the refuge by the exchange flux when searching its way
upstream. The shelter attractiveness was optimized by testing different groyne orientations, in order to
create an expanded velocity field close to the exit and entrance sections. Important is a high velocity field
leaving the refuge at its lower end but also a backwater zone near the groyne. The high velocity field attracts the fish and the close backwater zone allows the fish to enter the shelter. For the best configuration,
more than 80% of the fish found the shelter by swimming mainly from downstream, during the next 20
minutes after the beginning of hydropeaking.
Keywords: Hydropeaking, Fish shelter, Groyne, Juvenile wild brown trout, Swimming trajectories, UVP,
Velocity fields.
up to causing mortality amongst population along
with invertebrates (Jungwirth et al. 2003). When
turbines are closed, rapid lowering of the water
surface level brings the fish to be trapped on the
substrate of the high water channel (Baumann and
Klaus 2003). Also, degradation of natural habitats
has been made evident (Valentin et al. 1996, Ovidio et al. 2006, Gouraud et al. 2008), considering
a bedload regime being likewise highly altered
(Baumann et Klaus 2003, Eberstaller et Pinka
2001).
Technical measures have been studied in order
to reduce the effects of hydropeaking (Meile
2008, Heller et al. 2007). Fish shelters are commonly proposed when it comes to preventing the
effect of high velocities. In this sense Valentin et
al. (1996) demonstrated the relevance of the later-

1 INTRODUCTION
1.1 Literature review
The electricity production cycles of Storage hydropower plants are responsible for the hydropeaking phenomena, characterized by rapid and
frequent changes in turbinated flow discharge into
the river. Ecological value of river reaches affected by hydropeaking is therefore significantly
reduced. The Fischnetz study (2004) reveals that
the brown trout caught in Swiss rivers has diminished by approx. 60% since 1980. Hydropeaking
is mentioned to be partly responsible for this decrease.
When hydropeaking occurs fish are weakened
by the increase of flow velocities, which can go
665

1.2 Goal of the research

Average velocity [m/s]

The goal of this research work is to provide scientific knowledge and design criteria to built fish
shelters along rivers. The strategic approach is
based on an experimental phase in laboratory and
a validation phase in a river. This report gives an
account of the laboratory experiments conducted
with fish swimming in a channel with a lateral
shelter. The flow velocities in the channel are similar to the real conditions. The purpose is to place
fish under hydropeaking conditions in the channel, to follow the swimming trajectories towards
the shelter and to measure the flow velocities
across these trajectories. The data analysis allows
defining the preferred hydraulic conditions for
fish. These conditions are then optimised to maximise the shelter attractiveness. For this purpose,
several shelters configurations are first simulated
numerically in 2D and the most significant are
then tested experimentally.

Hydropeaking 220 l/s

1.0

Base flow 20 l/s
F = 0.04
0

2 METHODOLOGY AND INVESTIGATIONS

In order to find optimal shelter configurations,
fish have been exposed to hydropeaking conditions in a channel outfitted with a lateral shelter.
An eco-hydraulic channel was built for this purpose in the former powerhouse of Maigrauge dam
in Fribourg (Switzerland), thus having direct
access to an inlet supplying the system with permanent fresh river water (Fig. 1) and enabling to
control light intensity. The effective length of the
channel is 12 m with a width of 1.2 m. The shelter
of 2 m length and 1.2 m width is located on the
right bank.

5

15
10

27.10.09

27.09.09

28.08.09

29.07.09

29.06.09

30.05.09

30.04.09

31.03.09

01.03.09

30.01.09

31.12.08

01.12.08

01.11.08

0

02.10.08

5
02.09.08

Shelter with groyne

20

03.08.08

Water temperature [°C]

Regulation

1.2 m
2m

2
3
4
Duration of one run [hours]

Tests were performed with wild brown trout
(Salmo trutta fario) at its juvenile stage (0+ and
1+) (Murchie et al 2008, Gouraud 2008, Flodmark
2006, Valentin 1995, Scruton 2003), captured by
electrofishing in a river of the Swiss plateau.
Tests were arranged to happen in spring and autumn, when the water temperature lies between
6°C and 16°C (Fig. 3) (Küttel et al. 2002, Jungwirth et al. 2003).

12 m

1.2 m

1

1.0

Figure 2: Channel hydraulic parameters related to preference plots for the fario trout at a juvenile stage, according
to Vismara et al. 2001 (1.0 = best preference).

2.1 Experimental conditions for tests with fish

Feeding pipe Flowmeter

0.1

F = 0.51

0.2

Preference indicator

out of coarse gravel, plugged with mortar and
painted white to enhance fish visibility. The refuge is covered with pebbles and stones with the
purpose of simulating the juvenile trout’s favorite
substrate (Vismara et al. 2001, Valentin et al.
1996). Hydropeaking occurs when opening the
regulation gate. Flow and water temperature are
then continuously measured.
The channel is designed to be able to simulate
average favourable or disfavourable velocities regarding the preferred habitat plots (Vismara et al.
2001) of the brown trout (Salmo trutta fario) at a
juvenile stage (0+ and 1+). Maximum channel inflow is 220 l/s, thus average velocities go from 0.2
m/s for the base flow condition of 20 l/s to 1 m/s
when hydropeaking occurs. Water depth varies
from 0.10 m to 0.20 m (Fig. 2).

al bank refuge. These can protect fish and other
organisms from rapid hydraulic parameters variations.

Figure 3: Water temperature recording, in the inlet river.

Before any test a 20 l/s uniform flow is established in the channel. Then the fish are introduced
in the channel entrance in a temporarily separated
compartment for getting used to the water conditions. They are then released and the flow in the
channel is increased from 20 to 220 l/s in a few

Figure 1: Eco-hydraulic test flume in the former powerhouse of Maigrauge dam, top view.

As in case of danger the fish generally lay near
the bed at the toe of embankment, the channel reproduces solely this part of the river, which is
much larger in reality. The channel bed is made
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are swimming (Scruton et al. 2003). For this reason, velocity measurements are required.

minutes time interval, and maintained to that value for 3 hours. Position of individuals is visually
taken down every 20 minutes during the hydropeaking time interval.
Also tracking is registered by a camera placed
perpendicularly above the refuge. Videos recordings are analyzed image after image. Each refuge
configuration is tested 3 times with two groups of
10 fishes and one of 20 fishes.

2.3 Velocity measurements with UVP
Local velocity distribution data are required to
compare different shelter configurations and to
understand which hydraulics conditions are preferred by fish while swimming. Velocity measurements had to be undertaken a posteriori, thus
considering the severe constraints imposed by the
live fish behavior investigations. Horizontal velocity component was measured by means of an
Ultrasonic Doppler Velocity Profiler (Metflow
SA, UVP Duo). Explored surfaces are the vertical
interface between the refuge and the channel, as
well as the horizontal plane sector close to the
bottom covering the fish’s preferential paths (Fig.
5). Transversal distribution was measured in a
similar way throughout the channel sections upstream and downstream from the refuge.

2.2 Preliminary analysis with 2D simulations
A preliminary analysis was made using a 2D numerical simulation model as dealing with low waterdepth flows. BASEMENT « BASic EnvironMENT for simulation of natural flow and hazard
simulation » (Fäh et al. 2008) was used to that
purpose. Assuming a static pressure distribution
and neglecting vertical flow components, the 2D
shallow water equations are applicable. This set of
equations provides accurate results for the behavior of water level and velocity in a horizontal
plane. Turbulence effects cannot be resolved any
more but are accounted for by an artificial friction
factor in the closure condition, which establishes a
relation between flow velocity and shear stress.
The model considers alternatives by solving unsteady flow equations at an average depth using
the finite volumes numerical pattern. The SMS
program « Surface Water Modeling System » was
used to build the grid, to pre- and post- process
the data and to illustrate the results. The grid covers the entire experimental installation with rectangular cells along the channel, to reduce the
computation time, and triangular cells within the
refuge to ensure the numerical stability (Fig. 4)

c)

Channel in the shelter area

a)

c)

b)

Shelter

Figure 5: Velocity field measurement planes, a) Vertical interface between channel and shelter, b) Horizontal plane
sector defined by the fish’s preferential paths, c) Channel
transversal sections upstream and downstream from the refuge.

Vertical velocity profiles were measured simultaneously by six 1 MHz UVP transducers. The
probes were fixed on one line and spaced by 12 to
18 cm, depending on the amplitude and gradient
of the local velocities. With this arrangement, the
interface section is covered by 12 velocity profiles. Submerged under the free surface, each
transducer is fixed on a support in order to ensure
an inclination angle of 20° from vertical (Fig 6).
The ultrasonic signal crosses the interface section
at a distance of 5 cm from the bottom of the channel. The vertical velocity profiles are used within
the 0 to 10 cm band corresponding to the fish
swimming zone. The single horizontal component
of the velocity vector was measured considering
shallow flow conditions.

Figure 4: Cells network generated by SMS for the Basement
2D simulations, focus on the refuge sector.

At first, BASEMENT was used to define the
adequate geometry of the experimental flume. It
was then used to generate successive shelter configurations and to compute the diverted discharge
through the shelter. The validity of 2D simulations
is however limited as the velocity is not correctly
defined near the bottom, exactly where the fish
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flux exchange between the refuge and the main
channel. Transit flow in the refuge can be computed by integrating the simulated velocities
through the vertical plane separating the refuge
from the main channel. It is equal to 3.5 l/s for the
C0 configuration, which corresponds to 1.6% of
the total hydropeaking flow only.
A vertical wall was inserted in the shelter
over the whole water depth intersecting the center
of the vertical interface between the channel and
the shelter. The aim of this panel is to increase
water circulation in the refuge and the exchange
with the channel (Fig. 8).

UVP
transducer

Water
depth

20°
10 cm

Velocity
profil

5 cm

Figure 6: Position of a UVP transducer in the vertical plan.

In order to get more accurate data on the path
adopted by the fishes entering the shelter, the
horizontal velocity field was measured in the
neighbourhood of its exit corner (Fig. 7). These
measures where conducted with UVP Flowmapping. In this case, 6 UVP transducers were arranged 3 by 3 in a horizontal plane, located 5 cm
over the bottom, allowing the signals to intersect
orthogonally. At each intersection, the 2 velocities
components are measured. Velocity fields were
interpolated and plotted using Surfer 8. Control
and validation measurements were locally performed with a micro current-meter.

beDistance from interface

tween shelter and channel [m]

0.3

Figure 8: Configuration C1, velocity field simulated with
Basement-2D. Fish trajectories at the entry in the shelter
(grey arrow).

0.2

0.1

The outer edge of the wall protrudes the
channel section at a 30 cm distance. Inner edge is
50 cm from the refuge sidewall. These values
were maintained throughout all the tested configurations by changing the angle of the wall with the
flow direction (Fig. 11). Indeed, investigation of
the C1 configuration resulted in a 75% average
frequentation of the shelter with a diverted discharge of 58 l/s. Video recordings clearly reveal a
preferential path (Fig. 8) regarding the fish entering the shelter from downstream, during hydropeaking. Indeed, they find a path upward the
channel along the right sidewall taking advantage
of relatively low velocities, leading to the downstream corner of the refuge. Individuals recover a
few seconds as they reach a low velocity area before crossing a higher velocity field in order to
reach the shelter behind the derivation wall. They
come temporary to a standstill before entering
deeper into the refuge.
A detailed distribution of fish entries through
the interface section was recorded in order to
build up a customized base for other configurations analyses and comparisons. Figure 9 shows
this distribution stacked with UVP average velocity distribution.

0.0
Reference Vectors
-0.1

-0.2

0.5 1.0

1.8

1.9

2.0

2.1

2.2

2.3

Distance from upper shelter corner [m]

Figure 7: Velocity field on the downstream corner of shelter, measured by UVP flow mapping for configuration C1.

3 OBSERVATIONS AND RESULTS
3.1 Importance of water exchange between
channel and shelter
The first investigation tests concern the basic refuge configuration C0. Experiment shows that attractiveness of the cavity, built as a simple bank
indentation, is very weak for the fish. Counting of
individuals actually shows an average frequentation of the refuge of 33%, as well as a strong inconsistency during the 3 hours of the investigation
period. Lack of interest can be linked to the low
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channel of about 20 to 25% are most optimal in
view of fish attractiveness. The conditions upstream of the wall should show a similar behavior
but their influence is less important since fish prefer entering the refuge from downstream.

Fish entrance rate [%]

UVP normal velocity [m/s]
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3.3 Comparison between various configurations
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Based on observations and obtained results, the
C1 configuration (Fig. 8) has been referred as the
starting point for enquiries and analysis of more
attractive configurations. Keeping constant the
impounded surface of the C1 panel on the channel, different positions were tested by varying the
wall’s angle of ± 30° around the perpendicular position of C1 to the axis of the channel. 3 fixed
points were chosen: 2 at the C1 panel’s extremities (Fig. 11, points A and V), and one on the interface’s line (Point X). Subsequently, 3 configurations were tested for each fixed point: 2 simple
configurations and one constituted of two walls.
The aim of the procedure was to examine the variability of the diverted discharge and the velocity
profile characteristics through the interface section. Overall, 12 configurations were tested (Fig.
12).

2.0

Distance from upper shelter corner [m]

Figure 9: Configuration C1, fish entrance rate (bars) stacked
with UVP velocity (line) and referred to distance from upper shelter corner.

3.2 Comparison of measured and the simulated
velocities
Regarding the flow velocity distribution through
the interface section, the representativity of the 2D
data averaged over the whole water depth has
been scrutinized knowing that the fishes are moving next to the bottom (Scruton et al., 2003). The
UVP measures analysis shown that within the
most contributing sectors, the horizontal normal
velocity components are weakly varying over the
vertical profiles, except near the bottom where a
strong decrease can be noticed for a depth of
about 3cm. For the same purpose, the normal velocity components over the water depth simulated
by BASEMENT where compared to the UVP and
to the micro current-meter measures (Fig. 10). If
overall all the curves have the same shape, the extreme UVP values stand out, especially along the
sidewalls at the centre and the exit of the shelter.
These observations confirm that the 2D simulation
with BASEMENT is interesting for the global
analysis of configurations, provided that local
verifications are done.

0.42

0.58

0.42 m
0.90 m

A
0.30
X

0.70

V

1.2

Normal velocity [m/s]

0.58

0.50

Figure 11: Geometry of fish shelter and wall positions,
characterized with fix points A, X, V.
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Figure 10: Normal component velocity profiles across the
interface between shelter and channel, for configuration C1,
▬▬ computed with Basement 2D, ▬□▬ measured with
micro current-meter, ▬Δ▬ measured with UVP.

Figure 12: Position and inclination of the vertical wall for
configuration C0 to C11.

Globally, each configuration is represented by
the derived discharge and the average frequentation rate of the shelter (Fig. 13). The C8 configu-

The observations showed that hydraulic conditions with a backwater downstream of the panel
and a water exchange between refuge and main
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for the upstream and downstream end of the wall.
Regarding fish’s entry in the shelter from upstream C10 configuration revealed as the best
(Fig. 15) having also a very high average frequentation rate (Fig. 13).

ration gives the maximal frequentation rate (87%)
for a diverted discharge of 47 l/s.
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Figure 13: Average frequentation rate of the shelter by fishes, reported to the diverted discharge to the shelter, for each
configuration.
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Figure 15: Distribution upstream/downstream of fish entry
in the shelter, for each configuration

4 CONCLUSION
This research study aims to find optimum fish
shelter configurations in river banks which can
improve survival conditions during hydropeaking.
Juvenile brown trout are used as reference in fresh
river water fed channel. At present stage it can be
said that a very basic refuge configuration, with
low water exchange between shelter and channel,
is not interesting for fish. When forcing a water
exchange by introducing a deviation panel into the
shelter, its frequentation can be increased significantly. The fish can easily detect the refuge by the
exchange flux when searching its way upstream.
The refuge attractiveness can be optimized by
testing different wall orientations which create an
expanded velocity field close to the exit and the
entrance. Important is a high velocity field leaving
the refuge at his lower end but also a backwater
zone near the panel. The high velocity field attracts the fish and the close backwater zone allows
him to enter the refuge.
The test performed until now reveal that a
fish refuge with appropriate flux exchange with
the channel can be found by fishes even under severe hydropeaking condition. The configuration
will be further improved in order to have also a
good attractiveness for fishes traveling from upstream. An example towards this goal is C10 configuration. For prototype configurations it is important also to consider the sedimentation problem

Fish entrance rate [%]

1.2

C7

C3

For this reason, the C8 configuration is presented as a comparative example to the C1 configuration in this paper. Characterised by a deflecting groyne shaped like an equilateral triangle,
it is a combination of the C2 and C3 configurations. With regard to the BASEMENT 2D results,
the velocity variability is almost linear along the
interface line. The video recordings showed that
almost all the fishes entered the shelter from
downstream (Fig. 14).

UVP normal velocity [m/s]

Downstream

Upstream

C9

Configuration

Average frequentation rate [%]

100

2.0

Figure 14: Configuration C8, velocity field simulated with
Basement-2D. Fish entrance rate (bars) stacked with UVP
velocity measurements (line) and referred with distance
from upper shelter corner.

Regarding the distribution of the fish’s entry
within the shelter, most of them enter by the
downstream end corner of the shelter (Fig. 15). As
for this specific configuration, the fishes enter the
shelter travelling up the current from the channel
exits; it reveals the importance of the appealing
current generated by the exiting flux from the
shelter. However, it must be noticed that for each
configuration, a different entry distribution applies
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by fine sediments. Of course the refuge geometry
would have to be smooth with a groyne reproducing the effect of the panel in the laboratory. Microhabitat potential would have to be studied also
in detail.
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Characteristics of the recirculation cell pattern in a lateral cavity
N. Riviere, M. Garcia, E. Mignot, G. Travin

Laboratoire de Mécanique des Fluides et d’Acoustique, Université de Lyon, France

ABSTRACT: The experimental work presented herein aims at studying the interaction between an open
channel main stream and a rectangular lateral cavity in shallow water conditions. The main measurements
concern the 2D recirculation pattern observed in the cavity and in particular the number and size of the
2D contra-rotating cells as a function of the main flow characteristics and the cavity dimensions. The innovative aspect of the experimental set-up used herein is that the length of the cavity (in the direction
perpendicular to the main flow axis) can vary up to seven times the channel width. Surface tracers are inserted in the cavity, the cavity is placed in controlled light conditions and photos of the free surface are
obtained where the recirculation pattern appears clearly. When increasing the cavity length, up to four recirculation cells are observed, with decreasing dimension and decreasing rotation velocity. The dimensional analysis reveals that the dimensionless length of each recirculation cell in the cavity is a function
of 5 parameters: the dimensionless water depth, the Froude and Reynolds numbers of the main flow, the
aspect ratio of the cavity and the bed friction number of the cavity. Four series of flow configurations are
considered for four Froude number values. The dimensionless water depth affects both the size and the
possible number of recirculation cells that form. Due to experimental limitations, it is difficult to sort the
influence of the bed friction number, but its study seems to indicate that the Froude number has no noticeable influence.
Keywords: Cavity, Recirculation cell, Image analysis
of the recirculation cells (2D or 3D). It is thus of
primary importance for cavity performance, exchange of nutrients and gases influencing the ecological equilibrium of oxbows, or exchange of
fine sediments influencing the geo-morphological
efficiency of groyne fields. Moreover, the coherent vortex shed from the upstream corner to the
downstream corner of the junction induce the excitation of the cavity resulting in large standing
waves: this is the so-called “seiche” phenomenon.
Contributions concerning side cavities mix
measured (based on PIV measurements and detailed below) and numerical approaches (Kimura
and Hosoda, 1997; Nezu et al., 2002 ; Mizumura
and Yamasaka, 2002). Kodotani et al. (2008)
measured simultaneously the velocity field at the
surface and surface level oscillations to correlate
seiching and streamwise velocity in the main
stream. Literature on groyne fields focuses more
on the number of recirculation cells and the exchanges between the mainstream and the cavity.

1 INTRODUCTION
Lateral cavities are encountered in various open
channel flow hydrodynamics situations. Oxbows,
cut-off meanders form typical natural cavities
connected to rivers. Harbors connected to a river
or sea streams, groyne fields in rivers are typical
artificial cavities. In the literature, side cavities are
studied through two main physical phenomena.
First one is the formation of vortices of vertical
axis: the cavity is occupied by one or several recirculation cells. Second one is the appearance of
free-surface oscillations.
At the connection between the main stream
with uniform velocity and the cavity at rest, a
large velocity gradient forms. This velocity gradient leads to a horizontal mixing layer which extends from the upstream corner to the downstream
corner of the junction. This mixing layer transfers
mass and momentum from the main flow to the
cavity, and influences the number and the nature
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Such experiments are proposed by Langendoen et
al. (1994), Uijtewaal et al. (2001), Weitbrecht et
al. (2008). They show that, compared to a single
cavity, the groyne fields are characterized by the
interaction between the successive cavities. Recent numerical contributions are the ones of Hinterberger et al. (2007) and McCoy et al. (2008),
the latter emphasizing on the three-dimensionality
of the flow in the cavity, with a compound channel.
When focusing on the recirculation cell patterns that develop in the cavity, the main parameter emerging from literature is the aspect ratio L/b
of the cavity. Here, we define L as the cavity
length (along the crosswise direction, perpendicularly to the main stream direction) and b as its
width. For L/b≈1, a single recirculation cell occupies the whole cavity; smaller values of L/b correspond to two cells along the transverse direction. Weitbrecht et al. (2008)’s experiments, with
L/b reaching 3.3, show the appearance of a second
recirculation in the crosswise direction.
Present contribution takes advantage of an experimental facility that allows aspect ratio reaching more than 6.5, with other dimensions comparable to previous experiments (Table 1). This
permits to observe original flow patterns – with as
much as four cells - that are analyzed in the sequel.
After describing the experimental set-up, these
new flow patterns are presented briefly. Then, the
dimensional analysis is performed before exposing the experimental results. Finally, results are
discussed before concluding the paper.

2m long, which intersect at 90° and with slopes
that can be varied independently (see Fig. 1). For
the supercritical configurations, the slopes of the
upstream and downstream branches of the main
channel are fixed to s = 7.4% while for the subcritical configurations, they remain horizontal.
Moreover, the junction and the side channel remain horizontal for all experiments. The upstream
branch of the main channel provides the inlet
flow, the downstream branch of this channel acts
as outlet channels and the side channel is closed
with no inflow or outflow. A honeycomb at the inlet of the upstream branch serves to stabilize and
straighten the inlet flow. For the supercritical configurations, the flow depth is imposed using a vertical sluice gate. For the subcritical configurations, surface waves are eliminated by means of a
sheet of polyurethane floating on the free surface
and a sharp crested weir is used to fix the water
depth at the outlet section of the downstream
branch. The inlet discharge Q varies in the range
0.53-7 l/s. Corresponding water depth based Reynolds number range is 7200-92000. The length of
cavity (noted L herein) is easily modified by fixing an end wall in the side channel at a given distance from the junction. This wall is made by a
sheet of polyurethane with a flat gasket ensuring
its tightness. A glass plate is bonded on the wall to
have the same wave reflection capacity as the one
of the channel walls. On the other hand, the width
of the cavity (noted b) remains constant, equal to
the width of the main channel (b=30 cm). The aspect ratio of the cavity (L/b) can vary from 0 up to
6.6 as L varies from 0 to 2m.The measured flow
parameters are i) the flow rate in the main channel
(noted Q herein), measured using an electromagnetic flowmeter (Promag 50 from Endress Hauser;
accuracy of ±0.05 L/s) and ii) the water depth in
the junction (noted h), measured using a point
gauge with an accuracy of ±0.15 mm. A camera is
fixed above the cavity, a horizontal sheet of white
light is created at the free

2 EXPERIMENTAL SET-UP
The experiments are performed in the channel
intersection facility at the Laboratoire de Mécanique des Fluides et d’Acoustique at the Université
de Lyon. The facility consists of three glass channels of rectangular shape sections, 0.3m wide and
Table 1. Range of parameters in previous works
b(cm)
Kimura & Hosoda, 1997
15-22.5
Mizumura & Yamasaka, 2001
8-16
Uijttewaal et al., 2001
107-225
Nezu & Onitsuka, 2002
20
Booij, 2004
100-300
Uijttewaal, 2005
450
LeCoz et al., 2006
10
Hinterberger et al., 2007
125
Weitbrecht et al., 2008
15-145
McCoy et al., 2008
107.5
Kadotani et al., 2008
25-35
Present work
30

L/b
0.7-1
0.5-1
0.3-0.7
0.2
1
0.4
0.5
0.4
0.3-3.3
0.7
0.2-0.3
0-6.6

h(cm)
1-2
4.5
10
4
10
25
10.7
4.7
46
4
4
0.58-7
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Fr
0.8
0.2-0.8
0.3
0.5
0.2
0.2
0.4
0.2
0.1
0.6
0.6-0.8
0.2-4.8

Re
2800-8000
6000-24000
35000
12300
50000
87500
38950
7440
73600
14000
6200-77500

surface level in the cavity and the whole experimental set-up is positioned below an opaque tent.
Tracers (grass seeds) floating at the free surface
are finally introduced in the cavity and photographs of the free surface are taken with controlled time exposure (from a few seconds to
about two minutes).
b=0.3m

L
h

Figure 2. Recirculation pattern with two cells along the
transverse direction of the cavity.

b
2m
2m

Q

Figure 1. Scheme of the experimental set-up.
Figure 3. Recirculation pattern with a single cell.

3 QUALITATIVE DESCRIPTION
Due to flow entrainment, a first clockwise recirculation cell is observed in the cavity in the region near the junction. However, according to the
geometric and flow parameters, additional cells
can appear with varying organization (location
and size). For instance, when increasing the cavity
length value L, the number of cells increases:
* For a small cavity, two recirculation cells
aligned along the transverse direction of the cavity
are observed. The main cell (on top of the photo
in Fig. 2) is clockwise and the secondary cell on
the upstream region but shifted away from the
main stream is anti-clockwise.
* For a slightly larger cavity length, a single
clockwise recirculation takes place, which occupies the whole cavity area (see Fig. 3).
* When increasing the cavity length, a second
recirculation cell (anti-clockwise) is observed.
Both cells occupy the whole cavity width but the
second cell is confined at the extremity of the cavity.
* For larger cavity lengths, a third and even a
fourth cell are observed (see Fig. 4).
* For a very large cavity length, an additional
area with no vorticity is observed at the extremity
of the cavity (see Fig. 5). Nevertheless, this region
is not at rest as a very slow surface motion directed toward the main stream is observed (the
exposure time is equal to 196 seconds for this
photo).

Figure 4. Recirculation pattern with four cells.

Figure 5. Two recirculations pattern with an additional area
with no vorticity.

4 DIMENSIONAL ANALYSIS
The geometrical parameters and flow parameters
that influence the number of recirculation cells in
the cavity and their size li (i=1,2,3,4) are: the bulk
velocity U and water depth h in the main channel,
the cavity length L, the main channel and cavity
width b, the Darcy wall friction coefficient λ, the
kinematic viscosity ν and density ρ of the fluid,
the gravity g. Based on these 8 parameters, it is
possible to write:
li
⎛L h
⎞
= f ⎜ , , Fr , Re , S ⎟
b
⎝b b
⎠

(1)

with Fr=U/(gh)0.5 the Froude number, Re=4Uh/ν
the Reynolds number of the main flow and
S=λL/8h a bed friction number (Babarutsi et al.,
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denly. Then as L increases again, the size of the
second cell l2 increases as l1 remains constant for
all values of L. At transition T23 the third cell appears and l2 decreases suddenly; then l2 remains
constant for larger values of L. Finally, at transition T34 the fourth cell appears and again l3 decreases suddenly.

1989) based on the cavity length and the Darcy
friction coefficient. In a first approach, we will
neglect the influence of Re. Eq. 1 thus becomes:

li
⎛L h
⎞
= f ⎜ , , Fr , S ⎟
b
⎝b b
⎠

(2)

The meaning of L/b (cavity geometrical characteristics) and Fr (main stream dynamics) is obvious.
It does not hold for h/b and S. h/b, dimensionless
water depth, is expected to account for the threedimensionality of the flow in the cavity (evolution
of the velocity direction from the bottom to the
free surface). S accounts for the vertical confinement effect. This effect governs the inability (or
ability) of horizontal large scale vortices to develop in the crosswise direction (along L), because of
the vertical shear between the bed and the freesurface (Babarutsi et al., 1989; Uijttewaal and
Booij, 2000; Chu et al., 2004).
The final objective will be to investigate the influence of each parameter of Eq. 2 without altering the value of the other ones. However, altering
one among the three following parameters S, L/b
or h/b without altering the two others requires
modifying the friction coefficient λ in the cavity.
This will be performed in future tests by changing
the wall roughness in the cavity but was not performed here. Experimentally, modifying L is performed by moving the end wall in the cavity. For
the supercritical conditions, modifying h or Fr is
performed by changing i) the upstream sluice gate
opening, ii) the channel slope and iii) the main
flow discharge. For the subcritical conditions (horizontal channels), modifying h or Fr is performed
by changing i) the downstream weir height, and ii)
the main stream discharge.

Figure 6. Number and length of the four observed recirculation cells with varying cavity length for Fr=0.6 and
h/b=0.133.

Fig. 7 presents the same data as Fig. 6 and permits
to confirm that as L increases between two consecutive transitions, the furthest cell length li increases, following exactly the total length increase
L.

5 RESULTS

Figure 7. Same as Fig. 6 (with lozenges = 1st cell, squares =
2nd cell, triangles = 3rd cell and circles = 4th cell).

A similar behavior is observed for supercritical inflow configurations (not shown here). The only
difference between the various configurations lies
in the dimensionless cavity length value L/b at
which the transitions T12, T23 and T34 occur. This
will be investigated in the following section.

5.1 Influence of dimensionless cavity length L/b
In this section, we describe the flow pattern that is
observed as the cavity length L is altered while
keeping the other parameters constant. As explained above, as L increases, a single cell is first
observed and occupies the whole cavity length
(l1=L), then 2, 3 and in some cases 4 cells are observed with Σ li =L. Finally, a dead zone may be
observed for very large cavity lengths.
For a selected subcritical configuration, Fig. 6
confirms that until T12 (the 1 to 2 cell transition), a
single cell is observed, it occupies the whole cavity length. Then as L increases, the second cell appears and occupies more that the additional
length: the length of the first cell l1 decreases sud-

5.2 Influence of dimensionless water depth h/b
For more convenient presentation, each transition
will be presented one after the other in this section. For all flow configurations detailed in Table
2, the following figures will show the corresponding L/b and h/b parameters obtained at the three
first transitions.
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Fig. 8 shows that for the three subcritical main
stream configurations, the dimensionless cavity
length L/b at which the first transition T12 occurs
does not depend on the main stream Froude
number Fr nor on the dimensionless water depth
h/b. For all subcritical data, the second cell
appears for L = 2.33b as was already seen on
Fig. 6 and 7. Oppositely, for the supercritical
available configuration, it appears that as the
water depth h/b increases, the first transition
occurs for increasing dimensionless cavity length
L/b. Moreover, it appears that for both largest
water depths, the first transition occurs at similar
cavity lengths as for the subcritical conditions. It
would be interesting to verify wether the first
transition would appear for lower cavity length in
case of lower water depth conditions in subcritical
regime. More experiments are required before
concluding.
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Figure 9. Flow conditions for which the transition T23 was
observed for all flow configurations
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Figure 10. Flow conditions for which the transition T34 was
observed for all flow configurations
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As expected, the third transition T34 shown on Fig.
10 occurs for larger cavity length than both previous transitions. Though the data are more scattered than for the two previous transitions, some
trends can be underlined. First, for h/b<0.1, L/b
seems again to increase with h/b while no Froude
number tendency is observed. Second, it is worth
seeing that for the highest h/b values (h/b=0.23),
no fourth recirculation exist. Only three cells are
observed, the rest of the cavity space being occupied by a dead zone as the one shown on Fig. 5.
This photograph shows velocity directed towards
the main stream on the whole dead zone, which
must be balanced by an inward velocity near the
bed, confirming the presence of secondary currents. This was observed by McCoy et al. (2008)
in their numerical study of the exchanges between
the stream and the cavity.

Figure 8. Flow conditions for which the transition T12 was
observed for all flow configurations

Fig. 9 confirms that the second transition T23
occurs obviously for larger dimensionless cavity
lengths L/b than for the first transition and that
this L/b value is quite constant (L/b=4) for all Fr
and h/b values in subcritical conditions except for
the largest dimensionless water depth values.
As emphasized in section 4, h/b accounts for
the three-dimensionality of the flow in the cavity.
Indeed, Booij (2004) indicates for decreasing cavity shallowness (or increasing h/b), the secondary
current development is enhanced. These secondary currents, caused by centrifugal forces in the
cavity, are responsible for the entrainment of water in the centre of the cavity by the peripheral circulation. Booij (2004) proposes that the whole
cavity is entrained, as soon as h/b>0.1. This is
consistent with our results where, on both figures
8 and 9, where the dimensionless length L/b corresponding to the transitions no more depends on
h/b when h/b>0.1.

5.3 Influence of the bed friction number S
As mentioned in section 4, S is expected to have a
different meaning from h/b as it accounts for the
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vertical confinement effect, i.e. the ability of horizontal large scale vortices to develop in the transverse direction (Babarutsi et al., 1989). The influence of S on the first transition is sketched on
Fig.11 The supercritical and subcritical data follow the same evolution: as S increases, the dimensionless cavity length L/b at which the transitions
occur decreases, especially for high S values.
Nevertheless, Fig.11 is quite similar to Fig.9 with
a reverse abscissa axis. Indeed, keeping the same
wall roughness in our limited range of Reynolds
number, λ experiments little variations and the influence of S follows more or less the one of h/b.
Additional experiments with an increased wall
roughness are required to sort the influence of
these two parameters.
4

Transition
Transition1 T12

Figure 12. Flow configuration with four recirculation cells
observed with four exposure times (from top to bottom: 30s,
20s, 2s, 1.2s).

L/b

3

It should be noted that increasing the cavity
length L affects the rotation velocity of the first
cell and thus the velocity gradient between the
main channel and this cell. It may thus modify the
total quantity of energy passing from the main
channel to the cavity. In such case, it becomes
impossible to compare the energy dissipated by a
single cell and two or more cells when increasing
L/b. More, the effective part of the cavity which is
in rotation seems to vary under the influence of
the secondary currents.
Hence, evaluating the energy dissipation requires completing the present experiments by
measuring velocity fields. They would give access
to velocity gradients and energy or momentum
transfers from the mainstream to the first cell, and
then from one cell to another.
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Figure 11. Flow conditions for which the first transition was
observed as a function of the cavity friction number.

6 DISCUSSION
The evaluation of energy dissipation between the
various cells appears to be necessary in order to
understand why a given number of cell is the most
stable pattern for a given flow configuration.
Fig. 12 shows photographs of a four-cell pattern
obtained using four different time-exposures. The
first cell is clearly visible with the lowest timeexposure while the further cells need a larger
time-exposure. This statement reveals that the rotation velocity is low in the last cells and is maximum in the first cell.
The energy passed from the main channel to the
recirculation cells is transferred through the mixing layer at the frontier between the main stream
and the first cell. This energy is then dissipated
within the cavity through shear stresses at all velocity gradient regions, that is: (1) vertical and horizontal gradient of velocity due to the no slip
condition at the bottom and the side walls of the
cavity and (2) horizontal gradient of velocity between two consecutive contra-rotating cells.

Table
2. Measured flow configurations
________________________________________________
Fr
Q (l/s)
h (mm)
4.8*
2 - 4 - 6.3
5.8 - 9.2 - 12.5
0.6
2.9 - 4.5
30 - 40
0.4
0.53 - 1.06 - 1.95 - 3 - 7 12.5 - 20 - 30 - 40 - 70
0.2
0.53 - 1 - 1.5 - 3.5
20 - 30 - 40 - 70
* The channel slope s=7.4% while for other cases s=0.

7 CONCLUSIONS
Experiments were performed on recirculating
flows in side cavities connected to a free stream.
Thanks to the experimental facility used here, it
was possible to obtain up to four consecutive contra-rotating recirculating cells in one cavity.
The dimensional analysis showed that the
number of cells and their sizes depend on three
dimensionless parameters, apart from the Reynolds number: the cavity aspect ratio L/b, the di678

mensionless main stream depth h/b and the main
stream Froude number Fr. It appears from the
present data that there is practically no effect of
the three parameters on the number of cells and
their lengths. At this time, experimental limitations have prevented us to make vary each parameter independently from the two others. Thus,
there are some works in prospects to emit more
definite conclusions.
Indeed, sorting the influences of h/b and Fr will
be possible only by producing very shallow flows
in subcritical regime. This is forbidden by the
downstream conditions of the present facility.
Moreover, sorting the influence of h/b and S will
be enabled by using different wall roughness, in
order to vary the friction coefficient λ for constant
h/b. Finally, velocity field measurements will be
performed. They are indeed required in order to
evaluate the evolution of the velocity inside the
recirculation cells when varying the various parameters and understand the energy transfers from
one cell to another and from the free-surface to
the bed region.
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ABSTRACT: Detached Eddy Simulation (DES) is used to study the vortical structure of the flow around
a high-aspect-ratio rectangular bridge pier with a small angle of attack. Though piers are generally designed to be closely aligned with the incoming flow at normal flow conditions, the angle of attack can increase significantly at flood conditions. This is particularly the case when a pier is situated near an abutment in a compound channel which is, in many cases, subject to varying flow orientations as the flow
stage rises. Simulations are conducted with two angles of attack (00 and 150) at a channel Reynolds number of 2.4 × 105. The paper focuses on the dynamics of the large-scale coherent structures forming around
the bridge pier and their role in controlling the sediment entrainment and transport mechanisms at conditions corresponding to the start of the scour process (flat-bed channel). Simulation results show that for
these conditions the horseshoe vortex system plays a relatively minor role in the entrainment of sediment
from the bed. At the start of the scour process, most of the sediment is entrained from the bed by the eddies shed inside the separated shear layers forming on the two sides of the rectangular pier and by the
strongly accelerated flow on the outer side of these two shear layers.
Keywords: Numerical Simulations, Coherent Structures, Local Scour, Bridge Piers
1 INTRODUCTION

the research in this area was driven by the need to
predict local scour around bridge piers and abutments because excessive scour can lead to the collapse of bridges (Melville, 1997, Sumer & Fredsoe, 2002).
Existing scour prediction methods do not sufficiently recognize all the processes at play during
scour, in particular the role of the large-scale coherent structures. This is one of the main reasons
why the existing, frequently used, prediction methods yield scour depth estimates that substantially exceed observed depths at obstructions (e.g.,
piers) of noncircular shape. This is particularly
true for high-aspect-ratio rectangular bridge piers
that are commonly used for small and large
bridges. Overestimation of the scour depth becomes an increasingly unacceptable economic
proposition for large bridges where these piers are
used. The development of new scour prediction
methods that incorporate more physics requires to
understand the turbulence structure and the dynamics of the eddies controlling the sediment entrainment, transport and deposition during the
scour process.

The dynamics of the large-scale coherent structures controls to a large degree the geomorphodynamic processes around bridge piers and bridge
abutments (e.g., see Dargahi, 1990, Sumer &
Fredsoe, 2002, Roulund et al., 2005, Fael et al.,
2006, Dey & Raikar, 2007, Unger and Hager,
2007, Kirkil et al., 2008, Koken & Constantinescu, 2008a-b, 2009). The flow around large instream flow obstacles generates complex largescale eddies (e.g., necklace vortices at the base of
the obstacle that form due to the adverse pressure
gradients induced by the presence of the obstacle,
eddies convected toward the bed with the downflow parallel to the upstream face of the obstacle,
vortex tubes inside the separated shear layers,
large scale rollers shed in the wake of the obstacle) that are much stronger than the eddies associated with the sweep and ejection events observed in turbulent channel flows with smooth or
rough beds. These coherent structures are responsible for most of the scouring and erosion of the
river bed in the vicinity of the obstacle. Most of
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2 NUMERICAL METHOD AND
DESCRIPTION OF THE SIMULATIONS

In the present study Detached Eddy Simulation
(DES) is used to investigate the changes in the
flow and turbulence structure with the angle of attack in the flow past a high-aspect-ratio rectangular pier mounted on a flat-bed channel at a channel Reynolds numbers defined with the incoming
mean channel velocity, U, and the channel depth,
H, of 2.4 × 105. The Reynolds number is high
enough such that the flow structure and dynamics
of the coherent structures are qualitatively similar
to those observed at field conditions, at least in
small to medium size rivers. Consistent with field
conditions, the incoming flow in the simulations is
fully turbulent and contains resolved turbulence.
The base case (zero angle of attack, α=00) corresponds to conditions close to normal conditions in
the river, where the flow is approximately aligned
with the major axis of the rectangular pier. The
second simulation is conducted with an angle of
attack of 150 corresponding to flood conditions,
where, as a result of the increase in the free surface elevation and the flooding of the floodplain,
the flow direction at the bridge crossing is expected to change. The angle of attack can increase considerably at flood conditions especially
for braided channels or, over time, in meandering
channels. As a result of the flow deflection, the
pier skew angle relative to the main-channel axis
is altered. Several experimental investigations
(e.g., Laursen & Toch, 1956, Ettema et al., 1998)
have documented the significant increase of the
maximum scour depth with the skew angle for
rectangular piers of varying aspect ratios. However, these investigations do not provide a detailed
analysis of the changes in the flow structure and
sediment entrainment mechanisms with the angle
of attack at different stages of the scour process.
One should also mention that in a related DES
study Kirkil & Constantinescu (2009) considered
the extreme case, in which the incoming flow was
perpendicular to the major axis of the pier, α=900.
For this case, the strengths of the HV system and
of the large-scale vortex shedding behind the pier
are expected to be the largest. Their investigation
has shown important changes in the sediment entrainment mechanisms are present between piers
of circular shape and rectangular piers at high angle of attack. However, very rarely the angle of attach at a rectangular bridge pier designed to be
aligned with the flow at normal conditions increases to more than 400 as a result of changes in
the flow conditions within the natural river reach.
This motivates the need to investigate the flow
structure and sediment entrainment mechanisms at
piers with a small angle of attack.

Due to the large value of the Reynolds number,
the present numerical simulations employ a nonzonal hybrid Reynolds-Averaged Navier Stokes
(RANS) - Large Eddy Simulation (LES) method
called Detached Eddy Simulation (e.g., see Travin
et al., 2000, Constantinescu & Squires, 2004).
A general description of the DES code is given
in Chang et al. (2007). The 3D incompressible
Navier-Stokes equations are integrated using a
fully-implicit fractional-step method. The governing equations are transformed to generalized
curvilinear coordinates on a non-staggered grid.
The convective terms in the momentum equations
are discretized using a blend of fifth-order accurate upwind biased scheme and second-order central scheme. All other terms in the momentum and
pressure-Poisson equations are approximated using second-order central differences. The discrete momentum (predictor step) and turbulence
model equations are integrated in pseudo-time using alternate direction implicit (ADI) approximate
factorization scheme. The Spalart-Allmaras oneequation model was used. Time integration in the
DES code is done using a double time-stepping
algorithm and local time stepping is used to accelerate the convergence at each physical time step.
The time discretization is second order accurate.
The length scale is selected to be the flow
depth (D=0.55 m). The mean velocity in the channel (U=0.45 m/s) is used as the velocity scale. The

domain width in the simulation is 5.7D. These dimensions correspond to a set of experiments performed by
Kirkil and Constantinescu (2009) with the same pier
for an angle of attack of 900. The computational domain extends 5D upstream of the centroid of the pier.
The length of the pier, L, was equal to the channel
depth, D. Its thickness was 0.07D. The aspect ratio of
the rectangular pier was close to 14.5. In the simulation with α=00, the main axis of the pier was contained
within the symmetry plane of the channel. The blockage ratio is less than 9% in the three simulations.

At the inflow section, turbulent inflow conditions corresponding to fully-developed turbulent
channel flow are applied. The turbulence fluctuations are obtained from a periodic LES simulation
in a straight channel. At the outflow, a convective
boundary condition is used. The free surface is
treated as a rigid lid which is justified as the channel Froude number is 0.2. All the walls are treated
as no-slip smooth boundaries. The lateral boundaries were treated as symmetry (slip).
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The position and extent of the two shear layers
in the mean flow are visualized in Figure 2. This
figure shows the distribution of the out-of-plane
vorticity at mid-channel depth (z/D=0.5) and is
representative of the distribution of the out-ofplane vorticity in horizontal planes over the whole
depth of the channel. Some 3D effects are however present. A weak upwelling motion is present
within the main separation bubble and the size of
the bubble decreases as the bed surface is approached. This is also confirmed by examination
of the trajectories of the 3D streamlines used to
visualize the recirculation bubble in Fig. 2b.

The computational domain was meshed using
about 10 million cells. A minimum grid spacing of
one wall unit was used in the wall normal direction. The grid spacing in the HV region was about
200 wall units. The origin of the system of coordi-

nates is located at the center of the cylinder on the bottom surface with the x axis in the streamwise direction.

The physical time step was 0.025D/U.

3 DISCUSSION OF FLOW PHYSICS
Figure 1 visualizes the mean (time-averaged) flow
pattern using 3D streamlines launched in the nearbed region upstream of the pier. In the simulation
with α=00, on both sides of the pier, two small recirculation bubbles are observed close to the upstream edge of the pier, in between the separated
shear layer and the lateral face, and behind the
downstream face of the pier, in the near wake. The
flow remains attached over most of the lateral faces of the pier.
In the simulation with α=150 the flow remains
attached over the whole length the left (relative to
the incoming flow direction) lateral face of the
pier. However a large recirculation bubble forms
over the whole depth of the channel behind the
lateral face situated on the right side of the pier.
The bubble extends for some distance behind the
pier and is laterally bordered by the two separated
shear layers that originate at the upstream and
downstream edges of the pier.

Figure 2. Distribution of the non-dimensional vertical vorticity in the mean flow (z/D=0.5) around the pier in the simulations with α=00 (top) and α=150 (bottom).

Figure 3 gives more details on the vortical content
of the separated shear layers and near wake. As
expected, at both angles of attack, the separated
shear layers are populated by strong vortical eddies that are convected away from the edges of the
pier where the shear layer originated. These eddies, which resemble vortex tubes whose axes are
close to vertical, maintain their coherence in the
near bed region, similar to the case when α=900
that was investigated by Kirkil & Constantinescu
(2009). Thus, their capacity to entrain sediment
particles as they are convected away from the pier
remains large, at least over the upstream part of
the separated shear layers. Comparison of the instantaneous vorticity distributions in Figures 3a
and 3b shows that the coherence and strength of
the eddies are the largest for the shear layer on the
right side of the pier in the case with α=150. At
times, some of the eddies convected inside this
shear layer are entrained within the recirculation
bubble behind the pier and can entrain sediment
particles situated just behind the pier in a region
where the bed friction velocity in the mean flow is
very low.

Figure 1. Visualization of the (time-averaged) mean flow
around the pier in the simulations with α=00 (top) and
α=150 (bottom) using 3D streamlines. The streamlines originate in the near-bed region upstream of the pier.
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on St was not significant. Though the passage of
the rollers at a higher frequency is expected to allow for more sediment entrainment by the rollers
per unit time, the coherence of the rollers is much
smaller in the simulation with α=00. By contrast,
in the simulation with α=150 the amplification of
the bed friction velocity beneath the rollers is significant and, equally important, the values of the
bed friction velocity within these regions decay
slowly as the rollers get away from the pier. This
is qualitatively similar to what Kirkil & Constantinescu (2009) observed at much larger angles of
attack (α=900). Thus, a small increase of the angle
of attack can result in a large increase of the capacity of the rollers shed in the wake to entrain
and carry sediment over large distances behind the
pier.

The instantaneous vorticity distributions in
Figure 3 also capture the large scale vortex shedding behind the pier. The passage of the rollers is
another important mechanism for entrainment and
transport of sediment particles downstream of the
pier. Examination of the mean flow fields (e.g.,
see Figures 1, 2, 4) does not allow to capture, and
even less to quantitatively analyze, these mechanisms. This shows the importance of analyzing not
only the mean flow and turbulence structure but
also the instantaneous flow fields (e.g., vorticity,
bed friction velocity) to be able to describe the sediment entrainment and transport around a bluff
body (e.g., bridge pier). This is because some of
the large-scale coherent structures (e.g., rollers)
playing an important role in the transport of sediment are not present in the mean flow fields.
Observe the undulatory shape of the near wake
that contains patches of high vorticity distributed
on the two sides of the symmetry plane of the
channel. These patches containing high vorticity
of positive and, respectively, negative sign correspond to the rollers that are shed at a close to constant frequency behind the pier. The strength of
the rollers increases significantly between α=00
and α=150. This increase will continue monotonically until α=900, though the rate of increase is
expected to be much smaller at high angles of attack (α>400).

Figure 4. Visualization of the main vortical structures
around the pier in the mean flow in the simulations with
α=00 (top) and α=150 (bottom) using the Q criterion. The
view is from above.

The Q criterion was used to visualize the coherent
structures in the mean flow and instantaneous
flow in Figures 4 and 5, respectively. In the mean
flow, the Q criterion visualizes the separated shear
layers and the necklace vortices part of the horseshoe vortex (HV) system. In the instantaneous
flow, the Q criterion shows that the region behind
the pier and the near wake is populated by a wide
range of eddies. Interestingly, not all the dynamically important eddies have their axes oriented
vertically as will be expected in the case of a very
deep flow. Especially in the case when α=150, the
relatively high shallowness of the flow induces
the presence of strong eddies whose axes are close
to parallel to the bed. These eddies are predominantly present in the regions connecting two successively shed vortices. Such eddies were also observed at much higher angles of attack (see
discussion in Kirkil & Constantinescu, 2009). The
presence of such strong eddies in the vicinity of
the bed can provide an additional mechanism for

Figure 3. Visualization of the instantaneous flow at middepth level (z/D=0.5) around the pier in the simulations with
α=00 (top) and α=150 (bottom) using non-dimensional vorticity magnitude contours.

The non-dimensional frequency expressed as a
Strouhal number (St=fD/U) has increased from
0.153 for α=00 to 0.211 for α=150. The change in
the blockage ratio was only 3.5%, thus its effect
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with α=150 in which the legs of the main necklace
vortices can extend, at times, even past the downstream end of the pier. Interestingly, this happens
not only on the side of the stronger shear layer
(right side of the pier) but also on the other side of
the pier (left side). For example, the necklace vortex on the left side is stronger and extends further
downstream compared to the one on the right side
in Figure 5b. However, analysis of the instantaneous vorticity fields in vertical planes cutting
through the cores of these necklace vortices shows
that the circulation associated with these necklace
eddies is relatively small, and their capacity to induce large bed friction velocities beneath them is
reduced. By contrast, animations of the instantaneous flow fields in the simulation with α=00
show that the main necklace vortex is relatively
stable and, despite the small size of the core, its
circulation is relatively high. As a result, at times
the amplification of the bed friction velocity beneath the main necklace vortex is significant in
the simulation with α=00. Most of the events that
result in a strong amplification of the strength of
the circulation and the bed shear stress beneath the
necklace vortex are associated with the convection
of strong vortical eddies with the downflow that
follows the upstream face of the pier. This amplification is comparable to the one observed beneath the separated shear layers. The stronger coherence of the HV system close to the tip of the
pier in the simulation with α=00 is also confirmed
by comparison of the turbulent kinetic energy distributions in planes cutting through the upstream
tip of the pier in the two simulations (not shown).
The amplification of the turbulent kinetic energy
in the HV region and within the downflow is
about two times larger in the simulation with
α=00. Of course, this is expected to change as the
angle of attack continues to increase past 150 and
the strength of the adverse pressure gradients induced by the flow blockage by the left side of the
pier becomes important.
The distributions of the bed friction velocity in
the mean flow in Figure 6 confirm the fact that the
capacity of the necklace vortices to entrain sediment is small at both angles of attack in the flat
bed simulations. Still, the larger strength of the
downflow in the simulation with α=00 explains
the relatively large amplification of the pressure
root-mean-square (rms) fluctuations in the same
simulation in Figure 7a. Such an amplification is
not present in the case with α=150 for the reasons
discussed above.
In fact, examination of the instantaneous distributions of the bed friction velocity in both simulations shows that, at times, the levels of uτ/U are
comparable to those observed in the region associated with the separated shear layers. Thus, even

the entrainment of the sediment from the bed in
the near wake region.

Figure 5. Visualization of the main vortical structures
around the pier in the instantaneous flow in the simulations
with α=00 (top) and α=150 (bottom) using the Q criterion.
The view is from above.

The results in Figures 4a and 5a show that a HV
system is present in the simulation with α=00. In
the mean flow, the HV system contains only one
necklace vortex whose position is symmetric with
respect to the symmetry axis of the channel in the
spanwise direction. The legs of the necklace vortex are approximately parallel to the outer face of
the shear layers forming at the two upstream
edges of the pier. However, the legs extend only
over a short distance past the upstream edges of
the pier. In the simulation with α=150 the
structure of the HV system is more complex. Besides the main necklace vortex that is positioned
close to the upstream tip of the pier, a second
necklace is present on the side of the stronger
shear layer. This vortex is situated upstream of the
necklace vortex extending on both sides of the
pier and has a strength that is comparable to that
of the other necklace vortex. The cores of the two
vortices are approximately parallel and their legs
move slightly away from the outer face of the
stronger shear layer.
The analysis of the coherent structures in Figures 5a and 5b show some interesting differences
with the necklace vortices visualized in the mean
flow fields in the two simulations. In the case with
α=00, the legs of the main necklace vortex in the
instantaneous flow fields do not extend laterally
over significantly larger distances compared to the
mean flow. This changes dramatically in the case
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tude are situated closer to the faces of the pier
compared to the regions of high values of uτ/U.

at conditions corresponding to the start of the
scour process, scour is expected to occur beneath
the HV system. However, as the period of time
when the circulation of the main necklace vortices
is high is relatively small compared to the period
of time when the strength of these vortices is not
sufficient to induce a large amplification of uτ/U,
the distribution of uτ/U in the mean flow shows
small values beneath the region associated with
the HV system. This shows again the necessity to
analyze the sediment entrainment mechanisms
based not only on the mean flow quantities but also on the distribution of these quantities in the instantaneous flow fields. In both simulations, the
regions where a large amplification of uτ/U occurs
in the instantaneous flow fields correspond to the
necklace vortex situated the closest to the pier. In
the case with α=150, the amplification is significantly larger on the side of the stronger shear
layer despite the fact that the legs of the necklace
vortex can extend at considerable distances away
from the tip of the pier on both sides.

Figure 7. Distribution of the non-dimensional pressure rms
fluctuations at the channel bottom in the simulations with
α=00 (top) and α=150 (bottom).

The increase in the angle of attack from 00 to 150
resulted in an increase by about 6 times of the regions where uτ/U>0.06. Most of the increase takes
place around the shear layer forming on the right
side of the pier. Thus, during the initial stages of
the scour process, one expects the scour hole
around the pier to grow at a much faster rate in the
simulation with a higher angle of attack. Moreover, the examination of the instantaneous distributions of the bed friction velocity in the simulation
with α=00 shows that patches of large values of
uτ/U are induced beneath the rollers that are convected away from the pier. The values of uτ/U beneath the rollers in the region with x/D<3 (the pier
occupies the region with -0.45<x/D<0.45) are
comparable to those induced beneath the separated shear layers in the mean flow. Similar to the
case of large angles of attack investigated by Kirkil & Constantinescu (2009), the rollers follow a
trajectory that is approximately parallel to the
symmetry plane (y/D=0) of the channel. Thus, the
unsteady dynamics of the large scale eddies in the
near wake can also induce sediment entrainment.
The size of the region of large values of the bed
friction velocity induced by the wake rollers is
expected to increase monotonically with the angle
of attack. Finally, one should mention that the bed
friction velocity is small in the region situated beneath the recirculation bubble present in the case
with α=150. This means that sediment particles
can easily deposit in these regions. However, this

Figure 6. Distribution of the non-dimensional bed-friction
velocity, in the mean flow in the simulations with α=00
(top) and α=150 (bottom).

However, the distributions of uτ/U in Figure 6
show that most of the sediment is entrained from
the bed beneath the shear layers and on their outer
side where the incoming flow is accelerated as a
result of the flow blockage induced by the pier.
The fact that the regions of strong values of uτ/U
do not correspond exactly with the position of the
separated shear layers can be observed from the
comparison of the distributions of the vorticity
and bed friction velocity in Figures 2 and 6, respectively. The regions of high vorticity magni686

rollers forming on the right side of the pier. As the
angle of attack start approaching 900 the differences in the distributions of the bed friction velcity and of the pressure rms fluctuations on the two
sides of the pier are going to decrease.

is not likely to happen because of the weak upwelling motion of the mean flow within the recirculation bubble (see Figure 1b).
Besides the bed friction velocity, the pressure
rms fluctuations in the near bed region is the other
variable that can strongly affect the capacity of the
flow to entrain sediment. Comparison of Figures 6
and 7 shows that, at both angles of attack, the distributions of the two variables are not similar.
This is especially true in the simulation with
α=150 where the largest values of the pressure
rms fluctuations occur on the inner side of the
shear layer originating at the downstream end of
the pier. The amplification appears to be triggered
by the passage of the vortex tubes inside this shear
layer. The levels of the pressure rms fluctuations
are smaller by a factor of at least two in the shear
layer originating at the upstream end of the pier.
By contrast, the largest values of the bed friction
velocity are observed on the outer side of the
shear layer originating at the upstream end of the
pier.
The main reason for the larger values of the
pressure rms fluctuations in the region bordering
the shear layer on the left side of the pier compared to the corresponding values on the right side
is due to the fact that the flow favors the accumulation of the eddies shed in the left shear layer.
This results into a stronger roller forming close to
the downstream end of the pier. The other consequence is that the bed friction velocity values beneath the rollers detaching from the downstream
end of the pier are, in average, larger than those
induced by the rollers containing vorticity of opposite sign that form at the downstream end of the
shear layer originating at the upstream end of the
pier. Thus, despite the fact that the eddies convected in the shear layer originating on the right
side of the pier are stronger, the rollers forming on
the same side of the pier are weaker. Close to the
downstream end of the pier, the pressure is reduced in the center of the rollers during their formation and increases once the roller leaves the region. The increase in the pressure rms fluctuations
in that region is due the formation and detachment
of the rollers near the downstream end of the pier.
The fact that the rollers forming near the downstream end of the pier are stronger also explains
the larger length of the region of relatively high
values of the bed friction velocity on the left side
of the pier in the mean flow (Figure 6b). This region is induced by the successive passage of the
rollers detaching from the downstream end of the
pier. These values are much smaller than the ones
observed over the upstream part of the shear layer
originating at the upstream end of the pier, but
significantly larger than the ones recorded in the
region situated beneath the path followed by the

4 SUMMARY AND CONCLUSIONS
The present paper provided a description of the
main features of the flow field and turbulence
structure in the vicinity of a high-aspect ratio rectangular pier at small angle of attack and a discussion of the roles of the dominant large-scale coherent structures and of their interactions in
controlling the sediment entrainment phenomena
around the bridge pier at conditions close to initiation of scour (flat bed channel) based on results of
DES simulations. The angle of attack was varied
between 00 and 150. This range of angles is typical
for rectangular piers designed to be aligned with
the flow at normal flow conditions. The Reynolds
number in the simulations (Re=2.4 × 105) corresponds to the upper limit at which laboratory investigations are typically conducted.
Simulation results showed that a horseshoe
vortex system is present at both α=00 and α=150,
at conditions corresponding to the start of the
scour process. In the simulation with α=00, the
lateral extent of the main necklace vortex and its
diameter are relatively small but the amplification
of the turbulence is relatively large (compared to
the case of small but non-zero angles of attack)
because the incoming flow decelerates strongly as
it approaches the upstream face of the pier and the
intensity of the downflow is large close to the
junction line between the upstream face and the
channel bed.
As the angle of attack increases to 150, the incoming flow is deflected on the two sides of the
most upstream edge of the pier. This reduces the
strength of the adverse pressure gradients and of
the downflow around the most upstream part of
the rectangular pier. The structure of the HV system becomes more complex (several necklace
vortices are present), the mean diameter of the
necklace vortices increases but the amplification
of the turbulence within the HV region decreases
compared to the case when α=00. More importantly, in both simulations the amplification of the bed
friction velocity beneath the necklace vortices is
negligible compared to the one observed beneath
the separated shear layers forming on the two
sides of the rectangular pier.
The distribution of the pressure rms fluctuations at the bed shows that the downflow in the
α=00 case is strong enough to induce a significant
amplification of this variable in front of the up687

ly high values of the pressure fluctuations at the
bed are observed in the near wake region between
the two separated shear layers. The region of significant amplification of the pressure fluctuations
at the bed extends up to one length of the pier.
In conclusion, the present study shows that at
the start of the scour process (flat bed channel),
the horseshoe vortex system forming around a
high-aspect-ratio pier at small angle of attack
plays a relatively minor role in the entrainment of
sediment from the bed. Most of the sediment is
entrained from the bed by the eddies shed inside
the separated shear layers forming on the two
sides of the rectangular pier and by the strongly
accelerated flow on the outer side of these two
shear layers. To understand the mechanism responsible for sediment entrainment and transport
around the pier one has to analyze not only the
mean flow (e.g., vorticity, bed friction velocity)
and turbulence structure (e.g., turbulent kinetic
energy, pressure rms fluctuations) but also the dynamics of the large scale eddies in the instantaneous flow fields and the instantaneous distributions
of relevant flow variables (e.g., vorticity, bed friction velocity).

stream face of the pier. By contrast, the amplification of the pressure rms fluctuations at the bed
around the upstream part of the pier is negligible
at small non-zero angles of attack. It is expected
that at significantly larger angles of attack (e.g.,
see Kirkil and Constantinescu, 2009 who studied
the case with α=900) the amplification of the turbulence within the HV system region will be important and much larger than that observed at
α=00. As the angle of attack increases, the largest
adverse pressure gradients are not generated in
front of the small face of the pier but rather in
front of the lateral face of the pier toward which
the incoming flow is oriented. This also increases
the intensity of the downflow and the strength of
the necklace vortices. Thus, a recommendation for
future study is to perform simulations over a larger range of angles of attack to get a better idea on
the variation of the strength of the HV system
with the angle of attack. A main conclusion is that
for small non-zero angles of attack the capacity of
the HV system to entrain sediment is smaller than
that in the case when the flow is perfectly aligned
with the major axis of the pier.
On the other hand, for the flat bed case the
largest values of the bed friction velocity are observed beneath and especially on the outer sides of
the separated shear layers where the incoming
flow is strongly accelerated. The size of the region
of relatively high bed friction velocity increases
significantly with the angle of attack between
α=00and α=150. Most of the amplification takes
place close to the shear layer originating at the upstream edge of the pier. The fact that the largest
values of the bed friction velocity are observed
close to the position of the separated shear layers
is consistent with experimental observations of local scour at circular and low-aspect-ratio rectangular piers that showed that the scour is initiated
in the regions of high flow acceleration near the
bed rather than beneath the main necklace vortex.
Of course, as the angle of attack continues to increase one expects the bed friction velocity beneath and close to the shear layer originating at
the downstream edge of the pier will start increasing significantly while that beneath and close to
the shear layer originating at the upstream edge of
the pier will grow at a much smaller rate or even
decrease. This is because at α=900, the amplification of the bed friction velocity around the shear
layers forming on the two sides of the pier has to
be identical because of the symmetry, similar to
what was observed for α=00.
As the angle of attack increases slightly past
α=00, the position of the region of high amplification of the pressure rms fluctuations moves from
the front of the pier to a region situated slightly
behind the downstream edge of the pier. Relative-
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3D turbulent flow field at square pier in a gravel scour hole
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ABSTRACT: Bridge elements in a flow induce turbulence and vorticity that increase the risk of sediment
bed scouring. The turbulent flow field around a square cylinder in a plane and equilibrium scoured bed
was investigated experimentally. The cylinder was embedded in a uniform gravel bed with d50 = 3.25
mm. Experiments were conducted in a relative large laboratory flume with 37 m length, 2 m width and 1
m depth at the laboratory of the Institute for Hydraulic and Water Resources Engineering of the Darmstadt University of Technology, Germany. Experiments were conducted under the clear-water condition.
Point flow velocities and turbulent intensities were measured with the acoustic doppler velocimeter
(ADV). Measurements were carried out at the pier front, sides and wake in azimuthal planes with θ = 0,
45, 90, 135, and 180º. Results show the time-averaged velocity field, turbulent intensities and turbulent
kinetic energy at different distances from the original bed level. These results are useful for calibration
and validation of three dimensional flow models and turbulence closure models as well.
Keywords: Pier, Scour, Gravel, Turbulent flow field, ADV

1 INTRODUCTION

velocity components and flow vectors around a
square pier in gravel.
In this article, experimental investigation of 3D
turbulent flow field around a square cylinder in a
plane bed and an equilibrium gravel scour-hole is
presented.

Turbulence and induced secondary flow field in
the form of vortices around the bridge elements
are considered to be the main cause of local scour.
So, it has been investigated intensively in the last
years both experimentally and numerically (e.g.
Zanke 1982, Muzzammil and Gangadhariah 2003,
Unger and Hager 2007, Dey and Raikar 2007,
Kirkil et al. 2008, Link et al. 2008a, Gobert et al.
2009, Kirkil et al. 2009). While most of these articles focused on scouring around circular pier in
sand beds, only very few studies on scouring
around non-circular piers in gravel bed are available in the literature. Raikar and Dey (2005a, b)
presented experimental results on scour in uniform gravels, analyzing the effect of gravel size
and gradation on equilibrium scour depth. In both
mentioned studies, it was concluded that
significant differences in scour are expected
depending on the sediment type i.e. sand or
gravel. Diab et al. (2009) presented experimental
measurements of the distribution of time-averaged

2 EXPERIMENTATIONS
Experiments were carried out in a large laboratory
flume with 37m length, 2 m wide and 1 m deep.
The flume has glass side-walls 26m long that help
to observe and monitor the flow and sediment
transport. A plexiglas square pier 0.20x0.20m,
side facing the approaching flow, was mounted in
the middle of a working section located 16 m
downstream of the flume entrance and having a
length of 4 m, width of 2 m and depth of 0.55 m.
A false bottom made of concrete plates was installed to avoid the filling of the whole flume with
sediment. The plates rested on bricks, 0.5 m above
the original flume bottom. The sides of the working section were coated with absorbing material to
avoid secondary flow.
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The employed bed material was gravel with
grain sizes ranging between 2.25 and 4.00 mm
and a sediment size for which 50% of the sediment is finer, d50 of 3.25 mm. The natural repose
angle of sediment particles φ was 35.5°. The
geometric standard deviation of the particle sizes
was σ g = [d84.1/d15.9]0.50 =1.20 and therefore the
sediment was considered to be uniform (Dey et al.
1995). The critical shear stress for the initiation of
motion of isolated sediment particles was τcr =
0.65 KN/m2. Experiments were conducted over
100 hours with section-averaged flow depth of h =
0.30 m and velocity Um = 0.616 m/s which was
95% of the critical velocity for initiation of sediment motion at an undisturbed plane bed. An
acoustic Doppler velocimeter (ADV), developed
by SonTek (5 cm down-looking and sampling rate
50 Hz), was used to measure the instantaneous 3D
velocity. In order to obtain statistically time independent average-velocity components, the sampling durations were 3-4 min. Two experiments
were conducted, namely (1) with a plane sediment
bed and (2) in an equilibrium scour hole. Figure 1
shows the coordinate system for the velocity measurements.

Figure 2. Experimental set-up with plane (upper) and
scoured bed (lower).

The ADV measurements were carried out at
pier front, sides and wake in azimuthal planes
with θ = 0, 45, 90, 135 and 180º at different distances from the original gravel bed level with z =
1, 3, 5, 7, 11, 13, 15, 17, 19, 23 cm. The reference
level z = 0 correspond to the original flat bed elevation. The lowest point of ADV Reading was 1
cm above the bed.
3 RESULTS AND ANALYSIS
The presented experiment was conducted over
100 hours till scouring approached equilibrium.
Scouring started and progressed fast at the pier
sides, the deepest point being found at θ = 45º
during the first 3000s of experimentation. Later,
maximum depth inside the scour-hole was observed at the pier front with θ = 0º. At the pier
wake with θ = 180º, deposition region was observed during the first 3240s then scour surrounded the pier perimeter. Final maximum scour
depth in the equilibrium scour hole was 45.80 cm
that was equal to 2.29 times the width of the pier
width. Scour-hole side slopes diminished with θ,
changing from an average of 36 to 16º at planes
with θ = 0 and 180º. For more details on the geometric properties of developing and equilibrium
scour holes please refer to Diab et al. (2010).

Figure 1. Measuring Coordinate System and scour pattern
after t =100 hours.

Bed topography was measured using a laser
distance sensor (LDS) with an accuracy of ±0.30
mm which was located inside the plexiglas pier.
The sensor was driven by step-motors, for record
of various vertical profiles in different half azimuthal planes. Flow depth was adjusted by a tail gate
at the end of the flume, and measured with ultrasonic distance sensors (UDS) placed along the
flume. For details on measuring system and scour
measurements please refer to Link et al. (2008b)
and Diab et al. (2008). Figure 2 shows the experimental set-up.

3.1 Velocity Measurements
Figure 3 shows the contours of the timeaverage absolute velocity, U total = u 2 + v 2 + w 2
at azimuthal-half planes with θ = 0, 45, 90, 135
and 180º in cm/s for plane bed (left) and equilibrium scour hole (right). U total is a scalar quantity
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cal flow component and the absence of the tangential velocity u is evident. At θ = 90º, the tangential velocity u is a predominant flow feature.
While the vertical flow and the tangential velocity
characterize together the flow at θ = 135º. At the
pier wake with θ = 180º, the lower values of U total
near the pier face is observed due to the back flow
and the lower values of the radial velocity and it
grows toward the downstream.

that represents the intensity of the total velocity.
For the plane bed, the magnitude of U total increases with increasing θ from 0 to 135º then diminishes towards the pier wake with θ = 180º. At
θ = 45º, the existence of flow separation due to the
pier edge cause smaller values of U total . A region
of rapid changing in U total near the bed is clear
from the concentration of contour lines. In the
equilibrium scour hole, U total values are smaller
than those over the plane bed. At θ = 0º, the verti-

z
40

r

60

70

80

5 25

90

-40

100

60

50

30

20

20

40

-40

100

40

50

r

50

r

60

70

-30

80

90

100

10

z

80

70

30

70

-10

65

40

r

30

-30

60

70

80

40

90

-40

100

50

40

80
70
60

50

40

0

-20

40

30

10

20

60

70

40

10

25

15

10

40

r

60

70

80

90

80

100

45

40
30

r

60

70

80

20

90

100

25
30

25

20

-20
-30

20

50

90

55

20

0

-10

30

100

25

z

10

5

5
30

20

10

50

10
15

10

50

70

15

10

15

5

90

10

20

20
5

15

80

60

60

55

180deg.

30

r

45

10

30

50

60

10

60

320
0 10
30

20

55

70

40
5

10

10

60

50

60

10

5

135deg.

20

4 0 50

60

55

30

-20
-40

30
20

40

60

50

40
3
1020 0
40

65

100

45

50

45
40

20
30
4540
60 50

60

30

z

30

60

0

-10

65

180deg.

20

20

90

10

90deg.

30

40 30
20

20

10

80

203010

15

50

65

30

20

z

90

z

80

75

75

20

0
10

0
10

80

10

50

10

70

70

20

30

60

135deg.

10

70

20

70

20

60

r

55

10

-30

90deg.

0
10

50

45
40

-20

1020

r

40

50

0

30

6605 70

30

50

30

60

z

30

20

-10

60

55

40

z

z

65

10

5

10

60

55

5

45deg.

20

70

10

10

30

20

10

20

15

-30

45deg.

20

40

-20

30

30

30
20

55
30
10
540

50
35

15

50

5

20

0
10

0

20

z

30
25

55

45

55

50

40
35

45
3
250305
1
15 20
30
40
50

15

10

35

10

60

-10

10

0
10

0deg.

20

45

20

30

0deg.
25

30

-40

100

Figure 3. Contours of time-averaged absolute velocity
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gradually curves down towards the pier. At θ = 90
and 135º, the flow becomes outwards the pier
above the scour hole with low circulation motion.
At θ = 180º, it shows a swirl motion near the pier
with r < 2b, and then the flow becomes gradually
outwards the pier over the flow depth in the solid
bed case. For the solid bed, the horseshoe vortex
is not distinct while it becomes strong at the pier
front for the equilibrium phase and decreases with
increase in θ.

vertical velocity vector, v 2 + w 2 at azimuthal
planes with θ = 0, 45, 90, 135 and 180º in cm/s for
plane bed (left) and equilibrium scour hole (right).
The characteristics of the horseshoe vortex and
the strong downflow inside the scour hole at the
pier front and sides with θ = 0 to 60º are observed.
The flow is horizontal above the scour hole for r
>2b for the solid bed and r > 3b for the equilibrium phase between θ = 0 to 45º. Then the flow
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with decreasing distance to the pier when r < 2b
due to the down flow and flow separation. The
maximum turbulent intensity was found as a core
at the upstream pier face.
The contours of the turbulent kinetic energy
TKE [= 0.50(u 'u ' + v 'v ' + w' w' ) ] at the pier front,
sides and wake with θ = 0, 90 and 180º for plane
and scored beds are plotted in figure 8. The distribution of TKE is similar to that of the turbulent intensity components. TKE values increase with θ
and with decreasing r and z. The effect of turbulence leads to much more scouring in front of the
pier than at the pier wake where up flow occurs.
Unfortunately- to the best of our knowledgevery few researches on scouring and flow field
around square pier in gravel beds are available for
comparison of the presented results. Nevertheless
the results of Dey and Raikar (2007) show a similar trend.

3.2 Turbulence Field
The pattern of turbulence intensities u 'u ' , v ' v ' ,
and w' w' (in cm/s) at azimuthal half-planes with θ
=0, 90 and 180º for plane bed (left) and for
scoured bed (right) are shown in figures 5, 6 an 7.
The distribution of the turbulent intensities at different azimuthal planes is identical. The radial and
tangential components of turbulent intensities are
larger than the vertical one. At the pier front and
' '
sides, with θ = 0 and 90º, the magnitudes u u ,
v ' v ' and w ' w ' decrease with the vertical distance
from the bed. At θ = 180º on the scoured bed, the
turbulent intensities first increase with z until an
imaginary line of separation at a depth of 0.450.75 times the local scour depth inside the scour
hole (see Diab et al. 2009), then decrease again
vertically, forming a core of high turbulent intensity over whole of the scour hole. At planes with θ
= 0 and 90º, the turbulence intensities increase
694
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bed (left) and for scoured bed (right).
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Figure 7. Contours of vertical turbulence intensity
plane bed (left) and for scoured bed (right).
30

30

90
50
0000

10

20

30

0

30

40

50

r

60

70

80

90

-40
10

100

00
70

1E+06100

000

20

z

00

8000

0

30

9000

6500000
0

10

40 0
0
7 0 00
10000

-10

30

40

50

r

60

70

80

90

-40
10

100

180deg.

12 0

18
0

80

80

40

50

60

r

70

80

90

4000
10000

7000

6000

8000

3000 9000
2000
100

100

10000 4000

000

100000
20

30

40

50

60

r

70

80

90

100

50
0

4000

0
7000

5 00
9000 0

10000

90

100

200
806030
00000
0 0
100000

100000 06
1 E+

30

20

30

60

10000

-30

30

40

50

r

60

70

80

90

-40
10

100

2

2

80

5 00

000

0

-10
-20

70

500

z

0

r

000
500000 50
20

000

30

0
40

50

500000

100000

500000

r

60

70

80

90

00

00

50

1 00 0

10

40

180deg.

0 00

z

0
12
100

50 0

300

20

1 40

160

-30

030000
00
00
10000
90

10

100

0deg.

-20

20

10

90

00

00

30

20

20

80

10

00

20

100000

10

100

1E+06

z

0

000
6000
800
100

30

10000

30

70

90deg.
20

10

60

r

160 180 200

-30

90deg.

10

50

200
0
14

120

-20

9000

30

20

16

Z

400

20

1000

5000

40

100000

z

3000
10000

10

100

-10

2000

7
6000

40

180deg.

0

8000

100

'

20

10

90

w w (in cm/s) at azimuthal planes with θ =0, 90 and 180º for
'

0deg.

20

80

10080

0

0

z

200

14
16 0
0

100

0

12

z

80

10

10

20

60

60

120

10

18 0

70

20

140

20

60

r

40

20

60

50

60

z
-20

40 60

10

40

0
-10

10

30

90deg.

10

z

20

10

50
20

30

20

30

40

20

30

20

-30

10

20

16 0

10

50

-20

2
30 40
0
60

40 0
3
20

20

10

30

60

5000

20

100

Figure 8. Contours of turbulent kinetic energy TKE (in cm /s ) at azimuthal planes with θ =0, 90 and 180º for plane
bed (left) and for scoured bed (right).

vectors, turbulence intensities components and
turbulent kinetic energy using acoustic Doppler
velocimeter ADV has been presented. The results
are useful for validation of CFD models that can
be used to simulate scouring around bridge elements improving their design.

4 CONCLUSIONS
An experimental investigation on the three dimensional turbulent flow field around a square cylinder in a uniform gravel bed under the clear water
scour condition was presented. Point measurements allowed the quantitative description of the
main flow features around a square cylinder in a
plane bed and in an equilibrium scour hole. The
spatial distribution of time-absolute velocity, flow
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One- and three-dimensional modeling of surge generated during
operation of the hydropower plants Mühlbach and Maiermühle in
Landsberg on the Lech River
Evelyn Carvajal, Richard Huber, Franz Geiger and Peter Rutschmann

Institute for Water and Environment, Technische Universität München, Munich, Germany

ABSTRACT: Part of the Lech River water, upstream of Karolinen weir is deviated on the right side to the
Mühlbach channel in Landsberg in the south of Bavaria. From the intake structure to the Mühlbach´s confluence two diversion hydropower plants are situated on the River Lech: HPP Maiermühle on the upper
reach und HPP Mühlbach on the lower reach.Flow fluctuations such as surge might originate, among
things, from natural processes such as floods and mudflows or as an effect of anthropogenic changes.
Surge phenomena due to failure or incorrect operation of one or more components of the two diversion
hydropower plants in the Mühlbach channel belong to the latter category and are the present object of this
study. In the first part of the study, the surge generated by turbine shutdown (HPP Mühlbach) was calculated by means of one-dimensional and unsteady modeling with HEC-RAS. After considering many scenarios with different discharges, variable turbine shutdown times (HPP Mühlbach) and different flap gate
opening times on the surge bypass unit in the event of turbine close, the recommendation was to use a
maximum discharge of 11 m³/s. An hydraulic model and analysis of the surge in the upper part of the
channel based on flow interruption or, respectively, closing of both HPP Maiermühle and the intake sluice
gate provides a basis for more efficient improvement measures and optimized operation strategies. In the
second part of the study, additional approaches are considered, focusing mainly on the interaction and influence of HPP Maiermühle. Because of the strong 3D characteristics of the upper reach, from the intake
structure to HPP Maiermühle, this channel section was simulated using the three-dimensional program
FLOW-3D. The results presented in this publication are drawn from a project commissioned by the Bayerische Elektrizitätswerke GmbH.
Keywords: Hydroelectric Power plants, Surge, One-dimensional model, Three-dimensional model, Failure analysis, Mühlbach channel
1 INTRODUCTION

an optimum and effective modeling solution considering criteria such as the accuracy of results,
and time and effort required for analysis.

Surge phenomena represent a powerful change in
normal flow conditions caused by interaction with
hydraulic structures in a channel system. Previous
investigations in the Mühlbach channel indicated
the occurrence of surge phenomena, especially by
an abrupt failure or incorrect operation of one or
more components of the two diversion hydropower plants.
In order to evaluate the hydraulic security of
the existing channel, the surge generated during
operation of the hydropower plants Mühlbach and
Maiermühle in Landsberg on the Lech River was
analyzed by means of computer modeling tools.
An additional comparison between the results of
one and three-dimensional modeling aims to find

2 SITUATION
The Mühlbach channel is a bypass channel, situated in Landsberg on the River Lech in Bavaria.
The Mühlbach channel is deviates from the right
of the Lech River, just upstream of the Karolinen
Weir. The course of the channel is characterized
by close interaction with the town within very limited space and it supplies two hydroelectric
power plants: Maiermühle hydroelectric power
plant (MMHPP) and Mühlbach hydroelectric
power plant (MBHPP) as shown in Figure 1.
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The HPP Maiermühle, located in the upper reach
of the channel, was originally a flour mill operated
by a water wheel and in 1996 was converted into a
modern hydroelectric power plant with Kaplan
bulb turbine. Because of urban planning considerations, the powerhouse was constructed undersurface. An automatic flap gate dams up the water,
obtaining a head of 1.70 m for maximum energy
production of 155 kW.
Around 400 m downstream and in the vicinity
of the river mouth is HPP Mühlbach. The principal elements of the hydroelectric power plant are a
Kaplan bulb turbine (net head = 4.8 m, design
flow = 11 m³/s and energy output = 472 kW) and
a surge bypass unit with an hydraulically operated
flap gate (width = 2 m, design flow = 11.5 m³/s at
retention water level elevation).

unit in the powerhouse and processed in order to
maintain an optimum and constant flow rate.
In case of rapid turbine shutdown (closing time
28 s) two components of the system are activated
automatically: opening of the surge bypass unit
flap gate (opening time 12 s) and 20 cm closure of
the intake sluice gate (closing time 55 s). These
operation times were determined in situ.
Both operational effects also are triggered automatically in the event of increase of the upper
water level above 581.54 m.s.l., caused by abnormal operating conditions.
Once a failure of the system has been rectified,
the intake sluice gate operates again in the initial
position.
In normal operating conditions HPP Mühlbach
processes an average discharge of 10 m³/s when
the upper water level is 581.30 m.s.l. Maximum
discharge is approximately 14 m³/s for the same
upper water level.
Surge phenomena due to failure or incorrect
operation of one or more components of the two
diversion hydropower plants in the Mühlbach
channel are described in the following sections. In
the first part of the study, the surge generated by
turbine closure (HPP Mühlbach) was calculated
by means of one-dimensional and unsteady modeling with HEC-RAS.
4 MODELING AND SIMULATION BASIS
The channel is characterized by a concreted surface with a rectangular section. The modeling section extends from shortly after HPP Maiermühle
to HPP Mühlbach. The Mühlbach channel covers
a distance of about 350 m between the two hydroelectric power plants. Based on the channel
geometry, namely 18 profile sections (Figure 2),
including critical bank levels (lower edge of windows, balconies, etc.) provided by the Bayerische
Elekrizitätswerke GmbH (BEW), a one dimensional model was created using the program HECRAS (River Analyses System) Version 4.0 Beta,
of the US Army Corps of Engineers.
This model aims to calculate the surge generated by different scenarios, i.e. different discharges,
variable times of turbine shutdown and opening
(both in the surge bypass unit and in the intake
structure).
Use was made of hydrograph curves to simplify the upstream flow both from HPP Maiermühle
and from the intake structure, as well as the downstream flow at HPP Mühlbach including surge bypass unit.
The model was adjusted based on the retention
water level of 581.30 m.s.l. for 8.5m³/s channel
discharge, obtaining a plausible Strickler coeffi-

Figure 1: Mühlbach Channel aerial view.

3 OPERATION SYSTEM
The inflow into the channel is controlled by the
intake sluice gate at the right of the Karolinen
Weir. This intake sluice gate is operated by remote control from HPP Mühlbach. The outflow
from the Lech River into the channel can be automatically regulated by means of a control unit
according to the water level in the gauge situated
directly after the intake structure.
The Mühlbach water flow passes through the
HPP Maiermühle situated downstream of the deviation in the upper reach of the channel. HPP
Maiermühle has no interaction with the intake
structure control system.
The amount of water fed into the HPP
Mühlbach´s turbine is automatically controlled by
means of three gauges located upstream of the
turbine inlet. Gauge signals are sent to the control
700

5.2 Scenario 2: average discharge – “worst
case” times

cient (50m1/3/s) for the concreted bed and wall
channel.

Since the worst case involves a faster turbine
shutdown time (4 s) and a slower flap gate opening (30 s), results a surge with a maximum height
of 20 cm immediately before HPP Mühlbach.
The surge running time between the two hydroelectric power plants is approximately 2 minutes. The surge is reduced by around 50 % at the
level of HPP Maiermühle.
Despite the surge, the simulation shows no
overbank flooding along the channel with the exception of around 10 cm in 142.65 m profile section. According to observations made during an in
situ inspection, there is a local opening in the wall,
in which water through-flow is obstructed by a
panel. For this reason no overflow of the bank line
is to be expected.

Figure 2: Profiles location in the modeling section.

5 SURGE MODELING AND SIMULATION
Specifically two variants were analyzed according
to the operating conditions: on the one hand the
real shutdown time of the turbine and opening
time of the surge bypass unit flap gate, and in the
other hand a very unfavorable and fictitious worst
case scenario. In each case the average and maximum discharge were considered respectively. In
this way four scenarios were defined (Table 1).

5.3 Scenario 3: maximum discharge – real times
Similarly to the first case this scenario involves
the real times for turbine shutdown (28 s) and
surge bypass unit flap gate opening (12 s).
Since the capacity of the surge bypass unit
(11.5 m³/s) is inferior to the incoming flow into
the channel (14 m³/s), the water level initially rises, beginning at the Mühlbach hydroelectric power plant. After about 2 minutes of water level increment, there is a tendency towards
compensation, as a result of a gradual flow reduction at the intake structure, from 14 m³/s to
11.7 m³/s as shown in Figure 3.

Table
1. Surge simulation scenarios.
______________________________________________
Operating Time
Zs*
Q
tc
to
Item
urbine flap gate
condition
t
_____
___ ___ ___
m.s.l. m³/s s s
______________________________________________
Average real
581.30
10
28
12
5.1
10
4
30
5.2
discharge worst case 581.30
Maximum real
581.30
14
28
12
5.3
worst
case
581.30
14
4
30
5.4
discharge
______________________________________________
* Zs: retention water elevation.

581.55

)l.
. 581.50
.s
m
( 581.45
l
e 581.40
v
le
r 581.35
te
a 581.30
W

5.1 Scenario 1: average discharge – real times
In this case the simulation does not show evidence
of a surge as a result of the faster opening time of
the surge bypass unit flap gate (12 s) as compared
to the rapid turbine shutdown time (28 s).
The surge bypass unit is characterized by a
higher design flow (11.5 m³/s) in relation to the
channel average discharge (10 m³/s). Therefore
the water level is gradually reduced until a stationary water level is reached, as a result of 20 cm
closure of the intake sluice gate, implying a flow
reduction into the channel from 10 m³/s to
8.5 m³/s.

581.25
0

50 100 150 200 250 300 350 400 450 500 550 600

Time (s)
Profile 16.38

Profile 75.69

Profile 334.98

Figure 3: Water level for scenario 3: maximum discharge real times.

The simulation results indicate an isolated case
of local overbank flooding at profile section
142.65 m similar to situation 5.2, but only by
5 cm. This suggests no significant overflow of the
bank line.
5.4 Scenario 4: maximum discharge – “worst
case” times
A surge of about 30 cm is the result of a faster
turbine shutdown than the flap gate opening time.
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On reaching HPP Maiermühle after approx. 2
minutes, the surge is attenuated by about 30 %.
The inflow into the channel is reduced from
14 m³/s to 11.7 m³/s as an effect of 20 cm closure
of the intake structure sluice gate, as to be expected. Two reflections of the surge peak are observed in Figure 4.
In this case there is an additional overflow of
the water level beyond the left-hand bank between
profiles 179.55 m and 200.55 m. In this section
the bank wall is directly connected to an earth
embankment of more than 50 cm as observed at
on-site inspection. Therefore this scenario is also
considered not to be hazardous in the event of a
surge.

Table 2. Consider failure scenarios. Retention water elevation
Zs = 581.30 m.s.l. in each case.
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In case of failure, i.e. no opening of the surge bypass unit flap gate, overbank flooding occurred in
the lower reach of the channel, even after a few
minutes, for both 10 m³/s and 14 m³/s, despite
possible water overflow ahead of the flap upper
edge.
Potential improvements were suggested in the
first part of this project in order to reduce the
probability of occurrence of this scenario, e.g.:
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• Technical measures applied to the surge bypass
unit flap gate: improvement of the operation
system of the flap gate e.g. by means of additional control valves, snow and ice elimination,
for example by means of an air bubbling system, heating system, etc.
• Turbine operation in the event of a surge: even
in the event of a surge it may be feasible to direct part of the discharge out through the turbine.
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Figure 4: Water level for scenario 4: maximum discharge –
“worst case” times.

6 FAILURE ANALYSIS
In accordance with the results of the onedimensional simulations shown in this study, no
significant overflow of the channel banks is expected when the system is operating properly,
even in case of surge, maximum flow and worst
case conditions.
Operation failure of the following system components have been analyzed, namely: surge bypass
unit flap gate, intake sluice gate, HPP
Maiermühle. Two variants were considered in
each case: average discharge (Q = 10 m³/s) and
maximum discharge (Q = 14 m³/s). Table 2 provides an overview of the scenarios considered.
The simulation section was extended for this
purpose, from HPP Mühlbach to the intake structure, i.e. the complete Mühlbach channel. The turbine of HPP Maiermühle was simulated assuming
a flap opening which ensures a retention water
elevation of 583 m.s.l. corresponding to
Q = 10 m³/s. If the water level is higher than
583 m.s.l. flows occur from the upper to the lower
reach due to the overflow flap.

The following possible solutions to mitigate
this failure case were simulated:
• Closure of intake sluice gate:
The situation of a complete flow suspension by
closing the intake sluice gate was analyzed, both
at normal and rapid closure velocity. Despite
complete flow suspension by closing the intake
sluice gate, overbank flooding occurred in the
lower reach even after a few minutes due to emptying in the upper reach.
• Closure of intake sluice gate and additional
HPP Maiermühle shutdown:
Additional shutdown of HPP Maiermühle was
considered, parallel to complete intake sluice gate
closure.
Directly after a rapid shutdown of HPP
Mühlbach a quick closure time of 3 min was assumed, both at HPP Maiermühle and at the intake
sluice gate, whereby the sluice gate propulsion
system should be redesigned.
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This approach was effective in case of average
discharge (10 m³/s), since simulation results show
no overflow of the bank line in the lower reach.
In case of maximum discharge (Q = 14 m³/s)
the additional shutdown of HPP Maiermühle leads
to no acceptable solution because bank line overflow both at the left and right of the channel are
imminent, especially in the low section.
Since the Mühlbach duration curve specifies
14 m³/s or more only a few days in the year (Figure 5), a reduced maximum discharge of 11 m³/s
was considered for additional simulations. Running the model with different closing times
(2 min, 1 min and 30 seconds) both at Maiermühle
and the intake sluice gate showed that only in the
case of a 30-second closing time was the overflow
of the bank line insignificant. The surge at rapid
HPP Maiermühle shutdown generated on the upper reach should be analyzed separately.
Surge generated in the upper reach with the
scenario “closure of intake sluice gate and additional HPP Maiermühle shutdown” requires a special study considering the trigger effect in HPP
Maiermühle caused by closing the intake sluice
gate. More detailed analysis of this approach is the
main topic of section 7 “Upper reach considerations”. A model optimization in reference to the
closing time of the HPP Maiermühle is a recommendation of this study.

higher capacity of the surge bypass unit
(11.5 m³/s). This situation is not characterized by
overbank flooding. In contrast, a water level increase at HPP Mühlbach is observed when flow
through the channel is 14 m³/s, with corresponding minor overflow of the bank line only at
142.6 m and between 179.55 m und 200.55 m.
Long-term simulation shows a virtually stationary
condition after 60 minutes, probably because of
possible water overflow above the flap upper
edge.
6.3 Unplanned horizontal placement of HPP
Maiermühle flap gate
There is not major bank overflowing risk by unplanned horizontal placement of the flap gate in
HPP Maiermühle (120 s), neither by 10 m³/s nor
14 m³/s. In both cases an irrelevant overflow of
the bank line by 142.6 m is registered.
Additionally by average discharge, upper water
level of 581.54 m.s.l is reached, triggering on turbine shutdown, surge bypass unit flap gate opening and intake sluice gate closure by 20 cm.
7 UPPER REACH CONSIDERATIONS
In a second stage of the project the influence of
the Maiermühle HPP and the consequences of its
operation for the upper reach were investigated in
detail for failure case 6.1 “Failure of the surge bypass unit flat gate”. For this purpose the actual
geometry and operating control of the Maiermühle
HPP and the geometry of the upper reach between
Maiermühle HPP and Mühlbach intake sluice gate
were taken into account.
7.1 One-dimensional Model
The HPP Maiermühle, the upper reach (~200 m
length) and the intake sluice gate were integrated
in the existing HEC-RAS model. The change from
the upper to the lower reach at the HPP
Maiermühle is observed in figure 6. Figure 7
shows a longitudinal section of the extended
HEC-RAS model.
Large parts of the upper reach are overbuilt by
houses and bridges. Furthermore the extended
model considers also a lateral weir in the headwater of the HPP Maiermühle connected via a bypass
with the tail water. It has a capacity of up to
4 m³/s.

Figure 5: Mühlbach duration curve.

6.2 Failure of the intake sluice gate
When the turbine shutdown (28 s) and the surge
bypass unit flap gate opening (12s) are regular,
however, non-closure of the intake sluice gate by
20 cm occurs as planned, the channel inflow from
the River Lech remains unchanged.
At average discharge (10 m³/s) into the channel, the water level is reduced by 25 cm at the level of HPP Mühlbach as a consequence of the
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• Turbine shutdown (10.2 s) with flap gate opening (2 s) at the HPP Maiermühle for both, average (10 m³/s) and maximum (14 m³/s) channel
discharge - No critical water surface elevations
occurred.
• Turbine shutdown (10.2 s) without flap gate
opening at the HPP Maiermühle for both average (10 m³/s) and maximum (14 m³/s) channel
discharge - The simulations show rather insignificant surge phenomena ending with a constant water surface elevation increase, which
results in overbank flooding for the maximum
discharge.
• Turbine shutdown (10.2 s) without flap gate
opening at the HPP Maiermühle and simultaneous turbine shutdown (28 s) with flap gate
opening (12 s) at the HPP Mühlbach, including
a resulting reduction of the intake sluice gate
(20 cm in 55 s) for the scenarios with average
(10 m³/s) and for the maximum discharge
(14 m³/s) – In terms of the surge generation the
results for this case do not vary much from
those of the previous simulation, so interaction
is negligible. However the final water surface
elevations are lower and no overbank flooding
occurs.
• Turbine shutdown (10.2 s) without flap gate
opening at the HPP Maiermühle, turbine shutdown (28 s) without flap gate opening at the
HPP Mühlbach and closure of the intake sluice
gate in a time x for different discharges – No
matter how small x is, surge and overbank
flooding will result in the lower reach for discharges greater than 11 m³/s.

Figure 6: The Mühlbach channel at HPP Maiermühle.
Change from upper (foreground) to lower reach (background).

Figure 7: Extended HEC-RAS model schema; black bars indicate lidded cross sections; flow from right to the left.

The cross section geometry for the extended
model section (upper reach) is based on 10 profiles from the HPP Maiermühle headwater, 9 from
its tail water and 45 profiles which were derived
from plans relating to the HPP intake, the bottom
edges of buildings and bridges and the intake
sluice gate.
The extended model was adjusted as described
in the first part of this work, with an additional
consideration of pressurized flow in the lidded
cross sections by using the Priessmann slot theory
and the corresponding details concerning the HPP
Maiermühle such as the lateral weir in the headwater connected via a bypass with the tail water.
A number of unstable scenarios were simulated, considering different operational conditions
of the HPP Maiermühle and also of the HPP
Mühlbach and the intake sluice gate. In order to
achieve a quasi steady condition, a total time of 30
minutes was simulated for each scenario. The first
three minutes after the operation disturbance were
thoroughly analyzed on a second resolution, because in this time the major surge dynamic
processes occur. Following scenarios were analyzed:

The design of the HPP Maiermühle, with its
large open air overflow gate and the additional
lateral weir, proved to be relatively safe
concerning turbine closure with or without flap
gate opening. Almost no surge can be observed
and the water level elevation rise due to flap gate
failure is only critical for high channel discharge
larger than 11 m³/s. Furthermore the optimization
of the approach to solve the flap gate failure case
at the Mühlbach station showed that surge and
bank flooding is inevitable in the lower reach for
discharges above 11 m³/s. So finally the feasibility
of the approach from the first investigation was
proved and the maximum possible discharge was
clarified with the extended HEC-RAS model.
7.2 Three-dimensional model
To account for the three-dimensional flow situation at the intake of the Maiermühle power station,
especially in connection with the lateral weir, a
detailed analysis of this area and the surge formation there was found to be necessary. Therefore a
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FLOW3D model of the power station and its intake was set up to verify the correctness of the 1D
model results with a 3D reference calculation. The
3D model is illustrated in Figure 8.
Use was made of an RNG-based turbulence
model for the simulation. It had a position-related
spatial grid solution up to 0.2 m which resulted in
half a million cells. A calculation with cell size
0.1 m resulting in four million cells was run to ensure grid independence of the numerical solution.
The HEC-RAS reference calculation was carried
out for the HPP Maiermühle turbine design discharge of 12.6 m³/s. During several restart simulations the cylindrical hole which was representing
the turbine was calibrated at first to meet this discharge water surface elevation relation. Furthermore quasi static initial conditions were established. Then, in a subsequent simulation a moving
object was used to close the turbine opening within the corresponding time (10.2 s), simulating turbine closure without flap gate opening scenario.
This resulted in an almost invisible surge and
above all in a water surface level rise, up to a
point where steady conditions were achieved. The
two steady situations are illustrated in Figures 9
and 10.

Figure 10: Final state of 3D- simulation (only the water
body); flow from top left to bottom right.

In the second project stage additional approaches in failure case 6.1 “Failure of the surge
bypass unit flap gate” were analyzed including the
application of one and three-dimensional models,
which were evaluated comparing the water surface elevation at three points.
In terms of results evaluation the water surface
levels at three reference points for results in case
6.1 “Failure of the surge bypass unit flap gate” of
both one- and three-dimensional models were
compared. The point positions and the water surface levels are shown in Figure 11.

Figure 8: Flow-3D model geometry; flow from top right to
bottom left.

Figure 11: Comparison of water surface elevation (WSE)
time development in 3D (line) and 1D (dashed) simulation
and the positions of used reference points (small graphic);
turbine shutdown at t = 100 s.

Both methods (1D & 3D) show a rapid increase
in the water surface elevation of about 0.6 m after
the turbine closure. The surge generated by the abrupt flow change is rather insignificant and just
visible as small local maxima or an increase like a
step function. Finally both calculation procedures
lead to similarly constant water surface levels.
The three-dimensional approach shows a quasi
constant water surface elevation of averaged
583.76 m.s.l. about 40 s after the closure event
began. The one-dimensional method yields a constant water surface level of averaged 583.79 m.s.l.
about 200 s after the turbine shutdown. However,
the one-dimensional method shows results which

Figure 9: Initial conditions for 3D simulation (only the water
body); flow from top left to bottom right.
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vary about 0.1 m from the three-dimensional results for the first two minutes after the incidence.
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8 CONCLUSION
The first project stage indicated that no critical
water levels are to be expected, both by average
and by maximum discharge, as long as normal operation of the system components and the real
times for turbine shutdown and surge bypass unit
flap gate opening are maintained. Under these
conditions operational safety can be assumed with
respect to surge phenomena.
Based on the failure analysis it can be concluded that in the case 6.2 “Failure of the intake
sluice gate” under average discharge conditions or
in the case 6.3 “Unplanned horizontal placement
of HPP Maiermühle flap gate” are considered to
be nonhazardous, thus confirming the operational
safety of the system. To avoid critical water levels
in failure case 6.1 “Failure of the surge bypass
unit flap gate”, technical modifications of the
surge bypass unit might reduce the probability this
failure occurring.
In the second project stage additional approaches in failure case 6.1 “Failure of the surge
bypass unit flap gate” were analyzed including the
application of one and three-dimensional models,
which were evaluated comparing the water surface elevation at three reference points. On the
whole, the two calculations showed acceptable
agreement regarding to general accuracy.
So with regard to the project, the correctness of
the results of the simplified one-dimensional
HEC-RAS model is affirmed and no further modifications of the HPP Maiermühle or the lateral
weir is required. Concerning general consideration
of the quality of one dimensional methods compared to three-dimensional approaches such as
FLOW 3D, this study indicates that also very simplified energy considerations can be a time and
cost-effective alternative instead of elaborate
three-dimensional calculations. However, the limits of correctness remain unclear and call for individual investigations as presented in this study.
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ABSTRACT: The energy of river currents has been employed to power floating mills since antiquity.
Due to their low power outputs, the floating or boat mills however disappeared completely in the late 19th
century. There is a strong desire today to exploit the renewable energy of river and tidal currents which
led to numerous suggestions to again employ water wheel-type floating mills for electricity production.
Most of the proposed new schemes however suffer from the lack of either theoretical or experimental data
to indicate their performance potential, its limits and the effects on the river environment. An ongoing research program at Southampton University aims to develop a theoretical background, and to determine
performance characteristics of floating water wheels. ‘Classic’ water wheel configurations were investigated experimentally and improvements were developed, increasing the efficiency from 25% to 42%. The
effects of these water wheels on the river environments were assessed experimentally. Very recent developments, which allow the utilization of more efficient energy conversion mechanisms, are presented
briefly. The general conclusions were that the performance potential of simple floating water wheels is
limited, whilst the environmental effects are small. However, due to their low investment costs, floating
water wheels are probably interesting machines for decentralized energy production in large rivers and
may therefore find a more widespread application in the near future.
Keywords: Floating mills, Water wheels, Renewable energy, Environmental effects
Müller (1939). The main reasons for their disappearance were the comparatively low power output, and the interference with shipping.

1 INTRODUCTION
Floating mills were first recorded in Rome in 540
AD when Belisarius had them built during Vitibes’s siege of Rome. They usually consisted of a
mill boat, which contains the mill’s machinery,
and a water wheel which is usually supported by
the boat on one, and an additional float on the
other side. Sometimes, floating mills were built
with two symmetrical floating bodies, often with
conically shaped bows to guide the water into the
wheel, or with a central boat and two wheels on
each side, Reynolds (1981). Fig. 1 shows a drawing of a typical floating mill of the 18th century.
From the Middle Ages onwards, floating mills
were built in Europe and in Cologne/Germany,
there were 17 floating mills in operation as late as
1856, Fig. 2a. The mills were tied to a bridge and
arranged in one row. On the river Elbe, floating
mills only ceased operation in 1911, Gräf (2007).
Floating mills were often installed in areas of rapid flow, with flow velocities of up to 3.2 m/s,

Fig. 1: Typical floating mill, 1735 (Ernst, 1805)
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projects are currently ongoing, Fig. 3. Very little
actual engineering information is however available for these projects.

Fig. 2: Typical floating mills (a) Floating mills at Cologne /
Rhine, 1856 (b) Replica mill (Rhine, 2008)

The wheels of floating mills usually had a diameter of 4 to 5 m, with six to twelve blades of
0.5 to 0.7 m depth which were submerged by 0.4
to 0.5 m, and widths of 2 to 6 m, e.g. Bresse
(1869), Weisbach (1883). For the tangential velocity of the wheel, a value of 0.4 of the velocity
of the river current is recommended as a compromise between a slight reduction in power and a
faster speed of rotation of the wheel, which reduced the gearing requirements. Weisbach also
gives a design method and theoretical efficiencies
as a function of the number of blades of 0.265 for
eight, and 0.428 for 16 blades. In his book he
mentions full scale measurements from Bossut,
who found efficiencies of 0.384 for a wheel with
24 blades.

Fig. 3: Current research and development projects (a) Floating water wheel model, www.flusstrom.de, (b) Floating mill
in Baltimore/ USA, (www.waterwheelfactory.com)

Although the energy contained in water currents of typical velocities in rivers is comparatively small, floating water wheels have the potential
to provide a simple technology for decentralized
power generation in larger and large rivers e.g. for
application in developing countries. From this
point of view a further research into this ancient
technology appears to be justified. The kinetic
power Pkin of a fluid of area A can be determined
as a function of the flow velocity v0:

Pkin = A ⋅ ρ ⋅

v 03

(1)

2

Since the kinetic power is a function of the velocity cubed, it increases significantly as v0 increases. In real terms however, typical flow velocities in rivers range from 1 to 3 m/s so that the
kinetic power for one square meter ranges from
0.5 to 13.5 kW/m². Power densities are therefore
quite low. The theory of floating mills, e.g. Morin
(1864), assumes the blades to be fully submerged,
infinitely long rectangular plates with a drag factor of CD = 2.0. With a blade area A, a flow velocity v0 and a blade velocity v1 the power P generated can then be described as:

2 CURRENT SITUATION
Today there are again floating mills built very occasionally either as replicas of historical mills, see
the mill designed by Brüdern (2007), or to generate hydropower from the river current. The wish
to exploit renewable energy sources has generated
a renewed interest in this ancient technology,
since floating mills have a number of practical advantages such as easy constructability and subsequently low costs, automatic adjustment to the
water level and constant power generation. A
large number of patents has been issued on variations of the theme, and several development

P = A⋅C D ⋅
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The power reaches a maximum at v0 = v1 / 3,
with an efficiency η = 8/27 or 0.296. For a typical
blade area of A = 0.5 × 5 = 2.5 m², the theoretical
power is given in Fig. 4 as a function of the flow
velocity. The graph indicates that in order to
achieve significant power output, flow velocities
of 2 m/s and more are required.

3 EXPERIMENTAL PROGRAMME
3.1 Experimental set-up
In order to investigate the performance of a water
wheel in deep water, a series of experiments was
conducted at Southampton University. The aims
were to determine converter characteristics as a
function of the blade number and to assess possible environmental effects. A 500 mm diameter
wheel was built which could accommodate either
8, 12 or 24 blades. The wheel consisted of two
450 mm diameter Perspex disks; the blades had a
width of a = 250 mm, and a depth of b = 50 mm
whereby half the blade depth was fitted into slots
machined into the Perspex disks. The width of the
blade is assumed to produce near 2D flow conditions, so that the drag factor of the blade can be
taken to approach CD = 2.0. The power take-off
consisted of a Prony-brake, with a 46 mm diameter brake disk fitted onto the shaft.
Tests were conducted in the 12 m long, 0.3 m
wide and 0.4 m deep continuous flow tank with a
constant water depth of 215 mm, and flow velocities of 0.2 to 0.59 m/s. Assuming a scale of 1:10,
this corresponds to full scale flow velocities of
0.8 to 1.9 m/s and therefore the lower range of operational velocities for floating mills. The flow velocities were determined as the free wheeling velocity of the wheel.
In addition, flow visualization experiments
were conducted in order to assess the flow velocities underneath the wheel since the possibility of
wheel induced bed erosion appears to be the most
important potential environmental effect of such a
technology. The experiments were conducted by
inserting neutrally buoyant particles (expanded
polystyrene, d = 0.5 – 0.8 mm) upstream into the
flow in the centre section of the canal. A Casio
EX-F1 camera capable of recording 60 fps at 6
MB was located at 1 m distance from the side of
the channel. Lighting was provided by an overhead photographic light.

Fig. 4: Theoretical power for A = 2.5 m²

For the design, diameters of D = 3.5 to 6 m
were recommended with 8 to 12 blades and blade
depths b of b = D/8 to D/10, Bresse (1876) or
Müller (1939). These values are however empirical. Weisbach (1883) developed a formula to take
account of the number of submerged blades z1,
and gives the efficiency as

η=

16
⋅z1
81

(3)

which however is only valid if the number of
blades is not large. i.e.
z1 <

v0
v 0 −v1

(4)

Weisbach however assumed Borda’s theory for
momentum to be correct; today Parent’s theory is
generally accepted which gives a slightly increased theoretical efficiency of η = 24/81. In
Weisbach’s book this difference is compensated
by optimistic values for the number of submerged
blades. Blockage effects due to the proximity of
the river bed and losses are not considered, and
the effect of blade angle is recognized but not
quantified. Despite the fact that several research
and development projects in the area of floating
water wheels are currently ongoing, little or no
progress in theoretical work has been reported
since the 1880’s.

3.2 Blockage and wall effects
The blades of the wheel model described in the
previous section had a submerged depth of 50 mm
for a water depth of 215 mm, giving a ratio of
blade to water area of 0.2. The experimental setup constitutes a 2D-flow situation with limited
depth, resulting in blockage effects which increase
the power output and which need to be addressed
to make the results more generally applicable. Bahaj et al. (2007) gave power correction factors for
tests with continuous flow situations for tidal turbines (i.e. without a free surface) as a function of
the blockage area ratio, Fig. 5. Since the pressure
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difference from Eq. (2), where the maximum occurs for a velocity ratio of v1 / v0 = 1/3. The number of blades in contact with the water apparently
affects the momentum exchange in a way similar
to the Pelton turbine, e.g. Becker & Piltz (1995)

increase in a free surface situation expresses itself
as a rise in water level, it is assumed that these
theoretically derived factors are applicable here.

Fig. 5: Effect of blockage ratio on power output (after Bahaj
et al., 2007)

Wall effects also need to be considered. The
wheel blades have a width of 250 mm inside of
the 300 mm wide channel. This means that effects
of the immediate wall vicinity on the wheel are
reduced. Since the free wheel velocity of the
wheel, i.e. the average velocity over the wheel
width, is employed as the effective velocity measurement the authors consider further wall effects
to be included in the analysis.
4 EXPERIMENTAL RESULTS
4.1 Performance characteristics
Initially, measurements were conducted with three
different flow rates. It was however found that the
friction brake led to unsteady movement of the
wheel for very low velocities of less than 6 rpm.
Only the experiments with flow velocities between 0.56 and 0.59 m/s are therefore reported. In
order to take account of blockage effects caused
by the limited water depth, the experimental results were reduced by a factor of 1.3 for a blockage ratio of 0. 2, according to Fig. 5, in order to
generate values representative for a situation
where the river bed has no influence on the measured power. The efficiencies for three different
blade numbers, and flow velocities ranging from
0.56 to 0.59 m/s are shown in Fig. 6a. It can be
seen that efficiencies increase with increasing
blade number as Eq. (3) suggests. Efficiencies
range from 25% for 8 blades, to 42% for 24
blades.
The results for eight blades (one blade in contact with the water) are within the range expected
from simple momentum theory. The maximum efficiencies occur for a velocity ratio of v1 / v0 = 0.4
to 0.55, confirming the observations reported by
various authors (e.g. Weisbach, 1883). There is a

Fig. 6: Efficiency as function of blade number, Blockage
reduction factor fb = 1.3, (a) Efficiency as function of velocity ratio v1 / v0 , (b) Experimental and theoretical efficiency

In Fig. 6b the maximum efficiencies from the
experiments and the theoretical values from Eq.
(3) are given as a function of the blade number. It
can be seen that Weisbach’s formula gives a reasonable estimate for the effect of blade numbers.
4.2 Scaling
The tests were conducted at a scale of approximately 1:10. The effectiveness of a water wheel
depends largely on the drag forces exerted on each
blade, which are a function of the Reynoldsnumber. At model scale, a flow velocity of 0.56
m/s results in a Reynolds-number of Re = 2.8 ×
104, at full scale (with a flow velocity of 1.8 m/s)
this increases to Re = 9 × 105. The drag factor for
rectangular plates is however constant for 104 <
Re < 106, Crowe et al. (2001) so that scale effects
can be assumed to be negligible. In addition, the
experiments constituted a near 2D flow situation.
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the velocity of the water, current opinion holds
that the danger created by blade strike is low.

When scaling the geometry up to full scale, this
can only be replicated when the blade aspect ratio
(width to depth ratio) a/b is larger than 10. For a
scale of 1:10 this requires blade widths of 5 to 6
m.

5 OTHER DEVELOPMENTS
There are a number of other developments in the
area of floating water current converters, ranging
from classic water wheels to horizontal axis wheel
designs which employ flexible blades and/or guiding side skirts, and to vertical axis designs employing either Darrieux-type rotors or a set of
guide vanes which divert the current from the half
of the rotor which moves against the current, see
e.g. the overview in NRC (2006). Most of the
converters described utilize proprietary technology and although prototypes of various designs and
conversion mechanisms were built, practically no
performance data is available and often not even a
theory exists which would allow to assess the development potential of the proposed converter.
Some projects attempt to utilize the effect of a
surrounding duct in order to increase the power
generation, e.g. Ponta and Dutt (2000). The idea is
to create a low pressure zone downstream of the
duct by inducing flow separation and vortex formation. This leads to a local acceleration of the
flow, and in addition energy conversion principles
which yield higher efficiencies than those of the
simple impulse wheel such as turbines can be employed, see e.g. NRC (2006). Although there are
far reaching claims with regard to efficiency and
cost-effectiveness, none of the proposed converters has as yet provided reliable performance data
so that the conclusion about the claimed performance characteristics remains unclear.

4.3 Environmental effects
In the historical literature, very little is said about
effects of floating mills on the environment except
that the mill owners often attempted to accelerate
the flow – and their mill’s power – locally e.g. by
fascines put into the river. This of course caused
difficulties with shipping. Some books, e.g. Weisbach (1883) mention a localized deepening of the
river bed without giving any specifics. Most negative effects reported focus on interference with
shipping, the use of illegal means to accelerate the
flow locally and arguments between mill owners
regarding their respective locations.
The potential effect of the accelerated flow on
the river bed was considered as the most important environmental effect of a floating water wheel
installation. The flow visualization experiments
were conducted in order to assess the flow field
below the water wheel. Fig. 7 shows a typical example (12 blades, maximum efficiency).

6 DISCUSSION

Fig. 7: Visualisation of flow underneath wheel (12 blades,
v1 = 0.58 m/s, v1 / v0 = 0.5)

The principal reason for the disappearance of
floating mills was the low power production; this
still holds. Modern engineering design can only
improve this situation to some extent. An increase
in blade number from eight to 24 generates an efficiency increase from 25% to 42%. Further small
increases of up to 10% to 46% appear possible by
increasing the drag factor of the blades to 2.3 with
a U-shaped cross section and side disks to ensure
2D flow conditions. If the water depth is less than
4b, further increases can be expected; these will
however probably be balanced by a local erosion
of the river bed. In combination with the low
energy density of typical river flows, it appears
that floating horizontal axis water wheels cannot
be expected to contribute even marginally to the
production of renewable energy.

A small vortex forms behind the first blade in
contact with the water and, quite surprisingly, a
large vortex of diameter of approximately 3b develops downstream of the wheel. Velocities below
the vortex are still larger than the free stream velocity so that probably water depths of 4b or more
should be present if any effect on the river bed is
to be avoided.
The main danger to aquatic life perceived to be
generated by floating water wheels is blade strike
on fish. This could only happen in the surface
layer when a blade enters the water, since the
blades are otherwise visible and moving with only
one third of the velocity of the flow. Currently, a
blade strike model is under development at Southampton University. Since however even the entry velocity of the blade is significantly lower than
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to their simplicity and low costs, they may be a
viable option for decentralized electricity generation in developing countries or remote locations.

There are however advantages of the technology for today’s environment; namely the low environmental impact and the possibility to generate
electricity and/or mechanical power with comparatively low costs for decentralized energy production e.g. in developing countries or in remote
locations. The latter application in non-regulated
rivers with areas of fast flows looks potentially interesting. The simplicity of the technology, combined with low investment and local construction
and maintenance could point to this area of application. The principal disadvantages of floating
mills are the low efficiencies, and the slow speed
of rotation. At full scale, rotational speeds would
probably range from 4 to 6 rpm, and a wheel of
10m width with blade depths of 1 m could produce a mechanical power of 32.8 kW in a flow velocity of 2.5 m/s. This appears to be rather low for
such a large installation. The low power output
has led to several assumptions how this problem
can be overcome. Often it is suggested to create a
channel between the buoyancy bodies of a floating mill e.g. with vertical plates to accelerate the
flow and give increased performance. Experiments conducted at Southampton University however indicated that this effect is not large; the water chooses the path of the least resistance around
the assembly (water wheel and floating bodies).
It appears that for the application in industrialized countries with many users in rivers, and especially shipping as a major mode of transport,
floating mills have probably disappeared forever.
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7 CONCLUSIONS
Floating mills are today often suggested to exploit
the energy of river currents. An investigation of
the historical literature on this topic was conducted in combination with an experimental program and an overview of ongoing research and
development projects. The aim was to assess the
development potential of floating water wheels.
The following conclusions were drawn:
• Theory suggests that efficiencies and power
output of floating water wheels for typical
flow velocities are low.
• The theoretical maximum efficiency assumed
today of 29.6% can be improved by increasing the number of blades.
• Experimental efficiencies reached 25% for
eight and 42% for 24 blades.
• The environmental effects are probably minimal; flow visualization tests showed that a
large trailing vortex develops which may
generate local erosion of the river bed.
Floating water wheels may not be a solution for
large scale renewable energy production but, due
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Drift accumulation at river bridges
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ABSTRACT: Drift seriously increases the destructive power of a flood event. Drift accumulations and
blockages at river bridges are a widespread problem leading eventually to total bridge failure. Limited
knowledge is currently available on drift blocking processes during flood events. The main purpose of
this experimental study was to analyze driftwood blocking at a bridge deck depending on the: (1) drift
dimensions; (2) freeboard below bridge deck; (3) flow characteristics; and (4) bridge design. The model
tests included the accumulation of both single logs and single rootstocks at bridge decks. The test flow
conditions represent a major flood event, with the freeboard tending to zero and the drift is able to touch
the bridge deck. A total of four bridge types without piles were investigated, namely the reference bridge
consisting only of the bridge roadway, a truss bridge, a railing bridge, and a baffle bridge. The results indicate the significant effects of freeboard, the approach flow Froude number and the bridge design on the
drift accumulation process.
Keywords: Bridge failure; Drift accumulation; Flood; Hydraulic modeling; Risk management
1 INTRODUCTION
1.2 Drift entrainment and transport

In the present work, drift is defined as any type of
wood laying or floating in a river. Other terms
used in the literature are e.g. driftwood, floating
debris or Large Woody Debris (LWD).

Especially during flood events, drift is entrained
in a river and transported downstream due to increasing discharges and flow depths. The drift initiation has been investigated by e.g. Braudrick and
Grant (2000, 2001), Bocchiola et al. (2006a). and
Haga et al. (2002). Log entrainment is primarily a
function of the log angle relative to the flow direction, log density, the log diameter, the presence/absence of rootstocks and both the flow
depth and flow velocity. Logs longer than the
bankfull width tend to be stable and are removed
only during large flood events. Once the drift is
transported, three distinct wood transport regimes
were observed, namely uncongested, congested
and semi-congested (Braudrick and Grant 2001).
The transport distance of drift depends mainly on
the channel cross-section and the presence of obstacles (Bocchiola et al. 2006b). For mountain rivers wider than the tree height, wood can be transported over long distances and therefore reach
populated areas and lead to major problems.

1.1 Drift supply
Drift is part of each river and most drift is wood
from the river vicinity. Trees fall into the rivers
due to age, wind and side erosion (Keller and
Swanson 1979, Diehl and Bryan 1993). Especially
in steep mountain areas, landslides, debris flows
and avalanches can transport large amount of drift
(Bezzola and Hegg 2008). During periods of low
discharge, the drift is mostly stable and exhibits
no actual danger. In contrast, drift influences a
number of geomorphic and biological processes of
a fluvial system (Shields and Gippel 1995,
Gurnell et al. 1995, Stewart and Martin 2005, Andreoli et al. 2007). Drift provides valuable habitats
for a wide range of both flora and fauna, offers
shelter for fish, increases the hydraulic roughness
of the river and effectively traps and stores sediments (Young 1991, Gippel 2005).
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1.3 Drift deposition
Transported drift either deposits due to insufficient stream power or accumulates at obstacles
and narrow cross-sections (Lang and Bezzola
2006). At decreasing flow depths, drift is deposited in shallow water zones, on banks and at the
river shore (Gurnell et al. 2000a,b, Braudrick and
Grant 2001). The accumulation of drift in the river
itself, e.g. at large boulders, was investigated by
Faustini and Jones (2003), Bocchiola et al. (2008)
and Manners and Doyle (2008). They observed
that the accumulation probability of drift increases
with its length and decreases with the Froude
number. An accumulation is more likely if bridging against two obstacles occurs.
Of special interest for this study is the drift accumulation at river bridges or weirs (Fig. 1). Especially during flood events, transported wood
dramatically increases the destructive power of
floods and seriously endangers bridges. Drift accumulations at bridges reduce or even jam the entire river cross-section. Most observed drift accumulations fall into two classes, namely: singlepier accumulation and span blockages (Diehl
1997). Given the high flow depths during flood
events, drift can further get blocked at the bridge
deck itself. All accumulations may result in an increase of the upstream water level and flooding of
nearby infrastructure. Blocking of a cross-section
can decrease the sediment transport thereby increasing backwater in addition. Drift impact on
bridges can seriously damage the structure or even
lead to a total failure. Further, due to increased
flow velocities and turbulence in the bridge vicinity, drift accumulations contribute to scour (Melville and Dongol 1992). An overview on driftrelated problems is found in Diehl (1997), Bradley
et al. (2005) and Lang and Bezzola (2005).
The evaluation of about 100 bridges subjected
to drift-related damage during the 2005 flood
event in Switzerland indicated that both bridge
design and river morphology have a major effect
on the drift accumulation risk (VAW 2008). Exposed structural elements like trusses, railings or
supply cables, and pipes under bridges increase
the risk of drift accumulation considerably.
‘Smooth’ bridge designs and adequate river morphology often assure the safe passage of transported drift. Therefore, systematic drift blockage
test were conducted at the Laboratory of Hydraulics, Hydrology and Glaciology VAW, Swiss Federal Institute of Technology ETH, Zurich. The
tested flow conditions represent a major flood
event, e.g. a 100-year flood or higher, as the freeboard tends to zero and interaction between drift
and the bridge deck is possible.

Figure 1. Drift accumulation at (a) railway bridge in Sarnen
and (b) weir Perlen in Lucerne, during 2005 flood event in
Switzerland, flow direction from left to right

2 EXPERIMENTAL SETUP

2.1 Model channel
The hydraulic experiments were conducted in the
rectangular VAW river engineering channel. The
channel is 13 m long, 0.60 m wide, 0.60 m high
and has a discharge capacity of Q = 150 l/s. The
channel is considered hydraulic smooth and a
flow straightener at its intake generated undisturbed inflow. Various flow conditions can be established by varying both the approach flow discharge Q and the channel bottom slope So. The
approach flow depth h was measured using an ultrasonic level sensor of ±1 mm accuracy.
The model bridges were mounted at a height of
H = 0.15 m above the channel bottom and 8.30 m
from the intake. The bridge deck was 0.60 m long,
0.10 m wide and 0.010 m thick. Four bridge types
were investigated, namely the reference bridge
consisting only of the bridge deck, a truss bridge,
a railing bridge and a baffle bridge (Fig. 2). Both
the railing and the truss bridges were mounted on
the reference bridge, the baffle of radius 0.002 m
was attached to the upstream bridge face.
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(a)

ments. If drift accumulates at bridges during a
flood event, it can break into smaller pieces due to
increased dynamic forces. A drift blockage can
therefore appear and break again without causing
major damage. This was not observed during the
present tests as the stability of the model drift was
too large.

(b)

(c)

(d)

L

(e)

Figure 2. Investigated bridge types: Frontal view of (a) reference bridge, (b) truss bridge, (c) railing bridge and crosssections of (d) railing bridge and (e) baffle bridge

(a)

As no interaction between the drift and the
channel bottom occurred in the approach flow
section, it was assumed that the drift moves with
the flow velocity. The hydraulics of drift flow below the bridges may therefore be characterized by
the approach flow Froude number F = V/(gh)1/2,
with h = flow depth, V = Q/(Bh) = approach flow
velocity,
Q = approach
flow
discharge,
B = channel width or bridge length and
g = acceleration of gravity (Fig. 3). Eleven different flow conditions were tested, involving three
values of the relative approach flow depth
h/H = 0.90, 1.00 and 1.07 and four of F = 0.3, 0.5,
0.8, 1.2. For h/H = 1, the water surface just
reaches the lower bridge deck, for h/H = 1.07 the
water surface is at the upper bridge deck. For
F = 1.2 the relative approach flow depths of
h/H = 1.0 and 1.07 could not be tested, as the
bridge generated a backwater rise leading to transitional flow. A relative approach flow depth of
h/H = 0.93 was therefore tested additionally for
F = 1.2. All eleven flow conditions were tested for
each of the four bridge types.

(b)

V

Bridge

Sample log
h

H

L

V

DL

B

Figure 3. Experimental setup: (a) side view (b) plan, notation
L
DRM
L

DRm

Figure 4. Examples of logs and rootstock used, notation

2.3 Test procedure
Channel flow conditions were established first.
Each test was carried out by adding a single piece
of drift to the approach flow, 5 m upstream of the
model bridge. The drift either passed the bridge or
got stuck and was then removed before the next
test. The logs were added randomly, but aligned
themselves immediately in flow direction. The
rootstocks were added with the attached log
ahead. The tested drift was initially dry and therefore floated entirely on the water without contact
to the channel bottom. The drift was not dried between a test series, given the short test duration of
only some minutes.
Each test involving a certain single drift piece
and bridge type at a certain relative flow depth
and F was repeated 8 times. From preliminary observations this was found to be about the smallest
repetition number for statistically relevant results.
Combining 11 flow conditions, 4 bridge types and
13 wood types, with 8 repetitions for each wood
type, resulted in a total of 4,576 individual tests.

2.2 Model drift
Five different logs and eight different rootstocks
were used as model drift. The logs (subscript L)
were natural without branches and varied in
length
L
between
(1/4)B = 0.15 m
and
1.5B = 0.90 m and in diameter DL between 0.015
and 0.02 m (Fig. 4). Both real and artificial rootstocks were used. The imitations consisted of a
round disc or two crossed bars representing the
rootstock and an attached dowel representing the
log. The rootstock (subscript R) dimensions involved maximum (subscript M) DRM and minimum (subscript m) DRm rootstock diameters, and
length L of the attached log (Fig. 4). The maximum rootstock diameter ranged from 0.12 to
0.22 m and was therefore of the same order as the
bridge clearance H = 0.15 m. The stability of the
model drift is not properly scaled in the experi715

3.2 Blocking processes

3 OBSRVATIONS AND RESULTS

Various blocking processes were observed in the
experiments. Given the absence of piles, logs only
accumulated if they had a chance to touch the
bridge deck. Small logs hit the bridge and got
blocked at the deck itself or at the bridge construction (especially railing and truss bridge). The
longest logs occasionally spanned between the
bridge deck and the channel side wall. Rootstocks
got mostly blocked between the bridge deck and
the channel bottom, due to their three-dimensional
expansion (Fig. 6). The effect of both the flow
condition and the bridge design on the blocking
process is discussed below.

3.1 Bridge choking
Drift accumulation at the model bridge had a major effect on the flow characteristics, similar to
sediment aggregation (Diehl 1997). A stuck model
drift resulted in a reduction of cross-sectional area
and therefore led to a backwater rise, especially
for rootstocks combined with supercritical approach flow. Figure 5 shows a series of a rootstock blocking test with h/H = 0.90 and F = 1.2
for the railing bridge. The natural rootstock is
blocked in the railing (Fig. 5a), leading to a hydraulic jump upstream of the bridge (Fig. 5b). The
hydraulic jump moves upstream and the originally
supercritical flow breaks down. Note that the rootstock in Fig. 5 is fairly large as compared to the
bridge. Normally several pieces of drift are required, e.g. a drift cluster, until a rise in the upstream flow level occurs. Bridge chocking was
never observed for single logs, given the small reduction of cross-section below the bridge. However, once a single log is blocked the risk of additional drift accumulation and backwater rise
increases significantly. Observations during recent
flood events indicate that the backwater rise is a
frequent problem leading to overtopping of the
upstream river levees (VAW 2008).

Figure 6. Blocking of a artificial rootstock at baffle bridge

3.3 Blocking probability
For a statistical interpretation of the experiments,
two test cases were distinguished. Either the sample drift passed the bridge section resulting in a
blocking probability of P = 0, or it got stuck with
a blocking probability of P = 1. Drift typically
passing over the reference bridge counted as stuck
with P = 1. As each test was repeated 8 times, 9
possible probabilities of P = 0, 1/8, 2/8, …and 1
resulted. The chosen test repeatability was a compromise between justifiable test effort and accurate probability interpretation. Note that the results provide an estimation for the blocking
probability and are subjected to variations, given
the complex and turbulent processes of drift
blocking.
To relate the blocking probability P to the governing parameters, a relevant log and rootstock
size were determined. The log length L was used
as relevant log size. Regarding rootstocks, the results indicated, that the length of the attached log
does not exhibit a particular effect on the blocking
process and the minimum rootstock diameter had
a minor effect. The relevant rootstock size was
therefore defined as

Figure 5. Bridge choking process due to a blocked rootstock
with h/H = 0.90 and F = 1.2

DR = (DRM2 · DRm)1/3
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(1)

what astonishing but reflects the significance of
turbulence.
These observations were made for all investigated bridge types. Due to their comparable design, the blocking probabilities for the reference,
truss and railing bridge demonstrate almost equal
results. The effect of the baffle bridge is discussed
below.

Given the bridge setup without piles and high
flow depths, the effect of the attached log may be
underestimated. For small flow depths, an attached log can exhibit a major effect regarding entrainment, transport distance and deposition
within streams (Haga et al. 2002, Bocchiola et al.
2006a,b). The blocking probability P was then related to L/B for single logs and DR/H for single
rootstocks, respectively. In this study, L/B ranged
between 0.25 and 1.5, and DR between 0.66 and
1.33. Figure 7 shows typical results for the reference bridge, for various F and h/H. Note that for
F = 1.2 only h/H = 0.90 and 0.93 were tested. For
these flow conditions, no blocking of single logs
was observed, as the logs did not touch the bridge
deck. The results for single logs are therefore limited to 0.3≤F≤0.8. For single rootstocks and
F = 0.3, the results indicated no trend at all. For
all h/H tested, the blocking probability ranged between 0 and 1. This is mainly due to the small approach flow velocity resulting in no definite rootstock transport and a highly random blocking
process as compared with higher Froude numbers.
The results for single rootstocks are therefore limited to 0.5≤F≤1.2. The coefficients of determination R2 for straight line fits are stated in the plots;
they are noted to be relatively low, thus directing
to a highly turbulent phenomenon and the large
number of complicated effects present in the
blocking process.
The blocking probability generally increases
with both L/B or DR/H and h/H. For h/H = 0.90,
the blocking probability for single logs is P = 0
for all Froude numbers. This results from the fact
that the freeboard prevents contact between the
logs and the bridge deck. Once the logs get the
chance to touch the bridge deck, the blocking
probability increases with increasing log length.
An increasing Froude number is seen to lower the
blocking probability. The maximum blocking
probabilities observed for single logs are
PLM (F = 0.3) = 1.0, PLM (F = 0.5) = 0.88 and
PLM (F = 0.8) = 0.75. The results for single rootstocks indicate similar trends. Due to the lateral
expansion of a rootplate, rootstocks already get
blocked for h/H = 0.9. An increase of h/H and
DR/H results in an increase of the blocking probability.
Drift passes a bridge better at high approach
flow Froude numbers. Drift transported with a low
Froude number blocks the bridge as soon as any
of its parts touches the bridge structure. For high
Froude numbers, a stuck drift may be freed again
due to waves and large vertical flow components.
However, assuming that drift gets stuck easier at
the bridge deck if hit with a high velocity (especially for the truss bridge), this finding is some-

3.4 Effect of bridge characteristics
Observations during recent flood events in the
Alps indicated that the bridge deck design had a
significant effect on drift accumulations. Drift often got stuck in open constructions and at truss
bridges. ‘Smooth’ designs and baffle bridges favor
a harmless drift passage. This aspect was investigated using various model bridge types. Figure 8
compares the blocking probability P of both single logs and rootstocks for the truss and the baffle
bridges for F = 0.80 and h/H = 0.90, 1.0, 1.07.
The baffle bridge leads to a decrease of the blocking probability for both logs and rootstocks. For
logs and h/H = 0.90, no blocking was observed for
both bridge types. Whereas P for single logs increases to about 0.60 for the truss bridge subjected
to h/H = 1.00 (Fig. 8a), no blocking occurs at the
baffle bridge (Fig. 8b). For h/H = 1.07, the maximum blocking probability for the tested drift is
0.75 (truss) in comparison to 0.38 (baffle).
The probabilities of single rootstocks indicate
similar results (Fig. 8c, d) with an even major decrease of P for the baffle bridge. The blocking
probability P for h/H = 1.0 decreases from 0.75
(truss) to 0.25 (baffle) and for h/H = 1.07 from
0.75 (truss) to 0.20 (baffle). Due to the round and
smooth front shape, a baffle bridge significantly
decreases the risk of drift blocking. In addition,
for flow depths exceeding the upper bridge deck,
the baffle accelerates the flow beneath the bridge
and therefore favors drift transport. The truss
bridge in turn exhibits perfect conditions for drift
blocking, especially if the drift reaches the open
construction.
After the 2005 flood event in Switzerland, several bridges were rebuilt with a baffle or a baffle
was added to the current construction (Fig. 9).
Other bridges were modified by covering open
cable conduits with concrete casings. However,
this solution requires an increase of the side banks
as well, to prevent water from flowing around the
bridge. The additional forces due to the water impact and the dynamic pressure have to be considered for bridge design. This improved design has
to prove itself during future flood events given
that almost no prototype experience was collected
so far. The proposed design is cost-effective and
relatively simple to apply to existing bridge constructions.
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Figure 7. Blocking probability P versus L/B (single logs) and DR/H (single rootstocks) for various F and h/H = 0.90 (○, - · -),
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zero and the probability for drift to touch the
bridge is increased.
The blocking probability for both logs and
rootstocks decreases with increasing Froude
number. A high degree of turbulence may ‘free’
accumulated drift by waves and large vertical
flow components. An increased blocking risk
was especially observed for truss and railing
bridges, whereas a baffle bridge favors drift passage without damage. A ‘smooth’ bridge design
decreases therefore the blocking probability as
the drift is not stuck in open structural elements.
This positive effect of the baffle increases with
the Froude number, given the accelerated flow
and a flushing effect across the bridge section.
However, a more specific analysis of the results has to be carried out, to allow for an application as a risk assessment tool. An estimation of
the blocking probability prior to a flood event
can increase the benefit of hazard maps or emergency action plans. So far, the derived results are
limited to bridge deck accumulation and transcritical flow conditions. Further research is re-

4 CONCLUSIONS
The main goal of the present model experiments
was to evaluate the important factors affecting
the blocking probability at bridge decks during
flood events. A series of systematic drift blocking tests included both single logs and single
rootstocks and a range of drift dimensions, approach flow Froude numbers, freeboards and
typical bridge designs. The tests indicate that the
blocking process depends on various factors and
therefore certain randomness must be accepted
for drift blocking tests.
The blocking probability was demonstrated to
increase with the relative approach flow depth
and the drift dimension. Single rootstocks exhibit
a larger blocking probability than single logs,
mainly due to their bulky shape and the higher
degree of freedom. The blocking probability increases significantly as the freeboard tends to
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quired to account especially for pile and drift accumulations under small flow depths. The river
geometry and the presence of sediment load are
additional aspects to be considered. In addition,
the derived equations only account for single
drift blocking, as in case of a flood event, numerous drift is transported.
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Space-time ice monitoring of Danube in Hungary by multiple webcameras
G. Keve

Division of Hydrology, Lower-Danube-valley Environmental and Water Directorate (ADUKÖVIZIG),
Széchenyi u. 2/C., H-6500 Baja, Hungary

ABSTRACT: In spite of the process of global warming, that can be concluded by analyzing the data of
the past couple of decades; an unfortunate constellation of hydro-meteorological factors can anytime
cause serious frosts, and consequently ice floods on River Danube. In 2001, based on earlier experience
obtained in the 70s by conventional photography, a web-camera was installed on top of a high building at
the riverbank at the town of Baja. Based on the first surveys success and their analysis 5 further cameras
were mounted in 2008. The sites to be monitored in such a way are placed at 30-40 km distance from
each other, so 130 km reach of the river could be observed. In January 2009 a two week long prevailing
ice period was successfully recorded at the 5 sites. Coupled with morphological data as well as with the
hydro-meteorological data of the observation period, even a primary analysis showed the potential to derive space-time characteristics of the floating ice, including size composition, motion and rearrangement
due to secondary currents and occasional packing or release at places. Efforts are being done on quantifying the above mentioned features, furthermore, improving the recording quality.
Keywords: Ice flow, Floe, Web-camera, Monitoring
earlier. It is between 14-19 January (26%) to see
ice on the Danube at the highest chance, based on
the period 1971-2009, while this value was 60%
and occurred between 19-25 January in the first
seven decades of the last century.

1 INTRODUCTION
The importance of exploratory work in the field of
river ice has recently been intensified in the
southern Hungarian reach of river Danube by using up-to-date technology. The reason for that, in
fact, is that the most severe floods of the reach in
the past were caused by ice jam (Lászlóffy, 1934).
In the last 170 years serious ice flood occurred on
Danube in 1838, 1839, 1850, 1876, 1878, 1883,
1891, 1920, 1923, 1926, 1929, 1940 and in 1941,
and the highest ever experienced in 1956. This
used to be so for two main reasons, out of which
one is a hydro-meteorological, the other is a morphological factor. River training works in the investigated reach have been completed, only maintenance and small corrections are done from time
to time (Keve, 2002).
By investigating the ice data of the river reach,
though most of them are mainly simple estimation
of the observer, some conclusions of the past can
be drawn. The frequency of any kind of ice appearance decreased in the last 40 years (Figure 1).
Even the date of the highest probability, when ice
could be seen on the investigated area occurred
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Figure 1. Probability of ice phenomena on Danube at Baja

In spite of the process of global warming, that can
be concluded by analyzing the data of the past
couple of decades, an unfortunate constellation of
hydro-meteorological factors can anytime cause
serious frosts, and consequently, ice floods.
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Flood prevention and defence is one of the
main tasks of the Hungarian water management
service, therefore the importance of reliable hydrological observations is extremely high (Starosolszky, 1987). However, the fluvial ice monitoring is a field not easy to handle in hydrology. In
many cases only estimations are done by the observers during frozen periods. But only objective
measurements could provide data for detailed investigations of the whole freezing, floating and
jamming processes.
As an initial step, in 2001, based on earlier experience obtained in the 70s by conventional photography, a web-camera was installed (Figure 2)
on top of a high building at the riverbank at the
town of Baja. Based on the success of the first
surveys and their analysis 5 further cameras were
mounted in 2008.

2 INSTALLATION OF WEB-CAMERAS
2.1 Placing
In 1978 Zsuffa wrote a technical study about the
appropriate methods of ice measuring on rivers. It
declares that there are two main tasks for proper
ice observation.
One of them is the qualitative watching of ice,
which is done by ice guard person in a way very
similar all over the world. This is a rather subjective observation which is then coded and recorded
in hydrological databases. Basically these data can
be used later for further investigations. These information are mostly limited to the surroundings
of gauges. Based on these one can see the appearance of ice, ice drift, stopping of ice floes, breaking up, ice jams, disappearance of ice. The percentage of ice cover zones to total area is also
recorded, but it highly depends on the viewpoint
and estimation ability of the observer.
Second is the qualitative measurement of ice
phenomena. This technique is not really widespread. In this case based on measurements and
counting objective quantities describe properly the
observed ice phenomenon. Such quantities are the
percentage of ice cover to the uncovered part of
section, percentage of drift floe to the standing
ones, velocity of drifting floes, ice surface discharge [m2/s], thickness of ice, ice discharge
[m3/s] (Zsuffa, 1978).
This quantitative observation can be assisted
with web-cameras in a very effective way, a task
performed earlier by photo cameras. The way to
make undistorted computer images from the pictures of any kind of camera by photogrammetric
methods depends on the location observation
point where the camera installed. The best would
be a location in the middle of the observed section
and to look perpendicularly at the river. In this
case the perspective error would be minimal. Of
course, satellite images or aerial photos would be
fine to use, but they are still too expensive if we
take under consideration the required resolution
and frame-capturing frequency of the pictures.
A rule of thumb is that as observation height 510 % of the total width of river is sufficient for
our purpose, but as close to the river as possible.
The best installation is when the objective can see
both river banks and the vision is right angle to
the stream (Zsuffa, 1984). Out of this elevation
some of the errors of low perspective can be
eliminated (Figure 3-4). It is recommended that
the quotient of the length of viewed river reach
and the frame capturing time step is in proportion
to the average surface velocity of the river, as in
this case the surface velocity distribution can be
easily determined (or estimated) from the two

Figure 2. First web-camera at the bank of Danube

The sites to be monitored in such a way are placed
at 30-40 km distance from each other, so an altogether 130 km reach of the river could be observed. As a fortunate occurrence, even in the first
winter in January 2009 a two week long prevailing ice period was successfully recorded at the 5
sites. Coupled with morphological data as well as
with the hydro-meteorological data of the observation period, even a primary analysis showed the
potential to derive space-time characteristics of
the floating ice, including size composition, motion and rearrangement due to secondary currents
and occasional packing or release at places. Efforts are being done on quantifying the above
mentioned features, furthermore, improving the
recording quality thus the image processing results of the observations.
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To place our camera in a proper place described
above has a lot of practical obstacles. For example
in flat lowland it is hard to find a high natural or
artificial place on the banks where all conditions
can be fulfilled. Grain towers, high buildings or
large bridges along the river are the best places.
Natural hills or highlands are good to make movies or take photos about the river, but the electric
supply is hard to get if there are no houses in the
vicinity. So to install web-cams is very difficult in
most of the cases. Wireless connection can be
used but sufficient and continuous electric supply
is still crucial for these equipments. For outdoor
cameras heating is a very important fact especially
in cold winter just when we want to use them.
Power is needed for signaling, zooming or moving
of recently developed cameras.
The objectives of these outdoor web-cams sometimes become dirty, thus the lens require regular
cleaning. The places which are difficult to reach
even in summer can hardly have an access in a
frozen winter. Snow or sleet are the worst cases
when the cleaning must be taken.
If we can solve all the above mentioned problems and we have the best and only place, an antenna or any kind of structure can still form an obstacle for viewing our river, covering part of the
vision. Wrong reflection of the sun or the water
during most of the day also makes the work difficult. Due to these reasons even custom designed
placing of cameras is recommended.
Recently Gálai (2010) investigated the distortion of such cameras in operation. In his work the
perspective distortion and the camera’s selfdistortion were both analyzed. With simple linear
algebraic methods all the distortions could be
eliminated.

subsequent frames. In the investigated reach of
Danube the average surface velocity is 0.8-1.0
m/s, thus a 60 m section which can be seen on
both banks and 1 frame per minute must be
enough for measuring conditions. If it is possible
one should use marks on the banks to indicate the
section, big enough in size to be recognized on the
images. With this preparatory work, overlapping
two subsequent pictures make easy to draw surface velocity distribution. If the displacement of a
floe identified on both frames took 60 m the velocity would be exactly 1 m/s.
There are several limitations to install webcameras on the banks of river, namely the electric
supply and the network connection to transmit
computer signal. Even at the best preparation and
design it can happen that the electric supply will
pause just when we would need the camera
mostly. To avoid this UPS and separate electric
connection is recommended. In our case it happened that the electricity was turned off in the
whole building because of a serious flood inundating the place. It is better to think about these facts
in the planning period and take prevention measures.

2.2 Types of Web-Camera
There are many web-cams available in the market,
but the one we are going to use should be properly
chosen for the above defined purpose. For quantitative basic monitoring even a simple fixed camera is sufficient, serving as a reference site. It is
like a “0” point of a water level gauge, as for the
rest of time this camera will continuously provide
pictures exactly from the same viewpoint. However, experiments with movable and zoomable
cameras proved the advantages of this new technology, too.
For example such an advanced technology
camera was installed on the steel structure of a
bridge right in the middle, facing upstream. Here
the main stream is placed at the right bank which
is on the left side in the camera’s picture. But the
ice drift occurred on the left and on the right side
periodically. The turning and zooming facility

Figure 3-4. Different views at the same time and section
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made it possible to follow this alternation in the
floes’ behaviour. Naturally, we had to renounce
some of the measurement information in favour of
tracking the changes in the phenomenon.
The resolution of digital cameras becomes better and better, but we need to transfer the captured
frames, which needs then larger and larger bandwidth. Transferring or FTP the pictures can be
done online to several addresses at the same time.
In fact, these are the main reasons underlining the
use of webserver-cams. In this case there is no
need for an extra PC to control the camera, instead, everything can be commanded from a remote place. Hopefully the progress in file and image compressing techniques will solve many of
these problems. Furthermore, mobile phones can
be soon applied for taking adequate pictures and
making use of their fast, multiple and cheap forwarding capability.
A number of problems can be experienced during the operations of cameras. Insufficiently
closed outdoor cover can offer hiding place for insects, which is hard to clean then. Pigeons, falcons
can sit on the camera (shaking problem) if there is
no higher place in the vicinity. Electrical short
circuit can also make operating troubles. But the
most significant problem in efficiently using the
cameras is usually the occasional high limitation
of the daytime visibility conditions by the actual
weather.
During the night and in foggy situations or bad
reflection conditions we have practically no information about the monitored river reach. As to
our knowledge infra cameras for this particular
purpose have not been developed yet, or if they
have a camera handling more than 500 m distance
must be rather expensive. Small capacity infra
cameras with own infra lamp up to 10-20 m reach
are far not sufficient for our goals.

(cloud and weather image) have been the main users so far. But some of the civil internet users
have also utilized the operation of our online camera. Well before the widespread free internet IP
telephone technology some local people waved
their hands when passing by in a boat in front of
the camera and talked on their mobile phone to
send picture and voice at the same time to their
friends or relatives even to a different continent.
Moreover, people even from remote places visited
frequently our web site and were happy to watch
the river.
In the initial period right after the first installation ice phenomena occurred seldom and only for
short time in the investigated Danube reach. These
records were, nevertheless, sent to the University
of Iowa for processing by PIV method (Jasek,
1999), to generate velocity vector fields based on
the subsequent images. Unfortunately without
knowing the exact position of the camera and
some well identified reference points, further calculations could not be done (Figure 5). Ettema
(2002) and Jasek (1999) investigated the relationship between surface velocity distribution, determined by ice web-cams and PIV (Particle Image
Velocimetry) and the average velocity of the total
cross-section. It is an important technique to discharge estimation of the river as there is hardly
any method in icy conditions more reliable and
feasible than that.
Kimura et al (2005) developed a method using
current meters, remote water level gauging, wind
sensors and web-cam to measure factors determining the velocity field in such a way estimating the
discharge in a known cross-section.

2.3 Advantages of online river observation
Our first ice observing web-cam was installed in
2001. Since then many, not ice-related phenomena
have been recorded, important also for river management purposes. For example a ship crashing a
bridge pier and mortal canoeing tour accident
were recorded. Based on our images the police
could have a real picture about the accidents.
Some oil spill pollution were also detected and the
ship was identified which released its waste oil
during the night. High-speed replay of movies
about on significant flow regime variations could
provide novel information, as well. Water quality
experts tried to find correlation between the colour of water and its characteristic parameters. Water management and navigation experts, water police, catastrophe service, meteorology service

Figure 5. PIV-reconstructed surface velocity vector field

To find a reliable relationship between the surface
velocity distribution and cross-sectional average
velocity needs more detailed investigations.
Moreover, floes in high drifting time can clash to
each other, disturbs the path and speed of the in724

of ice inspectors (or dike keepers) formed the basis of decision making. Anyway, traditional observers walking along the river bank could collect
locally instantaneous thus areally less precise information about the observed process. The decisions have serious economical effects as ice defence is a costly action. It means that ice breaker
ships must be fuelled and moved with their stuff
or at least they have to be kept ready to act. These
costs were mostly saved even in the first winter
after the installation of the new cameras. In fact,
sufficient qualitative and quantitative information
on the drifting floes in the monitored Danube
reach were provided to the decision makers not to
order redundant ice defence work. Furthermore,
based on web-cam monitoring field inspectors can
be directed to the icy hotspots of the river, eliminating longish walks all along the riverbank.

dividual elements. It is, however, known that the
displacement velocity surface of such inertial
floating bodies does not entirely match the one of
the water. Sokoray-Varga and Józsa (2008) used
PTV (Particle Tracking Velocimetry) method in
laboratory conditions to reconstruct surface flow
fields. According to their experience there is always some slip of the tracers as compared to the
underlying flow field, resulting in some error in
the water velocity estimation.
When the floe drift is not significant, often just
part of the section carries ice (usually in the main
stream), so there is no velocity information about
the rest of the section. Several years of own experience shows that evenly distributed floe drifts
occur very seldom in the investigated reach of
Danube.
Another experience is that the drift is a continuously space-time varying process, even in steadystate base conditions. This is why Zsuffa (1978)
classified this phenomenon as an inherently stochastic process where the description and quantification can be done preferably by proper statistical parameters drawn from the measurements.
The outcome of web-cam based monitoring
should be with no doubt suitable for such a purpose. Up to now, however, a software ready to use
for such a data processing and offering a complete
statistical evaluation has not been known to the
present author, not even safely estimating the ice
cover percentage.
It is known how much well documented historical water level observations can be utilized by
modern time processing technologies. It may be in
a way similar with web-cam based ice monitoring,
in which a primary task is to well document and
archive prevailing phenomena both for present
and hopefully much more advanced future processing and evaluation.

Figure 6. Ice web-cameras along the Danube in Hungary

To put web-cam information straight on the internet has got many advantages as well. The recorded images can be analysed anywhere around
the world, involving a number of experts in such a
way in real-time discussion, e.g. on the prevention
of ice jam formation or opening of a developing
one. Ice breaker ships can also be ordered based
on sound decision.
Space-time ice monitoring gives a good opportunity to understand and investigate the phenomena at a higher level. Based on the new experience
the ice forecast and ice modelling technology will
hopefully also develop.

2.4 One or more web-cameras
The first experience with our single web-cam and
the increasing number of arising questions made
evident that the ice observation in time in one single section has to be extended in space. After
seven years operation of our first web-cam an EU
INTERREG III/A project provided good opportunity to develop our system with 5 more web-cams.
By this a 130 km long Danube reach could be
monitored (Figure 6).
All this provided a new, substantially more
sound, at the same time more comfortable way to
investigate fluvial ice processes. It made it possible to watch the whole reach on-line in real-time
remotely from the Water Directorate headquarters.
Thus decision makers were given a new reliable
tool, compared to the past when subjective reports

2.5 Further developments
Vuyovich et al. (2009) also studied how webcameras can be used to investigate river ice processes. Hourly images were taken over three winters at the confluence of the Allegheny River and
Oil Creek in Oil City. Each image was manually
processed and classified according to surface ice
conditions. This laborious analysis has to be
automated as much as possible.
There are hotspots along the river where the
floes could form junction. It would be good to in725

stall cameras at these spots, besides the ones at
regular spacing. Furthermore, the monitoring system must also cover cross-country border regions
as detailed investigations there need particularly
high quality data. As an example to that, successful ice defence work in the investigated Danube
reach has always depended on the good cooperation with Serbian partners next to the border.
Satellite images and infrared pictures will not
be probably used in this field in the near future,
but the chance of using them in the future is in
scope.
To investigate the drifting processes environmental friendly floe painting would be a new way,
first of all because the painted floe is much easier
to identify on the pictures. This marking technology could be done e.g. from bridges. In this way
the drifting speed and course could be monitored
at least between web-cams.
A method is needed to measure floe width, because to do it from a ship is hard and too slow. If
we only knew the thickness of ice the ice discharge could be calculated.
Implementing all the above mentioned developments the establishment of a warning system
would be the ultimate goal. Such warning systems
work on airports where cameras watch and record
all the actions. An automatic software checks the
difference between sequenced pictures, and if e.g.
a luggage is left alone somewhere an alarm signal
warns the guards.

of ice is not the function of the local temperature,
only. For the Danube section at Baja approximately -70 ˚C negative sum of air temperature and
river water temperature below 0.5 ˚C must prevail
to have even a piece of ice. The negative sum
must consist of elements cooler than -5 ˚C. If the
daily average higher than -5 ˚C no ice occurs even
at higher negative sum.
In some cases there are floes which formed in
upstream side-branches of the river or released
from reservoirs. To forecast this kind of drifting
has not been conceived yet. Upstream barrages on
river Danube have got their own operational rules.
They generally release ice from the upstream part
at melting or breaking-up time. These kinds of
floes slowly disappear then while moving downstream.
Unfortunately the hydrological service does not
record these different types of ice phenomena.
The only traditionally available information is to
note the presence of near-shore ice, drifting floe,
blocked floe and ice jam. These qualitative data,
though useful to know, do not give room for further quantitative analyses.
Air and river water temperature data are usually accurate enough to do calculations and forecast on the ice forming or the probability of occurrence. These methods could be hopefully further
improved by using the records of web-cams from
a longer river reach.
3.2 Experiences

3 OBSERVATIONS

Using even one single camera offers a huge advantage as the whole ice forming and melting period can be followed in the viewed section. Multiple cameras are of course even better so it is worth
searching on the internet and find shared webcams. Some of them can provide useful information for our research. Once it happened that a city
site camera in Budapest helped us to identify ice
at that section of Danube. Now, with our installed
web-cam system the situation is even better. According to our experience there are mainly three
types of drifting floe at the Baja section of River
Danube.
In the first case a long reach of river freezes at
the same time. This type of freezing has got huge
(football field size), thin and sharp edged floes.
These big floes then soon brake apart by crashing
bridge piers of or river training works. If the navigation did not stop yet even the waves generated
by the ships can destroy these ice floes. Waves induced by the wind can also crumble the ice, because of which these great floes occur mostly
early in the morning after a calm cold night. In
fact, the calm but chilly weather can freeze the
over-cooled water on large surfaces.

3.1 Typing Tables
A lot of conditions influence the ice forming on
the investigated reach of Danube. As was mentioned in the introduction, ice development is influenced mainly by hydrometeorological processes. River training and the resultant river bed
morphology as well as other anthropogenic impacts affect ice phenomena. Such effects are e.g.
the outfalls of waste water treatment plants and a
nuclear power plant cooling water system operated within the investigated area, the latter giving
the most considerable thermal pollution to the
river. This outfall is situated at 30-40 km upstream, responsible for moat of the melting of the
blocked ice (Keve, 2003).
Hirling (1981) developed a simple ice forecasting method for the Hungarian rivers. This is done
by the cumulative sum of negative daily average
air temperature. The sum contains the daily temperatures below zero with no positive temperature
interval in the period. Though this method has
been proven reasonably good, but the occurrence
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In the second case the ice forms in the river
bed. It can be either river bottom ice or floes detaching from the bank. In this situation the floes
are not always flat, but under the water they are
cone-shaped. Naturally freak forms and colours
can be also present. The colour depends on the
material where the water got frozen. Suspended
ice pieces are in the water body. This means that
buoyancy force can lift up the ice mixed with
river bed material but not able to keep it on the
surface. These blocks flow in the middle of river
downstream and can seldom be seen on the surface.
In the third situation the floes form in the upstream regions of the river or in side branches.
The floe sizes are very different, but the edges of
them keep debris ice. These small broken ice
pieces are originated from the great number of
crashes between floes. Big floes are not flat because they are usually formed from small floes.

In the Hungarian water management practice
the drifting floe is characterized primarily with its
estimated percentage to the total section width.
From the recorded movies it is clear that the distribution of floes changes dynamically in time. It
has daily and even smaller scale quasi-periodical
changes. Therefore a fast estimation can not be
correct, but an observer person can not spend
much time in a section. The drifting has got the
same space-time characteristics as the stream velocity. As traditional velocimetry in a measurement point can not be shorter than 1 minute, the
floe observation could be handled in the same
way.
Next, the observer usually views the river from
a lower altitude place and is not able to distinguish stopped ice from the moving one. So he or
she can easily overestimate the drift flux. For this
reason automatic image processing of the pictures
of web-cams is recommended. Based on this

Figure 7. Pictures of the web-cam observation system

process hourly statistics can be done providing
more acceptable results.

In Figure 7 the third case is presented. Six pictures
were taken at six different sections of the river at
the same time. From left to right and from top
down the images represent the downstream flow.
Upstream the floes are big but at the most downstream section they are already broken into pieces
and almost disappear. There are 120 km between
the site of the first and the last picture. In our example the coming ice in fact met a warm melting
weather.
Any combination of the described three base
types of ice can occur. The distinction of types
can help to classify ice phenomena and can lead
us to make accurate forecast for them.

3.3 Hydrodynamic cases
In spite of the new installation of cameras even in
the first winter some hydrodynamic cases were recorded. All of these recorded movies about ice on
River Danube were investigated. Experience was
collected in a table where the rows represented the
places of cameras and the columns showed the
time. With no exception, in all the sections a daily
periodicity was detected. Drifting in the morning
was always more intensive than in the afternoon.
Uniform distribution of floes in the investigated sections occurred very seldom, mostly the
main stream conveyed the ice pieces downstream.
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But in some cases the drift changed its structure
and from one side of the river it moved to the
other side. The main stream follows the concave
bank as was expected, and floes are conveyed
here in most of the time. Though the reason is not
exactly clear, in certain cases the floes moved just
at the convex bank. There were cases when there
was near-shore ice on both sides in the same manner, and nothing was seen in the middle of river.
Ships or ferries waiting in front of the cameras
also formed obstacle against drifting floe. Arched
jam developed suddenly and helped to investigate
this process. This real phenomenon could help us
to understand the developing stage of ice jams, to
formulate the defence against them and to model
all this complexity.
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4 RESULTS
Although only two week long prevailing ice period was successfully recorded by our web-cams
at 5 sites in the first winter, nevertheless, coupled
with morphological data as well as with the hydro-meteorological data of the observation period,
even a primary analysis showed the potential to
derive space-time characteristics of the floating
ice, including size composition, motion and rearrangement due to secondary currents and occasional packing or release at places. Efforts are
been done on quantifying the above mentioned
features, furthermore, improving the recording
quality. As a summary promising experience can
be reported about the web-cam monitoring of rivers, for which new ways of observation and investigations have been implemented.
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Design of unstructured block ramps: A state-of-the-art review
S. Tamagni, V. Weitbrecht & R. Boes
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(ETH) Zurich, Switzerland

ABSTRACT: Block ramps are an alternative hydraulic structure to drops and sills for the stabilization of
river beds. The absence of a vertical step together with acceptable flow velocities makes block ramps
passable for fish and other species, while controlled energy dissipation can be achieved. Two main types
of block ramps can be distinguished. Type A, where the blocks are tightly packed, forming a block carpet.
Type B is characterized by dispersed block clusters that are isolated or grouped in some geometrical configuration. Especially in the case of unstructured block ramps with single randomly distributed roughness
elements (classified under type B), the hydraulic conditions are strongly heterogeneous and are difficult
to describe. Certain approaches are available to characterize the flow conditions occurring on block
ramps, often limited to a certain parameter range corresponding to certain experimental conditions. The
aim of this paper is to outline the state of the art of the knowledge of physical processes, ecological requirements, structural stability, and existing design criteria on block ramps, with special focus on the unstructured block ramp design. Further research to improve existing design guidelines and to determine the
ecological functionality for this type of block ramps is needed.
Keywords: Block ramp, Roughness element, Ecological network, State of the art, Design criteria.
1 INTRODUCTION

just depending on stability criteria, but also on
their ecological behavior, where structural heterogeneity and flow conditions (particularly water
depth and flow velocity) are important. For that
reason, research on block ramps has to progress
towards two major aims at the same time: A) robust stability criteria, B) improved ecological sustainability.
The considerations given in the present paper
assume conditions that are typical for Alpine regions, i.e. typical rivers slope S of approximately
1-10%, characteristic grain diameter d90 in the order of 5-30 cm, a wide grain size distribution
(σ = (d84 / d16)0.5 up to a value of 4 or 5) with relatively low submergence levels h/D (h = water
depth, D = block diameter).
For block ramps built under Alpine conditions
two different design manuals are available.
Firstly, Hunziker, Zarn & Partner AG (2008) developed a manual to provide design and constructive guidelines for river restoration measures especially with block ramps. Maximal specific
discharge qmax, block diameter D and grain characteristic of the bed material dc are suggested,

According to Zeh Weissman et al. (2009) Swiss
water courses are interrupted by approximately
100’000 drops or sills with a level difference Δh
larger than 50 cm. Such structures cannot be overcome by most of the fish or smaller species, which
is inacceptable according to ecological requirements.
Block ramps are river engineering structures to
gradually overcome height differences of the river
bed while controlled energy dissipation can be
achieved. Block ramps are more and more used in
river restoration projects because of their ecological functionality. In the last decades many existing
drops and sills have been replaced by block ramps
and many more are planned. However, during the
last flood events, it turned out that the design of
the block ramps was not in all cases sufficient, as
many of them failed (e.g. Bezzola and Hegg,
2008).
Ecological requirements for river engineering
measures are becoming more and more eminent.
Therefore, the applicability of block ramps is not
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the roughness elements, is needed. However, a relation between parameters describing the bed material including the blocks and s is not available
yet.
During the last 10 years, various research
projects on step-pool systems and on block ramps
both of type A and B were conducted at VAW
(i.a. Weichert, 2006; Semadeni et al., 2004a and
2004b; Janisch et al., 2007; Tamagni et al., 2008).
In 2006 a workshop on block ramps was held at
VAW to outline the state of the art on block ramps
with focus on ongoing research, existing design
guidelines, environmental requirements, and to
summarize practical knowledge (Minor, 2007).
Despite the recent progress in this research
area, no universally valid approach, especially for
the case of unstructured block ramps of type B, to
characterize the flow and ecological conditions is
available, due to the complexity of the flow
processes (DWA, 2009). Therefore, the design of
new block ramps, and the prediction of their stability and their ecological conditions is still limited. The aim of this paper is to give an overview of the different approaches as well as to
outline the restrictions and the required assumptions (both hydraulic and ecological) to design
block ramps, with particular focus on the unstructured block ramps of type B under Alpine conditions.

both for ramp types A and B. However, those parameters are mostly derived from experience and
model experiments carried out at the Laboratory
of Hydraulics, Hydrology and Glaciology (VAW)
in Zurich. Thus the applicability of these guidelines is often limited to a certain experimental data
range and certain test conditions. Design suggestions are mostly given in form of diagrams and
tables. For block ramps of type A (Fig. 1), where
the blocks are tightly packed forming a block carpet, the stability criteria given by Hunziker et al.
(2008) are quite comprehensive. However, in the
case of unstructured block ramps of type B (Fig.
1) important design criteria are still missing. For
example, the interaction between block diameter
and block placement density is unclear, as well as
the influence of the relative submergence.
Secondly, a work group of the German association for “Wasserwirtschaft, Abwasser und Abfall”
(DWA) presented guidelines (DWA, 2009) on naturally oriented block ramps. These refer also to
unstructured block ramps of type B, and not only
the hydraulic conditions, like flow resistance and
stability criteria are examined, but also the ecological limitations and requirements are discussed in
detail. DWA (2009) stated that the flow resistance
of a block ramp is difficult to predict only by applying characteristic block diameters and grain
size distribution of the bed material. Additional
information on the bed shape, for example the
standard deviation s of the height distribution of

Block ramps

Type A: Block carpet
Interlocked
blocks

Dumped
blocks

Type B: Block clusters
Structured
blocks

Figure 1. Classification of block ramps (Lange, 2007, modified).
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Unstructured
blocks

Self-structured
blocks

Whittaker and Jäggi (1986) performed experiments with block ramps of type A (with interlocked blocks as well as with dumped blocks,
Fig. 1) with different block diameters D, bed material dc, bed slopes S, and ramp length LR. As one
of their results they defined three different failure
mechanisms for block ramps: 1) destabilization of
single blocks, 2) entrainment and washout of the
bed material below the blocks, and 3) scouring
and failure of the ramp toe. In all three cases the
failure of the block ramp is more or less an abrupt
process.
In case of block ramps of type B hydraulic
overload does not lead to an abrupt failure (Weichert, 2007), because the different block clusters
are able to adjust themselves to a certain extent.
The structure is less rigid compared to block
ramps of type A, and sensitive elements such as
ramp head or toe can be reinforced. To further
improve the flexibility and the corresponding failure chain, Bezzola et al. (2005) and JanischBreuer (2007) performed experiments with unstructured block ramps where the concept of a
buffer area upstream of the ramp has been developed (Fig. 2).
A certain section of the river upstream of the
ramp head (approximately 1 to 2 times the river
width) is covered with blocks of the same diameter and block density as on the ramp (Fig. 2). In
case of hydraulic overload the buffer area allows
adjustment and reduction of the ramp slope without an abrupt destruction of the complete structure
as in the case of block ramps of type A.

2 VAW EXPERIENCE WITH BLOCK RAMPS
According to the classification given in Fig. 1,
block ramps can be divided into two types: Type
A includes the classic block ramp design, in
which the blocks are tightly packed, forming a
block carpet. The blocks can be carefully placed
close together in one layer leading to interlocked
blocks or randomly dumped in two or three layers.
The main difference is the needed amount of
blocks, which has a major influence on the costs.
Another difference is that the effective roughness
of a ramp with dumped blocks is slightly higher
than in the case of interlocked blocks. Filter material is used to protect the underground material
against washout effects (DWA, 2009). Experience
with block ramps of type A shows that they are
stable up to a slope of 10% (Bezzola, 2005). Regarding ecological aspects block carpets are very
homogeneous in flow velocities and bed topography and therefore less preferable to distributed
block clusters as in type B. All the three subcategories lead to much more natural conditions
because of the more distinctive heterogeneous
geometrical conditions
Type B block ramps are characterized by dispersed block clusters grouped in certain geometrical configurations (ramps with structured and
self-structured blocks) or isolated randomly
placed on the bed material with a certain density.
The block placement density is generally defined
as the ratio between the river bed covered with
blocks to the total bed area. Self-structured ramps
were studied within the research on step-pool systems, and are neglected in this paper.
For type B ramps the ratio between the block
diameter D and the characteristic grain size d90 of
the bed material is of particular importance. According to Raudkivi & Ettema (1982), the ratio
D/d90 should be in the range of 6 to 17 to avoid
that the blocks sink into the underground material
or have the tendency to slide towards the ramp toe
in case of high discharges. Lange (2007) showed
that the maximum slope of block ramps of type B
is approximately 6% for structured block clusters
and 3% for unstructured blocks.
River

Buffer area

Ramp

Figure 3: Downstream view of an unstructured block ramp
(Wyna River, Switzerland) under undulating flow conditions.

TW

Ramp head
S

Blocks D

Aberle (2007) classified the flow on block ramps
of type A in four typical categories depending on
discharge and on tail water level. It is assumed
that critical flow occurs on the ramp head (flow
conditions change from subcritical to supercritical) and a hydraulic jump occurs at the ramp toe
or, depending on the tail water level, somewhere
on the ramp. However, unstructured block ramps

Ramp toe
So

Bed material
dm, d90

Figure 2. Scheme and notation of unstructured block ramps,
where S = river slope, So = ramp slope, TW = tail water.
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of type B mostly lead to undulating flow conditions with Froude numbers close to one (Janisch
and Tamagni, 2008) (Fig. 3).

⎛
h⎞
8 u
1
= = 3.93 ln⎜⎜
⎟⎟
f u*
⎝ σ (0.425 + 2.025ΦS ) k ⎠

where σ < 1 = air content parameter, Φ = D N1/2 =
packing factor, D = equivalent block diameter, N
= number of blocks per m2, and k = D/3 = mean
roughness height. The application range of Eq. (2)
is limited to supercritical aerated uniform flow
and to bed slopes of 10% < S < 67%.
For block ramps of type A with dumped blocks
Rice et al. (1998) suggested the following relationship, approved by DWA (2009),

3 HYDRAULIC DESIGN CRITERIA
In a first step the flow resistance for steep mountain streams is described, before we show special
approaches to determine the flow resistance on
different types of block ramps. In a second step
existing stability criteria are given.

8
=
f

3.1 Flow resistance
In steep mountain rivers the hydraulic conditions
are dominated by the interaction of steep slopes,
large roughness elements, coarse bed material and
the resulting morphological heterogeneities. Aberle & Smart (2003) stated that no standard flow
resistance equation for mountain streams can be
found in the literature. Most approaches are based
on uniform flow condition and were developed for
lowland rivers. In mountain rivers uniform flow
conditions are rarely found and if so, only along
short sections. Therefore, those approaches have
to be applied with caution in case of alpine rivers
and block ramps.
However, the flow resistance can be described
based on boundary layer theory with the logarithmic law for rough walls in the following form:

8 u 1 h
= = ln + Br
f u* k k s

(2)

u
ghS

= 2.21ln

h
+ 6.00
d 84

(3)

Eq. (3) was derived from model tests carried out
on riprap-lined channels with bed slopes ranging
from 2.8% to 33% using angular riprap with median diameters ranging from 52 to 278 mm.
According to Pagliara & Chiavaccini (2006)
the flow resistance of ramps type B with structured or unstructured blocks can be determined
with the following expression
8
=
f

u
ghS

= 3.5(1 + Γ ) S
C

− 0.17

⎛ h
⎜⎜
⎝ d 84

⎞
⎟⎟
⎠

0.1

(4)

where C = parameter describing the block material and the block arrangement (the values of C for
random and row arrangement with rounded or
crushed shaped block are given in Pagliara &
Chiavaccini, 2006), and Г = block placement density and is defined as

(1)

where f = Darcy-Weisbach friction factor, u =
mean flow velocity, u* = shear velocity, k = von
Karman constant, h = mean water depth, ks =
equivalent sand roughness, and Br = constant.
Many references can be found for the determination of the value of the von Karman constant k and
of the constant Br (i.a. Keulegan, 1938; Rouse,
1965; Dittrich & Koll, 1997). Typically values are
k = 0.4 and Br = 6.6.
Eq. (1) is valid for river reaches with constant
slope S and constant bed material. However, in
case of mountain streams with large roughness
elements or unstructured block ramps, this assumption is not reasonable, except for very short
sections. Therefore, Aberle (2000) proposed to
use the standard deviation of the bed profile s instead of the characteristic grain diameter dc to describe the bed roughness.
Based on a study of Scheuerlein (1968), approved by DWA (2009), the flow resistance for
block ramps of type A with interlocked blocks can
be determined with an extended version of Eq.
(1):

N B πD 2
Γ=
4WL

(5)

where NB = number of blocks, D = block diameter, W = ramp width and L = ramp length. Eq. (4)
shows that the flow resistance on a block ramp of
type B additionally depends on the block density,
on the block arrangement and on the blocks
roughness. Pagliara & Chiavaccini (2006) showed
that the influence of Froude number and relative
submergence is negligible in the tested data range,
with 0.8 < F < 2.9 and 0.6 < h/D < 2.6.
Different studies were carried out to define the
optimal value for the block placement density Гopt,
to achieve maximal flow resistance. Schlichting
(1936) found an optimum value of Гopt = 0.4 for
spheres on a fixed bed; O’Loughlin & MacDonald
(1964) determined Гopt ≈ 0.26 for spheres, cubes
and sand on a fixed bed; Dittrich & Hamman de
Salazar (1993) investigated the relationship between the optimal block placement density, the
flow resistance, the velocity and the slope, resulting in a diagram for Гopt.
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S'

u crit = 1.2 2 g ( s − 1) cos α D B

S = S' + S''

suggested by Hartung & Scheuerlein (1970),
where ucrit = critical flow velocity, s = ρs/ ρw = ratio between sediment and water density, ρs = sediment density, ρw = water density, α = ramp inclination angle (in degree), and DB = equivalent
block diameter, which can be defined as

D
h

dm
d90

roughnesscoefficient

cB

cS

DB = 3

cB

Figure 4. Definition used by Whittaker et al. (1988) to determine the flow resistance (Bezzola 2005, modified).
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according to Whittaker & Jäggi (1986).
Whittaker & Jäggi (1986) suggested the relationship

q crit =

0.257
3
g ( s − 1) D65
76
S

(12)

for the determination of the stability of block
ramps of type A with dumped blocks, where qcrit =
critical specific discharge, S = ramp slope, and D65
= characteristic 65% block diameter. Eq. (12) was
developed for ramp slopes steeper than 5%. Further researchers (i.e. Palt & Dittrich, 2002) suggest a modification of Eq. (12), mostly in the
power coefficient of the ramp slope S and in the
value of the numerical coefficient.
For ramps type B with structured blocks Aberle
(2000) suggested

(6)

(7)

for the flow resistance due to the macro roughness
elements, where S’’ = slope of form friction, kB =
NB·D3 (17.8-0.47 h/D) = equivalent sand roughness for the macro roughness elements; the flow
resistance can be calculated with

1
1
1
= 2 + 2 .
2
c
cS cB

ρ sπ

DB = 1.06 D65

for the flow resistance due to the bed material,
where S’ = slope of grain friction, ks = equivalent
sand roughness for the bed material; and
cB =

6 mB

where mB = block mass, if the block is simplified
as a sphere, or as

Another approach to determine the flow resistance
for ramps of type B with unstructured blocks is
proposed by Whittaker et al. (1988). They distinguish the resistance due to the grain friction of the
bed material and additional form drag of macro
roughness elements. The total flow resistance is
given by the superposition of the two elements
(model of composite roughness, see Fig. 4). With
the Chézy coefficients

cS =

(9)

q crit = 0.062 S −1.11 g ( s − 1) DB3 ,

(13)

which is of the same structure as Eq. (12), but has
a lower value of the numerical coefficient and a
slightly lower power coefficient of the ramp slope
S. In Vogel (2003), Weichert (2006), and Weichert et al. (2009) modifications of Eq. (13) are
found.
The stability of ramp type B with unstructured
blocks is given by the equilibrium condition of all
the forces exerted on a block. The details of this
method and the description of all the forces which
have to be considered can be found in Janisch et
al. (2007) and in DWA (2009).
On the basis of the above mentioned Equations
(9) to (13) and further suggestions from literature,
the required block diameter D can be determined
for the considered block ramp type and design
conditions. It should be noted that all of the above
mentioned approaches do not take into account
the stabilizing or destabilizing effect of incoming
bed load.

(8)

Both the block diameter D and the number of
blocks NB are thus considered. The application
range is limited to 0.1% < S < 5%, 0.5 < h/D < 4,
and NB·D2 < 0.15 per unit area. Whittaker et al.
(1988) showed that the submergence level h/D has
a major influence on the flow resistance.
The approaches given above to determine the
flow resistance, flow velocities and water depths
can be calculated iteratively by using one of the
standard flow equations.
3.2 Ramp stability
To directly determine block diameters that meet
the above calculated hydraulic conditions, DWA
(2009) proposed the following equation for block
ramps of type A with interlocked blocks:
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locity and water depth) can be designed. These
boundary conditions are given for typical middle
European conditions, e.g. in DVWK (1996), Gebler (2007), Peter & Müller (2007), and DWA
(2009) (see also Tab.1).
Block ramps do not have to serve the same
ecological conditions during the whole year (Gebler, 2007; Hunziker et al., 2008; DWA, 2009). It is
admissible that during dry seasons (e.g. for discharges < Q30, where Q30 = discharge, which is
not exceed 30 days per year) and during flood
events (e.g. for discharges > Q330, where Q330 =
discharge, which is not exceed 330 days per year)
the ecological requirement do not have to be completely fulfilled. A low water channel can assure a
minimal water depth during dry periods and make
it passable also during low discharges.
During the design process of a block ramp,
ecological aspects must not be neglected. The necessary requirements regarding maximal flow velocity, minimal water depth and certain geometrical dimensions have to be respected, in order to
guarantee the environmental sustainability of the
block ramp.

4 ECOLOGICAL DESIGN CRITERIA
The ecological functionality or ecological status
of a block ramp is mainly determined by the two
following criteria: 1) fish and other species can
pass the block ramp (up- and downstream), 2) appropriate habitat conditions for certain species can
be found on a block ramp.
Nature-oriented heterogeneous structures covering the complete river width (as in the case of unstructured block ramps) have many relevant benefits: They 1) provide a multitude of adequate
migrant passages; 2) guarantee a heterogeneous
bed structure leading to areas of low flow velocities, and 3) provide additional habitat conditions.
Several parameters regarding fish characteristics have to be considered by planning a block
ramp. First of all the swim capacity of local species has to be known. One distinguishes between
sustained, prolonged and burst swim velocity
(DWA, 2009). A certain maximal swimming duration is related to a given swim velocity. By sustained swim velocity a fish can swim more than
200 minutes, by prolonged swim velocity up to a
maximum of 200 minutes and by burst swim velocity only between 3 and 20 seconds. Table 1
summarizes maximal tolerable flow velocities vmax
and maximal tolerable level differences Δhmax for
typical Alpine regions and fish species.

5 CURRENT PRACTICE AND FUTURE
RESEARCH
The aim of this paper is to summarize existing design criteria and their limitations for block ramps,
with respect to hydraulic and ecological aspects.
The basis for today’s block ramp design and especially for unstructured block ramps is basically
summarized in the two mentioned manuals (Hunziker et al., 2008; DWA, 2009). Possibilities, restrictions and simplifications as well as ecological
considerations given in these two manuals are discussed in the previous sections.
No universal approach describing the flow
condition on a block ramp is given up to date. The
variability of the roughness elements in longitudinal and transverse direction of a block ramp is
difficult to parameterize and makes an exact description and quantification of the flow difficult.
Furthermore, relating to the unstructured design, a
hydraulic and a cost-effective optimum between
the block placement density and the block diameter should be found taking into consideration the
ecological requirements mentioned before.
Practical experience shows that block ramps
can fail even if they have been properly designed
and even under discharge conditions much below
the design value. An important parameter is the
quality of the construction procedure. According
to Bezzola (2005) every ramp is stable as long as
its weakest point is stable. Therefore, not only the
block stability must be guaranteed, but every con-

Table 1. Maximal tolerable flow velocity and level difference
for typical Alpine regions (Gebler, 2007)
______________________________________________
Δhmax
vmax
______________________________________________
Trout
2.00 m/s
20.0 cm
Grayling
1.85 m/s
17.5 cm
Barbus
1.70 m/s
15.0 cm
Bream
1.40 m/s
10.0 cm
_____________________________________________

Other approximations for the different swim velocities, as well as details about maximal tolerable
flow velocities and level differences for several
fish species can also be found in DWA (2009).
It is important to note that none of the different
migrant passages within a block ramp should exceed these conditions. Concerning migrant passages, it has to be specified that every fish species
prefers a certain water depth. Thus, the local velocities in a migrant passage should be favorable
for the different requirements at every water
depth. Furthermore, the fish body dimensions
have to be taken into account.
The design of an ecological sustainable structure has to account for the geometrical requirements of the biggest local fish species as well as
the limiting swim capacity of the weaker local fish
(DWA, 2009). On the basis of these boundary
conditions given by the existing species, block
ramps with suitable local conditions (i.e. flow ve734
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In order to further improve the understanding of
hydraulic and ecological conditions in the case of
unstructured block ramps further experiments are
planned at VAW. The research project includes
two tests phases. Firstly, the ramp behavior is studied related to the bed structures, which occur
during different discharge conditions and under
different bed load transport conditions. Secondly,
the turbulence characteristics occurring on the
ramp and between the blocks is studied using a
fixed bed topography derived from the model tests
in the first phase. The results are used to determine not only flow resistance but also to describe
the ecological properties. Additional focus will be
given on the boundary conditions linking the
block ramp to the up- and downstream river reach.
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ABSTRACT: The physics of the flow past a vertical-wall abutment is investigated using Detached Eddy
Simulation (DES) at a high channel Reynolds number, Re=5*105 (case HR). The study considers conditions corresponding to the start of the scour process (flat bed channel). Scale effects are investigated by
comparing the results of the DES simulation with those from a Large Eddy Simulation performed at a
much lower Reynolds number, Re=18,000 (case LR). Results from the two simulations show that the size
of the region of high amplification of the non-dimensional turbulence kinetic energy within the horseshoe
vortex (HV) system decreases with the increase in the Reynolds number. An additional DES simulation
(Re=2.4*105) past an abutment with sloped walls shows that the structure of the HV system and the turbulence amplification in the same region does not depend strongly on the shape of the abutment. The degree of deformation of the cores of the vortex tubes shed in the upstream part of the separated shear layer
(SSL) originating at the tip of the abutment was much larger in case HR compared to case LR. This provided an additional mechanism for the amplification of the horizontal vorticity in the near-bed region.
Large-scale hairpin-like structures formed in the downstream part of the SSL. The legs of these vortices
were oriented parallel to the interface between the high-speed outer flow and the recirculating flow past
the obstruction. The lower leg of some of these hairpin vortices was situated, at times, at a small distance
from the bed and was able to strongly amplify the local bed shear stress values. Consequently, the bed
shear stress distribution in the instantaneous flow fields displayed a streaky structure over part of the SSL
region. Due to the richer eddy content of the SSL, the intensity of the non-dimensional pressure r.m.s.
fluctuations beneath the SSL was found to be about two times larger in case HR compared to case LR.
Keywords: Numerical Simulations, Coherent Structures, Bridge abutment
the HV system follow the junction line between
the bed and the upstream face of the abutment.
Downstream of it, these vortices are stretched and
bend in the direction of the incoming flow. Because of the presence and interaction among the
large-scale coherent structures, large shear
stresses and pressure fluctuations at the bed can be
induced in some regions situated around the abutment. This generates local scour.
Koken and Constantinescu (2008a, 2008b)
provide the first in-depth discussion of the structure and unsteady dynamics of the HV system
forming at the base of a vertical abutment wall
with flat and deformed scoured bed based on results from Large Eddy Simulation (LES) and dye
visualization experiments. Despite the fact that
their numerical investigation was conducted at a
channel Reynolds number of only 18,000, the
structure of the HV system was found to resemble

1 INTRODUCTION
Bridge abutments are hydraulic structures build
out from the river bank. The presence of a bridge
abutment in an alluvial channel induces the formation of a scour hole around its base. The dynamics of the large-scale coherent structures controls to a large degree the geomorphodynamic
processes around bridge piers and bridge abutments (Sumer & Fredsoe, 2002, Roulund et al.,
2005, Fael et al., 2006, Unger and Hager, 2007,
Kirkil et al., 2008, Koken & Constantinescu,
2008a-b). The main vortical systems in the flow
are the horseshoe vortex (HV) system near the upstream base of the abutment, the recirculating
flow region upstream of the abutment, the separated shear layer (SSL) originating at the extremity of the abutment, and the wake flow past the abutment. The unsteady necklace vortices that form
737

the effect of the shape of the abutment on the
structure of the HV system is investigated by
comparing case HR with a similar DES simulation
of the flow past an abutment with sloped walls at
Re=2.4*105 (case HR-SW) that is closer to the
typical shape of a bridge abutment.

the one observed in previous investigations of
junction flows conducted at much higher Reynolds numbers. In particular, they found that the
core of the main necklace vortex is subject to bimodal aperiodical oscillations with characteristics
that are similar to those observed by Devenport
and Simpson (1990) in their pioneering experimental study of the HV system forming at the
base of a wing-shaped cylinder in a flat-bed channel at Re~1.15*105 (the length scale in the definition of the Reynolds number is the maximum
thickness of the wing). The presence of largescale self-induced aperiodic oscillations explained
why the turbulence (e.g., turbulent kinetic energy,
turbulence energy production and Reynolds
stresses) levels within the HV system region were
about one order of magnitude higher compared to
the levels in the incoming turbulent boundary
layer. Koken and Constantinescu (2008b) also
found that the core of the main necklace vortex
continues to be subject to bi-modal aperiodic oscillations as the loose bed evolves between conditions at the initiation of scour (flat bed) and at the
end of the scour process (equilibrium deformed
bed). The effect of the development of the scour
hole was to gradually reduce the amplitude of the
large-scale aperiodic oscillations.
Eddy-resolving methods like LES are much
more successful to predict massively separated
flows compared to RANS methods. Hybrid
RANS-LES techniques like Detached Eddy Simulation (DES) can resolve the dynamically most
important eddies in the flow and allow studying
the dynamics of the coherent structures at Reynolds numbers that are comparable to those encountered in the field (e.g., Kirkil et al., 2009,
Kirkil and Constantinescu, 2009). DES uses the
same base turbulence model in the RANS and
LES regions. No special treatment is required to
match the solutions at the boundary between the
LES and RANS regions.
The main goal of the present paper is to study
the scale effects and thus to try to understand to
what extent the findings from relatively lowReynolds-number (Re~104) experimental or LES
studies are relevant for practical applications of
junction flows in river engineering in which the
Reynolds numbers are much higher (Re>105). The
simulations at the higher Reynolds numbers are
performed using DES. Scale effects for the flow
past a vertical wall abutment are discussed based
on comparison of DES (case HR) with results
from an LES simulation at Re=18,000 (case LR)
performed by Koken and Constantinescu (2008a).
In both simulations the incoming flow contained
resolved fluctuations and the ratio between the
width of the obstruction, W, and the channel
depth, D, was the same (W/D=1.5). Additionally,

2 NUMERICAL METHOD AND
DESCRIPTION OF THE SIMULATIONS
A general description of the DES code is given in
Chang et al. (2007). The 3D incompressible
Navier-Stokes equations are integrated using a
fully-implicit fractional-step method. The governing equations are transformed to generalized curvilinear coordinates on a non-staggered grid.
Convective terms in the momentum equations are
discretized using a blend of fifth-order accurate
upwind biased scheme and second-order central
scheme. All other terms in the momentum and
pressure-Poisson equations are approximated using second-order central differences. The discrete
momentum (predictor step) and turbulence model
equations are integrated in pseudo-time using alternate direction implicit (ADI) approximate factorization scheme. In the present DES simulation,
the Spalart-Allmaras (SA) one-equation model
was used. Time integration in the DES code is
done using a double time-stepping algorithm and
local time stepping is used to accelerate the convergence at each physical time step. The time discretization is second order accurate.
The geometry of the computational domain in
case HR is shown in Fig. 1. The length scale is selected to be the flow depth (D). The mean velocity
in the main channel (U) is used as the velocity
scale. The abutment length is 1.5D and is located
at a distance of 8D from the inflow section. The
physical time is 0.02D/U. The geometry of the
abutment in case HR-SW can be inferred from
Fig. 3. The computational domain is meshed using 7.5 million cells in the DES simulations.
At the inflow section, turbulent inflow conditions corresponding to fully-developed turbulent
channel flow are applied. The velocity fields from
a preliminary periodic-channel LES simulation at
Re=18,000 are stored in a file and then fed in a
time-accurate manner through the inflow section
in the simulations containing the abutment. The
mean streamwise velocity profile at Re=240,000
is obtained from a preliminary RANS simulation
and the turbulent fluctuations at Re=18,000 are
superimposed on the mean profile. At the outflow,
a convective boundary condition is used. The free
surface is treated as a rigid lid which is justified as
the channel Froude number is 0.2 in experiment.
The walls are treated as no-slip boundaries.
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gradients induced by the abutment are weaker in
case HR-SW. Its positions relative to the abutment
and the SSL are similar to the other cases but, in
contrast to case HR, the secondary vortex in the
mean flow is very weak.

Figure 1: Computational domain in the HR simulation

3 ANALYSYS OF SCALE AND ABUTMENT
SHAPE EFFECTS
The Q criterion is used in Fig. 2 to visualize the
HV system in the mean flow in the HR and LR
cases. At both Reynolds numbers, the cores of the
main (HV1) and secondary (HV2) necklace vortices are initially parallel to the upstream face of
the vertical wall abutment and then follow the
shape of the SSL. In case HR, the legs of HV1
and HV2 merge at some distance downstream of
the abutment. On the other hand, HV1 and HV2
remain separated in the LR simulation. Also, in
the HR simulation the coherence of HV2 is larger
and the circulation of HV1 is more than twice that
of HV2 in vertical sections that are perpendicular
to the axis of HV1 and are situated between the
sidewall and the abutment tip. However, in sections situated past the abutment, the circulation of
HV1 decreases rather sharply, while that of HV2
remains approximately constant. In sections situated close to the merging region, the circulation
of HV1 is only 20% higher than that of HV2. By
comparison, in the LR simulation the circulation
of HV2 is less than one third that of HV1 in all
vertical sections cutting through the axes of HV1
and HV2.
Though the size and coherence of HV1 are subject to large temporal variations, in average the
main necklace vortex is more stable in case HR
compared to case LR. In the case of an abutment
with a sloped wall (Fig. 3), HV1 extends over a
larger distance downstream of the abutment. Its
core is larger, however its strength is lower compared to case HR because the adverse pressure

Figure 2: Vortical structure of the mean flow close to the
abutment. The eddies are educed using the Q criterion. a)
case HR; b) case LR.

Figures 4 and 5 show the distributions of the resolved TKE and pressure r.m.s. fluctuations, p' 2 ,
along with the 2D mean-velocity streamline patterns at a representative vertical section cutting
through the region where the strength of the HV
system is high for cases HR and HR-SW, respectively. Consistent with previous experimental and
numerical investigation of junction flows (e.g.,
see Simpson, 2001), the pressure and velocity
fluctuations are strongly amplified inside the region where the core of HV1 undergoes large-scale
oscillations between two preferred states (modes).
The levels of amplification of the TKE and
p' 2 can be as much as 30 times higher than the levels corresponding to the background turbulence.
By comparison, present results for all the three
cases show that the amplification of the turbu739

reaches the upstream face of the vertical-wall abutment, it is transported toward the bottom with
the downflow. As it interacts with the bottom of
the channel, the patch tries to preserve its irrotationality and forms a strong near-wall jet in the
reverse flow direction. This wall jet pushes HV1
away from the abutment. As a result, the core of
HV1 assumes a more elliptical shape, leading to
the back-flow mode (Fig. 6b). The other extreme
situation (zero-flow mode) occurs when a patch of
highly rotational and relatively low-momentum
fluid convected from the separating incoming
boundary layer reaches the obstruction. In this
case separation of the near wall jet occurs earlier,
the core of HV1 has a smaller size and is situated
closer to the abutment (Fig. 6a). Though some differences are observed in terms of the occurrence
and location of the weak recirculation regions upstream of HV1 between cases HR (Fig. 6) and LR
(Fig. 7) and the wall jets in both modes are less
strong in case HR, the fundamental mechanism
associated with the switching between the two
modes remains the same.

lence inside the core of HV2 above the levels associated with the incoming fully turbulent channel
flow is not significant. This suggests that the core
of HV2 does not undergo large-scale oscillations.

Figure 3: Vortical structure of the mean flow close to the
abutment in case HR-SW. The eddies are educed using the
Q criterion.

Figure 5: 2D mean flow streamline patterns, nondimensional TKE, k/U2, and pressure r.m.s. fluctuations,

p' 2 /(ρ 2 U 4 ) , in a vertical sections cutting through the tip of
the abutment for case HR-SW.

Figure 4: 2D mean flow streamline patterns, nondimensional TKE, k/U2, and pressure r.m.s. fluctuations,

The TKE distributions are qualitatively very similar in all three simulations. As shown in Figs. 4
and 5 for cases HR and HR-SW, two regions of
high TKE amplification induced by the bi-modal
oscillations of HV1 are present. The first one is situated close to the bed and is due to the variations
in the extent and strength of the wall jet forming
beneath HV1 (e.g., compare Figs. 6a and 6b). The
second one is associated with the changes in the
position of the core of HV1. The presence of these
two regions of high TKE amplification in sections
where the strength of the bi-modal oscillations is
high was also observed in the measurements of
Devenport and Simpson (1990) in the symmetry

p' 2 /(ρ 2 U 4 ) , in a vertical sections cutting through the tip of
the abutment for case HR.

Examination of the instantaneous flow fields show
that the flow in the HV region switches aperiodically between two extreme states that are similar
to the zero-flow mode and the back-flow mode
described for the first time by Devenport and
Simpson (1990). Figure 6 shows the instantaneous
velocity vectors in a plane cutting through the tip
of the obstruction at two time instants when HV1
is in the zero-flow mode and the back-flow mode
for case HR. When a high-momentum irrotational
patch of fluid (i.e., coming from the free-surface)
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moves downstream, the growth of secondary instabilities is very rapid, such that at a distance of
1.5D from the obstruction large-scale eddies are
connecting the distorted cores of the vortex tubes.
By comparison, the cores of the vortex tubes remain close to vertical in case LR.

plane of the flow past a wing-shaped cylinder.
The thin band of high TKE extending over most
of the channel depth corresponds to the SSL.

Figure 6: Instantaneous velocity vectors in a plane cutting
through the tip of the abutment (see inset in frame c) showing HV1 in the zero-flow mode (frame a) and the back-flow
mode (frame b) for case HR. Frame c shows the distribution

Figure 7: Instantaneous velocity vectors in a plane cutting
through the tip of the abutment (see inset in frame c) showing HV1 in the zero-flow mode (frame a) and the back-flow
mode (frame b) for case LR. Frame c shows the distribution

of the pressure r.m.s. fluctuations, p' 2 /(ρ 2 U 4 ) .

In all the three simulations a double-peak distribution is observed at all vertical sections where the
amplitude of the bi-modal oscillations was sufficiently high such that the regions of large p' 2
values associated with each mode did not merge
into a single patch of elliptical shape. The smaller
amplitude of the large scale oscillations of HV1,
together with the fact that the core of HV1 was
smaller and more stable in case HR, explain the
less clear separation between the two regions of
high p' 2 in Figs. 4 and 6c compared to Fig. 7c for
case LR and Fig. 5 for case HR-SW.
Next, we focus on the analysis of the changes
in the structure of the SSL with the Reynolds
number. As shown in Fig. 8, the eddies populating
the SSL are more irregular in case HR, in particular over the lower part of the channel (z/D<0.3)
where most of the vortex tubes are strongly deformed, starting in the formation region. This is
clearly observed by comparing Figs. 8a (case HR)
and 8b (case LR). In the HR simulation the core
of the second vortex tube is strongly deformed in
the vertical direction. As a result, the vorticity
vector inside the vortex tube reorients in a direction that makes a relatively low angle with the
bed. Through this mechanism additional horizontal vorticity is induced in the near-bed region.
This has obvious consequences on the sediment
entrainment phenomena beneath the SSL. As one

of the pressure r.m.s. fluctuations, p' 2 /(ρ 2 U 4 ) .

As shown in Figs. 8c and 8d, large-scale hairpinlike eddies are observed at several locations inside
the SSL, in the HR simulation. However, the two
legs of the hairpins are not contained in a plane
parallel to the bed, as expected to happen if these
coherent structures would form as a result of the
interaction of the incoming turbulent flow with
the bed. Rather, the legs of the hairpins are contained in a plane that is close to vertical. The
large-scale hairpin structures form as a result of
the growth of secondary instabilities associated
with the transition between the high-speed flow
on the outward side of the SSL and the low-speed
flow inside the main recirculation region in the
wake. The hairpins are contained mostly inside
the SSL and the high-speed flow side. The presence of large-scale hairpin structures in the transition region (shear layer) between a high-speed
stream of fluid and a low-speed region was also
observed in flow past cavities (e.g., see Chang et
al., 2006) and at the interface between a high
Reynolds number lock-exchange gravity current
and the surrounding flow. At some locations, the
vorticity levels in the legs of the hairpin structures
are comparable to those in the vortex tubes. In
particular, examination of the instantaneous flow
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threshold value for sediment entrainment for a sediment size of d50=1.05 mm is uτc0/U=0.056. This
is the typical sediment size employed in loose-bed
experiments performed in the flume that was used
to study local scour development for the flow
conditions considered in case HR. The regions
where sediment is expected to be entrained due
only to large values of the bed friction velocity
(uτ> uτc0) are delimited in Fig. 9a using a solid
line. The presence of relatively high pressure fluctuations at the bed may produce sediment entrainment even if uτ<uτc0.

fields show that the lower leg is situated, at times,
at small distances from the bed and can induce
large bed-shear-stress values.

Figure 9: Distribution of bed-friction velocity. a) Instantaneous flow, case HR; b) Instantaneous flow (case LR). The
solid contour line in frame (a) corresponds to uτco/U=0.056.

The largest values of uτ (~0.07-0.1U) in the mean
and instantaneous flow fields occur beneath the
upstream part of the SSL and the main necklace
vortex. One should stress that an important contribution to the magnitude of the friction velocity
in the region situated around the tip of the abutment comes from the amplification of the nearbed velocity due to the acceleration of the flow as
it passes the obstruction, rather than to the presence of HV1. Similar to case LR, the bed friction
velocity beneath the upstream part of HV1 remains lower than uτc0.
The distribution of uτ in case HR (Fig. 9a)
shows the presence of streaks of high bed friction
velocity beneath the SSL region in the instantaneous flow. The primary reason for the formation of
these streaks is the presence of hairpin-like structures in the vicinity of the bed (see discussion of
Fig. 8). The amplification of uτ inside these
streaks can be important, up to two times the
mean value of uτ at the same location. In the upstream part of the SSL (distances less than 1D
from the tip of the obstruction), it is the passage of
the vortex tubes that is mainly responsible for the
local amplification of uτ. Figure 9b shows the distribution of uτ in the instantaneous flow for case
LR. Consistent with the eddy content of the SSL
in the LR simulation (no hairpin-like structures

Figure 8: Visualization of vortical structure of the instantaneous flow using the Q criterion. a) General view (case
HR); b) General view (case LR); c) Top view (case HR); d)
Detail view showing the presence of hairpin-like structures
in the SSL (case HR).

Figure 9a visualizes the distribution of the bed
friction velocity, uτ/U, for case HR at an arbitrary
time instant. Based on the Shields diagram, the
742

quantitative changes in the structure of the largescale coherent structures that control the local
scour around the flow structure (e.g., abutment).
The structure and dynamics of the HV system
in the two simulations were found to be qualitatively similar. The core of the main necklace vortex HV1 was shown to undergo bimodal aperiodic
oscillations, similar to the ones observed in experimental investigations of other junction flows.
The intensity of the bimodal oscillations was
found to peak at sections cutting through the tip of
the abutment, where the overall amplification of
the turbulence intensity (e.g., TKE and pressure
r.m.s. fluctuations) was the highest. The bimodal
oscillations gradually disappeared in the leg of
HV1. As a result of the increase in the Reynolds
number, the main necklace vortex became more
stable, the size of its core decreased, and the average amplitude of the aperiodic oscillations got
lower. The non-dimensional pressure r.m.s. fluctuations at the bed were significantly stronger beneath the HV region, and the non-dimensional
TKE values inside the HV system were 20-40%
smaller in the HR simulation compared to the LR
simulation.
A main finding of this study is that the eddy
content of the SSL changes considerably between
the two Reynolds numbers. The degree of deformation of the cores of the vortex tubes in the upstream part of the SSL was much larger in the HR
simulation. This provided an additional mechanism for the amplification of the horizontal vorticity in the near-bed region. Additionally, the secondary instabilities acting on the cores of the
vortex tubes were much stronger in the HR simulation. Large scale hairpin-like eddies formed in
the downstream part of the SSL. The legs of these
vortices were oriented parallel to the interface between the high speed outer flow and the recirculating flow behind the obstruction. The lower leg
of some of these hairpin vortices was situated, at
times, at a small distance from the bed and was
able to strongly amplify the bed-shear-stress.
Consequently, in the HR simulation the bed shear
stress distribution in the instantaneous flow fields
displayed a streaky structure over part of the SSL
region. Similar to the LR simulation, the largest
values of the bed shear stress occurred in the
strong acceleration region around the tip of the
obstruction, and beneath the main necklace vortex
and the upstream part of the SSL. The overall
non-dimensional levels of the bed shear stress in
the instantaneous and mean flow were smaller in
the HR simulation. This is consistent with the expected decrease of the non-dimensional bed shear
stress with the increase of the Reynolds number in
fully developed turbulent channel flows.

are present in Fig. 8b), no streaks of high uτ values
are observed beneath the downstream part of the
SSL.
The other main factor that determines the capacity of the flow to entrain sediment particles
from the bed is the level of the pressure r.m.s.
fluctuations. The distribution of p' 2 /(ρ 2 U 4 ) at
the bed is plotted in Fig. 10 for cases LR and HR.
In both simulations, p' 2 is large around the tip of
the abutment and beneath the SSL. Observe also
the relatively high p' 2 values around the region
where the flow reattaches to the sidewall (x/D~13)
and, in particular, the amplification of p' 2 beneath
the core of the elongated junction vortex VA
forming close to the sidewall containing the abutment (Fig. 3). Though the distributions are qualitatively similar, the non-dimensional p' 2 levels
are, in average, two times larger in the HR simulation. This increase is explained by the richer eddy
content of the SSL, especially in the near-bed region.

Figure 10: Distribution of the pressure r.m.s. fluctuations at
the bed, p' 2 /(ρ 2 U 4 ) . a) case HR; b) case LR.

4 SUMMARY AND CONCLUSIONS
The present study used DES to investigate the
changes in the flow and turbulence structure
around an abutment mounted at one of the sidewalls of a long straight channel due to changes in
the Reynolds number and the shape of the abutment. The quantification of scale effects is of
great interest as many experimental studies of
junction flows that are relevant for environmental
engineering and, in particular, of local scour studies are conducted in laboratory flumes at Reynolds numbers that are much lower than those encountered in the field. Not accounting properly for
scale effects in scour prediction methods can result in the severe overprediction of maximum
scour depth (Ettema et al., 1998). Changes in the
Reynolds number can induce both qualitative and
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Due to the richer eddy content of the SSL in
the HR simulation, the values of the nondimensional pressure r.m.s. fluctuations beneath
the SSL were found to be around two times larger
in the HR simulation compared to the LR simulation. This means that flume experiments conducted at relatively low Reynolds numbers substantially underestimate the effect of the pressure
fluctuations on sediment entrainment.
Finally, the presence of an obstacle of a shape
that better approximates that of most bridge abutments did not result in important qualitative
changes in the structure of the HV system and the
dynamics of these vortices. However, the sloped
walls induced lower adverse pressure gradients
that resulted in a weaker downflow and a weaker,
but larger size, main necklace vortex. The distribution of the TKE and pressure rms fluctuations
inside the HV region remained similar. The coherence of the secondary necklace vortex was very
low for the abutment with sloped walls. This resembled more the HV system observed in case LR
rather than case HR.
The present study considered only scale and
abutment shape effects at conditions corresponding to the start of the scour process (no local
scour, flat bed channel). A similar investigation is
under way for conditions in which a large scour
hole is present around the abutment.
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B River morphodynamics and sediment transport
B.1 Mechanics of sediment transport
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Eddy educed entrainment
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ABSTRACT: Experiments were undertaken in a rectangular, re-circulating flume to produce conditions
of incipient gravel entrainment. Flume hydraulic parameters and bed geometry were designed to simulate
a gravel bed river. The flume bed gravel sizes were representative of the river’s surface armour layer.
Finer river gravel was used to embed the overlying gravel. During the experiments a Particle Tracking
Velocimetry (PTV) system was used to visualise turbulent flow structure, and absolute and differential
pressure sensors were placed in the surface layer of the bed to measure pressure fluctuations and uplift
pressures. Bed surface pressures were recorded at the centre of a circular, flat plate so that measured pressures were not influenced by lift or form drag due to the sensor shape. The PTV system and pressure sensors were synchronised so that flow conditions could be visualised at the time of any unusual bed pressure events. The flume results show that advected turbulent pressure fluctuations are of sufficient
magnitude to cause entrainment of bed particles. In addition, the measurements indicate that significant
uplift events often arise when a low pressure situation immediately follows high pressure conditions at
the bed. It is concluded that residual high pressure within the bed enhances the pressure differential between the bottom and top of a bed particle when the subsequent low pressure zone suddenly arrives above
the particle. Along with “tornado-type” vortices, such pressure events can create entraining forces on surface particles in a permeable bed.
Keywords: Entrainment, Critical shear stress, Pressure fluctuations, Gravel, PTV
1 INTRODUCTION

fluctuations on and within a gravel bed surface
can be sufficient to entrain bed particles when
dimensionless bed shear stress is around 0.05.
Until now it has generally been assumed that lift
and drag forces generated by particle shape are
the main mechanisms for the onset of sediment
motion. The following experiments, under controlled conditions in a flume, were made in an attempt to reproduce the “induction by suction”
phenomenon apparently occurring in the river
and to gather further insight into particle entrainment mechanisms.

1.1 Justification
If the physical processes that govern sediment
transport are properly understood, better formulae and models can be developed to assess and
manage scour, deposition, sediment related hazards and flood conveyance and to help predict
the evolution of past and present fluvial morphology.
1.2 Background

1.3 Reference frame and notation

Measurements in the Waimakariri river, New
Zealand river (Smart, 2005 and 2008) have indicated a direct link between pressure fluctuations
within the surface layer of a riverbed and the onset of sediment movement. Using a differential
pressure sensor buried in the gravel-bed, these
experiments gave strong evidence that pressure

For the flume experiments, a rectangular reference frame coordinate system is used which has
x measured horizontally and z measured upwards
from the channel bed. Flume flow was from right
to left and x increases in this direction. Velocity
components in the x, z and transverse directions
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are represented by symbols u, w and v respectively. Deviations from mean values of u and w
are represented by u’ and w’. A complete list of
symbols is given at the end of the paper.

measuring section is shown diagrammatically in
Figure 1.
2.2 Pressure measurement system
The laboratory pressure measurement setup was
similar to one previously used in the field
(Smart, 2008). Figure 2 shows the pressure
measurement device when viewed from below. It
comprised a 3 mm bed surface port, a 3 mm port
buried 61 mm below the bed surface port and a
housing containing a differential pressure sensor
and an absolute pressure sensor. Absolute pressures were measured at the surface port and differential pressures were measured between the
two ports. The bed surface port was situated in
the middle of a 50 mm diameter flat circular
plate to avoid any local, form-induced pressure
variations. The circular plate was installed in the
bed plane, slightly below the crest level of the
gravel bed surface as shown in Figures 3 and 4.

2 EXPERIMENTAL SETUP
2.1 Flume and hydraulics
The experiments were carried out in a rectangular, re-circulating, laboratory flume at the National Institute for Water & Atmospheric Research, Christchurch, New Zealand. The
effective flume length (with a gravel bed) was
4.7 m. The channel width was 0.12 m. The flume
had one plexiglass wall and one steel wall. Water
depths were around 0.160 m. A width to depth
ratio of less than two was used to limit secondary
flow circulation effects. All measurements were
taken at the centerline of the flume. The flume
inlet was via a horizontal perforated plate with
144 holes (4 mm diameter) per square decimeter
in the floor of the flume discharging into a 0.8 m
x 0.6 m chamber at the head of the flume. A 0.75
m long, streamwise convex, streamlined taper
from the inlet chamber reduced the flow width
from 0.6 m to 0.12 m. The perforated plate and
contracting inlet conditions were designed to destroy any residual turbulent structures upstream
of the start of the flume gravel bed.

Figure 2. Under-view of pressure ports. The in-bed pressure port is a 3mm hole in a 6mm copper pipe and the bedplane sensor port is a 3 mm hole (not visible) at the centre
of a 50 mm circular plate. This figure is distorted by perspective.

Water surface

PTV window 50 mm x 200 mm

H

o

Pea gravel in mesh

3 mm ports

o

D

x = 0.2
x = 0.1
x = 0.0
Figure 1. Flume measurement section showing layout and
nomenclature. Flow is right to left. Not drawn to scale.

The flume outlet was controlled by adjustable
vertical “venetian blind” vanes to set uniform
depth conditions through the measurement section of the flume. The flume had a bed slope of
0.018. The coordinate origin of the measurement
reference frame was located 100 mm upstream
from a bed-plane pressure sensor. Water depth
was recorded at three points (at x = -0.23 m, 0.20
m and +0.90 m) by manually measuring the distance from the water surface to the flume reference rail. The location of z = 0 is an arbitrary
level, 1.7 mm below the top pressure port. The

Figure 3. Typical bed configuration showing sensor plate.
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enclosed in a flexible 2 mm wire mesh to prevent
entrainment of this material into the flow. This
is shown in Figure 4. The horizontal permeability coefficient of the in-situ bed was 0.064 m/s.

Pressures were measured with Motorola MPX
series transducers with ± 0.25% linearity and response time of 1 ms. Pressure head measurement
resolution was 0.25mm for the differential transducer (which indicated uplift) and 2.5 mm for
the absolute transducer (which indicated water
depth). The pressure transducers were located 75
mm away from the sensing ports and connected
by rigid copper tubes. Static and uplift pressure
measurements were recorded at a frequency of
56.25 Hz over 11 minutes.

2.4 PTV eddy tracking
A high speed movie camera was used to visualize the flow structure by detecting waterborne
particles in the flow. Near-neutral-density Pliolite (s = 1.03, passing a 0.5 mm sieve) was used
for the tracer particles. Movie recording was carried out in the dark. A vertical light sheet (about
10 mm thick) illuminated only those particles lying above the centerline of the flume.
The digital movie camera was a monochrome
Dalsa DS-21-02M30. In order to track particles
between subsequent frames at the mean streamwise velocity of about 1.3 m/s, a frame refresh
frequency of 164 Hz was used with a resolution
of 400 x 100 pixels per frame. Using this resolution, the size of each pixel was approx. 0.5 x 0.5
mm. Particle Tracking Velocimetry (Nokes,
2009) was used for analysis of movie frames.
In each experiment, the flow above the pressure sensor was filmed for a period of 11 minutes (while bed pressures were also being measured). PTV analysis was then carried out on
segments of the captured images at the times of
high uplift pressures identified by the pressure
measurement system. The PTV analyses were
made with the FluidStream 8.0 software from
Nokes, University of Canterbury. Images were
pre-processed to increase contrast between illuminated particles and the background by subtracting from each pixel the average intensity
within a surrounding 5x5 pixel window. Areas of
images containing light reflected from the gravel
bed were also removed.
Particles were identified in each image based
on pixel intensities. Around 400 particles were
identified in each frame. Particles were matched
to particles in subsequent frames using a combination of a correlation between the location of
surrounding particles and predictions based on
the velocity of previously matched particles in a
window surrounding the particle to be matched.
Tracking parameters were optimised by manually tracking about 40 particles. Between 60% 80% of particles were matched to particles in
subsequent image frames. Particle velocities
(calculated from the displacement of a particle
between frames) were interpolated on to a regular grid 5 mm wide by 2 mm high. Mean velocity
components (u, w) were calculated at each grid
point. Turbulent fluctuations (u', w') were calculated about these mean values.

2.3 Gravel bed

Figure 4. Top view and side view showing the mesh to
prevent entrainment of smaller, underlying stones. Note:
some surface stones have been removed for clarity.

The bed material was natural river gravel taken
from the Waimakariri River, north of Christchurch, New Zealand. The surface gravel was selected to be representative of the surface armor
layer of the river and had d90 = 66 mm and d50 =
57 mm. Finer river gravel with d90 = 7.0 mm and
d50 = 4.6 mm was used under the armor layer to
embed surface stones, the housing and the in-bed
pressure port. The smaller, sub-bed gravel was
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2.5 ADV measurements

would be found at other locations above the gravel bed.
0.04

Elevation above log profile origin (m)
.

0.0545

measured velocity

0.035

0.0495

0.03

0.0445

best fit log profile,
U*= 111 mm/s,
Zo=0.32 mm
.
linear region

0.025
0.02

0.015

3 RESULTS & ANALYSIS

0.0345
0.0295

0.01

0.0245

0.005

0.0195

0

-0.005

Several bed/water depth/slope/flow combinations were measured in the flume to achieve
conditions not exceeding the onset of entrainment of surface stones while retaining the ability
to track particles between successive movie
frames. The results reported here represent the
measurements for experimental “bed 6”. Five
similar PTV and bed pressure experiments
(named A-E), lasting 11 minutes each, were run
on this bed. Hydraulic parameters for a typical
experiment are shown in Table 1 in comparison
with measurements made in the Waimakariri
River.

0.0395

0.0145
0

0.2

0.4

0.6

0.8

1

-0.01

1.2

1.4

0.0095
0.0045

Streamwise mean velocity (m/s)

Figure 5. Profile of streamwise velocity above the surface
pressure port on Bed 6 (the right to left flow direction is
reversed for clarity).

Power Spectral Densities for the component
of vertical velocity for a point 10 mm above the
circular pressure plate are shown in Figure 6.
Velocity components in this case are deviations
from the long-term, time-averaged value.

Table
1. Hydraulic parameters for Bed 6 run B
______________________________________________
Location
Flume Bed 6
Waimakariri R.
______________________________________________
Mean velocity
1.27
m/s
1.48
m/s
1.325 m2/s
Flow*
0.025 m3/s
Width*
0.12
m
1.0
m
Depth H**
0.164 m
0.90
m
Water surface slope 0.019 0.004 57
mm
50
mm
d50 ***
shear velocity**** 0.175 m/s
0.188 m/s
dim. shear θ
0.034 0.045 Froude no.
1.0
0.5
1.33x106
Reynolds no.
0.21x106
Grain
Reynolds no. 11,550 9,400 _____________________________________________
Notes: * unit width assumed for river.
** see Figure 1 for nomenclature.
*** bed surface layer.
**** based on flow depth and slope.

Figure 6. Power Spectral Density (PSD) of the vertical velocity component w’ recorded at 10 mm above the circular
pressure plate. Raw spectra are shown in gray and a
smoothed curve in black.

3.1 ADV measurements
The vertical profile of streamwise velocity
measured with the ADV is shown in Figure 5.
Shear velocity calculated from the log profile
fitted to the ADV measurements is similar to the
shear velocity based on downslope fluid weight
(see Table 1). These ADV streamwise velocity
measurements are time averaged but not spatially averaged and the profile extends 54 mm
above the 50 mm diameter plate. Consequently,
the roughness parameter Zo, based on the velocity profile close the plate, is much smoother than

Power Spectral Density (PSD) decreases
above about 10 Hz and below about 0.4 Hz. A
sample longer than about 5 s (2@ 0.4 Hz) is necessary to fully capture the largest of the eddy
fluctuations and time-scales conventionally assumed relevant to turbulent eddy generation thus
range from 0.1 s to 2.5 s. Length scales (based
on mean velocity) range from 0.13 m to 3 m.
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Elevation above pressure sensor (m)

A Sontek micro-ADV was used to measure velocity components at heights ranging from 2.9
mm to 55 mm above the pressure sensor plate for
the bed/flow conditions reported herein. ADV
measurements of u, v, and w were made at 50 Hz
for periods of 160 sec. The ADV probe influenced the flow field and was not used at the
same time as PTV measurements.

3.2 Pressure records

Table 2. Statistics from 8 minutes of pressure measurements
recorded at 56.25167 Hz during experiment 6B
______________________________________________
bed pressure
uplift pressure
______________________________________________
Mean value
164.98 mm
-0.28 mm
median value
164.5 mm
-0.25 mm
mode
167
mm
-1.5
mm
minimum value
139.5 mm
-24
mm
maximum value
189.5 mm
24.25 mm
standard deviation 5.65
mm
5.23
mm
skewness
.236
mm
.039
mm
sample size
27000
27000
_____________________________________________

Fourier analysis of pressure measurements (not
shown) indicates fairly flat PSD with a minor increase in energy concentrated around frequencies
of 1.58 Hz and 9.5 Hz in both the bed pressure
and uplift pressure series. The pressure PSD
lines are attenuated much more sharply (than for
the velocity PSD) above 0.1 Hz, possibly indicating some mechanical smoothing of higher
frequencies in the pressure measurement apparatus.
Two examples of bed pressures, uplift and
calculated sub-bed pressures are given in Figure
7 (sub-bed pressure = measured bed pressure +
measured uplift). The bed pressure heads have
the 61mm static head difference (between the
sensor ports) removed for comparison of the
fluctuations in the series. At times 14:06:09.1
and 14:06:23.0, significant uplift peaks are
shown. These two uplift events were the largest
recorded during experiment 6B. Over the full
experiment, the recorded pressure time-series
have approximately normal distributions of values. Summary statistics for this experiment are
given in Table 2.
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A strong inverse relation between bed pressures
and uplift pressures is shown in Figure 8 and
Figure 7. The linear trend has high uplifts occurring with low bed pressures and vice versa. 81%
of the uplift pressure variation can be explained
by the bed pressure variation (r = -0.90). There is
considerable scatter about the linear trend line on
Figure 8 which is partly explained by lagged
cross-correlation (r = -0.82 for bed pressure leading uplift by one 18 ms timestep and r = -0.51
for bed pressure lagging uplift by 18 ms). There
is a very small (positive) relation between instantaneous values of bed surface pressure and the
corresponding sub-bed pressure. Only 15% of
sub-bed pressure variation is explained by variation in the bed pressure.
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Figure 8. Relation between uplift and bed pressure. The
outliers at the far right are unexplained isolated spikes in
the bed pressure data.
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For conditions of imminent particle entrainment
it is the rare and extreme values of uplift, such as
those shown in Figure 7, that are of interest. The
maximum uplift head for the experiment summarized in Table 2 is equivalent to a pressure difference of 238 Pa which is sufficient to lift
stones smaller than 23 mm in diameter. From
analysis of all such peaks in the experiments it
appears that extreme uplift events typically show
sub-bed pressure rising just before a large fall in
the on-bed pressure (see Figure 7). The combination of high sub-bed pressure and low on-bed
pressure creates a larger uplift pressure. This effect is discussed further in the next section.
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Figure 7. Two half-second excerpts from experiment 6B
showing the bed pressure, sub-bed pressure and uplift
pressure.
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3.3 Image analysis

exposure nor the PTV technique can fully capture such larger vortices if their diameter is
greater than the 10 mm thickness of the illuminating light sheet.
Figure 10 shows another time-exposure, similar to that shown in Figure 9, with particles visible on the periphery of a passing “tornado-type”
structure. The particle near C is in the light sheet
for about one quarter of a spiralling revolution.
The 26 mm diameter of this trajectory indicates a
vortex tangential velocity of 0.5 m/s and the
Bernoulli-predicted pressure drop at the core of
the vortex would be 125 Pa.
Figure 11 shows a sequence leading up to the
time at which a large uplift pressure was detected by the pressure sensor. Mean flow is from
right to left. In contrast with the time exposures,
Figure 11 shows deviations from mean velocity
(as arrow vectors) and vorticity (as a background
grayscale). Darker areas are circulating clockwise and lighter areas are circulating counterclockwise. Each image gives a cross-sectional
view of the flow from 100 mm upstream of the
sensor plate port to 80 mm downstream of the
port.

The PTV technique used captures 2-dimensional,
instantaneous snapshots of the flow and may
mis-interpret some 3-dimensional features. An
example of actual particle trajectories is shown
by a time exposure in Figure 9 where the flow
direction is from right to left. Particle “A” is
about 50 mm above the bed. In 0.04 s it travels
68 mm from A1 to A2. A calculation based on
its start and finish points indicates a horizontal
velocity u = 1.68 m/s and a vertical velocity w =
–0.2 m/s. PTV should indicate similar velocity
components. In the area just above the sensor
plate, there is a change in the flow pattern from
fast streamwise motion to turbulent, vortical motion. This “vortex swarm” area was swept in
from upstream. In this area, during 0.04 s, particle “B” starts about 6 mm above the plate and
spirals upwards and downstream to finish at
point B2. The first part of particle B’s path is
dim as it lies at the limits of the 10 mm wide
light sheet. The time exposure trajectory indicates that particle “B” rotates 4 times around a
vortex axis between B1 and B2. For the last of
these cycles, particle B has a tangential velocity
of about 0.75 m/s at a radius of about 6 mm. For
this tangential velocity, the Bernoulli-predicted
pressure drop at the core of the vortex (ρ vt2/2)
would be 280 Pa. PTV can not identify these features due to a combination of insufficient resolution, matching complexity and interpolation
smoothing.

C

sensor plate

A2

Figure 10. Oblique view during a time-exposure of 0.04 s
while a vortex was passing the plate. Flow is right to left.

A1

The images indicate larger circulation patterns
but do not reveal spirals or smaller eddy. The
images A-D in Figure 11 coincide with the uplift
pressure peak shown at 14:06:23 on the lower
graph of Figure 7. In image A (at the top), flow
downstream of the dotted line is slower than
mean downstream flow velocity (vectors point
upstream) and flow upstream of the line is faster
than average. At point 1 there is a strong clockwise eddy bringing flow into the plane of the
cross-section. Flow is towards the bed at the upstream edge of the sensor plate. Image B shows
the situation 6 ms later than image A. The slow
flow now extends further upstream near the bed
and the faster flow extends further downstream
50 mm above the bed. Between these zones the
flow is starting to roll up and form an eddy at
point 2. Above the plate there is high velocity

B2

stone

upstream, side
B1
Figure 9. Side view of the flow over the sensor plate during time exposure of 0.04 s. Flow is from right to left. A
vortex swarm, generated upstream, is passing over the
plate.
sensor plate

A second particle track, very similar to that of
particle B, is evident in Figure 9 just below that
of particle B. If these two vortices have the same
rotational direction they are likely to combine
into a single, larger vortex. Neither the time752

entrain bed particles during conditions for which
entrainment is implied by Shields criteria.
Figures 7 and 11 show that the uplift on embedded particles can be greater than the uplift at
the bed surface if the bed is pressurised just before a low pressure event arrives at the bed surface. However, there is an anomaly between
Figure 7 and Figure 11. While the sequence of
pressure loading and unloading of the bed,
shown in Figure 11, takes place over a period of
about 30 ms (5 frames at 164 Hz), the corresponding pressure changes in Figure 7 take place
over about 53 ms (3 samples at 56.25 Hz). This
difference could be caused by attenuation of high
frequency pressure measurements as noted in
section 3.2.
Another point for discussion is that for several of the recorded extreme uplift pressure
events, there was no obvious contributing event
observable in the PTV data. This may be due to
insufficient trackable particles within the reference frame during the event, pressure fields responding to events outside the 10 mm wide light
sheet or to other 3D effects not evident in the 2D
PTV visualisation. Nelson et al (2001) similarly
found that instantaneous lift forces on gravel particles do not correlate well with local instantaneous velocity measurements.

towards the bed. Image C shows flow circulation
patterns 12 ms later than image B. The line between the zones is stretched further, roll-up eddy
2 has strengthened and moved downstream and
eddy 1 has been stretched in the streamwise direction. At the plate and further upstream, velocities are no-longer directed towards the bed.
Image D shows flow circulation patterns 12 ms
later than image C. The faster flow has swept the
slower flow downstream. Eddies 1 and 2 have
collided. There are strong velocities moving upwards from the bed.
4 SUMMARY & DISCUSSION
For the bed surface layer of the flume, dimensionless shear stress (Shields θ) was 0.034,
somewhat less than the critical value, to ensure
that the bed would remain intact during the experiments. During experiment 6B, the maximum
uplift pressure head measured was 24.25 mm
(238 Pa). Theoretically, this is sufficient to lift a
spherical particle 23 mm in diameter and the
finer underlying flume gravel could have been
entrained if it were not held in place by a restraining mesh.
Maximum uplifts recorded in experiments
6A, 6C, 6D, and 6E were sufficient to exceed the
particle weights if applied over gravel spheres
with diameters of 25, 34, 34, and 39 mm respectively. Because the pressures occurred above a
flat plate, these uplifts show that advected pressure fluctuations alone can be of sufficient magnitude to lift bed particles when conditions are
suitable for entrainment as implied by Shields
criteria.
The uplift events were rare with only 1 - 3 extreme uplift events found to occur during each
11 minute recording period. On the basis of a
normal distribution of uplift values and using the
parameters in Table 2, uplifts exceeding 20 mm
could be expected to occur 2 times during an 11
minute period (recording at 56.25 values per
second). Uplifts larger than 20 mm should be
much rarer and it may be that extreme uplifts occur slightly more frequently than indicated by a
normal distribution.
Two particle tracks analysed in Section 3.3
implied Bernoulli pressure drops of 280 Pa and
125 Pa at the centre of the eddies. These eddy
pressure drops occurred near the bed surface.
Figure 8 showed that there is a strong inverse relation between bed surface pressure and uplift
pressure. Consequently the particle tracks provide further evidence that advected eddy circulation pressures may be of sufficient magnitude to

5 CONCLUSIONS
In-bed pressure measurements, vortex rotational
velocities and PTV made above a flat plate, indicate that particle entrainment could result from
advected pressure fluctuations. The entrainment
is induced without lift and drag forces generated
by the shape of the lifted particle. Measurements
indicate that significant uplift events can occur
when a low pressure event immediately follows
high pressure conditions at the bed. It is concluded that residual high pressure within the bed
enhances the pressure differential between the
bottom and top of a bed particle when the subsequent low pressure event arrives above the particle. Along with “tornado-type” vortices, such
pressure events appear to create significant lift
forces on particles in a permeable bed.
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ABSTRACT: Despite the fact that the incipient motion of granular materials has been studied for over a
century now, many questions remain unanswered about the actual mechanism responsible for entrainment
of individual particles. Recent findings suggest that besides the instantaneous peak turbulent forces acting
on individual grains, the durations over which these forces act have to be considered for determining the
incipient motion of bed material. Force approximations using local flow velocity have received much attention and have been used extensively to investigate the role of turbulence on incipient motion. Direct
measurements of instantaneous forces or pressures acting on grains, however, have not been undertaken
as often because of the experimental difficulties involved. Yet, such direct measurements of hydrodynamic forces are essential. In this study we present results from flume experiments where instantaneous pressures acting on a fully exposed, spherical grain were measured simultaneously with local flow velocity in
the vicinity of the particle. A spherical particle was instrumented with low-range, highly sensitive pressure transducers to measure the pressure simultaneously at its front, back, top and bottom. Drag and lift
forces were estimated from the measured pressures acting on the test grain and the relationship between
these forces (as well as individual pressures) with local flow velocity was examined. Experimental uncertainties in pressure measurements are also discussed.
Keywords: Incipient motion, Hydrodynamic forces, Pressure measurements, Turbulence
bers is not yet entirely achievable. The second approach is to measure the forces or pressures directly acting on individual bed material.
Direct measurements of instantaneous forces or
pressures acting on grains are uncommon however
because of the experimental difficulties involved
(e.g. refer to Hofland et al. 2005 and Detert et al.
2005).
Yet, such direct measurements of hydrodynamic forces are essential since the relationship between the instantaneous forces and other flow variables, such as streamwise velocity, is unclear.
For example, Schmeeckle et al. (2007) conducted
force measurements on natural and spherical particles and reported that the instantaneous drag
force cannot be accurately predicted from the instantaneous local flow velocity using a constant
drag coefficient, even though this method works
well for the mean drag force. Instantaneous lift
force, on the other hand is not correlated at all

1 INTRODUCTION
In channel flow the local peaks of hydrodynamic
forces acting on the rough sediment bed are responsible for particle movement near threshold
flow conditions. Recent findings demonstrate that
both the magnitude and the duration of these peak
forces should be considered in incipient motion
models (Diplas et al., 2008). Such models therefore require knowledge of the instantaneous local
forces acting on the grains.
Einstein and El-Samni (1949) stated that two
possible approaches could be used to obtain the
hydrodynamic forces. One is to solve for the flow
field over the bed surface and to employ statistical
tools to calculate from this field the turbulence
generated forces on the bed material. Although
there are numerical models for solving a turbulent
flow field over a randomly deposited and fully
rough bed (for instance Stoesser et al. 2007), full
resolution of the forces at realistic Reynolds num755

with the streamwise or vertical components of
near-bed velocity according to the same study.
It is important to understand the effect of the
bed configuration on the turbulent forces acting on
the particles in the bed in order to build an accurate model. The turbulent flow field at a particular
location and the resulting forces are affected by
the upstream and local bed structure (Nelson et al.
1995, Hofland et al. 2005). More generally, regions of flow separation are often considered as
one of the main contributors to the extreme pressures acting on the sediment grains.
At high Reynolds numbers the drag and lift
forces come from the pressure distribution over
the entire surface of the grain. As a result, the
pressure fluctuations and their instantaneous distribution on the surface of a grain are directly
relevant to the movement of bed material. In this
regard, despite the fact that the force approximations are commonly used in force-balance based
incipient motion models, there is a need for careful pressure measurements on rough beds for developing a more realistic incipient motion criterion.
In this study we present results from flume experiments where the instantaneous pressures acting on a fully exposed, spherical grain were measured simultaneously with local flow velocity in
the vicinity of the particle. Drag and lift forces
were estimated from the measured pressures.

to 5 V output), 0.1% accuracy and infinite resolution to measure the pressure fluctuations.
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Figure 1. Instrumented fixture. a) Drawings of the fixture
during design process. b) Photo of the fixture during assemblage. c) Photo of the fixture installed in the flume bed. d)
Definition sketch for the pressure measurement points and
bed geometry. Dashed lines indicate the tubing lines.

2 EXPRIMENTS
2.1 Devices and Methods for Experiments
The experimental investigation was undertaken at
the Baker Environmental Hydraulics Laboratory
at Virginia Tech. The research flume employed is
20.5 m long, 0.6 m wide and 0.6 m deep. Pressure
fluctuations near the bed were measured using a
fixture attached to the flume bed. The fixture was
located one meter upstream from the flume exit.
The fixture is an instrumented sphere, 12.7 mm
in diameter secured on top of three identical size
balls, arranged in a hexagonal densely packed
structure. Solid brass spheres and brass tubes were
fine-machined and used to construct the fixture.
Pressure taps in the front (facing upstream), p1;
back, p2; top, p3; and bottom, p4, of the instrumented sphere were connected to the pressure
transducers fixed underneath the flume via a tubing system as shown in Fig. 1. The inner diameter
of the brass tubing (and the pressure taps) is 1
mm. We used Honeywell, Sensotec FP-2000 series, gage pressure transducers with a full pressure
range of 25.4 cm of water column (corresponding

The fixture was designed, built and installed such
that the tubing system was completely hidden
within the instrumented grain and supporting base
structure. The bed roughness (two layers of densely packed 12.7 mm balls) was also kept undisturbed and uniform in the test section as shown in
Fig. 1c, extending over 2 meters upstream. Such
simplified bed geometries, where a fully exposed
spherical grain is resting on densely packed identical size spheres have been used by other researchers in sediment transport research (Dancey
et al. 2002, Papanicolaou et al. 2002). But to the
best of our knowledge, measurements of instantaneous pressures acting on a fully exposed spherical particle under turbulent flow conditions have
never been carried out. Particularly unique here is
the measurement of the surface pressure on the
bottom of the sphere, simultaneously with the top,
front and rear surface pressures. These types of
measurements are essential to developing a better
understanding of the instantaneous force components whose origin is the gradients of these pres756

tests was utilized again. This time we used a 10”
subwoofer and an amplifier to generate a fluctuating pressure field in the sealed box. This setting
was designed to produce very high-peak outputs.
The subwoofer input consisted of white noise,
generated by a MATLAB code. Refer to Yoshida
et al. (2001) for more details on this dynamic calibration procedure.

sures (Einstein and El-Samni, 1949, Scheemeckle
et al. 2007).
Voltage outputs from the pressure transducers
were recorded simultaneously with the local flow
velocity measurements obtained with a 2-D laser
Doppler velocimeter (LDV) system. The LDV
measurement volume was located one diameter
upstream of the instrumented grain along its centerline. The pressure and velocity signals were
synchronized during the signal acquisition process
via a TSI DL-100 external input module with a 16
bit A/D converter. In this fashion, any unknown
phase delay between the signals that may occur
during the recording due to two separate data acquisition procedures was eliminated.
2.2 Calibration of the Pressure Signal
Pressure transducers were first calibrated under
static loading. This was achieved by recording the
voltage output from each transducer under known
static pressures. Transducers were attached to the
bottom of a Plexiglas box (25.4 cm x 25.4 cm x 30
cm) and the static calibration was performed over
the range of 0 to 23.6 cm of water column by
measuring the output voltage of the transducers
corresponding to various water levels in the box.
The latter was measured carefully and used as the
reference datum. This set-up is shown in Fig. 2.
The pressure transducers we used exhibited an
initial condition (zero gauge pressure) offset voltage. These inherent DC offset voltages were also
detected for each transducer before each static calibration, also before each flume test and taken into account. Consequently, a nearly perfect linear
response was obtained yielding a static calibration
factor of 196.85 mV/cm of water column for all
transducers
(coefficient
of
determination,
R2=0.99). Sampling rate and duration for individual static load tests were 250 Hz and 2 min respectively.
We employed various tubing arrangements in
our pressure measurement set-up to connect the
pressure taps and transducers as shown in Figs. 1a
and 1d. Therefore, a dynamic calibration was necessary to evaluate the distortion, if any, in the
pressure signal due to length of the tubes and
bends. According to Yoshida et al. (2001) the effect of bends in a tubing line on the pressure signal is negligible if the effective sectional area of
the tube at the bend zone is more than 50% of
original area of the straight tube. The overall
length of the tubing between the pressure taps and
the transducer’s sensing element in our experiments was no more than 10 cm.
A dynamic calibration set-up similar to that reported by Yoshida et al. (2001) was used here.
The Plexiglas box built for the static calibration

Figure 2. Test rig used for the static and dynamic calibration
experiments.

The fixture was placed in the calibration box and
the transducers were securely connected to the
brass tubes underneath the box using flexible Teflon tubes (Fig. 2). This photo is useful as it
represents the pressure transducer-brass tube connection in the actual flume tests as well. The
transducers were held by a specially designed arm
that was fixed to the lab floor without any connection to the calibration test platform. Flexible tubing was used to attach the transducers to the brass
tubes (Fig. 2) to eliminate any vibration effects.
The same arrangement was also used in the flume
tests.
The frequency domain behavior of the tubing
systems (e.g. for pi) was investigated next. Pressures measured on top of the instrumented grain
(p3) and those measured at the bottom of the grain
(p4) were compared. These two measurement
points were selected as p3 exhibited the most
compromising situation in terms of bending angles and p4 had the sharpest bends in their tubing
lines representing the near ideal and worst cases in
the system respectively. That said and as it was
not possible to precisely detect the input pressure
generated in the box, the signal from p3 was assumed as the input (undistorted signal) and p4 was
treated as output. In addition, the goal here with
the dynamic calibration tests was not to detect the
frequency response of the transducers but rather to
identify the influence of tubing system on the
pressure signals, with the assumption that the
transducers we used were identical and the indi757

of 2.3 identical in size to that of the instrumented
grain (see Shields stresses in Table 1, column 5).

vidual differences were negligible. The former
was performed by the manufacturer and a flat frequency response up to 300 Hz was reported for
the pressure transducers.
Dynamic calibration tests were performed using the test rig shown in Fig. 2, with water level of
3.8 cm in the box. We used a sampling rate of
1000 Hz and a sampling duration of 2 min in these
tests. Subsequently, the transfer function between
the two pressure signals measured at the top and
bottom of the grain was estimated and the resulting amplitude and phase plots (Bode plot) between the two signals are given in Fig. 3.

Table 1. Summary of the flow conditions
Depth average Flow
Re*
Run
velocity, U
depth, h
(m/s)
(cm)
A1
0.47
8.1
438
A2
0.45
7.5
424
A3
0.43
8.2
413
A4
0.41
7.9
398
A5
0.42
8.3
385
A6
0.40
8.6
377
A7
0.41
9.1
372
A8
0.39
8.7
364
A9
0.35
8.9
330

1

Amplitude

10

0

0.011
0.011
0.010
0.010
0.009
0.009
0.008
0.008
0.007

10

The sampling rate and the sampling duration for
each run were 250 Hz and 15 min respectively.
Individual pressure signals from all runs were
checked for drift after each run which was found
to be negligible in all cases. Based on the results
from the investigations of measurement uncertainties presented earlier, all the pressure data from
flume tests were first low-pass filtered with a cutoff frequency of 90 Hz.
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Figure 3. Amplitude and phase plots of transfer function between the pressure signals p3 (top) and p4 (bottom).

Figure 3 indicates that the tubing effect is negligible up to at least 200 Hz, as the pressure signals
measured using different tubing systems are regarded almost the same based on the obtained essentially flat frequency response.
Prior to the flume tests, a separate investigation was also carried out to detect the natural frequency of the flume (Stewart, 2009). Two Endevco Isotron Model 50 accelerometers were attached
to the flume walls near the test section and vibration levels were recorded for a variety of conditions where the flume pump was on and also off.
The results from this investigation indicate that
our research flume has a natural frequency of
around 100 Hz (when there is no pump and flow
activity). The effect of the flume vibration due to
the pump and the flow on the pressure signals was
also found to be negligible as long as the transducers were fixed firmly but separate from the
flume structure.
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Figure 4. Time average pressure over the sampling duration
Ts, <pTs> vs. the sampling duration Ts.

Influence of sampling duration was also examined
in post-processing by subdividing the 15 min long
pressure data into several shorter duration time series. Time average pressure values of each one of
these time series were determined. Results of this
analysis using p1 data from run A1 are shown in
Fig. 4. Noticeable variations in average pressure
values are observed within the first 30 s of sampling period. In addition, a minimum of 1 min
sampling duration is required to reduce the margin
of sampling errors to a fraction of 1% in the mean
pressure values. The same behavior was observed
in data from all runs and this finding suggests that
shorter sampling durations for pressure measurements will introduce considerable errors in statistics of the pressure data.
Figure 5a provides a comparison of measured
time average pressures with static pressures at the
same level obtained from measured flow depths

3 RESULTS
3.1 Summary of the Flume Experiments
Laboratory flume experiments were performed
under nine uniform flow conditions and the bed
configuration shown in Figs. 1c and d. Table 1
gives a summary of the flow conditions tested.
These flow arrangements represent near threshold
conditions for a Teflon ball with specific gravity
758

for p4 (Fig. 5b). A good agreement between the
two is observed for all pressure points in all runs.
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Figure 8. CCF betwen p1 (front) and p4 (bottom) from A2.
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Figure 5. Comparison of measured and expected average
(static) pressures. a) Measured vs. expected static pressures.
b) Definition sketch of the flow depth relative to p4 and the
hydrostatic pressure. γ is the specific weight of water and h
is the flow depth.
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3.2 Correlation between Individual Pressures
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Cross correlation functions (CCF) are obtained
to investigate the similarities between two pressure time series as well as to detect the time lag
between them. Figures 6-11 give the CCF’s between individual pressures as a function of time
lag (t).
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Figure 9. CCF between p2 (back) and p3 (top) from A2. Significant positive correlation is observed at the lag of -0.044
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Figure 10. CCF between p2 (back) and p4 (bottom) from A2.
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Figure 11. CCF between p3 (top) and p4 (bottom) from A2.
Weak positive correlation is observed highest at the lag of 0.024 s.
759

3.3 Correlation between Pressure and Flow
Velocity

Although they won’t indicate the cause and effect
relation between the events in the signals, some
possible interpretations of the CCF plots are given
as follows.
(i) p1 and p2, Fig. 6: Relatively strong negative
correlation indicates the inverse relationship between the pressures in the front and back of the
grain, origin of which the pressure in the front (~
positive lag).
(ii) p1 and p3, Fig. 7: Relatively strong negative
correlation indicates the inverse relationship between the pressures in the front and top, cause of
which is unclear due to negative lag. Also a
second strong peak at lag + 0.076 s is apparent.
(iii) p1 and p4, Fig. 8: Very low R(t) values indicate that there is very weak or no correlation between these two pressures.
(iv) p2 and p3, Fig. 9: Significant positive correlation is observed at the lag -0.044 s. This observation indicates that the flow processes that are
causing high pressure on top of the particle (negative lag) are also very likely to be responsible for
pressure peaks at the back. The same is also true
for low pressures.
(v) p2 and p4, Fig. 10: A sensible peak is observed at the lag -0.012 s. Flow events that are
moving towards the bed fast, are possibly causing
what is observed here. A strong sweep (Willmarth, 1973) will increase the flow velocities
around the ball decreasing the pressure in the bottom and back (see also Fig.6)
(vi) p3 and p4, Fig. 11: Weak positive correlation is observed highest at the lag -0.024 s.
It is observed that the pressures p1, p2 and p3 are
highly correlated with each other. In Figs. 8, 10
and 11, the cross correlation functions fluctuate
rhythmically. This is a sign of an oscillation in
one or both signals. Possible cause of this is the
vortex shedding around the test grain (i.e. oscillations in pressure signals p2 and p4.) as also apparent in the auto-correlation function plots of pressure signals shown in Fig. 11. Weak oscillations
are observed in p3 as well.

Synchronously measured local flow velocity components (u and w respectively) and pressures acting on the test grain are analyzed. Fig. 13 presents
the CCFs between the pressure signals and u. Fig.
14 shows CCFs between the pressures and w.
0.8

0.6
p1-u

R(t)

0
-2

p
-1.5

-1

-0.5

0

0.5

1

Rpu (t)

-0.6
-2

R(t)

0
-2

-1.5

-1

-0.5

0

0.5

1

R(t)

0
-2

-1

-0.5

0

0.5

1

R(t)

0
-2

-1.5

-1

-0.5

0

t (s)

0.5

1

1.5

1.5

2

p2-w
p3-w
p4-w

Rpw(t)

0
-0.05
-0.1
-0.15
-0.2
-0.25
-0.3
-2

-1.5

-1

-0.5

0

t (s)

0.5

1

1.5

2

Figure 14. CCFs between pressures and w from run A1.

According to the CCFs with respect to time lags
shown in Fig. 13, p2 and p3 are inversely correlated with u while as expected; p1 has a strong
positive correlation with u. This finding is consistent with the negative correlation between p1 and
p2 as well as p1 and p3 we presented earlier (Figs.
6 and 7). The indication here is that the fast flow
events (sweeps and outward interactions for example) that are causing an increase in p1 have the
opposite effect in p2 and p3. In another possible
flow event, where a slow fluid parcel is ejected
from the bed, p1 will be low and p2 and p3 will increase due to same principles discussed above. On
the other hand, p4 was found to be not connected
to u.
CCFs between pressures and w (Fig. 14) suggest that there is noticeable negative correlation
between p1 and w. This assertion agrees with the
interpretations we gave above that during a sweep
like event when w is towards the bed, u and p1
have high values. When u is low and w is positive
(ejection) there is a decrease in p1.

2

p

1

0.05

1
0.5

0.5

p1-w

2

1.5

0

t (s)

0.1

p3
-1.5

-0.5

0.2

1
0.5

-1

0.15

2

1.5

-1.5

Figure 13. CCFs between the pressures and u from run A1.
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3.4 Pressures and Shear Stress

3.5 Drag and Lift Forces

The ratio of root-mean-square (rms) of pressure
fluctuations, p’, over the bed shear stress, τb, with
respect to particle Reynolds number, Re* is given
in Fig. 15 for 9 flow conditions (see Table 1).

Instantaneous forces were estimated from the
measured instantaneous pressures by D =
A(p1−p2) and L = A(p4−p3), where D is the drag
force, L is the lift force and A is the projected are
of the spherical test grain (Einstein and El Samni,
1949; Hofland et al., 2005; see the definition
sketch and the insets in Fig. 1d). Note that positive
L is acting upwards, perpendicular to the flow direction.
CCFs between the local flow velocity components and the force components are investigated
next. Figure 17 shows the plots of CFFs between
“u and D” and “w and D”. The plots of CFFs between “u and L” and “w and L” are given in Fig.
18.
Results indicate a dependency of D on u and also on w the former being stronger. This is consistent with findings of Hofland et al. (2005). Also
we note that the lift force is correlated with u to
some degree (Fig. 18) contradicting the findings
of Schmeeckle et al. (2007). One interesting observation is that the lift force shows a weak correlation with w although the lag time corresponding
to the peak in the CCF is about 0.1 s which is relatively high. This finding cannot be explained.
Average drag coefficient, CD, varied between
0.8 and 1.3 for the flow conditions tested. Figure
19 below shows the estimated average CD values
vs. Re*. These CD values disagree with commonly
assumed lower CD values for spheres in sediment
research. However, CD values reported here agree
with the recent findings of Schmeeckle et al.
(2007).
Drag force momentarily reached up to 6 times
the mean value. Lift force magnitude was observed to be momentarily having values up to
nearly 50% of the submerged weight of the Teflon
particle in both upward and downward directions.
This indicates that the lift force fluctuations, despite the negligible mean value for the fully exposed grain configuration, can play a role in particle dislodgement as well as stabilization.

Figure 15. p’rms/τb vs. Re* plots from all runs.

An average value of 3 for this ratio is reported in
the literature (Smart and Habersack, 2007). In our
experiments, we obtained values close to 3 only
for p2 and p4 (back and bottom pressures respectively). For p1 and p3 these ratios were near 18 and
7 respectively. These very high values indicate the
inadequacy of the shear stress approaches in describing the flow induced forces.
In these experiments, there is a time delay between the flow velocities measured one diameter
upstream of the instrumented grain and the pressures acting on it due to the distance between the
LDV measurement volume and the grain location.
The strong correlation we observed between p1
and u which is shown in Fig. 13 was utilized to estimate the time delay between the two signals (i.e.
maximum of their CCF). Then the calculated time
delays were taken into account in order to synchronize the local flow velocity and pressure time
series (p1-p4) for each run. Representative time series of synchronized p1 and u in this fashion from
run A2 are shown in Fig 16.
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Figure 17. CCFs between u and D (bold line and) w and D
(dashed line) from run A1 (peaks around +0.052 s and
+0.044 s respectively)

Figure 16. Time traces of the synchronized streamwise flow
velocity, u (top plot ) and the pressures acting on the front
face of the particle, p1 (bottom plot).
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Figure 18. CCFs between u and L (bold line and) w and L
(dashed line) from run A1 (peaks around +0.032 s and +0.1
s respectively)
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4 SUMMARY AND CONCLUSIONS
In this work, an experimental method was described which was used to measure the near bed
pressures together with the local flow velocity.
Measurement uncertainties were explored in detail. The experimental data were analyzed to describe the features of the turbulent pressures and
their relations to near bed velocity. Experimental
results show that the instantaneous pressures acting in the front, back and the top of the grain are
correlated to each other. These pressures are also
strongly influenced by the local flow velocities.
Drag and lift forces were estimated from the
measured pressure differences. Analysis of the
force and velocity components suggests that the
instantaneous drag and lift forces are both correlated to the near bed streamwise velocity, drag being most pronounced. Weak negative correlation
was also observed between the vertical flow velocity component and the drag and lift forces. Results presented here are very useful for more realistic incipient motion models although
instantaneous coupling of drag and lift forces as
well as their temporal variations and durations
need to be further investigated.
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Flume LES of a glued spheres layer – Detailed analysis of initial
motions of a single grain
M. Grünzner & P. Rutschmann
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ABSTRACT: Highly resolved 3D Navier-Stokes simulations using a Large Eddy turbulence approach are
becoming very popular these days due to fast and yet affordable processor architectures. The following
paper deals with 3D Large Eddy Simulation (LES) of a 30 cm wide flume having a bottom with glued
spheres of identical diameter (1 cm). In the centre of the test reach one single and mobile sphere,
representing a sediment grain, was exposed to the flow and additionally could be moved into the flow by
a stamp. Different flow fields were computed as initial conditions, from which the grain was protruded into the flow. This setup corresponds to a laboratory test setup used and described by Fenton and Abbot
(1977). Like in the experiment the single grain is also in the numerical test fully coupled with the fluid
and therefore a complete fluid-grain-interaction (two way coupling) is enhanced. For the computations a
highly resolved mesh with 1x1x1 millimeter cells was used. The paper focuses on the basics of modeling
and interpreting LES as well as on the analysis of the computed flow. Furthermore the initial motion of
the numerical grain is investigated in detail by observing the fluid flow forces. First results for initial motions and the application of a probabilistic approach for beginning sediment transport are discussed.
Keywords: LES, Spheres layer, Initial grain motion
One of the most important results of Fenton
and Abbott is shown in figure 2. It shows the correlation between shields value and grain exposition for initial motion.

1 INTRODUCTION
To improve the understanding of the physical
process of sediment transport a numerical model,
similar to the physical model of Fenton and Abbott (1977), were simulated. Fenton and Abbot investigated initial motion of non-cohesive bedgrain-material on an ideal packed bed. They
slowly pushed a grain vertically into the flow,
measured the protrusion and evaluated the relation
of dimensionless exposure versus dimensionless
flow induced shear. Based on Shields (1936) experiments they were able to determine the critical
dimensionless shear stress of initial motion for
different exposures and flow conditions. Figure 1
shows a longitudinal section of the setup used by
Fenton and Abbott.

Figure 2. Correlation between grain exposition and the dimensionless threshold shear stress (taken from Fenton &
Abbott 1977).

The relation p/D means the exposition which is
also defined in figure 10.

Figure 1. Schematic setup
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The line in figure 2 is not a trend line. Fenton
and Abbott interpreted their results as a kind of
envelope of minimum values.
Actual, similar research is done by Braun et al.
(2009)
2 NUMERICAL MODEL
For the numerical simulations the commercial
three dimensional code Flow3D from Flow Science Inc., Santa Fe, were used. Flow3D uses a
structured, regular and orthogonal grid to solve for
the full Navier-Stokes. In order to account for turbulence effects, various turbulent models and also
a Large Eddy Simulation (LES) approach are
available. For the present investigation the hydrodynamics was computed using the LES option
where most of the turbulent energy is resolved by
the fine computational grid and for the unresolved
turbulence a Smagorinsky model is used.
The General Moving Object (GMO) module of
Flow3D is capable to resolve the 6 degrees of
freedom (6DOF) of physical bodies. At first, the
hydraulic flow field is calculated taking into account the GMOs and the resulting loads on the
bodies are transferred. Then the 6DOF solver calculates the movement of the bodies including collisions. Then the GMOs give back the resultant
forces to the fluid and the next hydraulic cycle is
solved. This interaction between fluid and GMOs
is called a “two ways coupling”.
The possibility of using periodic boundary
conditions reduces the original flume length from
10 meters down to 30 centimetres without any
disadvantages. The periodic approach copies all
important values from the downstream boundary
to the upstream boundary and therefore represents
for steady state conditions an infinitely long
flume. Due to the structured and orthogonal grid
and the use of periodic boundary conditions the
computational domain had to be aligned to the
horizontal and vertical direction and the gravity
vector therefore was split into horizontal and vertical components, depending on the angle of inclination. The original flume width of 30 centimetres
were modelled and glued up to 1000 spheres on
the numerical flume bottom. The spheres are
placed rows shifted in flow direction to model the
roughness of a dense packed bed.
The LES approach assumes a highly resolved
mesh in order to reproduce over 80% of the kinetic turbulent energy directly and model only the
last 20% with a simple Smagorinsky approach.

Figure 3: General overview of the numerical model. The periodic boundary condition copies all necessary values from
the outlet back to the inlet

Not only the chosen turbulence model requires
a very fine mesh but also the geometry of a sphere
discretised by a structured grid as used in Flow3D.
Figure 4 shows the geometric accuracy depending
on the number of mesh cells used for discrete reproduction of the spheres.
Number of cells in sphere radius
3 cells
4 cells
10 cells

Figure 4: Geometric discretization of an ideal sphere by using the Flow3D FAVOR algorithm to reproduce geometries.

Based on these requirements computations
with an equidistant cell resolution of 1x1x1 mm
was finally used.
3 SIMULATION OF THE FLOW
LES simulations are quite demanding in CPU
time. Therefore the initialization of the computations must be optimized. Therefore the following
start up procedure was used for each hydraulic
configuration: In a first step the still fluid was set
into motion up to steady state conditions using a
Reynolds-averaged turbulence model (RANS)
(Rodi 1993). Once the steady state was reached
the simulation was continued with a LES approach. The change from Reynolds averaging to
LES modelling is nicely shown in figure 5. It
shows the RANS results for the first 0.5 seconds
and later the fluctuations enabled by the LES approach.
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Contrarily, if it is aimed to resolve the fluctuations due to turbulence, as possible with a LES
approach, instantaneous flow fields develops as
shown in figure 7.
If illustrated in an animation, the observer
would realize that the turbulence structures were
transported by the flow and therefore point values
would vary in time even though the energy in the
flow remains constant. Such dynamic variations
are the essential key to investigate initialization of
bed material as they determine the dynamic loads
acting on grains.
To obtain a more detailed understanding of the
occurring turbulence structures, figure 9 shows
horizontal cuts through the flume. Figure 9a is a
cut 0.5 millimetres above the flume bottom. The
small circles show the cut planes through the single grains. Figure 9b shows a cut plane near the
top of the spheres. Noticeable is the development
of differential velocity fields (turbulent structures
or “velocity clouds”). Figure 9c shows a cut
slightly above the top of the spheres and figure 9d
gives a view of the velocity field just below the
free surface of the normal flow depth of 4.8 centimetres.
The flow direction in the next figures is from
right to left and the contour illustrates the velocity
magnitudes in meter per second.

Figure 5: Fluctuations of pressure and velocity components
at an exemplary point in the computational domain developing from RANS to LES.

The change in the turbulence modelling is necessary since the RANS averaging does not resolve
short-time fluctuations due to turbulence fluctuations. A representative result of flume flow with a
RANS approach is illustrated in figure 6. The expected parabolic velocity distribution is absolutely
typical for a turbulent flow with RANS over a
rough bed.

flow

Figure 6: Velocity magnitude (m/s) and vectors of the
RANS simulation (pre-run for the LES)

Figure 9a: Horizontal through the spheres
Figure 7: Lateral view of turbulent flow development. Contour shows the velocity magnitude (m/s).

Figure 8: Cross sectional view of velocity contours (isotache) of the LES simulation.
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4 INITIAL MOTION OF A SINGLE GRAIN
In the flow field illustrated in figures 9a to 9d, a
single movable sphere on a piston were protruded,
as experimentally done by Fenton and Abbot (see
figure 1). To neglect the vertical momentum, the
piston was shifted with a velocity of one millimetre per second only.
Fenton and Abbott performed up to 60 physical
tests with differing grain diameters and differing
flow conditions. As a start-up, the results of their
B1 runs were chosen for the comparison with the
numerical results.
The B1 runs represent experiments having a
dimensionless Shields number of 0.072, where the
Shields number is defined as:

Figure 9b: Horizontal cut, 0.5 mm under top of the spheres

u*02
g ′D

(1)

⎛ ρ ⎞
g′ = g ⎜ s ⎟
⎝ ρ −1 ⎠

(2)

θ0 =

where θ0 = dimensionless threshold stress, ux=
shear velocity, D = grain diameter, g = gravity acceleration, ρ =density of fluid, ρs=density of solid
Fenton and Abbott published for the B1 setup a
critical dimensionless exposition of 0.3 The exposition (e) is defined through protrusion divided by
diameter.

Figure 9c: Horizontal cut, 0.5 mm over top of the spheres

Figure 10: Definition of the exposition

They performed many runs under one setup
and published only the minimum value of protrusion, since they wanted to investigate the critical
(minimal) shear for initial motion. Similar to Fenton and Abbott a few simulations for identical hydraulic conditions were done. This was achieved
by varying only the start point (in time) for motion
of the piston using the identical hydraulic simulation. Depending on the choice of the start point
the dynamic loading on the single grain is different and load peaks may occur earlier or later (see
figure 5). Thus it was chosen to start the piston
always one second later than the foregoing run
and obtained for each run a different exposition of

Figure 9d: Horizontal cut close to the free surface
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the piston and the grain respectively. The following figure shows the results of ten runs of the B1
series.

Figure 12 a: lateral view at beginning
Figure 11: Comparison between the experimental results of
Fenton and Abbott and the ten numerical realizations of the
B1 setup.

The numerical results fit very nicely with the
experiments of Fenton and Abbott. The average of
our ten realizations lies perfectly on the trend line
of the experiments. Minimum and maximum exposures do also match the experimental results
very well meaning that the simulations caught
quite nicely the bandwidth of turbulent load fluctuations by the ten realizations even though using
always the same LES simulation.
Numerical simulations give the possibility to
look in very detail on the physical process of grain
lifting. Figure 12 shows a detailed longitudinal cut
through the numerical flume where grain and piston are located in the centre of the figure as can be
seen from the slight protrusion of the piston.
Figures 12 a) to c) illustrate the detail of initial
motion of a single grain for differing times. The
range of pressure caption is between 0 and 500
N/m² to give a quantitative indication for the pressure field. (lower pressures are colored black).
Figure 12 clearly shows the lifting effect due to
resultant uplift forces. The figures show that the
pressure at the top of the grain in figure 12c is
negative with a value of -261 N/m². To improve
interpretation of the grey scaled images, all negative pressures were colored black. The change of
pressure is caused through the turbulent fluctuations of both the velocity and pressure fields. Notable is also the small yet existing velocity field in
the pore volume between the spheres. The authors
assume that the hydrodynamics of this pore interspace is also very much responsible for initial motion and that the shear model lacks incompleteness. Further analyses will help to gain more
insight into these details.

Figure 12 b: lateral view. Dark contours shows hydraulic
pressure interaction at spheres

Figure 12 c: lifted sphere

5 RESULTS AND PERSPECTIVE
The initial motion of a grain protruded by a piston
into the flow is dependent on various parameters.
Time averaged velocities, averaged shear only unsatisfactorily characterize the hydraulic load on a
single grain. Besides the geometric parameter of
exposure and cross-sectionally averaged flow
quantities the range of time-dependent turbulent
fluctuations is responsible for initiation of motion
of bed load transport.
Therefore the authors believe that the shear
force approach traditionally used in bed-load
transport is in a physical sense not satisfactory and
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suggest reconsidering and thus improving this
paradigm.
To predict initial motion, it is important to
know, what kind of velocity fields can occur (turbulent energy distribution) and when those “velocity clouds” hit the exposed grains. Such “velocity clouds” of course explain the variation of
different exposures for initial motion of grains using identical yet time averaged hydraulic conditions.
Large Eddy Simulations are indispensable to
investigate loading forces on single grains. Contrarily to the investigated setup by Fenton and
Abbot real bed-load transport is much more complex. Not only one single grain is in motion but
many different ones interact with the flow and
through collision among themselves. The presented results match very well with the physical
results of Fenton and Abbott proofing the suitability to investigate such processes numerically.
Nevertheless it will be rather cumbersome and
time consuming to proceed and obtain more insight into the physics of sediment motion.
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Incipient rolling of coarse particles in water flows: a dynamical
perspective
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ABSTRACT: Understanding the processes that trigger the onset of motion and entrainment of coarse bed
material is one of the fundamental problems in earth-surface dynamics. The objective of this paper is to
analytically formulate and experimentally validate a criterion for the entrainment of exposed grains by
rolling, due to the action of fluctuating hydrodynamic forces. Here, the rapidly varying turbulent forces
are modeled as pulses of specific duration and magnitude. The momentum balance equations are implemented to derive the critical force above which the momentum transfer to the grain is positive, while the
grain dislodges. Appropriately designed experiments are performed in a tilted flume, to investigate the incipient motion of an individual spherical particle. Statistical analysis of the parameters characterizing
grain entrainment and trajectory analysis of typical entrainment events is offered. The experimentally obtained data are compared with the theoretical results. It is concluded that only the sufficiently persisting,
high magnitude pulses may result in grain entrainment.
Keywords: Grain entrainement, Impulse, Turbulence
Much of the bedload transport, especially at
low transport stages, occurs by rolling. Over the
past decades the initiation of grain mobilization
by rolling has been investigated under a theoretical deterministic framework (White 1940, Coleman 1967, Komar & Li 1988, James 1990, Ling
1995). Most of these studies assume the influence
of various hydrodynamic and resisting forces, acting on an exposed to the incident flow grain,
which rests on top of a local bed arrangement.
According to the traditional static equilibrium approach, grain mobilization is dictated from the
balance of moments about a rolling axis.
The spatiotemporal variability of both flow
forcing as well as micro-topography parameters
can be incorporated employing a probabilistic approach (Kirchner et al. 1990, Papanicolaou et al.
2002, Wu & Chou 2003, Hofland & Battjes 2006).
Distributions of parameters related to local bed
geometry and grain arrangement, such as particle’s exposure (Paintal 1971a, Hofland et al.
2005) or relative protrusion (Fenton & Abbott
1977, Chin & Chiew 1993) and relative flow
depth (Shvidchenko & Pender 2000) can be found
in the literature.

1 INTRODUCTION
1.1 Traditional approaches to grain entrainment
The interaction of turbulent fluid flow with its solid boundary, results in soil erosion in rivers and
estuaries which constitutes a central problem in
engineering and earth surface dynamics (Syvitski
et al. 2005). Of particular interest to the fields of
civil and environmental engineering and stream
ecology is the identification of threshold flow
conditions which are critical to the mobilization of
coarse sedimentary grains. Typical applications
range from the protection of hydraulic structures
from scouring processes to the selection of minimum grain sizes for channel bed stabilization. In
the case of contaminated bed material, accurate
assessment of the flow conditions leading to removal and downstream transport to sites of ecological or other significance (e.g. water supply intakes) is vital. Such information is also substantial
for establishing the maximum flushing flow conditions downstream reservoirs, while avoiding
transport rates that may be damaging to stream’s
ecology and spawning habitats.
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1.2 Grain entrainment from a dynamical
perspective

sults are offered to support the proposed hypothesis.

The significance of fluctuating local velocity and
pressure field on the transport of bed material has
been emphasized in the literature (Zanke 2003,
Sumer et al. 2003, Hofland et al. 2005,
Schmeeckle et al. 2007, Vollmer & Kleinhans
2007).
However, the complete entrainment and trajectory of individual coarse particles greatly depends
on the time history of hydrodynamic forcing
(McEwan & Held 2001, Schmeeckle & Nelson
2003, Valyrakis et al. 2008, Yeganeh-Bakhtiary et
al. 2009). Diplas et al. (2008), was the first to
present a dynamical framework for the entrainment of particles, based on the impulse (Ii) criterion. According to this concept, impulse is defined
as the product of the hydrodynamic force (F(t)),
with the duration (Ti) for which the critical force
(Fcr) is exceeded:
ti +Ti

Ii =

∫

F (t )dt , for F (t ) > Fcr

2 THEORETICAL ANALYSIS
2.1 Grain entrainment by rolling
Incipient movement of a spherical particle, exposed to the flow occurs by rolling when the following conditions are satisfied:
ΣFθ = FD sin (θ0 − α ) + B f cos (θ0 − α ) − W cosθ0 > 0 (2a)
ΣFξ = − FD cos (θ0 − α ) + B f sin (θ0 − α ) − W sin θ0 < 0 (2b)

where the gravitational (W), buoyancy (Bf) and
drag (FD) are considered to act on the center of
mass of the grain, θ0, is the pivoting angle, formed
between the horizontal and the lever arm (Larm),
ΣFξ , ΣFθ represent the sum of forces in the radial,
ξ, and tangential, θ, directions at the rest position,
respectively (Figure 1). Equation (2a) implies that
the grain accelerates in the tangential direction
while Equation (2b), is required for the particle to
maintain contact with the downstream particles as
it rolls out of its resting pocket.
Valyrakis et al. (2010), employed the equations
of motion for a rolling grain, to derive the minimum required duration (T) for an application of
hydrodynamic forcing above critical (FD>Fcr or
ΣFθ>0), which results in its complete dislodgement downstream:

(1)

ti

Valyrakis et al. (in press) extended the theoretical
analysis and experimental results to illustrate the
effect of duration of energetic events in addition
to the magnitude of the fluctuating hydrodynamic
forces. The critical flow impulse events were
modeled as idealized square pulses responsible for
transmitting enough momentum for the full entrainment of the grain. Critical levels of impulsive
force and duration where derived, for variable local bed configurations and degrees of entrainment
of saltating or rolling grains. Thus flow events
with relatively high impulse content which occur
sporadically can cause the complete entrainment
of spherical particles out of their resting configuration. On the contrary and consistent with lab observations, if the flow strength does not last for a
sufficient amount of time the grain may not complete its entrainment downstream and will fall
back to its initial location.
Closer investigation of experimental data on
the displacement of individual grains reveals the
possibility that dislodgement is caused from a sequence of impulses rather than a single impulse
event. Such impulses are below critical and would
not suffice to cause complete grain dislodgement
if they were isolated. To further investigate the
above observation, the dynamics of grain entrainment are appropriately analyzed. For that reason,
grain trajectories and the distributions of quantities that statistically characterize the phenomenon
are discussed. The impulse theory is extended to
include the effect of varying resisting forces as the
grain is dislodged. Experimentally obtained re-

T=

⎛
Larm mmod
arc sinh ⎜ 2W ρθ
⎜
−ΣFξ
⎝

−ΣFξ ⎞
⎟
ΣFθ ⎟
⎠

(3)

Figure 1. . Definition sketch of tetrahedral particle arrangement for entrainment by rolling, due to application of drag
(FD) force of certain duration (T).
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where mmod = (7/5 ρs + ρf Cm)V, is an expression
for the mass of the particle accounting for added
mass effects, ρf and ρs are the fluid and solid densities, V, is the particle’s volume, Cm, is the added
mass coefficient and ρθ, is a geometrical coefficient depending on the ratio of exposed to base
solid grains:
ρf ⎞
⎛ cos θ 0
sin α + (cos α −
)⎟
ρ s ⎟⎠
⎝ 1 − sin θ 0

ρθ = λ (1 − sin θ 0 ) ⎜⎜

Figure 2. Impulse model generalization: a) single impulse
application capable for complete entrainment, b) series of
impulses leading to full dislodgement and c) same series of
impulses insufficient for complete dislodgement.

(4)

grain to a new position where secondary impulses
become effective in further pushing the grain, due
to reduced resisting forces. In the case the secondary impulse (I3) arrives before the primary impulse (I2) or before the grain dislodges to a new
position, it is rendered ineffective (Figure 2c).
Thus the impulse model (Equation 3) predicting complete dislodgement for impulses equal or
greater to Icr, may be generalized to the sequence
of impulses (Ii) formulation:

with , the ratio of partial angular dislodgement
(θfin) to the angular displacement for complete entrainment (θmax=π/2):
λ=

sin(θ fin ) − sin(θ 0 )

π

sin( ) − sin(θ 0 )
2

(5)

According to equation (5), , ranges from 0 for no
movement to 1 for complete entrainment. Intermediate values characterize different mobility levels from vibrations to twitches.

n

∑I
i =1

i

≥ I cr , for i=1,2,...,n

(6)

where the flow event i, is ineffective (Ii=0), if it is
applied at instances when its strength is less than
the corresponding resisting force (Fi<Fcr,i).
Essentially the required impulse is predicted
from the same equation (Eq. 3) as before, with the
only difference that a series of flow events are responsible in imparting small positive changes to
the particle momentum, until its full removal.

2.2 Concept of sequence of pulses
The above theory models the rapidly fluctuating
turbulent forces as square pulses of specific duration and magnitude. Considering the very small
time scales of turbulent fluctuations (of the order
of tens of milliseconds to seconds - depending on
the size of the grain) which are effective in grain
removal, the impulse model is physically sound.
Video observations of particle dislodgement in
water flows, reveals cases when the grain performs incomplete displacement or is dislodged
relatively slowly to the crest formed by the downstream particles, to be eventually entrained. Based
on these observations the impulse model is further
extended to include the cumulative effect of secondary impulses. It is hypothesized that a series of
impulses occurring at short (relative to their duration) temporal intervals, may act synergistically in
completely dislodging a grain by rolling.
As an illustrative example a sequence of two
impulses may be considered (Figure 2). Assume
for simplicity that the duration of application of
all impulses is T. Equation (3) predicts the required force F1(> Fcr), for complete grain removal
( =1) when only a single impulse is applied (I1=F1
T=Icr, Figure 2a). Applying an impulse I2 of magnitude F2, with F1> F2> Fcr, will only result in incomplete displacement (θfin<π/2 or <1). The displacement may be completed if a second impulse
(I3) of magnitude F3>Fcr’, follows. Here, Fcr’, defines the sum of resisting forces which depends on
the new angular position the particle has obtained
(θ(t)<θfin). Figure 2b illustrates the concept based
on which the first impulse partially dislodges the

3 EXPERIMENTAL PROCEDURE
Flume experiments are performed to obtain
coupled data for the entrainment of a fully exposed Teflon® (specific gravity = 2.3) spherical
particle in addition to the flow events causing it.
The properties of the near threshold (about 2 entrainments per minute) uniform open channel flow
are shown in Table 1. The sphere (12.7mm diameter) rests on top of four layers of fully packed
8mm glass beads, forming a tetrahedral arrangement (Figure 3). The motion of the grain is recorded via a photomultiplier tube (PMT) and a HeNe laser source. As seen in Figure 3, the He-Ne
laser beam is aligned to
Table 1. Time averaged flow properties
U(z) mean
(m/sec)
U(z) standard deviation
(m/sec)
U(z) skewness
(m/sec)
(m/sec)
U* shear velocity
Mean entrainment rate
(entr./sec)
(m)
Hflow mean flow height
Re
(-)
(-)
Re*
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0.178
0.047
0.052
0.025
0.042
0.072
13261
1863

the later for distrainment of the completely exposed grain. As such this measure corresponds to
the time scale of the macroscale turbulent flow
structures typically having length of several flow
depths. The distribution of durations required for a
complete dislodgement event is illustrated in Figure 4b. The duration for dislodgement, is generally inversely proportional to the mean angular velocity (Fig. 4c) or change momentum of the grain
and can be considered as indication of the magnitude of the offered flow impulses. The distributions of those parameters are in qualitative agreement with corresponding measurements reported
in the literature (Drake et al. 1988, Williams
1990).

Figure 3. Local particle configuration, showing the uppermost layer of (8mm) glass beads, the LDV measurement volume, the He-Ne beam and the initial and displaced positions of the fully exposed sphere.

partially target the test particle. Its angular dislodgement is a linear function of the signal intensity of the PMT, which changes proportional to
the light received by the He-Ne laser beam. A
continuous series of entrainments is made possible
due to a restraining pin (Figure 3), which limits
the maximum dislodgement of the grain to the
displaced position. The grain will fall back to its
initial position after the energetic flow structure
has passed. The time history of the streamwise velocity component one diameter upstream of the
particle (u(t)) is obtained by means of laser Doppler velocimetry (4W Argon ion LDV) at an average sampling frequency of about 300Hz. Utilizing
Equation (1), the impulse events can be extracted
from the time series of FD=f(u2), considering the
classical drag formulation. The 30 minutes long,
synchronized time series of impulses and streamwise grain displacement are statistically analyzed
and the detailed trajectory analysis during the dislodgement events is offered.
4 RESULTS
4.1 Statistical analysis
The entrainment of coarse sediment particles at
near incipient flow conditions is a highly dynamic
and intermittent process. Due to the variability of
the flow field only a probabilistic description of
the phenomenon is feasible, even for an individual
grain resting on a fixed local bed arrangement
(Papanicolaou et al. 2002). Consecutively, for the
proper statistical description of characteristic parameters, histograms of their probability distribution are provided.
In Figure 4a, the distribution of time over
which the grain remains suspended due to flow
events of sufficient energy is shown. This duration
is indicative of the temporal distance between
positive and negative peaks in the flow. The former are required for onset of entrainment, while

Figure 4. a) probability distribution of entrainment durations, b) probability distribution of durations for complete
dislodgement, and c) scatter plot of the average angular velocities with duration for dislodgement for all grain entrainment events.
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ure 6). For example, the mean interval between
entrainments (24 sec), is given by R=0.5.

Figure 5. Distribution of time to occurrence of entrainment
events.
Figure 6. Plot of Kaplan-Meier estimator as a measure of
nonparametric reliability.

4.2 Reliability of grain dislodgement
The traditional statistical analysis may be complemented utilizing reliability theory or survival
analysis. Under this framework, the entrainment
of an individual coarse grain may be regarded as a
stochastic process with a certain probability that
the grain will “survive” the entrainment for a specific time interval. Similar concepts have been
employed from Ancey et al. (2007) who considered the flux of coarse grains as a birth-death
process as well as Tucker & Bradley (2009) for
sediment motion along a transport path.
Reliability theory usually models the rate of
occurrences or time interval until the event investigated takes place. Here of interest is the complete entrainment of the individual test particle.
The probability distribution of time to occurrence
(recurrence intervals) of entrainment events is
shown in Figure 5. The distribution of intervals
between occurrences of entrainment (Fig. 4c),
shows high kurtosis which is indicative of high intermittency. The mean of inter-arrival times between dislodgement events is a commonly measured reliability parameter and may be found as the
inverse of the entrainment rate (Table 1), having a
value of 24 sec.
Nonparametric analysis of the entrainment instances is performed, employing the KaplanMeier estimator (Kaplan & Meier 1958):
i

nj − k j

j =1

nj

R (ti ) = ∏

4.3 Comparison of experimental data to
theoretical predictions
The distribution of grain angular velocities averaged over the duration for dislodgement relates to
the distribution of impulses or sequence of impulses which are effective in completely displacing it. In the following, all impulse events are offered to enable comparison to the theoretical
results.
Utilizing the time series of instantaneous velocity signal upstream the particle the potentially
effective impulses are acquired from Equation 1.
These are grouped together to separate flow
events, if their temporal distance does not exceed
a defined duration, which is typically selected to
be less than the average duration for dislodgement. Then the impulses belonging to the same
flow event are summed according to Equation 6,
so that their combined effect can be accounted for.
Figure 7, offers a comparison of the experimentally obtained results with the theoretical
curves as predicted from Equation 3. Impulse
events are extracted using the simplifying assumption of constant Fcr (corresponding to constant
critical velocity level with drag coefficient of
CD=1). The flow events above the threshold curve
(CD=1, Figure 7), will result in complete entrainment of the test particle, while the points below
the curve will only produce small vibrations to
twitches depending on their proximity to the critical curve.
The impulse content of the flow events is illustrated in Figure 8. It is important to note that for
the flow events of variable duration and magnitude, the theoretical curves remain practically
constant. For example the threshold curve, for
CD=1, appears to undergo a change of less than
10%, for the range of flow events of interest. The

, for i = 1, 2,..., m
(7)

where ti is the duration interval over which the
particle is expected to dislodge, ni is the number
of dislodgements expected to occur after time ti-1,
ki is the number of dislodgements occurring during ti, and m is the total number of entrainment
events. The obtained values provide an estimation
of the reliability that a grain will not have been
entrained over a particular duration interval (Fig773

Here detailed trajectories of particle movement
are acquired using the aforementioned He-Ne laser and photodetector. These measurements are
synchronous to Laser doppler velocimetry (LDV)
measurements of the instantaneous velocity upstream the particle (Figure 9). The normalized HeNe measurements (Figure 10) of angular displacement (Δθ/Δθmax) are highly accurate (background noise level of background noise level of
about ± 1.4%) by minimization of the ambient
light interfering with the setup. This allows for a
precise determination of the instance (first vertical
dashed line, Figures 9 & 10) and conditions for
particle entrainment.

relative invariability of impulse (compared to the
more than twofold variation of the magnitude of
flow events, for the same range of values), is indicative of the potential usefulness of impulse as a
criterion for grain entrainment.

Figure 7. Magnitude-duration representation of the experimental flow events (dots) and critical curves (Equation 3,
for various values of drag coefficients).

Figure 8. Representation of impulse content of flow events
(dots) and critical curves (Equation 3, for various values of
drag coefficients).

The variation of the theoretically predicted critical level for different values of the drag coefficient is shown in Figures 7 & 8. The greater the
cumulative impulse is the higher the gain of particle’s momentum or equivalently the angular velocity obtained. Thus data points with high impulse content (Figure 8) correspond to those with
high mean angular velocity (Figure 4c).
4.4 Trajectory analysis
Coupled measurements of the local flow field and
onset of particle’s motion at near threshold conditions, can only be accurately obtained using nonintrusive equipment, due to the high sensitivity of
bedload transport to small changes of the shear
stress (Paintal 1971b). Methods such as high
speed cinematography have been employed in addition to image analysis techniques (Sechet & Le
Guennec 1999, Papanicolaou et al. 1999, Böhm et
al. 2006).

Figure 9. Hydrodynamic forcing and critical force levels for
typical entrainment events. Shaded area corresponds to cases of positive (orange) to negative (yellow) change in particle momentum per unit mass (impulse).
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ment (Figure 9b and c). For insufficient impulse
durations the particle can only perform a twitching or pivoting motion, eventually falling back to
its pocket under the influence of gravity. Figure
9b relates to the case of highest mean angular velocity and consecutively impulse while Figure 9c
is linked to the flow event of the lowest magnitude (closer to threshold).
The typical particle trajectories and angular velocities (uang) corresponding to each case are
shown in Figure 10, illustrating the dynamics of
entrainment. Figures 10a & 10b are demonstrative
of a single impulse and sequence of impulses respectively. Due to the high magnitude and long
duration of the offered impulses, the momentum
imparted is greater. The accelerating phase has
practically the same duration as the time for entrainment, which explains the relatively increased
angular velocities at the topmost position (more
than 3.3 and 4.1 m/sec respectively).
In Figure 10c, a decelerating phase is discerned
due to the reduction of hydrodynamic forcing below critical (Figure 9c). The motion of the particle
stops (uang=0) when half of the displacement is
completed. Then a secondary impulse arrives to
push it further downstream. Note that this impulse
on its own has significantly smaller magnitude
compared to the primary ones (25 to 50%), but it
is rendered more effective after the particle is
brought to a position with reduced resisting
forces. Again as observed in Figure 4c, the longer
the duration for entrainment the less energetic and
closer to threshold the dislodgement will be.
Those cases can be modeled based on the suggested criterion.
Figure 10. Characteristic dynamics of typical particle trajectories (corresponding to Figure 9) using normalized angular
displacements and angular velocities.

5 CONCLUSIONS
The impulse model is extended to include the cases of multiple impulses having a combined effect
on particle dislodgement. The new model is based
on the assumption that the effect of secondary impulses with regard to the particle’s response is increased after the primary impulses have set the
sphere in motion. Statistical analysis of the entrainment events and characteristic variables is
performed. Reliability theory is employed in defining the probability a particle will be entrained
in a given duration. The proposed model is further
validated with appropriately designed experiments
utilizing non-intrusive equipment. The experimental results are reproduced from the theoretical predictions, implying that the criterion is promising.
The trajectories of typical entrainment events are
analyzed, offering a greater understanding on the
relation between the applied forcing and corresponding particle’s response.

The time required for maximum dislodgement
can be deduced from the difference of the time instances for cessation (second dashed vertical line,
Figures 9 & 10) and commencement of motion.
The hydrodynamic forcing history on the test
grain (Figure 9a) is shown along with the varying
level of critical forcing due to gravity. The
changes on the critical resistance level are computed from the displacement measurements implementing the momentum balance equations.
When the critical level is below the hydrodynamic
forcing (u2), the momentum transfer to the grain is
positive, having the potential for particle dislodgement. As confirmed from Figure 9a, small
impulses (at instance of 30.6 sec) are not capable
of displacing the grain. On the contrary, a series
or a combination of sufficiently persisting, high
magnitude impulses may result in grain entrain775
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Numerical simulation of spheres moving and colliding close to bed
streams, with a complete characterization of turbulence
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ABSTRACT: This paper presents some results regarding the motion of solid particles as bed-load in
streams, in the range of sands. In order to effectively simulate this important problem avoiding excessive computational costs, we followed a decoupled approach, which uses a computed turbulent velocity
field for a smooth flat plate as a surrogate of the three-dimensional (3D) turbulent conditions close to
the bed in streams. Because these two flows are not the same, we first tested that the basic turbulence
statistics for this velocity field did not differ significantly from those in an open-channel flow. We then
tracked particles with a 3D Lagrangian model. The Lagrangian model also includes the calculation of
the particle rotation and a generalized algorithm for particle collisions with walls and with other particles. Numerical simulations of several particle sizes were performed and the results were compared
with previous experimental data, with good agreement.
Keywords: Saltation; Bed-load transport; Turbulent velocity field; 3D Lagrangian model; Flow in a
flat plate; Turbulence statistics; Particle rotation; Inter-particle collisions.
1 INTRODUCTION

for the motion of groups of particles in an aggregated manner.
In this paper, we follow an intermediate step,
which uses a computed turbulent velocity field for
a smooth flat plate to act as a surrogate of the
three-dimensional (3D) turbulent conditions close
to the bed in streams. Although the two flows are
different, insight can be gained with these computations. The results of a high-resolution 3D turbulent velocity field developed by Calo (2004) are
coupled with a 3D particle tracking Lagrangian
model (González, 2008). By using this velocity
field, the effect of turbulence on the particle motion close to the bed is studied, assuming a oneway coupling between the moving particles and
the flow field. Future analyses will include rough
boundaries.

The motion of solid particles as bed-load in
streams has attracted an important level of attention recently. To date, most numerical simulations
use the semi-logarithmic velocity distribution to
represent the velocity field which particles are
subjected to. Although this velocity distribution is
a very good approximation of the average flow
conditions in boundary layers, it obviously does
not account for the time dependence of turbulence. In order to potentially improve predictions
of bed-load transport and gain more insight into
the physics of the problem it is necessary to provide a more realistic velocity field capable of reproducing the turbulent characteristics of natural
flows.
The ideal situation would be to perform Direct
Numerical Simulations (DNS) and to compute the
motion of multiple particles, accounting for the
volume occupied by them. Unfortunately, such a
paradigm is currently out of the picture, given the
enormous computational time associated with
solving the velocity field surrounding each particle. In some approaches, researchers have solved

2 DESCRIPTION OF THE NUMERICAL
SIMULATION OF THE FLOW FIELD
2.1 HR3D simulation description and analysis
A highly-resolved three-dimensional (called herein HR3D) flow velocity field obtained by Calo
(2004) reproduces the ERCOFTAC T3A test case
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(Roach & Brierley, 1992), which involves a bypass transition to turbulence on a flat plate due to
free-stream turbulence passing above the plate.
The velocity field used in this work considers only
a sub-section of the simulation, where the turbulence has already developed for some important
distance.
In the HR3D flow simulation all lengths are
made non-dimensional using the boundary layer
thickness δ 0 at the inlet of the domain. The domain box is 620 δ 0 , 40 δ 0 and 30 δ 0 in the longitudinal, vertical and transverse directions, respectively. The velocity scale selected was U m ,
which represents the unperturbed stream-wise velocity of the fluid far away from the wall.
The HR3D flow velocity field was obtained
through a second order, finite-volume code developed by Pierce & Moin (2001) and Jacobs & Durbin (2001) at the Center for Turbulence Research,
Stanford University. In the code, the NavierStokes equations are solved on a staggered grid.
All fluxes in the wall-normal direction are integrated implicitly using a Crank-Nicolson scheme
(convective terms are linearized). The pressure is
integrated fully implicitly. No closure for turbulence was used, which could yield to Direct Numerical Simulation (DNS) with appropriate spatial
mesh sizes. (For the spatial steps used in Calo's
simulation, the HR3D result is close to a DNS but
it cannot be rigorously considered DNS.)
The HR3D simulation used in this paper considers a value of the Reynolds number, defined as
Re δ = U m δ 0 ν , equal to 795. Given the inherent
differences between the boundary layer in a flat
plate and in an open-channel flow, it is necessary
to discuss the meaning of the coupling of the particle tracking code with the HR3D turbulent velocity field, a task done below.

rized as follows: 1) The turbulent/ambient flow interface is absent in channel flows; 2) the free surface (present only in open-channel flows) suppresses the vertical movement of eddies, as
opposed to the outer layer of a flat-plate flow (Nezu & Nakagawa, 1993); 3) in channel flows, the
excessive energy is transported by turbulent diffusion to the free-surface region where it compensates the dissipation (Nezu & Nakagawa, 1993),
whereas in boundary-layer flows, the extra energy
is used to sustain the thickening of the layer
(Jiménez, 2004); and 4) the wake strength for
channel flows is much smaller than the counterpart in boundary-layer flows (Johnson, 1998).
Despite all these differences between boundary-layer flows over a flat plate and in open
channels, the logarithmic profile which describes
the mean stream-wise velocity close to the wall
has been found to be applicable to all wallbounded flows (Gad-El-Hak, 2000). In this regard,
Wei et al. (2005) present ″compelling evidence″ of
the logarithmic character of the mean profile in a
large section of both channel and boundary-layer,
flat-plate flows. Further, the structure of the turbulence can be expected to be similar in both cases,
close enough to the wall. Davidson (2005, page
137) emphasizes that “there is a region near the
wall where the flow does not know or care about
the gross details of the outer flow.” Therefore, the
turbulent velocity field HR3D is capable of approximating both the mean velocity and turbulence statistics of an open-channel flow. Further,
since the interest of the saltating motion is on the
region close to the bed (z/depth<0.05) the use of
the HR3D velocity field yields accurate results.
In order to corroborate that the turbulence parameters defined for an open-channel flow are
well reproduced in the HR3D, it is necessary first
to analyze both flows through a dynamic similarity analysis.

2.2 Boundary-layer flows in a flat plate and in
channels

2.3 Dynamic similarity

It is accepted that a high degree of similarity exists between boundary-layer flows over flat plates
and channel flows, in particular open-channel
flows, which are the interest of this work (see
Gad-El-Hak, 2000; Davidson, 2005). Obviously,
the most important difference lies on the spatially
developing character of the former. In order to assess the feasibility of using Calo’s velocity field
as a surrogate of the velocity field in an open
channel, the features of both types of flow are discussed in this section.
A short, but very useful analysis of similarities
and differences between turbulent boundary-layer,
flat-plate flows, and channel flows is presented by
Nieuwstadt & Bradshaw (1997) and Ashrafian
(2004). The main differences could be summa-

When both viscous and gravitational effects are
important, the Froude and Reynolds numbers, Fr
and Re , respectively, have to be equal to achieve
dynamic similarity between two flows. For a flow
past an object in a fluid (such as particles saltating
at the bottom of a channel), gravity is only important if surface waves are generated (Kundu & Cohen, 2008). (It is assumed herein that the water
density is quasi-uniform close to the bed to avoid
the need for consideration of differences in density -via the densimetric Froude number- as a
source of currents.) In boundary-layer flows, the
Reynolds number is the only dimensionless number that needs to be equal in the two flows. Thus,
the HR3D velocity field represents accurately the
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flow field interacting with salting particles, provided that the same Reynolds number is preserved.
This similitude has been used before in several
opportunities. Rouse et al. (1958) employed this
procedure to study hydraulic jumps in water by
using wind-tunnel results (see discussion in
González, 2008).
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2.4 Simulated flow characteristics
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Time-averaged velocities obtained from the
HR3D simulation should be close to well known
expressions for the mean flow velocity in a turbulent open channel (i.e., the law of the wall). To
check this, it is necessary to relate the velocity and
time scales used in the HR3D simulation with
those of the problem. The HR3D flow simulation
includes U m and δ 0 as velocity and length scales,
while the particle model (to be described below)
has the wall-friction (shear) velocity ( u* ) and the
particle diameter ( d p ) as scales. Using the timeaveraged values of the simulated velocity field
(expressed in dimensionless terms as u f U m ), a
relationship between velocity scales is found:
f
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Since the Reynolds number must be preserved
between the open-channel flow and the HR3D
flow, another relationship between nondimensional numbers can be predicated:
Reδ =

U mδ 0

ν

=

U m δ 0 u*d p
1 δ0
= Rp τ *
u* d p ν
A dp

(3)

where R p = explicit particle Reynolds number,
equal to ( R g d 3p ) 0.5 ν , ν = kinematic viscosity of
water, R = (ρ s ρ − 1) , with ρ and ρ s indicating
the water and sediment densities, respectively; and
τ * = u*2 g R d p , where g = acceleration of gravity. It becomes clear from Eq. (3) that δ 0 / d p can
be obtained for a given particle size and flow condition ( u* ).
Nezu & Nakagawa (1993) presented the results
of extensive experimental research in turbulent
open-channel flows. They obtained universal expressions for turbulence intensities (denoted by
u f ' , v f ' and w f ' , which represent the streamwise, span-wise and wall-normal components of
the fluid turbulence intensity, respectively), and
turbulent kinetic energy ( TKE f ), normalized with
the friction velocity and the friction velocity
squared, respectively.
In the case of a boundary-layer flow over a flat
plate, there is no clear definition for H c . In order
to compare the numerical results of turbulence intensities and turbulent kinetic energy between the
flat-plate and boundary-layer flows, H c was assumed to be equal to the depth of the simulation
space. Distributions for the flow turbulence intensity of the flow in each direction and for the turbulent kinetic energy ( TKE f ) computed from the
HR3D simulation were compared with the experimental regressions developed by Nezu & Nakagawa Figure 2 shows, for instance, the streamwise component of the velocity. In general, good

(1)

z

10

Figure 1: Comparison between the mean stream-wise fluid
velocity obtained from the HR3D simulation and the semilogarithmic expression for the velocity profile in a smooth
turbulent open-channel flow. Solid lines represent that expression, and circles represent data obtained from numerical
simulation. The numerical results follow the law of the wall.

From Eq. (1), u f / u * can be obtained for comparison with the semi-logarithmic velocity law. Defining A = u* U m , the length scales can be in turn
related as follows:

z u*

1

z+

f

u
u u*
=
U m u* U m

0.1

(

(2)

where the location of the nodes in the HR3D simulations are expressed in terms of z δ 0 . Using
Eqs. (1) and (2), the values u f U m , z δ 0 and
Re δ from the HR3D velocity field are converted
to values of u f u ∗ and z+ for comparison with
the log-law of the wall. The value of A was determined by trial and error, adopting the value that
produces the best fit between the HR3D numerical
results and the semi-logarithmic expression for the
velocity profile in the case of a smooth channel.
The value of A was determined to be equal to
0.045, as shown in Figure 1.
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)

agreement was observed between the different
vertical profiles obtained from the numerical simulation and the empirical expressions.
Results from the HR3D simulation present the
expected exponential decrease with the distance
from the wall, in all four variables.
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open channel, both in time-averaged values and
turbulence statistics. Thus, the HR3D field was
used to track particles moving close to the bed. It
was assumed that the effect of the particle volume
on the surrounding fluid can be disregarded in
first approximation, as done in current approaches.

v'/u*

25

3 MODEL FOR PARTICLE TRACKING IN A
TURBULENT FIELD

Nezu &
Nakagawa (1993)

20
z/dp

3.1 Equations for particle “flight”

15

A 3D particle tracking model was coupled with
the data provided by the HR3D velocity field. For
this case, the motion of the particles was computed using Eq. (4) below, where the expression
for the forces considered the fluctuating and nonuniform nature of the 3D velocity field.
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Figure 2: Turbulence intensities from the numerical simulation (circles) compared with the experimental regression
suggested by Nezu & Nakagawa (1993) (solid line). Spanwise component. The same level of agreement was found
for other components and for the TKE.
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Finally, it is necessary to corroborate that the
wave-number spectrum obtained from the simulation follows the -5/3 Kolmogorov law in the inertial sub-range, which has been shown to provide
important insight into pipe and other shear flows
(Gioia & Chakraborty, 2006). The comparison
showed that for every velocity component this
spectrum model is followed. Figure 3 shows the
spectrum of the stream-wise velocity component.
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where C D = drag coefficient, C L = lift coefficient, u rT = relative velocity vector at the top of
the particle, u rB = relative velocity vector at the
bottom of the particle, and u f = fluid velocity; α
= (1 + R + C m )−1 , where Cm = virtual mass coefficient; t = time coordinate, τ = dummy variable
for integration,
is the dimensionless fluid vorticity vector and is the non dimensional particle
rotation vector. The terms on the right hand side
of Eq. (4) consider buoyancy, non-linear drag, the
Basset force, the remainder of the virtual mass,
fluid acceleration, the Magnus force, and the lift.
The operator d (⋅) dt indicates the material derivative using the particle velocity and D(⋅) Dt uses
the fluid velocity.
The model was developed in FORTRAN and
can track numerous particles simultaneously, including inter-particle collisions. Details on the
model for inter-particle collisions can be found in
González (2008).
It is worth noting that the model does not include any stochastic component to enhance the
turbulence and uses the resolved velocity field as
it was computed.

Figure 3: Wave-number spectrum of the velocity component
in the stream-wise direction.

It is concluded that the HR3D velocity field
represents satisfactorily the turbulent flow in an
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3.2 Treatment of the Basset force

include two standard deviations of the mean value. Good agreement was found between the numerical simulation and the experimental data, especially for the jump length. The image of the
mean stream-wise velocity shows that the observed data do not vary significantly, a feature that
somehow defies intuition. The numerical result,
on the other hand, shows an increase of that variable with the increase in the value of the shear
stress.

A novel technique is employed in the model to
treat the Basset force, as discussed in González et
al. (2006), González (2008) and Bombardelli et al.
(2008). The technique uses fractional mathematics
to approximate the integral of the Basset force and
the concept of "memory time period", in order to
reduce its computational time and the requirements of storage of the derivatives of velocity in
time.
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3.3 Equations for particle rebound with walls
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A stochastic model was employed to analyze the
particle rebound with walls, based on modifications of models proposed by Niño & García
(1994) and Tsuji et al. (1985). This model assumes that the bed is formed by packed, unimodal spheres, and that the moving particle can
hit the particles in the bed with random angles distributed uniformly in a range. Thus, the model
computes the velocity in the three directions and
the particle rotation after the rebound. The model
considers that the diameter of the particles in the
bed ( d p bed ) is 0.3 mm to maintain the smooth characteristic of the bed, and to have consistency with
the velocity field adopted. Using geometrical
properties between the moving particle and the
particles composing the bed, θ crit , the maximum
angle at which the moving particle can hit the bed,
was expressed in terms of the particle size at the
bed and the incoming particle diameter, where different particle sizes are defined for the bed and the
particles in motion. More details can be found in
González (2008), Bombardelli et al. (2008) and
Bombardelli et al. (2010).
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1

τ* /τ*C
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Figure 4: Comparison of simulations with experimental data
for the case of a particle moving in a flume and rebounding
with the wall. The top figure shows results associated with
the particle jump length, and the bottom figure shows the
stream-wise mean velocity.

4 MODEL VALIDATION
4.1 Validation of the model for a single particle
Simulations corresponding to the experimental
conditions presented by Niño & Garcia (1998a, b)
were performed for validation purposes. The numerical model was run for a simulation time long
enough to have meaningful statistics. In order to
remove the effect of the initial conditions, the first
jumps were not considered in the statistical analysis.
Figure 4 presents the numerical results obtained
for moving particles of R p = 73 which are compared to experimental results in the range of
R p = 60-90 presented by Niño & García (1998a,
b). The figures depict the comparison of the dimensionless particle jump length and the mean
stream-wise velocity, with the experimental data,
for increasing bottom shear stresses. Both plots

Similar results were obtained for the jump
height and the mean particle spinning rate (not
shown herein; see González, 2008). We noticed
that if the particle velocity is tracked with just an
average velocity profile, the ranges of variation of
the variables are smaller, due to the fluctuations of
velocity of the HR3D velocity field. We also noticed that the agreement with data obtained from
the use of the HR3D field slightly improves for
some particle sizes, being in general similar to that
obtained with the time-averaged velocity profile.
More research is thus needed to address this issue
further.
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4.2 Model validation for numerous particles

particle volume. The dimensionless volumetric
bed load rate q * is then calculated as:

Simulations were undertaken with the model mimicking the case of multiple particles moving in
the same velocity field discussed above.
Figure 5 presents similar plots to those of Figure 4, pertaining to the case of multiple particles
moving and colliding in the velocity field, and for
two particle sizes: R p = 80 and R p = 120. An acceptable agreement is noticed between simulations
and data.

q

q* =

g Rd
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(6)
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Figure 6: Comparison of simulations with experimental data
for the case of multiple particles moving in a flume, rebounding with the wall and colliding among themselves.
The figure shows results associated with the take-off angle
after collision (θout). Symbols represent mean values and
vertical lines indicate two corresponding standard deviations. Rp = 80.
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Figure 5: Comparison of simulations with experimental data
for the case of multiple particles moving in a flume and rebounding with the wall and colliding among themselves.
The top figure shows results associated with the particle
jump length, and the bottom figure shows the stream-wise
mean velocity.
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Figure 7: Comparison of numerical results with expressions
for bed-load transport rates for the case of multiple particles
moving in a flume and rebounding with the wall and colliding among themselves.

Further validation of the model was obtained
via comparison of both detailed and integrated variables associated with the particle jumps. Takeoff angles of the particles after collision, lateral
dispersion angle, and the cumulative probability
distribution of the absolute value of the deviation
angle all show acceptable agreement with data.
Figure 6 presents in particular the result regarding
the take-off angles of particles.
Figure 7, in turn, compares bed-load transport
rates derived from the simulation with multiple
particles with well-known expressions. The numerical transport rate can be obtained by just
counting the number of particles which cross a
specific location of the computational domain in a
given period, and multiplying this result by the

Taking into account the uncertainties in the experimental results of bed-load transport, reasonable agreement between model results and expressions by Meyer-Peter-Muller, Fernandez Luque &
van Beek, Engelund & Hansen, and Parker, is
found.
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and a stochastic sub-model for particle collision
with solid boundaries.
The results were validated with experimental
data obtaining good agreement with them. Once
validated, the model was used to compute parameters of interest and to gain insight into the interaction of particles and flow.

5 PARTICLE VELOCITY AND
TRAJECTORIES
One of the immediate results of the application of
the model is that the velocity of the particle following the turbulent field can be obtained. This is
shown in Figure 8, where the stream-wise velocity
component is shown. It is important to notice the
random character of the results. The importance of
this result lies in that the particle turbulent kinetic
energy and other turbulence statistics can be defined, as done by González (2008).
Figure 9 shows in addition 3D trajectories of
multiple particles indicating that the 3D wallcollision algorithm performs adequately.
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Figure 9: Trajectories of particles from the 3D simulation of
saltation of multiple particles.

6 CONCLUSIONS
A comprehensive model for the analysis of the
saltating motion of particles has been presented.
The model exploits a three-dimensional velocity
field past a flat plate in the turbulent portion, and
tracks particles with a Lagrangian model in that
field. The Lagrangian model includes diverse submodels for particle rotation, inter-particle collision
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ABSTRACT: Experimental tests were carried out using a gravel bed in a tilting flume and a three camera
3D Particle Image Velocimetry (PIV) system. Sediment movement at variable transport rates was surveyed at the grain scale under uniform flow conditions. A natural river gravel with a well sorted sediment
was used. This was subject to steady, uniform flows that generated a range of shear stresses that mobilized the sediment. 3D flow field measurements were made over a plane located few millimeters above
the original sediment bed. Image processing and cross-correlation techniques were used to obtain highresolution spatial and high-frequency temporal information of flow velocities. Sequences of images of the
bed surface were taken simultaneously with the flow field measurements using an additional camera. An
experimental approach is illustrated which links grain behavior with local velocity patterns. Such patterns
of velocity can be either in terms of the three velocity components or in terms of the relevant time averaged Reynolds stresses. The potential is shown to develop statistically significant relationships which
could describe the stochastic nature of sediment transport at different flow conditions.
Keywords: 3D PIV, Grain entrainment
surface grain arrangements observed in waterworked deposits.
The state-of-the-art in sediment transport prediction consists of a wide range of equations,
which all describe essentially the same phenomena. Although the underlying concepts used to develop these equations are different, the way in
which these equations behave has certain common
features (e.g. Gomez, 1991). Modelers still rely on
empirically derived relationships, many of which
were developed several decades ago to predict sediment entrainment and transport. Over the last
ten years laboratory and field studies have started
to provide some more detailed descriptions of water-worked deposits and the turbulent flows above
them (Pilotti et al., 1997; Schuyler & Papanicolau,
2000; Munro et al. 2004). These observations
have provided new insights into the physical
processes that entrain grains in natural water. It is
clear that fluvial sediment transport is caused by a
complex interaction of many grain and fluid mechanic processes many of which are stochastic in
nature and cannot therefore be adequately described by simple empirically calibrated deterministic equations. However, the modeling tech-

1 INTRODUCTION
1.1 Grain Motion and Sediment Transport
The definition of a threshold for the initial motion
of a grain has many consequences relevant to sediment transport. Following the early work of
Shields (1936), the deterministic approach used to
define conditions for the entrainment of sediments
was widely accepted and used in common engineering applications. To date limited progress has
been made to improve satisfactorily the physical
understanding of the sediment transport close to
threshold conditions. Many studies indicated discrepancies between thresholds estimated by
Shields’ criterion and observations. Two physical
causes for such discrepancies have been suggested: the turbulent nature of the near-bed flow
field and that the forces that resist motion are not
a simple function of the submerged weight of
grains. Field observations by Buffington et al.
(1992) and Church et al. (1998) suggested that
models that link entrainment simply to grain size
may over predict sediment mobility because they
ignore the contribution to bed stability caused by
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on the particle mechanics for natural grains rather
than by computational limitations.
Some of the earliest experimental studies on
the effect of turbulence on sediment entrainment
were the laboratory studies of Grass, who showed
that entrainment of fine grains could be linked
with observed turbulent flow features. Drake et al.
(1988) was one of the first studies to examine the
motion of gravel particles entrained from a gravel
river bed. They used high-speed motion picture to
observe grain entrainments. Different grain behavior was noted for different size fractions, with
smaller grains generally lifting from the bed and
coarser particles rolling into motion. They also
observed that the initiation of transport was characterized by short duration but localized periods
of entrainment involving a number of grains. Although no measurements were made of the turbulent near-bed velocity field, this behavior was ascribed to ‘‘turbulent fluctuations’’ in the bed shear
stress. Nelson et al. (1995) studied the interaction
between turbulence events and bed load transport
in the laboratory using LDA and a high-speed
movie camera. By examining the statistics of the
streamwise and vertical velocity fluctuations, u'
and w', they concluded that ejections (u' > 0, w' >
0), which contribute negatively to the mean bed
shear stress, moved sediment just as effectively as
sweeps (u' < 0, w' > 0) which contribute positively
to it. Other authors have stated that the pickup of
sediments was found to be correlated to the instantaneous value of the streamwise velocity (Williams et al., 1989; Papanicolaou et al., 2001;
Schmeeckle & Nelson, 2003). Schmeeckle et al.
(2007) measured synchronously streamwise and
vertical components of force on a near-bed
spherical particle and the fluid velocity above or
in front of it. They found that instantaneous drag
force was not correlated with instantaneous Reynolds stress but strongly correlated with instantaneous streamwise velocity. Diplas et al. (2008)
suggested that in addition to the magnitude of the
instantaneous turbulent forces, the duration of
these turbulent forces is also important.
The experiments described in the present paper
were focused on the observations of the movement of single grains from deposits of natural gravel particles and the relevance of the local flow
field. The experiments were therefore designed so
that grain entrainments could be clearly identified
and simultaneous measurements of the near-bed
local flow field could be analyzed before any
grain had been entrained. The aim is to provide
the scientific community with a unique dataset in
order to develop and validate techniques that can
incorporate the stochastic entrainment of grains
and reflect the erratic nature of grain motion once
entrained.

niques have not advanced by incorporating these
new insights. Whilst there are empirical mixing
layer models they suffer from the same drawbacks
of the empirically calibrated bed-load transport
rate formulae and cannot provide information on
the time that particular sediments are retained
within a deposit. Stochastic-based models, which
rely on an understanding of the underlying particle mechanics within a water-worked sediment
deposit have the potential to offer not only transport rate predictions but also this higher level information on the location and retention time of
polluted sediment volumes.
Researchers are starting to move from empirically calibrated deterministic models where transported sediment is represented by average quantities to stochastic approaches to account for the
random nature of the process. Modeling sediment
dynamics at the grain scale is not only motivated
by the need for addressing the uncertainties linked
to classical sediment transport equations which
represent natural stochastic processes in a spatial
and temporal averaged manner but also to deal
with new environmental needs. According to
Grass (1970), the entrainment of sediments can be
linked to the overlap of the probability distributions of the applied turbulent shear stress and the
critical shear stresses to generate movement of
particles. A number of recent studies have attempted to describe sediment entrainment by incorporating the probabilistic features of both the
near bed turbulent flow and bed grain geometry
(e.g. Papanicolau et al., 2001; Schmeeckle & Nelson, 2003). Wu & Chou (2003) and Wu & Yang
(2004) described flow variability with probability
distributions derived from literature and assumed
the bed to be composed of randomly configured
spheres. McEwan & Heald (2001) and Heald et al.
(2004) used a discrete particle model and a normal
distribution of the local flow field to predict the
range of critical grain shear stresses. The main limitation of such approaches is that there is no data
and few observations that link the entrainment of
grains from water worked deposits with simultaneous measurements of the local flow velocities.
1.2 Measurement Techniques
Random variable analysis has been used, but a
major limitation is the lack of appropriate data to
test these models. Grain scale observation and
multiple grain measurements have been achieved
only recently as instrumental capabilities have
improved. Increasing computational power has
now created the potential to track and model each
particle individually. However, this form of sediment modeling is now limited by the knowledge
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ejections to 1000÷1500 wall time units for the
larger streamwise vortices. For flows over rough
beds with u* = 7÷8 cm/s, it follows ν/u*2 =
0.20÷0.15·10-3 s. Experimental conditions presented in this study (see Table 1), which investigate bed load transport of coarse grains associated
to large flow structures, suggest an “event” time
scale of a few tenths of a second.
Assuming that the distributions g and F are stationary within a time interval Δt and that they apply uniformly over the observed bed surface, the
probability density function of the critical
streamwise velocity for the individual grains is
given by:

2 THEORETICAL FRAMEWORK
2.1 Experimental Approach To Grass’ Theory
According to Bottacin et al. (2008), Grass’ joint
probability approach has been reformulated to
provide a framework which allow a direct experimental verification of the model. Findings reported above supports the assumption that the local near bed velocity uf, rather than shear stress is
the representative physical quantity affecting entrainment. This is a working assumption until
complete analysis of the experimental data can
clearly identify the physical mechanisms of entrainment and what variable probability distribution can be used to describe the mechanism. The
velocity uf is considered to be represented by a
cumulative distribution F with probability density
function f and the critical entrainment streamwise
velocity ug for individual grains to be represented
by a distribution G with probability density function g (Figure 1). The probability of the critical
entrainment velocity of a grain at an instant, ug,
lying within the interval δu centred at u is:
1
1 ⎞
⎛
P ⎜ u − δ u ≤ u g ≤ u + δ u ⎟ = g (u )δ u
2
2 ⎠
⎝

∞

u

re (ui ) =

(1)

pi =

δR
= g (1 − F )
δu

(6)

N gi

(7)

N gs

Here Ngi = number of grains entrained by a velocity within the range ui ± δu/2 in the time interval
Δt, and Ngs = number of grains on the bed surface
exposed to the flow. This can be estimated as:

(2)

N gs =

Ags

(8)

α l *2

where Ags = total visible area of the observed superficial grains, l* is equal to particle size, d, and
α = shape factor, equal to 1 or π/4 depending on
whether the area of a particle is approximated by a
square or by a circle, respectively. Here Ags =
(1−n)(Lx−2d)(Ly−2d), where n = bed porosity, and
Lx and Ly = width of the area detected by the cam-

(3)

and therefore the risk density function is:
r=

pi
Δu

where pi = fraction of superficial grains entrained
given by:

Assuming that ug and uf are statistically independent (Cooper & Tait, 2008), the joint probability of
ug lying within the range u ± δu/2 and uf taking a
value higher than u gives the elemental risk of entrainment δR at an “instant” as:

δ R (u ) = g (u ) δ u [1 − F (u ) ]

(5)

where re = experimental risk density, which can
be computed as:

and the probability of uf taking a value higher than
u is given by:

P(u f > u ) = ∫ f (u ) du = 1 − F (u )

t ∗ re (u )
Δt 1 − F (u )

g (u ) =

(4)

probability density

The elemental risk δR(u) represents the fraction of
grains moved by a velocity lying in the range u ±
δu/2. However an entrainment “event” with a characteristic time scale t* and a characteristic spatial
scale l* must be defined so that this can be scaled
with the experimental observations of flow velocity and grain motion at entrainment. Evidence that
particles move singly leads to identify the spatial
scale with the grain size. The unit timescale must
be associated with the flow features that entrain
grains. Nino & Garcia (1996) suggested that the
timescale covered by these features could be from
60÷80 time wall units (ν/u*2, where ν = kinematic
viscosity and u* = shear velocity) for small scale

f

g

1 - F( u)
g(u)
u

d u streamwise velocity

Figure 1. Schematic representation of Grass’ concept.
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eras in the x and y directions, respectively. This
expression accounts for the fact that particles located at the edges of the area do not really contribute to the statistics.
The approach illustrated by Bottacin et al.
(2008) shows how to derive the experimental
probability distributions of the critical velocities
required to entrain grains. Using the measured distributions of streamwise velocity f(u) and the flow
velocities at entrainment re(u) it is possible to estimate a section of the probability density function
of the critical streamwise velocities for the sediment bed. However, the extent of the curve section is strongly dependent on the degree of overlapping between the pdf of the local and critical
velocities, respectively. This can be only a small
part of the total distribution if flow conditions are
just above the critical threshold for sediment motion. In order to obtain a full description of such
curves based on the revised Grass approach, data
analysis must be performed considering steadystate flows characterized by increasing values of
the average bed shear stress.

3 EXPERIMENTAL DESIGN
The experiments were conducted in the Hydraulics Laboratory at the University of Bradford. A
12m long, 0.5m wide tilting flume was equipped
with state-of-the-art monitoring system that enabled high resolution velocity measurement of
free surface flows over rough boundaries and
sediment fluxes at high spatial resolutions. A
fixed bed made of gravel glued on a plastic surface covered the upstream end of the flume for a
distance of 1.50 m. This ensured the uniform development of a stable upstream boundary layer for
all experiments. The remaining part of the flume
was filled with loose natural river gravel ranging
from 1 to 10 mm, with average diameter d50 = 5.5
mm, standard deviation σg = 1.3, and density ρs =
2650 kg/m3 (see Figure 2). This sediment was
well mixed, placed in the flume and scrapped flat
using a mechanically scrapper. This produced a
well mixed flat sediment deposit of a uniform
thickness and no bed forms. Afterwards, the flume
was tilted reaching the desired slope and a constant water discharge was imposed. Hydraulic
conditions were above the threshold of grain motion. A uniform flow condition was obtained by
adjusting a weir placed at the downstream end of
the flume. Hydraulic conditions were selected so
that individual grain entrainments and depositions
could be clearly identified and measured velocity
perturbations could be unambiguously linked to
individual grain events.

2.2 2D Flow-Field Measurements
Bottacin et al. (2008) carried out experiments using a mobile gravel bed placed in a tilting flume
with a modified 2D particle image velocimetry
(PIV) system. The analysis of the collected images identified a number of near-bed velocity
‘‘signatures’’ linked to grain movement. Changes
of the time averaged local velocities were observed when sediments were entrained or deposited by the flow. Results showed that about 60%
of the identified grain displacements were associated to one or more patterns of the near-bed velocity data. Among this subset, most of cases revealed correlations with the time-averaged
streamwise and lateral velocities u and v (55%
and 39%, respectively). Only a relatively small
number of the cases were associated to changes of
the streamwise and transverse fluctuations
u ' u ' and v ' v ' (27% and 22%, respectively) and to
changes of the cross product u ' v ' (12%), which is
related to the Reynolds stress.
It was then argued that grain-scale changes of
the bed surface affect more significantly the local
velocity than the other flow quantities, while grain
movements are much more poorly correlated to
Reynolds stress. The reported analysis was limited
to velocity data in the 2D plane, and did not identify correlations between instantaneous velocities
and grain motion, possibly due to the low sampling frequency (9Hz). Further analysis is therefore needed to examine the flow statistics and correlations of the streamwise and vertical near-bed
velocities associated to grain movement.

observed area
220 x 35 mm

1.50m

fixed bed

5.20m

5.00m

loose bed

Figure 2. Longitudinal section of the flume.

The 3D Particle Image Velocimetry System
(PIV) was designed to measure 3D flow velocities
in a single plane. The laser illumination, timings
for the two cameras and the data acquisition were
all controlled by a single PC. Images were acquired direct to a RAID array of hard drives so
that the system was capable of measuring flow velocities at a frequency of up to 45Hz for several
minutes. The PC controlling the PIV system was
linked to another PC that drove a fast video camera. The fast video camera could acquire bed images at rates up to 200Hz, and operate for several
minutes at the highest sampling rates. The bed
was illuminated by a high-speed strobe light, so
that by use of a careful selection of camera, laser
and strobe timings it was possible to eliminate
cross-talk between the bed and the PIV cameras.
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The images recorded the “instantaneous” positions of the flow tracing particles. In order to
measure the spatial flow velocity pattern, seeding
particles were fed into the flow. These particles
were polystyrene spheres with an average size of
dp = 200 μm and density ρp = 995 kg/m3. Their
low submerged density and inertia meant that they
closely followed the flow. Camera-1 was focused
on the sediment bed surface, it was illuminated by
a white strobe light and captured an image of the
bed at the starting time of the second pair images
recorded by cameras-2 and -3. Bed images were
also collected at a 45 Hz frequency (Figure 4).
This set-up provided velocity data sets with a spatial resolution that was comparable to the grain
scale. This was done so that velocities at particular locations could be associated with the movement of individual grains. Flow velocity and grain
motion measurements were taken simultaneously
for periods of approximately 10 minutes of duration during each test. Each recording section acquired nearly 27,000 x 5 images, which were temporarily stored into the acquisition buffer and then
transferred into the stored database.

By combining this system with the PIV system,
measurements on grain movements were obtained
that could be linked with 3D flow velocity measurements. The observed area and the sides of the
flume adjacent to the measurement area were obscured to reduce the ingress of any external light
so as to improve the consistency of the quality of
the images and for safety reasons. A platform was
build next to the tilting flume so that the pulsed
laser position could be adjusted and a pulsed light
sheet could be generated and located a few millimetres above the gravel bed surface. Two pulsed
lasers generated a high-intensity green light beam.
Beam-expanding optics placed at the side of the
flume produced a green light sheet of approximately uniform intensity which was located parallel and approximately 10 mm above and parallel
to the original sediment bed.
An area of 220 mm by 40 mm located on the
centreline of the flume was selected for measurement. This area was viewed by the three cameras
placed vertically above the water surface (see
Figure 3). A floating glass sheet was placed at the
same level as the design water depth to avoid water surface oscillations interfering with the focus
of the cameras on the investigation area. The area
size was selected to provide velocity data at a
suitable spatial scale (one interrogation area to
correspond to approximately one grain), and the
area was large enough so that enough grain motions could be observed in an experiment so that
statistically significant data on grain entrainment
could be obtained. Two cameras had a green filter
and the other operated under white light conditions. The cameras with the green filter were used
to obtain flow field information whilst the other
camera was used to gather data on grain entrainment, depositions and movements. They collected
pairs of images with the time step between the images Δtp = 1 ms and the frequency of the collection of image pairs fr = 45 Hz.

Camera-2 and -3
Particle image pair

1 ms

flow seeding
particles
detected
area

t

t

time, t
1/45 s = 0.022 s

Figure 4. Timing of the image acquisition system.

Data from 12 tests carried out at different
slopes but with similar water depths, h = 10 cm,
are reported. Table 1 shows the main hydraulic
parameters of the experimental tests: S = slope of
the flume, approximately equal to the bed slope
during the recording session; Q = water discharge;
U = flow velocity averaged over the flow cross
sectional area; Re = 4RHU/ = flow Reynolds
number, where RH = hydraulic radius; u* =
(gRHS)0.5 = average bed shear velocity, where g =
acceleration due to gravity; and τ* = τ0/g(ρs−ρ)d50
= Shields’ parameter, where τ0 = mean bed shear
stress and ρs and ρ = density of sediment and water respectively. The experiments were run with
increasing levels of boundary shear stress, so that
the distribution of velocities and linked grain motions can be determined as the system moves
away from the threshold of motion (τ* = 0.057) to
conditions of well developed bed-load transport
(τ* = 0.090).

camera-1
camera-2
(green filter)

Camera-1
Bed image

camera-3
(green filter)

floating plexiglass
board

laser light
sheet

Figure 3. Modified PIV measurement system.
789

below, but they were associated to high fluctuations of lateral or vertical components, v and w.
This evidence suggests a strong link between
grain motion and local drag with some combination of lift or lateral destabilizing forces, as supported by direct observations of bed images during the first instants of the movement. Reynolds
stresses were found to have weak correlations
with grain entrainment. The remaining part of the
sample was not found to be significantly associated to any flow signature. However, in some
cases closer inspection of data suggests that these
grains were possibly put in motion by other particles passing through their neighbourhood, or leaving their position few diameters upstream thus reducing the sheltering effect.

Table
1. Hydraulic parameters for experimental tests
________________________________________________
Test
S(%)
Q(l/s) U(m/s) Re(·105) u*(m/s) τ*(-)
________________________________________________
01
0.55
40.5
0.88
2.81
0.067 0.057
02
0.57
42.6
0.93
2.93
0.069 0.059
03
0.59
43.3
0.94
2.98
0.070 0.061
04
0.62
43.8
0.95
3.02
0.071 0.064
05
0.65
44.8
0.97
3.10
0.074 0.068
06
0.69
45.6
0.99
3.16
0.076 0.072
07
0.72
46.4
1.01
3.22
0.077 0.074
08
0.75
47.2
1.03
3.28
0.079 0.077
09
0.77
48.1
1.05
3.34
0.080 0.080
10
0.80
49.0
1.07
3.40
0.081 0.083
11
0.83
49.8
1.08
3.45
0.083 0.086
12
0.86
50.9
1.11
3.53
0.085 0.090
________________________________________________

4 FLOW FIELD AND GRAIN MOTION

a) 1.0

4.1 3D Near-Bed Velocity
Flow-field images were used to obtain the three
velocity components, u, v and w, and the relevant
cross-products u'v' and u'w'. The observed area
was split into many 4.30 mm × 4.30 mm “interrogation areas” with an overlap of 75% of these areas both in streamwise and lateral directions.
Cross-correlation of each interrogation area between paired images allowed the local fluid displacement to be estimated. This combined with information on the time interval between the paired
images allowed spatial velocity fields to be obtained. The velocities of the fluid were therefore
known on a 1.15 mm square mesh grid, with N =
35×185 = 6475 nodes. This set-up provided velocity data sets with a spatial resolution that was
comparable to the grain scale.
The temporal trend of the flow field velocities
in the proximity of the moved grains were collated
from the flow field data and used by linking the
locations of grain motion with the local velocity
patterns, e.g. streamwise velocity (Figure 5a).
Data analysis focused on time periods > 10s
(about 900 data points) before grains were entrained. The pdf of such velocity samples were investigated and a “match” with an entrainment
event was assumed to occur if the flow velocity
fell above the 85th percentile of the relevant cdf
(Figures 5b and c). A bounding box was created
around the boundary of the grains under investigation to approximate their spatial extent (Figure 6).
The velocity measurements at points within and
immediately adjacent to the bounding box were
found to have similar values, indicating spatial
flow structures comparable to or larger than grain
size. Preliminary results from three experiments
on few hundred grains indicated that about 70% of
entrainment events were associated to peak values
of the streamwise velocity u, For 20% of cases the
streamwise velocity was found around average or
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Figure 5. Near-bed flow field and grain motion: a) velocity
time-series before grain entrainment; b) velocity pdf and
85th percentile of cdf; c) velocity at entrainment.
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during time. However, the limited time of the recording session and the use of well sorted sediment should guarantee similar sediment bed composition and arrangement in all the experiments.
This is also supported by findings of Cooper &
Tait (2008) who found that the spatial pattern of
near-bed velocities did not have a strong correlation with bed topography at the grain-scale.
To apply Eq. (5) to the experimental data it is
also necessary to estimate a suitable time scale t*.
In the experiments carried out by Bottacin et al.
(2008) the frequency of the PIV images was not
sufficient to identify unambiguously the duration
of the flow feature that entrained grains. Given
that entrainment of bed load that was investigated,
time scale of the order of a few tenths of a second
was considered reasonable (e.g. Nino & Garcia,
1996). However, some uncertainties still remain
about the choice of such temporal parameter,
which can sensibly affect the final estimate.

300
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200
150
100
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0

7mm
800

900

1000
1100
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Figure 6. Image of the bed surface. Identification of moving
grains (bounding box).

4.2 Potential for Analysis
The experiments were designed moving from
threshold conditions for grain entrainment to developed transport conditions. This was done as the
measure of the probability density function of the
critical streamwise velocities for the sediment deposit is strongly dependent on the degree of overlapping between the pdf of the local and critical
velocities, respectively (see Figure 1). The analysis of the new dataset, based on the revised Grass
approach, can lead to a full description of such
curves. The main limitation of the method is that
the higher the transport rate the more difficult is
the identification of individual entrainment events
through visual image techniques. Hydraulic conditions were selected so that grain movements could
be clearly identified and linked to local near-bed
velocities. On the other hand, the imposed shear
stresses induced levels of sediment transport
which in principle guarantee the measurement of a
significant segment of the critical velocity pdf for
the sediment deposit. Further, for low-rate sediment transport the effects of turbulent fluctuations
are more significant than those associated to temporal average values.
The method illustrated in Section 2.1 is currently being applied to the experimental data, by
combining the velocity and grain entrainment
measures described in this paper. The purpose is
to verify the theoretical approach by Grass and validate the experimental method itself. If the sections of the probability density function g(u) obtained at different transport rates will overlap (see
Figure 7), then the approach will be validated.
This means that a unique description of the resistance of grains to flow action exists, which depends on grain characteristics and local bed texture. Armoring and selective sediment transport
occurs for natural sediment beds (e.g. Marion et
al., 2003), this may affect the bed characteristics

probability density

a)
g(u)

f(u)

computed g(u)
streamwise velocity
probability density

b)
computed g(u)

f(u)

g(u)

streamwise velocity

probability density

c)

computed g(u)

f(u)

g(u)
streamwise velocity

Figure 7. Representation of Grass’ concept with increasing
level of transport: a) threshold conditions; b) low sediment
transport rate; c) developed sediment transport.
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A new experimental design has been described
that allows to collect high spatial and temporal
resolution images of mobile beds that can be
linked with 3D near-bed flow velocity fields. The
collected data will be used to obtain an experimental measure of the probability density function
(pdf) of the boundary shear stress at threshold
conditions. Grass’ joint probability approach is
proposed to gain insight into the physical nature
of entrainment and transport processes. Using the
measured distributions of streamwise velocity f(u)
and the flow velocities at entrainment it is possible to estimate a section of the probability density
function g(u) of the critical streamwise velocities
for the sediment deposit. This is a statistical
measure of the “strength” of a bed. Determining
such distributions in other ways is not possible.
The purpose is demonstrating that if information
is available then grain entrainment rates can be
predicted stochastically. Inferring the probability
density of the boundary flow velocity needed to
dislodge the sediments based on a distribution of
grain exposures and fluid velocities would be an
important advance in understanding grain entrainment processes, which is the basic process relevant to all sediment transport predictions. This
can be accomplished by comparing the pdf of the
measured near-bed flow velocity fields with the
pdf of the flow velocity characteristic that is
linked with a grain entrainment.
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Effects of relative submergence on flow and sediment patterns around
clasts
A.N. Papanicolaou, A. G. Tsakiris & C.M. Kramer

IIHR-Hydroscience and Engineering, University of Iowa, Iowa City, IA, USA

ABSTRACT: The flow patterns around isolated clasts in gravel streams are governed by the clast relative
submergence, which, in turn, affect the depositional patterns of incoming sediment around the clasts. To
investigate the role of relative submergence on the depositional patterns around clasts, an experimental
study was conducted in a recirculating laboratory flume where an array of clasts was placed atop a wellpacked bed of uniform size glass beads. Two experimental scenarios were examined, namely for high
(HRS) and low (LRS) relative submergence conditions. Detailed velocity profiles and surface velocity
maps around the clasts were determined via an Acoustic Doppler Velocimetry and Large Scale Particle
Image Velocimetry, respectively. For the HRS runs, a stagnation region was found to develop in the wake
of the clasts, whose presence was minimally detectable at the water free surface. Incoming sediment deposited within the stagnation region in the clast wake. For the LRS experimental runs, a horseshoe vortex
with counter-rotating limbs was the dominant flow structure due to the clast presence, which also created
distinguishable flow patterns on the water free surface. Incoming sediment accumulated at the upstream
face of the clasts. The findings of this study are of paramount importance towards a mechanistic approach
for the deployment of clasts for fish habitat restoration.
Keywords: Relative submergence, Clasts, Horseshoe vortex, Deposition
1 INTRODUCTION

rocks, which undergo scour, have deeper water
that fish use for eluding predating species. Therefore, the interaction of the rocks with the flow and
incoming sediment is intimately related to the
functionality of these rocks as fish habitat structures.
The placement of large rocks is a popular practice for the rehabilitation of fish habitat in mountainous streams, because it is a low complexity
and low cost solution with minimal interference to
the natural environment (Fischenich and Seal,
2000). However, to date there is a lack of a mechanistic approach for the design and placement
of this type of habitat structure, which are predominantly based on empirical criteria (SaldiCaromile et al., 2004).

Anthropogenic activities, such as dam removal
and dredging as well as installation of hydraulic
structures (e.g. levees and weirs) in mountainous
streams may have detrimental effects on fish habitat. To neutralize the adverse consequences from
these activities and improve fish habitat, structures collectively known as fish habitat structures
are installed in such streams (Shamloo et al.
2001). These structures specifically aim to provide resting, spawning and feeding areas for fish
and at the same time replicate natural rocks.
One type of fish habitat structures is large
rocks or clasts (Figure 1). The deceleration of the
flow around the clasts creates regions of lowspeed moving water, where fish may rest and
feed. At the same time, the increased turbulence in
the rock wake provides fish with a sunlight cover.
Further, the entrapment of -typically finer- incoming sediment in the regions around the clasts provides excellent spawning grounds for fish and
adds diversity, thus improving the quality of fish
habitat. In contrast, areas in the vicinity of the
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The main objective of this research is to investigate the role of relative submergence on the sediment depositional patterns around the rocks
(clasts). The specific objectives of this research
are (1) to provide insight into the flow patterns
around the clasts under high and low relative
submergence (HRS and LRS) regimes, and (2) to
associate these flow patterns with the depositional
patterns of incoming sediment at high and low
relative submergence regimes.
Figure 1. Artificially placed rocks in a stream (from SaldiCaromile et al., 2004).

2 METHODOLOGY

The main difficulty in the development of such
a mechanistic approach for the design and placement of the rock structures is that the interaction
between the rocks and the flow and the incoming
sediment remain to a large degree elusive. Very
few studies have examined to date the interaction
between the rocks and the surrounding flow and
the incoming sediment. A significant impediment
in the study of rock-flow and rock-incoming sediment interactions is that in natural mountain
streams, the rocks must often operate under different flow regimes. During lower flows, the
rocks typically remain partially submerged (low
relative submergence-LRS), whereas at higher
flows the rocks occupy the lower portion of the
flow depth (high relative submergence-HRS). Under the HRS regime, flow is predominantly governed by the particle Reynolds number (Rep),
whereas at LRS regime the flow is affected by localized flow structures and becomes a function of
the Froude number. More importantly, different
flow structures (Figure 2) arise due to the interaction between the flow and the rocks under HRS
and LRS conditions (Shamloo et al. 2001).

2.1 Methodological Considerations
A series of generic experiments were conducted in
order to address these objectives under conditions
that are commonly encountered under field conditions.
Two experimental scenarios were investigated,
namely (1) a high relative submergence scenario
with H/dc = 3.50 and (2) a low relative submergence scenario with H/dc = 0.80, where H is the
flow depth well upsteam of the clasts where their
effects are minimal, and dc is the characteristic diameter of the rocks (clasts). These H/dc values
were found in the study of Bettess (1984) to be
representative of the high and low relative submergence regimes, respectively, and were kept
constant throughout each experimental scenario.
For each experimental scenario a series of dimensionless bed shear stress (τ*) levels were examined (Table 1). The dimensionless bed shear
stress is calculated as:
τ* =

H⋅S
⎛γ s ⎞
⎜ −1⎟ ⋅ d 50
⎝γ
⎠

(1)

where d50 = 19.1 mm is the median diameter of
the entrainable material, γ and γs = specific weight
of the fluid and the sediment, respectively. In Table 1, Q is the volumetric flow rate, S the bed
slope and Ubulk = Q/(B×H) the bulk velocity with
B the flume width.
Table 1. Flow conditions during the experimental runs.
______________________________________________
Test
H/dc
τ*
H
Q
S
Ubulk
______________________________________________
3
(-)
(m/sec)
(-)
(-)
(m) (m /sec)
______________________________________________
A1*
3.5 0.017
0.193
0.13
0.0024
0.76
A2*
3.5 0.021
0.193
0.14
0.0030
0.78
A3*
3.5 0.026
0.193
0.14
0.0036
0.82
A4*
3.5 0.030
0.193
0.15
0.0042
0.84

Figure 2. Vortical structures under (a) high and (b) low relative submergence conditions (after Shamloo et al. 2001).
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2.2 Flume Setup and Instrumentation

B1*
0.8 0.017
0.044
0.02
0.0159
0.49
B2*
0.8 0.021
0.044
0.02
0.0186
0.54
B3*
0.8 0.026
0.044
0.03
0.0212
0.70
B4*
0.8 0.030
0.044
0.03
0.0239
0.75
_____________________________________________
* Average of 2 repetitions.

The experiments were carried out in a 21 m long,
0.91 m wide and 0.53 m deep flume at the IIHRHydroscience and Engineering of the University
of Iowa. The flume walls were made of acrylic
glass that enabled side observations of the experiments. The test section was 5.2 m in length and
was located 10.9 m from the flume entrance. A series of clast particles (dc = 55 mm) were placed in a
staggered arrangement and having 6dc spacing between them atop a flat immobile bed that consisted
of three layers of well-packed spherical glass particles with diameter db =19.1 mm. (Figure 3a). A
5.8 m long section upstream of the test section
was used as bedload feed section, which permitted
the bedload to enter the clast section by entrainment by the flow rather than manual feed.
Flow measurements in the test section were acquired via a two component Acoustic Doppler Velocimeter (ADV) and via the Large Scale Particle
Image Velocimetry (LSPIV) technique. The ADV
was utilized to take point measurements of the
streamwise and vertical velocity components at 40
locations around a representative clast (Figure
3b). At each location, the ADV measurements
were taken at 15 points at different depths resulting to a total 600 ADV measurements (Figure 3b).
The sampling period for each ADV measurement
was chosen to be 2 minutes. The ADV measurements were feasible only for the HRS runs. LSPIV
measurements were also performed to resolve the
velocity distribution at the water surface for both
HRS and LRS runs but without the presence of the
clasts. The LSPIV technique relies on recording
the movement of tracer particles seeded on the
water surface and subsequently trace the movement of these particles for producing velocity vectors. The tracer particles were 2 mm in diameter,
Styrofoam particles that were seeded 0.50 m upstream of the clast section. Their movement was
recorded with a Canon ZR85 Digital Camcorder
mounted above the observation area at a rate of 30
frames per second for a total of two minutes. The
captured video was converted to a sequence of
images, which were enhanced via the Photoshop
software. The enhanced images were then supplied to the LSIV software, which analyzed each
successive pair of images and produced an instantaneous surface velocity map. These maps were
then averaged over the period of one minute.

The different τ* levels for the low and high relative submergence scenarios, were achieved by
adjusting the flume bed slope, S, because the flow
depth, H, was kept constant for each scenario.
Uniform flow conditions along the complete
flume length were ensured via a set of rods placed
one on top of the other along the flume width at
the exit of the flume and by accordingly adjusting
the volumetric flow rate, Q.
Each τ* level corresponded to a predetermined
multiple of the critical dimensionless shear stress
(τ*cr) for incipient motion of the entrainable material. The concept of the probability of entrainment was adopted as the incipient motion criterion
for this study, and the probability of incipient motion was set equal to 2% (Papanicolaou et al.
1999), which corresponds to an isolated particle.
The critical bed shear stress was determined via
image analysis of the particle incipient motion to
be τ*cr = 0.0085. The entrainable material consisted of a glass, spherical particle mixture with
diameters 8 mm, 15.9 mm, 19.1 mm, 22.2 mm and
25.4 mm, respectively. The fraction of each size in
the mixture was determined such that the mixture
grain size distribution matched the one from Oak
Creek (Diplas 1987). The particles of size were of
different color to facilitate their identification in
the images. The dimensionless bedload feed rate
at each τ* level was determined from a recalibrated version of the Paintal (1971) formula
against the data from Strom et al. (2004) as:
qs* =

qs
⎡ ⎛γ
⎞ 3⎤
ρs ⋅ ⎢g⋅ ⎜ s −1⎟ ⋅ d 50
⎥
⎠
⎣ ⎝γ
⎦

0.5

( )

= 0.0996⋅ τ *

2

(2)

where qs*= dimensionless bedload rate, qs = bedload rate, ρ and ρs = density of the fluid and the
sediment, respectively. The bedload rate was determined by drying and weighing the sediment
captured at a sediment trap placed at the exit section of the flume over a time interval of 5 minutes.
The measured sediment mass was divided by the 5
minute sampling time interval and the flume width
to calculate qs.
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tachement the flow continues to the next downstream clast, where the same pattern is observed
(Figure 4b). These observations are in good
agreement with the findings of previous researchers (Best et al. 2001; Shamloo et al. 2001).

Figure 4. Streamwise velocity contours constructed from the
ADV measurements for HRS for transects (a) 0Dy and (b) 3Dy.

A comparison of the streamwise velocity magnitude in transects 0Dy and -3Dy, (Figures 4a and
4b, respectively) reveals that the streamwise velocity magnitude increases at the outer transect 3Dy (Figure 4b) comparatively to the middle transect 0Dy (Figure 4a). It is postulated that this increase is due to the presence of secondary currents
in the flume transverse direction. The width/
depth ratio of the flume is B/H =5.2, which is
close to the upper threshold value where secondary currents become negligible (B/H =5.2) (Tamburino and Gulliver, 1999). However, the presence of the clasts amplifies the formation of the
secondary currents in the adjacent region between
the clasts. The secondary currents give rise to the
formation of streamwise vortices in this adjacent
region, which downwell close to the flume walls.
This flow downwelling leads to the increased
streamwise velocity magnitude of transect -3Dy
comparatively to transect 0Dy.
Figure 5 illustrates a comparison of the measured velocity profiles at transect -3Dy against the
logarithmic law for rough boundaries (Kironoto
and Graf, 1994). This comparison allows to evaluate the effects that the additional form roughness due to the presence of the clasts has on the
flow. The measured velocity profiles are in good
agreement with the logarithmic law at the outer
layer, whereas a considerable deviation from the
logarithmic law appears in the overlap layer. This
deviation becomes more significant for the locations within the stagnation region behind the clast

Figure 3. (a) Perspective view of the clast section and (b)
ADV measurement transects.

3 RESULTS
3.1 Flow Analysis Around Clasts
Figures 4a and 4b show maps of the vertical
streamwise velocity plane that were produced
from the ADV profiles at transects 0Dy and -3Dy
(Figure 3), respectively for the HRS conditions.
These figures indicate that as the flow approaches
a clast, the flow separates and an upper and a lower layer appear along the flow depth. Fluid moving in the upper layer towards the free surface is
minimally affected by the presence of the clast,
whereas fluid of the upper layer close to the crest
of the clast accelerates. In contrast, fluid in the
lower layer decelerates and a recirculation region
develops behind the clasts, where the streamwise
velocity attains very small positive or even negative values. The recirculation region extends between 2dc-4dc downstream of the clast. A free
shear layer develops at the interface of the upper
and lower layers in the clast wake, extending from
the crest of the clast and terminates at the point of
the flow reattachment. Beyond the point of reat796

and is the smallest for profile 5Dx, which is located farthest away from the clasts. This deviation
is attributed to the flow structures and more specifically to the horseshoe (HS) vortex (Shamloo et
al. 2001) generated around the clast as the flow
impinges on the clast and separates around it.

Figure 5. Comparison between the measured velocity profiles along transect 0Dy and the log law.

Furthermore, Figure 5 shows that at least 3 of
the plotted 11 profiles (i.e. profiles 0Dx and 1Dx)
of transect 0Dy show that the streamwise velocity
decreases close to the water free surface. This indicates that in the HRS regime, the presence of the
clasts is barely felt in the free surface. This can also be verified from the water surface velocity
maps produced by the one-minute average of the
LSPIV measurements, shown in Figure 6a. The
flow field for HRS conditions in Figure 6a is
symmetric about the flume centerline and there is
a gradual reduction of the surface velocity from
the flume centerline towards the flume walls. The
measurements from the LSPIV method are also in
agreement with the ADV profiles.
In contrast, for LRS conditions, the surface velocity field consists of patches of low and high
speed moving fluid (Figure 6b). This suggests that
the effects of the bed surface roughness are well
depicted at the free surface, which in turn indicates that the flow distribution at the free surface
directly reflects the spatial distribution of the
clasts.

Figure 6. Surface velocity maps for (a) high and (b) low relative submergence conditions.

Figure 7 is a plot of the vorticity map at the
water surface around a clast obtained by the
LSPIV surface velocity measurements for the
LRS regime. The vorticity map clearly highlights
the limbs of the horseshoe vortex that develops
around the clast. The two HS vortex limbs have
vorticity of opposite sign, and thus act as a sweep
in the clast wake region. The HS vortex extends
approximately 3.5dc downstream of the clast. The
fact that the HS vortex can be captured by surface
velocity measurements indicates that under LRS
conditions, it occupies the complete flow depth.
This finding further supports the fact that the patterns of the velocity at the water surface under
LRS conditions are regulated by the presence of
the clasts.
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Figure 8. Superimposed LSPIV seeding material with the
cluster depositional patterns.

Figures 9a and 9b show representative patterns
of deposited bedload particles around a clast for
the HRS and LRS regimes, respectively. Under
the HRS regime, particles typically deposit at the
downstream face of the clasts. This is attributed to
the development of the stagnation region behind
the clasts (Figure 4a), which offers sheltering to
the incoming particles from the flow action. In
contrast, under the LRS regime, particles accumulate at the upstream face of the clasts. Particles
tend to be deposited at same locations as the crests
of the waves that form due to the presence of the
clasts (Figure 9b). This observation further supports the argument that clasts dictate the depositional patterns of incoming sediment under the
LRS regime.

Figure 7. Surface vorticity maps around a clast for HRS
conditions.

3.2 Interaction Between Flow And Clasts
Figure 8 shows an image of the LSPIV seeding
material superimposed on an image of the flume
bed topography during the LRS runs. The white
patches in the image highlight the structure of the
horseshoe vortex around each clast. The limbs of
each horse vortex extend to the vicinity of a
downstream clast. The incoming bedload particles
deposit between the limbs of neighboring horseshoe vortices at the upstream face of the clasts. In
contrast, no significant deposition is observed in
the wake of the clasts, which is attributed to the
presence of the HS vortex and its counter-rotating
limbs. The latter indicates that the depositional
patterns under LRS conditions are predominantly
regulated by the flow structures (i.e. horseshoe
vortices) developing around the clasts. Therefore,
the sediment deposition patterns around the clasts
are dictated by the clast geometry, which affects
the flow patterns around the clasts.

4 CONCLUSIONS
This research presented an experimental investigation of the role of relative submergence on the
interaction between rocks and the surrounding
flow and association of this interaction to the depositional patterns of incoming sediment around
the rocks. A series of experiments were conducted
for each of these two flow regimes. Velocity measurements were collected at the vicinity of the
clasts via Acoustic Doppler Velocimetry (ADV)
and Large Scale Particle Image Velocimtery
(LSPIV). The main finding of this study was that
different flow structures develop around the clasts
for high and low relative submergence. For high
relative submergence, a stagnation region developed behind the clasts but their presence was not
reflected in the free surface. Instead, for low relative submergence, the presence of the clast was
felt at the water free surface and a horseshoe vortex with counter-rotating limbs developed around
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the clasts. The sediment deposition patterns
around the rocks were different under high and
low relative submergence regimes and were dictated by the flow structures generated due to the
clast presence. Under HRS the incoming sediment
deposited predominantly within the stagnation region of the clast. Instead, for LRS conditions incoming sediment accumulates in the stoss region
of the clast. The findings from this study are the
first step for an improved understanding of the
hydraulics of these rock structures, which will
contribute to the establishment of a mechanistic
approach for the design and placement of rock
structures in mountainous streams.
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Diffusion coefficient of suspended sediment and kinematic eddy
viscosity of flow containing suspended load
Tetsuro Tsujimoto

Nagoya HydraulicResearch Institute for River Basin Management, Nagoya University, Nagoya, Japan

ABSTRACT: Diffusion coefficient of suspended sediment (εs) and kinematic eddy viscosity (νt) of flow
containing suspended load have not clearly been solved based on suspended sediment behavior. As for εs,
the kinematic eddy viscosity or the turbulent diffusion coefficient of momentum of water for clear water,
νt0, is often employed, or it is sometimes empirically modified. When a suspended sediment particle is
expressed by using the probability density of its existence height f(y) as a result of random motion driven
by turbulence, its transitional probability can be related to the characteristics of turbulent flow
represented by a parameter νt. While, f(y) must be similar to the concentration distribution of suspended
sediment C(y) governed by a diffusion equation with a parameter εs. It has suggested us an estimation of
the turbulent Schmidt number (νt/εs). As for an interaction between suspended particles and turbulent
flow, the fluctuations of drag force and turbulence have been focused on in a k-ε turbulence model, the
correlation of which appears in transport equations of k and ε. This approach has suggested how νt increases from νt0 with depth averaged concentration of suspended load.
Keywords: Suspended sediment, Diffusion coefficient, Kinematic eddy viscosity, Diffusion model, Stochastic model, Turbulent model
and that the eddy kinematic viscosity, νt, is obtained by the log law for open channel turbulent
flow as follows:

1 INTRODUCTION
The mechanics of sediment transport with open
channel turbulent is one of the most fundamental
topics of river hydraulics, but the details have not
systematically understood. The behavior of suspended sediment is subjected to the turbulent flow
structure, while it is influenced by suspended sediment.
The suspended sediment concentration profile
under equilibrium is governed by the following
equation,
w0 C ( y ) = ε s

dC ( y )
dy

y⎛
h⎝

(3)

where κ=Karman’s constant, u*=shear velocity,
and h=flow depth, respectively. Lane & Kalinske
(1940) employed a constant value for νt which is
for example given as the depth average value of
Eq.(3) (νt =κ u*h/6).
Figure 1 shows the vertical distribution of diffusion coefficient of suspended sediment obtained
by Coleman (1970). From the depth average, it
demonstrates that the value of β, the ratio of εs to
νt, And the reciprocal of which is termed “turbulent Schmidt number,” changes with the ratio of
w0 and u*. Furthermore, its vertical change has a
different deviation from the form of Eq.(3) in the
outer layer.

(1)

where C(y)=concentration distribution of suspended sediment, w0=settling velocity of sand,
εs=turbulent diffusion coefficient of suspended
sediment, and y=height from the bed, respectively.
Rouse (1937) obtained the concentration distribution by assuming that

ε s = βν t

y⎞
h⎠

ν t = κu* h ⎜1 − ⎟

(2)
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the existing height of a single particle, f(y), is regarded to be similar to C(y).
When the existence of the bottom and the water
surface are neglected and it is assumed that the
probability of displacement of a particle is independent of y for simplicity, the governing equation of the probability density that a particle exists
at the height y at the time t, f(y; t), is written as
follows:

Rouse model β=1.0

f ( y; t + Δt ) =

∞

∫ f ( y −η ; t )g (η )dη

(5)

−∞

where Δt=time step for stochastic process; and
g(η)=probability density of {η}, the particle displacement during Δt, respectively. The expected
value and standard variation of {η}, E[η] and ση,
are given as follows:

Figure 1. Vertical distribution of diffusion coefficient of
suspended sediment.

E [η ] = − w0 Δt , σ η = kη v'rms Δt

As for the flow containing suspended sediment,
the change in the turbulent structure was investigated, and previously the decrease in Karman’s
constant was focused (Einstein & Chien, 1958;
Hino, 1963; Karim & Kenedy, 1983). Current interpretation is that Karman constant is universal
but the wake effect which is superimposed on the
log law in the outer layer changes the turbulent
structure (Coleman, 1981). Then, the velocity profile is written as
U 1 y
2Π 2 ⎛ πy ⎞
= ln + Bs +
sin ⎜ ⎟
u* κ k s
κ
⎝ 2h ⎠

(6)

where kη=the ratio of vertical component of
particle-speed fluctuation to v’rms (kη≅1.0). Taylor’s expansion of f(y-η; t) around f(y; t) and manipulating the right hand term of Eq.(5) gives the
following expression.
f ( y; t + Δt ) = f ( y; t ) − E [η ]

[ ]

∂f 1
∂2 f
+ Eη2
+ ⋅⋅⋅⋅⋅
∂y 2
∂y 2
(7)

where E[·]=expected value operator.
Under equilibrium, f(y, t+Δt)=f(y,t), and thus
Eq.(7) yields the following equation with respect
to f(y) after neglecting the higher-order terms.

(4)

where
Π=wake
strength
parameter,
ks=equivalent sand roughness, Bs=a function of
Re*=u*ks/ν given by Nikuradse’s experiment,
and ν=kinematic viscosity. According to Coleman, Π value increases with depth-averaged concentration of suspended sediment, and it corresponds to larger value of νt in the outer region and
thus larger εs.
In this paper, it is focused on how the turbulent
diffusion coefficient of suspended sediment differs from the kinematic eddy viscosity which is
turbulent diffusion coefficient of momentum of
water and how the turbulent structure deviates
from the clear water flow by containing suspended
sediment, based on minute description of behaviors of flow and sediment.

E [η ] f =

[ ]

1
∂f
Eη2
∂y
2

(8)

This form is similar to Eq.(1) with respect to
C(y), and f(y) and C(y) are regarded proportional
to each other. Comparing Eq.(8) with Eq.(1), we
obtain the following equation (Tsujimoto, 1984).

[ ]

E η 2 u*2 Δt ⎡ 2 ⎛ v' rms
⎢kη ⎜
=
εs =
2Δt
2 ⎢ ⎜⎝ u*
⎣

2
2
⎞ ⎛ w0 ⎞ ⎤
⎟⎟ + ⎜⎜ ⎟⎟ ⎥
⎠ ⎝ u* ⎠ ⎥⎦

(9)

When (w0/u*)→0, particle motion responds to
the turbulence so well to regard εs as νt, and then,
Δt should be decided as follows, which is important on conducting stochastic simulation.
2ν t*
u* Δt
=
h
(kηφv )2

2 TURBULENT DIFFUSION COEFFICIENT
OF SUSPENDED SEDIMENT

ΠT ≡

Yalin & Krishnappan (1973) conducted an analysis of concentration profile of suspended sediment, where the probability density function of

where νt*≡νt/(u*h); φv≡v’rms/u*; and these
depth-averaged values are κ/6 and 0.8, respectively; then ΠT is around 0.21, which corresponds to
Lagrangian time-scale of turbulence.
802

(10)

The ratio of the turbulent diffusion coefficient
of suspended sediment to the kinematic eddy viscosity (the inverse of Schmidt number) is estimated as a function of (w0/u*) as follows.

ε
1 ⎛ w0 ⎞
⎜ ⎟
β ≡ s = 1+
νt
(kηφv )2 ⎜⎝ u* ⎟⎠

3 OPEN CHANNEL TURBULENT FLOW
CONTAINING SUSPENDED LOAD
Though suspended sediment particles follow turbulent motion from the time average view point,
their instantaneous behaviors never respond to the
turbulence instantaneously, and they show a statistical correlation. Hence, the drag force acting
on a paricle is written as (Fdx+fdx, fdy), where Fd is
time average and fd is fluctuation of drag force, respectively. The subscripts x, y imply the longitudinal and vertical components, respectively. Then
the governing equations for turbulent flow with
suspended sediment are given as follows including the equations with respect to the turbulent
energy and its dissipation.

2

(11)

Kerssens et al. (1979) obtained the following
empirical relation for β by regression of the data
from the Enoree River (Coleman 1970), where
the depth-averaged value of β was shown.
⎛w ⎞
ε
β ≡ s = 1 + α 1 ⎜⎜ 0 ⎟⎟
νt
⎝ u* ⎠

α2

(12)

where α1=1.54 and α2=2.12. The theoretically
deduced Eq.(11) is consistent to Eq.(12) where
α1=1.56 and α2=2.0 and it is extremely close to
the above empirical regression.
Figure 2 shows the comparison between the data by Coleman and Eq.(11). In addition, Figure 3
shows the fitting parameter in Rouse profile of
suspended sediment concentration, Z1=w0/(βκ u*)
is well explained by the present analysis.

gI −

∑ Fdx

ρ

+

⎛ du ⎞⎤
d ⎡
⎢(ν +ν T )⎜⎜ ⎟⎟⎥ = 0
dy ⎣
⎝ dy ⎠⎦

ν T ⎞ dk ⎤
d ⎡⎛
⎟ ⎥ + Pk − ε + G − S E = 0
⎢⎜⎜ν +
σ k ⎟⎠ dy ⎦
dy ⎣⎝
νT
d ⎡⎛
⎢⎜⎜ν +
σε
dy ⎣⎝
+

ε
k

(13)

(14)

⎞ dε ⎤
⎟⎟ ⎥
⎠ dy ⎦

{C1ε [Pk + (1 − C3ε )G ] − C 2ε − C 4ε S E } = 0
(15)

G ≡ β Sν t (σ / ρ − 1)g

SE ≡

∑ (u ′f

dx

νt ≡

(16)

)

(17)

ρ

⎛ du ⎞
Pk ≡ ν T ⎜⎜ ⎟⎟
⎝ dy ⎠

Figure 2. Comparison between the present theory and
Coleman’s data in Schmidt number.

+ v′f dy

dC
dy

2

(18)

Cμ k 2

(19)

ε

where G=turbulent energy production due to
buoyant force acting on suspended particles
(Eq.16), SE=turbulent energy dissipation due to
suspended sediment motion in turbulent flow
(Eq.17), and Σ implies the summation with respect
to the particles to require the assumed depthaveraged concentration. The drag term for each
particle is written as follows:

Figure 3. Change of parameter Z1 in Rouse profile of suspended sediment concentration with (w0/u*).

Fdi + f di =
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AC
1
ρC D ρ u pi − u i u p − u 2
2
A3 d

(

)

(20)

Where u p =(up, vp)=instantaneous velocity of
suspended particle; u =(u+u’, v’)=instantaneous
fluid velocity and they are expressed as vectors.
When the flow behavior is calculated, the numerical parameters for k-ε modeling, are set as the
standard values except C4ε, as follows (Rodi,
1984): Cμ=1.44, C1ε =1.44, C2ε =1.92, C3ε =0.8,
σk=1.0, σε=1.3 and βS=1.0.
The particle behavior is governed by the following equation (in vector form) when the flowfield is given
du p
⎞
1
= − ρC D ρ u p − u u p − u
+ C M ⎟⎟ A3 d 3
dt
2
⎠
⎝ρ
A C ⎛σ
⎞
du
− ρ 2 ⎜⎜ − 1⎟⎟ gA3 d 3 + ρ (1 + C M )A3 d 3
A3 d ⎝ ρ
dt
⎠
⎛σ

ρ ⎜⎜

(

)

20.0

15.0

10.0

5.0

(21)

100

2

4

6 8

101

2

4

6 8

102

2

y/ks
Figure 4. Comparison between the calculated velocity profile of sediment laden flow and measurement by Vanoni &
Nomicos (1966).

where g =gravity acceleration vector.
When the uniform flow is considered, the particle behavior in the vertical direction is simulated
by the following equations:

v' (t ) = ς ⋅ v'rms ; v'2rms = 0.34k

Clear
Sediment-Laden
Vanoni & Nomicos

U/u*

20.0
U/u*

(22)

15.0

where {ζ}=random number uniformly distributed in (0, 1). By Monte-Carlo simulation, one
can obtain up(t) and the existing height probability
density f(y) by solving Eq.(21). This procedure is
employed to describe the correlation between turbulence and stochastic behavior of a suspended
particle to apply to Eq.(17).
If the depth-averaged concentration Cm is given, the concentration distribution is written as
C(y)=Cmf(y). Using Eq.(20), the time series of the
drag is obtained, and one can evaluate the interaction term (SE) in Eqs.(14) and (15).
Figure 4 shows the calculated velocity profile
of sediment laden flow for the experiment by Vanoni & Nomicos (1960), and the present analysis
fairly well describes the deviation of velocity profile for sediment laden flow from the one for clear
water flow. The calculation was conducted with
the increase of the sediment concentration. As a
result, Figure 5 demonstrates how the velocity
profile deviates from the log law with the increase
of Cm.

Clear
Sediment-Laden
Cm=0.0017
Cm=0.0030
Cm=0.0040

10.0

5.0
100

2

4

6 8

101

2

4

6 8
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2

y/ks
Figure 5. Deviation of velocity profile of sediment laden
flow from clear water flow with increase of suspended sediment concentration.

The change of velocity profile is characterized
by the increase of velocity gradient and previously
it has been represented by the decrease of Karman’s constant. Figure 6 is prepared from this
view point, and the result of the present model is
consistent to the previously collected data and Hino’s
theoretical
results
(1963),
where
κ0=Karman’s constant for clear water flow (=0.4).
As mentioned also in Chapter 1, current interpretation is that the deviation of velocity profile appears in the outer layer, and the wake strength parameter Π appearing in Eq.4 should be discussed.
In Figure 7, the wake strength parameters for the
measured profiles by Coleman (1970) are plotted
against the depth averaged concentration of suspended sediment, and the calculated results for
Figure 5 are also plotted. This figure supports that
the present analysis can describe the essential
properties of flow containing suspended sediment.
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In the flow with bed-load, the Reynolds stress
suppressed in the near bed layer and the velocity
profile deviates from clear water flow (Tsujimoto
et al., 1995). The internal turbulent structure,
represented by the kinematic eddy viscosity, for
example, is hardly degenerated.
On the other hand, in the flow with suspended
sediment, the Reynolds stress cannot be degenerated but the internal turbulent structure is degenerated. This is clearly seen in Figure 9, where the
change of kinematic eddy viscosity over the depth
is shown and it deviates from the clear water condition (represented by Eq.4) significantly in the
outer layer.

Figure 6. Change in apparent Karman’s constant for sediment laden flow .

y/h

Figure 7. Relation between wake strength parameter and
depth averaged concentration of suspended sediment.

νt/(u*h)
Figure 9. Change in distribution of kinematic eddy viscosity
along depth with suspended sediment concentration..

On the other hand, Figure 8 shows the calculated distribution of Reynolds stress, τt(y), and it
hardly deviates from the triangular profile for the
clear water flow. It is consistent to the fact that the
drag term of suspended sediment is zero in the
time average and it is the most significant difference from bed-load sediment.
1.0

4 CONCLUSION
In turbulent flow containing suspended load, the
turbulent structure changes because of the correlation between turbulence and stochastic behavior
of suspended particles (the cross correlation between turbulent velocity and fluctuation of drag
force on a particle), and it promotes larger wake
strength parameter. This effect is emphasized with
increases of the depth averaged concentration of
suspended sediment. By taking account of cross
correlation term of turbulence and drag force, the
change of the kinematic eddy viscosity (νt) from
that in clear water flow (νt0) against the depth averaged sediment concentration (Cm) can be evaluated. Such a change of internal structure of turbulence brings larger gradient of velocity profile
in outer layer, which has been recognized as a decrease of the apparent Karman constant and currently recognized as the increase of the wake
strength parameter (Π).
On the other hand, the turbulent diffusion coefficient of suspended sediment εs, which governs

Clear
Sediment-Laden
Cm=0.0017
Cm=0.0030
Cm=0.0040

y/h

0.5

0.0

0.0

0.5

-uv/u2*

Clear water
Sediment-Laden
Cm=0.0017
0.0030
0.0040

1.0

Figure 8. Reynolds stress distribution.
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the concentration profile of suspended sediment,
is somewhat different from the kinematic eddy
viscosity νt which is the turbulent diffusion coefficient of momentum of water, though they have
been often identified or empirically related to each
other. In this study, by comparing diffusion theory
and stochastic model for a suspended particle, the
ratio of εs to νt is investigated. Based on the fact
that the governing equation for concentration profile C(y) and that for probability density of existence height of a suspended sediment f(y) are mathematically similar, the time scale for conducting
stochastic simulation of suspended particle in turbulent flow and the ratio of εs to νt have been deduced simultaneously. The obtained relation for
the ratio of εs to νt against the ratio of shear velocity and settling velocity of a suspended particle is
quite consistent to the empirical regression relation.
Summarizing the former and latter parts of this
paper, we are now able to evaluate how the turbulent diffusion coefficient deviates from the kinematic eddy viscosity for clear water flow or the
diffusion coefficient distribution of suspended sediment from the diffusion coefficient of momentum of water, as shown in Figure 1.
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method for determining the distribution of suspended
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ABSTRACT: In this study, the intelligent methods such as fuzzy logic and neural networks are used to
predict the suspended sediment load as a function of water discharge data and the results compared with
rating curve method. Two intelligent methods, Artificial Neuro-Fuzzy Inference Systems (ANFIS) and
Artificial Neural Networks (ANN), are trained using measured data of Ekbatan reservoir sub basin, which
is located in the west of Iran, between 1964 and 2006. To identify the influence of time period of water
discharge data on suspended sediment load, four scenarios are examined and the best scenario, which
simulates suspended sediment load at time""using water discharge data at the same time, is used for
prediction of suspended sediment laod of Ekbatan sub basin.The Mean Squared Error (MSE), Root Mean
Squared Error (RMSE), Mean Absolute Error (MAE), and Relative Error (RE) are used as error
evaluation criteria to train, verify, and compare the results of developed models. Results show that the
developed intelligent methods, Artificial Neuro-Fuzzy Inference Systems (ANFIS) and Artificial Neural
Networks (ANN), are more accurate than rating curve. Study results also show that the ANFIS is more
accurate than ANN for estimation of suspended sediment load as a function of discharge.
Keywords: ANFIS, ANN, Rating Curve, Suspended Sediment Load, EKbatan Reservoir
and sediment yield using artificial neural networks
as daily, weekly, ten-daily, and monthly monsoon
runoff and sediment yield from an Indian
catchment using back propagation artificial neural
network (BPANN) technique, and compared the
results with observed values obtained from using
single- and multi-input linear transfer function
models. They showed that the ANN model gives
pretty reliable results. Kisi (2005) investigated the
abilities of neuro-fuzzy (NF) and neural network
(NN) approaches to model the stream flow–
suspended sediment relationship for two
stations—Quebrada Blanca station and Rio
Valenciano station—operated by the US
Geological Survey. He found that the NF model
gives better estimates than the other technique.
The scope of this study is the suspended
sediment estimation of Ekbatan dam using an
intelligent method to get more accurate results
compared to the rating curve. Two ANN and
ANFIS algorithms are trained using measured
water and sediment discharge data of Yalfan
gauging station which is located at the entrance of
Ekbatan dam in Iran. Dependency of suspended

1 INTRODUCTION
Although suspended sediment load can be
predicted using numerous developed equations
their results often differ from each other and from
measured data due to complexity of sediment
transport nature. In recent years, simulation
models for prediction of suspended sediment load
of rivers have been popular among researchers
because of Progress of computer models.
Artificial Neural Networks (ANN) and Artificial
Neuro-Fuzzy Inference Systems (ANFIS) are two
well-known models for prediction of hydraulic
and hydrology events. Many researchers have
studied the application of Artificial Neural
Networks in vital topics of hydrology and
hydraulics such as prediction of sediment load,
rainfall-runoff modeling, flow prediction etc.
Cigizoglu (2002) made a comparison between
ANNs and SRC for suspended sediment
estimation and found that the estimations obtained
by ANN’s were significantly superior to the
corresponding classical sediment rating curve
ones. Agarwalet et al (2006) simulated the runoff
807

where f is a transfer function.
Detailed information can be found in related
literature such as Lingireddy and Brion (2005).

sediment load at time t to water discharge at
different time periods, such as t and t-1, is
evaluated using four scenarios for measured data
of a US Geological Survey station where
sufficient required data are available. The best
scenario is applied for suspended sediment
estimation of Ekbatan sub basin using ANFIS and
ANN.
Four statistic parameters have been used to
determine the accuracy of the models.

3 ANFIS MODEL
Jang (1993) presented Adaptive Neuro-Fuzzy
Inference Systems (ANFIS). As Figure 2 shows,
the ANFIS model includes 5 layers that are
summarized below.
Layer 1: Every node i in this layer is an
adaptive node with node functions such as

2 ANN MODEL

Ol ,i = μAi ( x )

An ANN consists of a number of data processing
elements called neurons or nodes that are grouped
in layers. The input layer neurons receive input
data or information and transmit the values to the
next layer of processing elements via connections.
This process is continued until the output layer is
reached. This type of network in which data flows
in one direction (forward) is known as a feedforward network. The application of ANN models
has been the topic of a large number of recent
literatures, such as the book by Lingireddy and
Brion (2005).
A model of a neuron has three basic parts:
input weights, a summer, and an output function.
The input weights scale values used as inputs to
the neuron, the summer adds all the scaled values
together, and the output function produces the
final output of the neuron. Often, one additional
input, known as the bias is added to the system. If
a bias is used, it can be represented by a weight
with a constant input of one. Figure 1 shows a
simple ANN with three inputs and one output.

(2)

where x is the input to the i th node and Ai is
a linguistic label associated with this node. Ol ,i is
the membership grade of a fuzzy set A and it
specifies the degree to which the given input x
satisfies the quantifier A. The membership
functions for A can be shown as
1

μ A ( x) =
1+

x − ci
ai

2 bi

(3)

where a, b, and c are the parameter sets. As the
values of these parameters change, the bell-shaped
function varies accordingly, thus exhibiting
various forms of membership functions on
linguistic label Ai . In fact, any continuous and
piecewise differentiable functions, such as
commonly used triangular-shaped membership
functions, are also qualified candidates for node
functions in this layer. Parameters in this layer are
referred to as premise parameters. The outputs of
this layer are the membership values of the
premise part.

Figure 1. A schematic neuron model

I 1 , I 2 and I 3 are the inputs, w1 , w2 and w3 are
the weights, B is the bias, x is an intermediate
output, and a is the final output. The equation for
a is given by

a = f ( w1 I 1 + w 2 I 2 + w3 I 3 + B )

Figure 2. ANFIS architecture.

Layer 2: This layer consists of the nodes
labeled π which multiplies incoming signals and
sends the product out. For instance, in node 1

(1)
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w i = μ Ai ( x1 ) μ Bi ( x 2 )

(4)

in Ekbatan case study. Because of lacke of
measured data at Ekbatan reservoir, the measured
data of Delaware river was taken to compare the
differen scenarios.

Layer 3: In this layer, the nodes labeled N
calculate the ratio of the i th rule’s firing strength
to the sum of all rules’ firing strengths
w
w = n i , i = 1,2,..., n
(5)
∑ wi

The models are verified using data between
1974 and 1975. Table 1 shows the statistic
parameters of data used for training and testing
the models. Since the available data include a
wide range of data, which can be seen in Table 1,
the following equation is used to normalize
measured data.

1

Layer 4: This layer’s nodes are adaptive with
node functions
Z i = w i f i = w i ( p i x 1 + q i x 2 + ri )

(6)

where pi , qi , and ri are named consequent
parameters.
Layer 5: This layer’s single fixed node labeled
Σ computes the final output as the summation of
all incoming signals

∑w
i =1

i

where X Normal is normalized data, X i is ith
data, and X Max. is maximum value.
Table 1. Statistic parameters of USGS data
Data
Average Max. Min.

(7)

fi

Training
data

n

Verificati
on data

More information on ANFIS can be found in
Jang (1993).
4 SEDIMENT RATING CURVE
Regression approach is an alternative to estimate
the suspended sediment load concentration.
Sediment-discharge rating curve is a regression
approach that connects the river hydrology to
sediment transport. The rating curve estimates
sediment load using flow discharge in the
following form
Qs = aQwb

(9)

X Normal = X i X Max .

Discharge

Standard
deviation

(m 3 s)

190.8

2710

44.7

186.2

(mg l )

11.1

640

0

29.5

(m 3 s)

205.8

2030

44.2

37178

(mg l )

7.8

169

1

135.6

Sediment
Discharge
Sediment

5.1 Input and Output Scenarios
If Ct shows sediment concentration at time t ,
which its unit is day, and water discharge at the
same time is Qt , four following scenarios are
evaluated using ANFIS and ANN to identify the
best relation between sediment and water
discharge.
1- C t and Qt
2- C t and C t −1
3- C t , Qt , and Qt −1
4- C t , C t −1 , Qt , and Qt −1

(8)

where Qs is the suspended sediment discharge,
Qw is flow discharge, and a and b are the
coefficients determined by regression analysis.

5.2 Error Evaluation Criteria

5 EVALUATION OF INPUT AND OUTPUT
DATA

The Mean Absolute Error (MAE), Mean Squared
Error (MSE), Root Mean Squared Error (RMSE),
and Relative Error (RE) are used to estimate the
quality of results with measured data.

To evaluate the importance of choosing proper
sediment and water discharge in the case of time
period, the measured data of a US Geological
Survey gauging station, which contains a wide
range of required data, is used for test of different
scenarios. The measured data of station number
01442750 (DELAWARE R AT DUNNFIELD,
NJ) between 1969 and 1973 is used to train
developed ANFIS and ANN models. Of course,
the relation of sediment and water discharge
differs in Delaware and the gauging station used

MAE
RE =
MSE =
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=

1
n

n

∑

i =1

y actual

( y actual − y

forecast

y actual
1
n

∑ (y

− y
)

forecast

× 100
2

n

i =1

i

actual

i

− y forecast

i

)

i

(10)
(11)
(12)

RMSE

=

1
n

∑ (y
n

i =1

actual

i

− y

forecast

)

2

i

Table 3. Comparison of accuracy of models
Scenario
Model
Error
1
2
3
MAE
3.18
4.38
6.03
MSE
24.3 100.7
110.6
ANFIS
RMSE
4.9
10.0
10.5
RE (%)
3.83 124.2
11.1
MAE
8.1
8.8
11.1
MSE
179
403.7
418.5
ANN
RMSE
13.5
20.1
20.4
RE (%)
21.1
24.0
49.4
MAE
9.0
MSE
196.4
SRC
RMSE
14.0
RE (%)
37.4
-

(13)

5.3 ANFIS and ANN Development
Two MATLAB codes were prepared for ANFIS
and ANN models. These codes and measured data
of DELAWARE station are used to train and
verify the models. After try-and-error tests, the
best ANFIS and ANN network found in this study
is the one with 3 layers including one input layer,
one middle layer, and one output layer. The best
membership function in ANFIS model is the
Gaussian function which input parameters are
classified as low, average, and high. The
architecture of the ANFIS and ANN models are
given in Table 2. The third column indicates
which input parameters are classified as low,
average, and high in the ANFIS model. The fourth
colum indicates which the ANN models have 3
layers. The first digit stands for the number of
input data, the second one for the number of
neurons in the middle layer, and the last one for
the number of output data.
Table 2. Developed ANFIS and ANN models
Scenario
Input data
ANFIS
1
Qt
3
2
C t −1
3
3
Qt and Qt −1
3
4
C t −1 , Qt , and Qt −1
3

4
3.83
124.2
11.1
19.2
7.7
496.7
22.3
32.2
-

Also, the efficiency of models to estimate the
peak value of sediment concentration has been
tested and the results are summarized in Table 4.
This table shows that while ANN and SRC
models have significant error to estimate peak
sediment concentration, ANFIS model has closer
results to measured data.
Table 4. Accuracy of models for peak sediment estimation
Estimated data
Relative error % (RE)
Measure
d peak
ANFI
AN
SR
ANFI
AN
SR
data
S
N
C
S
N
C
227
250
297
97
10.3
30.8 57.2
180
200
240
59
11.1
33.4 67.2
140
120
81
43
14.1
42.2 69.2
168
151
116
119
10.3
30.8 29.3
78
85
99
28
9.0
27.0 64.2
112
101
79
94
9.8
29.5 15.8
99
112
138
21
13.1
39.4 78.3
200
190
170
63
5.0
15.1 68.4

ANN
(1,1,1)
(1,1,1)
(2,1,1)
(3,1,1)

All four scenarios have been modeled using
developed ANFIS and ANN models and their
results compared using the error evaluation
criteria. Comparison of results reveals that the
first scenario has the most accurate estimation.
Therefore, estimation of sediment load at time t,
Ct , using water discharge at the same time, Qt ,
has been chosen as the best scenario. The
estimation errors of ANFIS and ANN models
have been compared with sediment rating curve,
SRC, in Table 3. The second scenario, which
relates C t to C t −1 shows a big error which is
because of the less effect of these two sediment
parameters in prediction of the sediment discharge
compared to affect of water discharge. Also,
scenario 4 consist of C t −1 which results to big
error. This comparison indicates that the
estimation of the sediment load at time t, Ct , is
not affected by C t −1 .

In general, the results of ANFIS and ANN
models which were trained and verified using
measured data of a US Geological Survey gauging
station revealed that the estimation of suspended
sediment load at time t is more accurate when
water discharge at the same time is used as input
data. Therefore, the first scenario is applied for
estimation of suspended sediment load of Ekbatan
sub basin.
6 SUSPENDED SEDIMENT ESTIMATION OF
EKBATAN RESERVOIR
6.1 Ekbatan Sub Basin
The sub basin of Ekbatan reservoir extends
between 48 28′ and 48 42′ latitude and between
34 35′ and 34 45′ longitude. This sub basin is
located at the southeast of Hamadan which is one
of the biggest cities in the west of Iran. The area
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and perimeter of Ekbatan sub basin are about
221.55 km 2 and 62.2 km , respectively. The
maximum elevation of this basin is 3584 and the
minimum one is 1920 meter above the sea level.
The Ekbatan basin includes two rivers called Abro
and Abshineh with two gauging stations, Abro
and Yalfan, which are located in these rivers,
respectively. Water discharge data has been
measured from 1955 to 2006 at the Yalfan station.
Also, measured suspended sediment concentration
data are available between 1964 and 1995 and
another time period between 2003 and 2006.

results of ANFIS model with different number of
membership function and different type of input
and output data. As this table shows, the best
model has three membership functions and input
data must be in logarithmic normalized scale.
Table 6. Accuracy of ANFIS model of Ekbatan case study
with Gaussian membership function
Number of membership functions
Type of
Error
input data
2
3
5
MAE
109.6
91.8
93.4
MSE
42731
36123
33007
Raw data
RMSE
206.7
190.0
181.6
RE (%)
1.97
7.83
10.3
MAE
0.051
0.059
0.057
MSE
0.012
0.012
0.012
Normalized
data
RMSE
0.112
0.111
0.110
RE (%)
23.3
14.7
13.3
MAE
0.13
0.14
0.14
Logarithmic
MSE
0.030
0.033
0.033
normalized
RMSE
0.175
0.183
0.184
data
RE (%)
1.55
1.03
1.85

6.2 Results
ANFIS and ANN models have been trained using
the best scenario of the previous sections, which
relates sediment load at time t, to water discharge
at the same time. Also, for raising the accuracy of
the results, logarithmic scale of data have been
used to train and verify the developed models.
The ANN model has been trained using 300
sets of data at the Yalfan station which include
measured sediment concentration and water
discharge data. Also, 50 sets of measured data
have been used for verification. After try-anderror tests, the best ANN model found for Ekbatan
case study is the one with 3 layers including one
input layer, one middle layer, and one output
layer. The best model consists of one input, 2
middle, and one output nodes which should have a
Sigmoid transfer function. The accuracy of the
developed ANN model for three different types of
inputs and targets, raw data, normalized data, and
logarithmic scale of data, is shown in Table 5.
This table shows that the ANN model with
logarithmic normalized input and target data gives
more accurate results. Data normalization
decreases the data changes amplitude which
results decrease in error of a model.

The comparison of results of ANFIS and ANN
models for Ekbatann basin are denoted in figures
3 and 4. In these figures, gb means the bell-shaped
Gaussian membership function and the followed
digits indicates the Number of membership
functions.

chk data
anfis(gb,2)

1.2

anfis(gb,3)
anfis(gb,5)

1
0.8

log(Ton/day)

0.6
0.4
0.2
0
-0.2

1

3

5

7

9

11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

45

-0.4
-0.6
-0.8
-1

data series

Table 5. Accuracy of ANN model of Ekbatan case study
Raw
Normalized
Logarithmic
Error
data
data
normalized data
MAE
118.7
0.049
0.133
MSE
38640
0.0131
0.0311
RMSE
196.57
0.114
0.176
RE (%)
29.8
26.87
14.01

Figure 3. Comparison of ANFIS results with measured data

chk data

1.2

ann log

1
0.8

log (ton/day)

0.6

The ANFIS classifiers were designed by using
bell shaped membership function, Gaussian
membership function, and triangular membership
function.
The comparison of results showed that the bell
shaped Gaussian membership function has the
most accurate results among other tested
membership functions. Also the model classifies
input data to 3 classes. Table 6 compares the

0.4
0.2
0
-0.2

1

3

5

7

9

11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45

-0.4
-0.6
-0.8
-1

Data series

Figure 4. Comparison of ANN result with measured data
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The developed sediment rating curve of Yalfan
station has been used to compare the results of
ANFIS and ANN models with this regression
approach. Ganji (2006) classified the measured
sediment data to 10 statistical classes and used
data classification method to show the relation
between incoming sediment discharge and water
discharge by the following relation.

Qs = 21.421Qw1.6602

Table 8. Comparison of ANFIS, ANN, SRC models
Error
ANFIS
ANN
SRC
MAE
0.14
0.133
97.76
MSE
0.033
0.0311
37080
RMSE
0.183
0.176
192.56
RE (%)
1.03
14.01
-10.03

7 CONCLUSION

(14)

The best scenario for estimation of suspended
sediment load using water discharge and an
intelligent model such as ANFIS and ANN is
training these models with measured input and
output data at the same time. In other words, the
best combination of required data is the measured
suspended sediment load data at time t as input
and measured water discharge at the same time, t ,
as target or output.
The results of developed intelligent models
revealed that the ANFIS model is more accurate
than ANN and rating curve to predict the
concentration of suspended sediment load and
also rating curve is not as accurate as ANFIS and
even ANN. Also it is concluded that normalized
and logarithmic normalized input data produce
more accurate results than raw input data.

Where Qs is the sediment discharge ( ton / day ),
and Qw is the water discharge ( m 3 / s ).
In this study, the regression coefficient was
modified using FAO modification method.
Revised rating curve in USBR and data
classification methods are shown by equations
(15) and (16), respectively.
Qs = 17.76Qw1.46

(15)

Qs = 54.39Qw1.66

(16)

The results of these rating curves, which are
compared in Table 7, reveal that the rating curve
developed by data classification method is more
accurate compared to other methods.
Table 7. Accuracy of rating curve of Ekbatan case study
developed by different methods
FAO
Data
Error
USBR
Data
classification USBR
classification
MAE
85.79
97.76
80.66
237.92
MSE
49366
37080
39556
161674
RMSE
222.18
192.56
198.88
402.08
RE (%)
62.67
-10.03
31.83
-179.30
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ABSTRACT: The sediment particles having size smaller than 0.06 mm normally behave as cohesive
material. When sand and gravel are mixed with clay and silt, the mixture also exhibits certain amount of
cohesion. The erosion characteristics of such cohesive sediment mixtures are presented in this paper. The
process of incipient motion condition, bed load transport and suspended load transport of cohesive
sediment mixtures were observed to be significantly different from those of cohesionless sediments due to
complex and interactive behavior of such sediment mixtures. Clay percentage and unconfined
compressive strength of sediment bed are identified as the main parameters affecting the critical shear
stress and transport of cohesive sediment. The topic on erosion of cohesive sediment mixtures containing
clay and gravel was however not investigated in detail before.
Keywords: Cohesive sediment, Erosion, Transport, Clay percentage
1 INTRODUCTION

mixtures of sand, gravel and clay (Kothyari and
Jain, 2008). Figure 1 depicts a view for example,
showing presence of clay, sand as well as gravel
on the bank of the river Ganga at Rishikesh in
Himalayan Shiwaliks, India. Similarly Fig. 2
depicts view of the bed material composition of
the river Ganga at Rishikesh, India which vividly
confirms the presence of clay in the bed material
along with sand, gravel and other materials. In
the catchment areas of such rivers, removal of
soils takes place from land surface by the action
of rainfall and overland flow resulting into rill
erosion and gully erosion.
The condition of incipient motion and bed
load and suspended load transport of cohesive
sediments and their mixtures are affected by
large number of interdependent variable. The
characteristics of constituent sediments also play
an important role in such processes along with
the flow and fluid characteristics as in the case of
cohesionless sediments. For the given conditions
of these variables the transport rate of cohesive
sediments also varies with time (Jain, 2008). The
topic of erosion behavior of cohesive sediments
in the presence of clay and gravel is reviewed
herein. Some additional data on this aspect is
also presented.

Knowledge on erosion behavior of cohesive
sediments is necessary for solving various
problems like soil erosion in catchments,
reservoir sedimentation, river morphological
predictions etc (Jain and Kothyari, 2009).
Ecological investigations also require this
knowledge as cohesive sediments affect the
heath of aquatic ecosystem by degrading water
clarity and transporting pollutants (Aberle et al.,
2006). Information on erosion characteristics of
the cohesive sediment mixtures is also useful for
mitigating the problem of soil surface erosion
which may cause damage to the earth dams and
highway embankments. Engineering project
investigations for stream bank erosion and
stability, scouring around hydraulic structures
etc. would also benefit from such information
(Jain and Kothyari, 2010). The sediments like
clay normally behave as cohesive material.
When sand and gravel are mixed with clay and
silt, the mixture also exhibits certain amount of
cohesion. In nature, the land surface specially in
head water catchment and river bed and bank
material frequently consist of the mixture of
cohesive as well as cohesionless sediments like
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a sheet structure in which each hydroxyl is
shared by two units. Some of the most common
clay minerals are kaolinite, illite and
montmorillonite. Relative percentages of these
minerals present in clay affect its behavior. As a
result, presences of these minerals also affect the
interactive behavior of clay with sand and gravel
(Roberts et al., 1998). Montmorillonite is
responsible for swelling and shrinkage
characteristics of cohesive sediment. The data
from experiments conducted by the authors on
Illite clay are presented herein. In these
experiments the percentage composition of
various clay minerals as per Klages and Hopper
(1985) was Kaolinite = 17.6%, Illite = 60.3%,
Vermiculite = 15.3% and Chlorite = 6.8%.

Figure 1. River Ganga at Rishikesh, India

2.1 Engineering Characteristics of Cohesive
Sediments
Cohesive sediment dynamics is important for
several engineering and ecological applications
but its general theory is still unavailable (Black
et al., 2002). The cohesive sediments are
composed of small particles having large
specific area i.e. area per unit volume of
particles. Due to this, the surface physicochemical forces become much more important as
compared to the particle weight. The physicochemical forces include the attractive Van der
waals forces and other bonding forces such as
hydrogen bond, cat-ion bond, chemical
cementation between particles by various
compounds, the double layer and particle
interaction forces etc. in the clay-water medium.
These forces are not yet fully understood as
these vary with degree of saturation, type of
shear application, drainage condition, clay
percentage, and type of clay etc. (Ansari et al.,
2003). Therefore the resistance of cohesive
sediment to the shearing action of the stream
flow is yet to be quantified. This resistance of
cohesive sediment against erosion is primarily
the function of different states of the internal
structure of clay deposits and that varies from
loose honey-combed state to dense state
(Partheniades, 1965). The freshly deposited clay
bed has a highly honey-combed structure with
large void ratio. On the application of
consolidation or compaction, the void ratio
reduces and clay reaches to denser state having
higher resistance to erosion.

Figure 2. Bed material of river Ganga at Rishikesh, India

2 COHESIVE SEDIMENTS
The sediment particles having size smaller than
0.06 mm normally behave as cohesive material.
However the cohesive sediment particles
principally consist of clay minerals. The
crystalline minerals of which surface activity is
such that they develop cohesion and plasticity
are called clay minerals. These clay minerals are
mostly silicates of aluminum and/or iron and
magnesium. There are two fundamental building
blocks for crystalline clay mineral structures, one
is silica tetrahedral unit in which four oxygen
atoms having the configuration of a tetrahedron
enclose a silicon atom, producing a unit
approximately 4.6 A0 high ( Angstrom unit A0
=10-10m), the second building block is an
octahedral unit in which an aluminum, iron or
magnesium atom is enclosed in six hydroxyls
having the configuration of an octahedron which
is about 5.05 A0 high (Bowles, 1984).
The tetrahedral are combined in a sheet
structure in such a manner that oxygen of the
bases of all the tetrahedral are in a common
plane. The octahedral units are put together into

2.2 Clay-Gravel and Clay-Sand-Gravel
Mixtures
Jain and Kothyari (2009 & 2010) conducted
laboratory experiments by preparing cohesive
816

sediment mixtures by mixing clay material with
fine gravel and with fine sand-fine gravel
mixtures (each in equal proportion by weight) in
proportion varying from 10% to 50% by weight.
The amount of moisture content antecedently
present in cohesive sediment has great influence
on its physical properties (Ansari et al. 2002).
Depending upon the moisture content present,
the cohesive sediments change their stages i.e.
liquid, plastic and non-plastic (semi-solid) as
shown in Fig. 3. The tests were conducted under
maximum possible range of antecedent moisture
content so as to represent their different stages as
anticipated in field conditions. The cohesive
sediments were tested at various moisture
consistencies ranging from very soft soil with
negligible cohesion (viscous state) to hard soil
with a high value of cohesion. Maximum dry
densities and optimum moisture contents as
obtained using the standard Proctor compaction
test for various clay-gravel mixtures and claysand-gravel mixtures used in present study are
given in Fig. 4. It may be noted from Fig. 4 that
maximum value of dry density was attained in
cohesive sediment mixtures while the clay
percentage in the mixture varied from 20% to
30% by weight.
Dry
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Figure 4. Variation of dry density with moisture content
for clay-gravel and clay-sand-gravel mixtures

Viscous
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3 INCIPIENT MOTION OF COHESIVE
SEDIEMENT MIXTURES
For cohesionless sediments the critical shear
stress can be reliably determined by using any
one of the versions of Shields’ function from
knowledge of grain density, size and gradation
and fluid properties (Cao et al., 2006, van Rijn,
2007). However condition of incipient motion of
cohesive sediments depends both on the complex
mechanical characteristics such as shear stress
and shear strength and the physico-chemical
properties of the cohesive sediments. Amount
and type of clay, antecedent moisture content,
bulk density, unconfined compressive strength
etc. were therefore considered by Kothyari and
Jain, (2008) to be the easily measurable variables
representing the factors controlling the erosion
of cohesive sediments. Incipient motion
condition of cohesive sediment was identified by
a few investigators experimentally for the

Figure 3. Various stages of clay
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Shileds’ line indicating that for the given value
of particle size, the critical shear stress of
cohesive sediments is much larger than the same
sized cohesionless sediment. Also increasing
value of τ cc with a reduction in particle size is
followed for all the data. Similar finding were
also observed by Raudikivi (1990) and Righetti
& Lucarelli (2007) for the cohesive sediments
without gravel. Further to identify the effect of
unconfined compressive strength UCS on τ cc ,
whole data are divided into three ranges based
on UCS values. It is clear from figure that τ cc is
increasing function of UCS. Similar results have
also been reported by Kamphuis and Hall (1983)
for the case of clay-sand mixtures. The zones of
different UCS values are depicted by dotted line
as a few data points encroach into the
neighboring zones particularly while clay
percentage is higher.

cohesive sediment mixture of clay-silt-sand
using any of the following approaches.
(i) As per Kamphuis and Hall (1983), at low
flow velocities, the cohesive sediment surface
became streaked with a series of very fine,
parallel lines, 2 mm to 3 mm apart, as if a fine
wire brush has been passed over it in the
direction of the flow. As the critical velocity
approaches, the streaks disappear and erosion
becomes apparent by the removal of large flakes
from the surface.
(ii) Panagiotopoulos et al. (1997) determined
critical shear stress of cohesive sediment bed
under unidirectional and oscillatory flows as the
shear stress due to flow at which the
dislodgement of particles from cohesive beds
begins in the forms of small clusters of various
sizes.
Kothyari and Jain (2008) also presented the
results from their experimental study for
incipient motion condition of cohesive sediments
consisting of clay-gravel and clay-sand-gravel
mixtures. The details regarding experimental setup, preparation of bed and experimental
procedure are available in Kothyari and Jain
(2008) and in Jain (2008). Three
Stages of incipient condition of motion were
visually identified namely: pot hole erosion, line
erosion and mass erosion. The modes of
initiation of motion changed mainly with clay
percentages in the mixture, its antecedent
moisture characteristics and the applied shear
stress. The variables namely; clay percentage,
void ratio and unconfined compressive strength
of the sediment bed were noticed to be the main
parameters controlling the incipient motion
condition of the cohesive sediments. Figure 5
shows the bed surface showing initiation of
motion of cohesive sediment in the form of mass
erosion in case of clay-sand-gravel mixtures. In
Fig. 5 Pc in initial clay percentage, e is void ratio
and w is antecedent moisture content of the
sediment bed and UCS is unconfined
compressive strength of cohesive sediment bed.
In order to quantify the behavior at incipient
motion condition of cohesive sediment in
comparison to cohesionless sediment of similar
bulk characteristics, Fig. 6 is prepared which
depicts the variation of observed values of
critical shear stress of cohesive sediment ( τ cc )
with the arithmetic mean size of the
corresponding cohesive sediment mixtures. The
Shields’ curve is superimposed on the Fig. 6 to
compare the τ cc values with the critical shear
stress value of cohesionless sediment having
similar arithmetic mean size as cohesive
sediments. Almost all the observed τ cc values
for cohesive sediments fall much above than the

Mass
erosion

Pc = 40 %
e = 0.467
w = 14.35 %
UCS =20.24 KN/m2

Flow
Figure 5. Bed surface showing initiation of motion in the
form of “mass erosion”
Clay-gravel mixtures
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Figure 6. Variation of critical shear stress of cohesive
sediment mixture with its arithmetic mean size
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4 TRANSPORT OF COHESIVE SEDIMENTS
Rill
erosion

Due to complex and interactive behavior of clay,
the bed load transport of cohesionless fraction
present in cohesive sediments and suspended
load transport of its cohesive fraction is
considerably different from that of cohesionless
sediments. The transport rate of cohesionless
uniform and non-uniform sediments can be
reliably determined by using any of the various
methods available for its computations (Garde
and Ranga Raju, 2006) by using the knowledge
on grain density, size and gradation, flow and
fluid parameters. However in case of cohesive
sediments the variables namely; clay percentage
and unconfined compressive strength of the
sediment bed are the main parameters
controlling the bed load and suspended load
transport rate. Mitchener and Torfs (1996)
studied the erosion of mud-sand mixture
experimentally. The mud was added to sand in
various percentages varying from 3 to 50% by
weight. They observed mode of erosion to
change from cohesionless to cohesive behavior
even when low mud content is added to sand
with transition is occurring in the region between
3% to 15% mud being present by weight. Jain
and Kothyari (2009 & 2010) are the first to
report the results of experimental study on the
process of bed load and suspended load transport
generated through the detachment of cohesive
sediments consisting of clay-gravel and claysand-gravel mixtures. Two types of sediment
mixtures were tested (i) fine gravel mixed with
clay in proportions varying from 10 % to 50 %
and (ii) fine gravel, fine sand in equal proportion
(by weight) mixed with clay proportions again
varying from 10% to 50% by weight. Transport
characteristics of cohesive sediments varied with
respect to initial clay percentage, antecedent
moisture content in the sediment bed. For lower
percentage of clay, transport of sediment mostly
occurs by rolling of cohesionless sediment
particles over the bed surface while the clay
moved in suspension. However for sediment bed
having higher clay percentages (above 20 %),
detachment occurred in the form of thick flakes
from the bed surface. At the end of experimental
run longitudinal tiny channels appeared on
significant portion on the bed surface
representing the process of rill erosion in the
cathcment surface (Kothyari et al., 1997) as
shown in Fig. 7 for the case of clay-gravel
mixture and clay-sand-gravel mixture.

Pc = 30 %
[a]
e = 0.406
w = 12.14 %
UCS = 4.25 KN/m2

Flow

Figure 7 [a]. The Detachment pattern in cohesive sediment
bed forming rill in clay-sand-gravel mixture

Rill
erosion

Flow

Pc = 30 %
[b]
e = 0.44
w = 13.84%
UCS = 6.30 KN/m2

Figure 7 [b]. The Detachment pattern in cohesive sediment
bed forming rill in clay-sand-gravel mixture

Depending upon the antecedent moisture
conditions and the flow shear stress applied, the
sediment detached by the flow in the form of
lumps or chunks of the mixture of cohesive and
cohesionless sediments of varying sizes and
shapes. For still higher percentages of clay (i.e.
40 % or more) the detachment occurred in the
form of lumps of the cohesive sediment. These
lumps were of irregular geometry and size too as
shown in Fig. 8.
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Pc = 50 %
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UCS =14.23 KN/m2
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Figure 9. Variation in bed load transport rate of gravel
with percentages of clay in the sediment bed

Figure 8. Lumps of sediments detached from cohesive
sediment bed in case of clay-sand-gravel mixture

The inter comparison amongst Figs. 4 to 8
revealed that clay percentage, antecedent
moisture content, bulk density and unconfined
compressive strength of the cohesive sediment
mixtures are the main factors controlling the
erosion behavior of the cohesive sediment
mixtures
Figure 9 shows the variation of bed load
transport of cohesionless fraction present in
cohesive sediment at various percentages of clay
in clay-gravel mixtures. For a comparison the
transport rate of gravel alone is also shown under
the almost similar flow conditions. It is clear
from the figure that transport rate of cohesionless
fraction reduces with the presence of clay
fraction in bed material and it reduces with
increase of the clay percentage in bed material.
Significant decrease in transport rate of gravel
with time as seen in Fig. 9 is attributed to the
reason that the channel bed profile degraded
during the experimentation and hence shear
stress due to flow at different sections reduced
with time.
Further data are also being collected presently
to study the size, shape and distribution of the
lumps of eroded cohesive sediment mixtures
formed under different conditions of flow and
sediment mixtures. This would result in a better
understanding of the erosion process of cohesive
sediment mixtures.

5 CONCLUSIONS
A review on the topic of erosion characteristics
of cohesive sediment mixtures is presented. Very
little research work is done so far on the topic
erosion of cohesive sediment mixtures
containing clay and gravel. Additional data on
erosion behavior of cohesive sediment mixtures
containing gravel is presented herein. The
process of incipient motion condition, bed load
and suspended load transport of cohesive
sediment mixtures was found to be significantly
different from that of cohesionless sediment
under similar flow conditions due to complex
and interactive behavior of cohesive sediment
mixtures. Clay percentage and unconfined
compressive strength of sediment bed are
identified as the main parameter affecting the
critical shear stress and transport of cohesive
sediment. Three stages of incipient condition of
motion were visually identified namely: pot hole
erosion, line erosion and mass erosion which
varied with respect to clay percentages,
antecedent conditions and applied shear stress.
The critical shear stress of cohesive sediment
was found to increase with increase in clay
percentage and unconfined compressive strength
of sediment bed. The transport of cohesionless
fraction present in the cohesive sediment mixture
reduces with increase of clay percentage in
sediment bed. The clay fraction of the cohesive
sediment mixture always moved in suspension in
the flow.
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ABSTRACT: This paper presents results of a new experimental campaign that investigates sediment exchanges between main-channel and floodplain during overbank flows. More precisely, the lateral sediment transfer and the subsequent deposition patterns are studied. Two kinds of experiments were led. The
first series were performed in a compound channel flume with mobile main channel bed and recirculating sediment-laden water from this subsection. The second series featured compound channel
flow over a rigid bed initially sediment-free and sediment injection upstream of the main channel.
Weighting of deposited sediment and digital imaging were used to evaluate the deposition formation. Results in terms of sediment mass flow rate towards the floodplains are presented. Lateral and longitudinal
distribution are also analysed for different water depth and floodplain roughness. Strong dependence
upon those two parameters is observed. Results are also analysed according to the floodplain’s stream
power. The suspension efficiency, as well as the velocity gradient in the interaction zone seem to provide
interpretation bindings between the different experiments.
Keywords: Compound channels, Fine sediment transport, Floodplain deposits, Bagnold’s stream power
dinal momentum (Sellin, 1964; Shiono & Knight,
1991). Secondary currents arising from nonisotropic turbulence (e.g. Naot et al., 1993) in the
shear layer are other three-dimensional features,
which are usually recognised as significant in the
influence of solute transport processes because
they not only transport solute but also affect the
momentum and solute exchange coefficients
(Shiono et al., 1997).
Due to this interaction, exchanges of suspended
sediments and solute will be associated to water
and momentum exchanges, leading to floodplain
sedimentation. The larger sediment transport capacity in the main channel implies sediment concentration gradients between the two subsections
resulting in a net transfer from the main channel
to the floodplain. Once transferred to the plain region, sediment tends to settle out because of the
reduced transport capacity of the flow in this region. As mentioned above, large floodplain sedimentation can become more problematic than
flooding itself. For example, Woo & Kim (1997)
report sediment deposits up to 1.5 m on floodplains used as recreational areas after a 3-day
flood of river Han in Korea in 1990. Sediment
deposition on floodplains also determines the long

1 INTRODUCTION
Our present media recurrently reminds us of the
threat imposed by rivers on the neighbourhood,
the houses and infrastructures when, following a
major flood, those rivers overflow their main
channel and invade the floodplains. The flood discharge is submitted to a compound cross section
and the consequent damages are often aggravated
by muddy deposits, especially in urban areas. In
this context of growing risk due to more and more
frequent floods and need of floodplain restoration
and management, studies centred on compound
channel flows and sedimentation processes have
undergone increasing interest. Understanding
river morphological processes and assessing the
impact of the long-term of human interference
with river systems definitely requires improved
knowledge over transport and deposition of fine
sediments in river systems including their floodplains.
Overbank flows are inherently complex: a region of high shear is formed at the interface between the fast main channel flow and the slower
floodplain flow over usually rougher surface, producing large lateral eddies which transfer longitu823

term morphological evolution of the river basin.
As reported by Narinesingh et al. (1999) for a project in The Netherlands, this can significantly affect the long term results of re-naturalisation and
flood control works.
This paper presents the results from an experimental study of fine sediment transport and deposition in a prismatic symmetrical compound channel flume (Université catholique de Louvain,
Belgium). Following Garcia (2008) sediments
were expected to be mainly transported by suspension, given its median diameter (d50 = 91 µm).
Lateral sediment transfer and deposition was
measured in a re-circulating flume with mobile
main channel bed (showing bed forms) featuring
various floodplain roughness and configurations.
Other tests were performed with upstream sediment feed in the main channel over an initially
rigid bed. The percentage of mass transferred and
deposited towards the floodplain was related to
the floodplain’s stream power (Bagnold, 1966).
Results are also confronted to previous works on
the subject, presented in the following section.

Very few authors managed to construct sediment transport and deposit simulation models.
James (1985) and Pizzuto (1987) both developed
a numerical transport model to predict the transverse distribution of deposits over the floodplain
and the grain-size distribution, assuming steady
uniform flow. Accordingly, they deal with floodplain deposition due to lateral diffusion only.
Convection due to secondary currents is not expressed explicitly, but is encompassed in the
transverse diffusion coefficient given by Rajaratnam and Ahmadi (1979) and Lau and Krishnappan (1977). These models are therefore essentially
applicable to simplified conditions such as straight
channels with continuous prismatic floodplains on
both sides. However, these models, validated by
experiments, provide results that concurs previous
laboratory and field observations: (1) an exponential decrease in the deposition rate with distance to
the main channel; (2) a decrease in the sediment
particle size deposited with the distance from the
main channel; and (3) a depositional trend, which
depends on the micro-topography of the floodplain.
Since sediment transport and deposition rely on
mixing processes in compound channels, predicting the way sediments will settle on the floodplains requires analysis of the diffusion/dispersion
and convection phenomena occurring during
overbank flow. Fraselle et al. (2008) investigated
diffusion processes in the UCL compound channel
flume involving solute concentration measurements instead of sediments. The presence of
strong turbulent features at the interface between
the subsections enhanced mixing in this region
and lateral transfer towards the floodplains by the
same occasion, as explained by Guymer et al.
(1998). Respective role of turbulence and secondary currents on transport rate is rather complex.
Shiono and Feng (2003) showed how the transport
rate varies with the different mechanisms along
the channel.
If the action of turbulence on fine sediments
may be assumed to be analogous to a diffusiondispersion process (Graf, 1971), it does not account for all influences and specific empirical
theories will often be used to describe sediment
transport (see e.g. Garcia, 2008, for a literature review), especially when bed load transport gains
increasing importance. Among those functions
capable of predicting the (total) sediment transport
rate in river reaches, we find the EngelundHansen sediment transport equation (Engelund,
1966, Engelund and Hansen, 1967) and the Ackers-White formula (Ackers and White, 1973)
which will both be used in this study, considering
that their underlying hypothesis fit the present experimental conditions. Besides those transport

2 PREVIOUS WORKS
Increasing economic impact of floods, together
with the behaviour of floodplain acting as pollutants sink (Walling, 1999) justifies the interest for
sediment transport and deposition during overbank flows. Different approaches are adopted in
literature: field observations, laboratory experiments and numerical simulations.
Marriott (1996) performed field observations
and examined sediment samples collected after a
significant flood on River Severn, UK. He appreciated the quantities deposed, sediment composition, textural patterns, and variations of grain size
with distance from the main channel bank. Deposits appeared near the banks of the main channel
with a reduction in grain size with increasing distance from this bank. Walling (1999) also observed a decreasing sedimentation rate with the
water depth and increasing distance from the main
channel.
Field observations are typically site-specific.
Laboratory flume experiments enable methodical
study of deposition patterns as function of the
flood intensity, channel planform, channel sediment load and sediment characteristics. Some exploratory studies were performed in the Flood
Channel Facility (FCF) at HR Wallingford, UK
(Benson et al., 1997; Knight et al., 1999; Bathurst
et al., 2002). Highest floodplain deposits were observed near the main channel banks, with little
sediment transferred further onto the floodplain.
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For all experiments, the sediment median diameter
was d50 = 91 µm.

laws extracted from experimental data, authors
such as Bagnold (1966) adopted a more theoretical approach. Based on Bagnold’s stream-power
concepts, Verbanck (1995) suggested the following power balance equation (W/m2 of riverbed
area):
( ρ s − ρ l ) g w s C SL R = ρ l η SL C * u * (u 2 − u 2 c )
*

*

(1)

where ρs is the sediment density, ρl the fluid density, g the gravity acceleration, ws the effective
settling velocity, CSL the suspended particle matter
concentration, R is the hydraulic radius, C* the
non-dimensional Chezy coefficient (C/g1/2), ηSL
the suspension efficiency, u* the shear velocity,
and u*c the shear velocity at the onset of motion
for sediments forming the channel bed. Without
ηSL, the right part of Eq. (1) is the stream power,
calculated as the product of one-dimensional velocity and shear stress in excess of that required to
put the deposited particles into motion. The power
balance simply expresses that the gravitational
power of the transported material uses a certain
fraction (ηSL) of the available stream power to remain suspended in the water column. Eq. (1)
clearly identifies the main parameters at stake
when studying sediment transfer and deposition
on the floodplains. Higher transfer of sediments
from the main channel towards the floodplain is
characterized by an increased floodplain CSL and
ease of deposition is conditioned by ηSL, C* and
u*.

Figure 1. Experimental setup for (a) mobile bed with recirculation experiments: sediment feeding is not active and sediment bed is installed in the main channel. The pump 1 discharges the sediment-laden main channel flow and the pump
2 injects fresh water on the floodplains; (b) upstream sediment feed over rigid bed experiments: the valve 1 is closed
and pump 1 also injects fresh water in the main channel (V2
opened).

3.2 Experimental conditions
Different water discharges were used for both
configurations, in order to modify the subsections
transport capacity and water depth. The floodplain’s roughness was also varied throughout the
tests. Sediment deposits were observed over
“smooth” floodplains, were the same material as
the rest of the section was used, namely coated
plywood. Further, the influence of “rough” floodplains with “trapping” abilities was tested by
overlaying the floodplains with steel sheeting (0.7
mm thickness) with squared 8 mm side holes. Finally, in order to reduce drastically the floodplain
water velocity through increased drag, “vegetated” floodplains were tested by placing steel
nets every 50 cm in the longitudinal direction
(Figure 3).

3 EXPERIMENTAL APPROACH
3.1 Physical model
Experiments were performed in a 10 m long compound channel flume with a bed slope S0 =
1.9/1000 (Figure 1). The flume is equipped with
upstream subsection discharge differentiation in
order to obtain equilibrated flow distribution from
the inlet section (Bousmar et al., 2005) and with
an automatic positioning device, which allows
systematic measurements all over each cross section.
This flume was used under 2 configurations,
with respective cross-sections pictured on Figure
2. Either the experiments were performed over a
mobile main channel bed (hs = 25 mm), with no
additional sediment feeding and recirculation of
the main channel sediment-laden water (named
“mobile bed” experiments). Or sediment was injected at the upstream end of the main channel
section and transport was observed in fresh water
over a rigid bed (named “rigid bed” experiments).

Figure 2. Flume cross sections for (a) mobile bed with recirculation experiments and (b) upstream sediment feed over
rigid bed experiments.
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2.5 meters (x = 2.5 m, 5 m and 7.5 m) to capture
mobile sediment deposits (slowly drifting downstream) and to give thus a measure of the sediment
transferred to the floodplains, deposited and not
resuspended. During and after every experiment,
the global sedimentation pattern was pictured using digital imaging techniques. An example of
such instantaneous global view is depicted in Figure 6 (a).

Figure 3. Steel nets on the floodplains (1/50 cm) for “vegetated” configuration.

Table 1 gives a summary of the experimental conditions for all different tests, with the whole section discharge Q (l/s), the main channel water
depth Dmc (mm), the main channel discharge Qmc
(l/s), the main channel measured sediment concentration C (g/l) or for rigid bed experiments, the injected sediment load Qs (g/s).

Figure 4. Sediment captured in traps displayed every 2.5 m
on the floodplains.

The main channel sediment transport capacity was
deduced from numerous samplings made all along
the flume. The measured concentrations were confronted to sediment transport prediction laws and
we see in Figure 5. that the Engelund-Hansen and
Ackers-White calculated sediment load give a relatively correct approximation. When reaching
higher flow regimes, concentration data become
more scattered, somehow due to bed form instability observed when reaching morphological
transition regime.
Post-experimental manipulations included weighting of sediments in sand traps but also sediment
mass deposited over the floodplains, with distinction of various longitudinal and lateral zones.
Moreover, very precise topography measurements
were realized all over the flume by using a laser
distance sensor (Keyence LK-G).

Table 1. Experimental conditions
Q (l/s)

Dmc (mm)

6.6
7.6

5.33
5.73

9.1

62

6.07

0.4

10

64.6

5.82

0.46

15

70.5

7.665

0.75

20

77.2

10.06

1

7.4
9.09

62.5
65.3

5.62
6.43

0.37
0.44

11

70.4

6.82

0.45

14

74.6

8.54

0.38

20

82.2

10.6

0.95

Vegetated FP

7.07
9

63.5
69.7

6.15
7.35

0.43
0.5

MBV

11

77.3

8.81

0.8

14

93.2

10.7

0.68

Mobile
Rough FP
MBR

Q (l/s)
Rigid
Bed

C (g/l)

56.22
61

Smooth FP *
MBS

Bed

Qmc (l/s)

Dmc (mm)

0.24
-

Qmc (l/s)

Qs (g/s)

Smooth FP
RBS

15
20

62
69

12.6
14.98

10.02
13.78

Rough FP
RBR

15
20

66
72.7

12.8
15.5

10.02
13.78

* FP stands for floodplains

3.3 Measuring techniques
For every flow regime, a detailed set of velocity
measurements (Pitot tube) was recorded in order
to check uniform flow conditions. For mobile bed
experiments, the morphological equilibrium was
verified using ultrasonic probes for free surface
detection and bed profiler PV07 (Delft Hydraulics) for sediment bed tracking.
Dynamic evolution of sediment deposition was
monitored by two different means. Sediment traps
(Figure 4) were installed on the floodplains every

Figure 5. Main channel sediment transport capacity Qs (g/s)
function of the main channel flow regime Qmc (m³/s)
through (a) Engelund-Hansen (b) and Ackers-White relationships using experimental hydraulic parameters and (c)
experimental concentration measurements.
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Figure 6. (a) Instantaneous deposition patterns for MBS 15 l/s experiment. (b) Final deposition patterns for MBV 11 l/s experiment. (c) Final deposition patterns for smooth and rough floodplains at 20 l/s (with rigid bed)

4.1 Mobile bed with smooth floodplains

4 RESULTS AND DISCUSSION

Lateral transfer and deposition of sediments from
the mobile main channel towards the smooth
floodplains (MBS experiments) was analyzed under regime conditions. Once the regime (mobile)
deposits were formed over the floodplains with
the associated main channel bed forms, the sediment traps were wiped out and the collected sediments from this time gives by mass conservation
the lateral transfer rate of sediments towards the
floodplains and per unit length (qs,l) for the 2.5 m
long zone preceding the sediment trap:

Careful attention towards the influence of the hydraulic parameters on the sediment deposition rate
over the floodplain is requested. The floodplain
stream power, the right hand side of Eq. (1) without ηSL, seems to characterize correctly the available driving force available for suspended transport (Verbanck et al., 2007). The floodplain
stream power was calculated for every experiment
using the measured water depth and velocities
(Figure 7). Those curves already show the effect
of the floodplain configuration, with for a given
water depth more stream power available for
smooth than for roughened or vegetated floodplains.

q s ,l =

Qs ,trap
L

[ g / h ⋅ m]

(2)

with Qs,trap the collected sediment per unit time
and L the length of the zone preceding the trap.
This equation comes with the hypothesis that no
sediment jumps towards the next 2.5 m longitudinal zone, which is justified by the triangularshaped deposition pattern in each zone (Figure 6
(a)). qs,l increases with the flume discharge and
with the longitudinal position of the zone, which
seems to indicate an enhanced transfer downstream of the flume along with convection/diffusion of sediments on the floodplains.
An interesting trend of the regime deposition is
shown in Figure 8, as if higher transport capacity
of the main channel first favours the formation of
deposit (more sediment transferred and CSL from
Eq. (1) increases) but is confronted then to a sudden decrease of those deposits when a certain

Figure 7. Floodplain stream power (W/m²) function of subsection depth Dfp (m) for mobile and rigid bed experiments
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threshold of floodplain stream power is reached.
This means that from this point, increase in resuspension of deposited sediments on the floodplain
is more efficient than increase in lateral sediment
transfer towards the floodplain.

Figure 9. Floodplain relative deposition (-) (both sectional
floodplain’s deposits per longitudinal unit length/mean deposits per unit length) along the flume for MBS 15 l/s, MBR
14 l/s and MBV 14 l/s.

Figure 8. Equilibrium sediment deposits on floodplains (total mass (g/m²)) as a function of the floodplain stream power
(W/m²) for mobile bed with smooth floodplains experiments.

4.2 Effect of floodplain roughness
We already observed in Figure 7 and Table 1 the
effect on hydraulic parameters of changes in
floodplain configuration. Floodplain roughening
increases local water depth and decreases velocity
but also changes sediment deposition patterns.
Steel sheeting on the floodplains (MBR and RBR)
enhances sediment fixation/absorption capacity of
the floodplain and limits sediment resuspension.
Convection/diffusion processes on the floodplain
and local velocities condition the longitudinal distribution of sediment deposits (Figure 9). Meanwhile, vegetated floodplains create great additional drag in the flow and very low velocities force
the transferred sediments to almost immediate deposition, as suggested by Figure 9, where relative
deposition shows more uniform trend. This tendency is also illustrated on Figure 6 (b), where the
final deposition pattern for MBV 11 l/s is presented.
Lateral deposition rate profiles suggest this
ability of rough/absorbing floodplains to limit resuspension in interaction zone near the interface
where higher velocities and bed shear take place
(Figure 10). This phenomenon was also underlined by James (1985), where he used “smooth”
surface defined numerically by a zero deposition
probability p = 0 and absorbing surface showing p
= 1.

Figure 10. A comparison of deposition rate (g/m² h) over the
left floodplain near the interface for experiments over rigid
bed with smooth or rough floodplains (RBR 15 l/s and RBS
15 l/s)

4.3 Lateral sediment transfer over rigid bed
Injection conditions for rigid bed experiments are
well-controlled, and a precise percentage of mass
deposited against injected mass is presented in
Table 2. By nature, RBR experiments compared to
RBS experiments measure different deposition
rates. Due to its absorbing characteristics, rough
floodplain experiments will provide a percentage
of sediments transferred towards the floodplains
and deposited while smooth floodplains indicate a
transfer/deposition rate of non-resuspended sediments.
Table 2. Percentage of sediment mass collected on the
floodplains towards mass injected in the main channel (-)
Q = 15 l/s
Q = 20 l/s
RBS
RBR

1.80 %
6.02 %

0.82 %
8.48 %

Figure 6 (c) shows the impact of resuspension on
sediment deposits and triangular-shaped deposition show the intensity of convection/diffusion
processes on the floodplains, which could be used
for numerical models validation.
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4.4 Floodplain deposition function of stream
power
As for MBS experiments, sediments collected on
the floodplains (per unit time) are plotted against
the floodplain stream power in Figure 11 for
MBR, MBV, RBS and RBR experiments. Obviously, vegetated floodplains offer perfect conditions for lateral sediment transfer and deposition.
Small velocities favour sediment deposition and
high velocity gradient at interface enhances lateral
sediment mixing and transfer (Prinos, 1992). This
phenomenon is even more evident while focusing
on MBR and RBR where for the same hydraulic
conditions and trapping capacity of the floodplain,
more sediment is collected for the latter. Figure 12
presents the depth averaged velocity profiles in
both cases and the high velocity gradient for the
rigid bed case favours momentum transfer in the
shear zone, together with sediment transfer, along
with vertical axis eddies development which positively influences the interface sediment mass flux
(Guymer et al., 1998).

Figure 12. Cross section (x= 8 m) depth average velocities
U (m/s) for mobile bed and rigid bed experiments with
rough floodplains

5 CONCLUSION AND PERSPECTIVES
Sediment transport and deposition during flood is
a challenging problem for the engineer. The
present laboratory campaign was initiated to improve our understanding of these phenomena. The
study focuses on sediment exchanges between
main-channel and floodplains. More precisely, the
lateral sediment transfer and the subsequent deposition patterns are studied. Two different experimental configurations were considered, with experiments either performed over a mobile main
channel bed with recirculation of the main channel sediment-laden water, or with sediment feeding at the upstream end of the main channel section and transport observed in fresh water over a
rigid bed. In both cases, the collected sediment on
the floodplains gave a measure of the transfer rate
of sediments towards the floodplains from the
main channel, deposited and not re-suspended.
The paper presents the influence of hydraulic
parameters on sediment deposition rate, taken into
account through the calculated stream power over
the floodplains. A quantitative and qualitative
study of sediment deposition is also performed in
correlation with various floodplain roughness or
configurations.
Smooth floodplains basically showed a certain
threshold in stream power where increase in resuspension of deposited sediments is more efficient than increase in lateral sediment transfer,
due to higher main channel transport capacity. A
thorough study on this re-suspension phenomenon
could link those experiments to the roughened
floodplain cases.
Steel sheeting playing the role of absorbing
surface with higher roughness presented a constant evolution of the deposition with the stream

Figure 11. Sediment deposition rate on floodplains (total
mass (g)/experiment time(h)/m²) as a function of the floodplain stream power (W/m²) for MBR, MBV, RBS and RBR
experiments

Parallel to MBS experiment, RBS show a decreasing sedimentation rate with floodplain stream
power, as if the present evolving hydraulic conditions were more likely to increase re-suspension
than lateral sediment transfer, in the absence of
trapping capacity of the floodplain.
Analysis of Figure 11 shows in a certain way
the parameters that should complete this work in a
near future: (a) the lateral velocity gradient in the
shear zone at the interface between main channel
and floodplain which acts on the transferred sediment and influences CSL and the available sediment for deposition; and (b) the floodplain suspension efficiency ηSL which is presumed to show
a link with the hydraulic conditions over the
floodplain and characterizes the conditions for deposition.
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power over the floodplains, which comes along
with an increased sediment concentration over the
floodplains due to an enhanced lateral sediment
transfer, especially when high velocity gradient is
present in the interaction zone.
Vegetated floodplains reduce drastically the
velocities over the floodplains and optimize the
sediment transfer towards the floodplains, but also
the conditions for deposition. This indicates that
when rivers invade their floodplains, enormous
quantities of sediments could be collected especially in these vegetated zones.
This study reports comprehensive experimental
data which could be used to validate different numerical/theoretical models. Ultimately, the determination of the influence of the transfer of longitudinal momentum on suspended particles should
lead to the ability to model the sediment deposits
laid on the river banks. This would request a thorough investigation of all turbulent features
present in such geometry which condition the
mixing mechanisms, but also sediment transport.
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ABSTRACT: Downstream fining of river bed sediments is well-known for gravel-bed rivers, but also occurs in sand-bed rivers, where it has a major influence on sediment-transport dynamics, bed-form dimensions and hydraulic roughness. The objective of this study was to determine the effects of dune sorting,
overbank deposition and river bifurcations on downstream fining in sandy lowland rivers. The time-scale
of interest was 10-1800 years. For the analysis, a numerical simulation model was developed using
Delft3D software. The model shows that dune sorting increases fining rates, whereas overbank deposition
has the opposite effect. River bifurcations affect the fining rate because of their effect on the sediment
supply to bifurcating lowland rivers. Downstream fining development can take several centuries, but in
situations with sudden changes in river geometry (exemplary for bank erosion) a strong downstream fining trend can develop within decades. A comparison of the modeled fining rates with those observed in
the Dutch part of the river Rhine, the prototype for the model, shows reasonable agreement.
KEYWORDS: downstream fining, sand-bed river, dune sorting, river bifurcation, overbank deposition
river may react to this by taking new fine grains
from the river bed into suspension, thus preventing a rapid downstream fining of bed sediments.
River bifurcations control the sediment supply
to the downstream river branches. It has been
shown that differences in supply between the
branches lead to a discontinuity in downstream
fining trend at the bifurcation (Frings & Kleinhans, 2008). The sediment supply also determines
the aggradation rate of the downstream branches.
This, in turn, may affect the concavity of their
longitudinal profile, and hence the selectivity of
the transport process and the degree of downstream fining (Wright & Parker, 2005a,b).
The objective of this study was to determine
the effects of dune sorting, overbank deposition
and river bifurcations on the downstream fining
trend of sand-bed rivers. The time period of interest was 10-1800 years. In order to investigate the
bed level development and the downstream fining
development simultaneously, we used the numerical modeling system Delft3D and adapted it to
meet the requirements of this study. The model
was applied to a 1D hypothetical sand-bed river in
an aggrading delta. The river characteristics were
as much as possible based on the present-day river
Rhine, just downstream of the Pannerdensche Kop
bifurcation in the Netherlands (Figure 1).

1 INTRODUCTION
Characteristic for many rivers is a downstream
decrease in bed grain size, a phenomenon known
as ‘downstream fining’ (e.g. Morris & Williams,
1999). The causes of downstream fining have
been subject of study for decades, because
changes in grain size affect sediment dynamics,
bed-form dimensions and hydraulic roughness.
Most studies focused on gravel-bed rivers (e.g.
Knighton, 1982; Paola et al., 1992; Kodama,
1994; Ferguson et al., 1996; Hoey & Bluck,
1999). Sand-bed rivers have received much less
attention, although the causes of downstream fining in these rivers differ from those in gravel-bed
rivers (Frings, 2008). Three processes that are of
minor importance in gravel-bed rivers, but are
thought to significantly influence downstream fining in sand-bed rivers are: dune sorting, overbank
deposition and river bifurcation (Frings, 2008).
Dune sorting concentrates coarse grains in
deep bed layers which are immobile during low
flows. These grains become permanently unavailable for downstream transport if the river aggrades. This must increase the degree of downstream fining.
Overbank deposition causes a net extraction of
fine grains from the river’s sediment load. The
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sponding to the average dune height during flood
conditions in the Rhine. The substrate consisted of
14 bookkeeping layers of 10 cm thickness and a
base layer of 5 m thickness. The sediment mixture
was divided into seven grain-size classes, ranging
from 0.125 to 16 mm.
Bed-load transport was calculated with the Van
Rijn (1984a) formula, which we adapted for the
transport of multiple grain-size fractions according to Kleinhans & Van Rijn (2002). The stochastic method to calculate the shear stress proposed
by Kleinhans & Van Rijn (2002) was not adopted
here. The size-selectivity of the bed-load transport
depends on the hiding-exposure correction (ξi), for
which a simple power function was used: ξi =
(Di/D50)-m, with Di the representative grain size of
size fraction i, D50 the median grain size of the local sediment mixture and m the hiding-exposure
exponent, for which a value of 0.9 was used. Suspended-load transport was calculated with the advection-diffusion equation, with the transport capacity (equilibrium suspension) calculated with
the Van Rijn (1984b) predictor. A comparison of
the transport rates predicted with the Van Rijn
formulae to measured transport rates in the River
Rhine (data from Frings & Kleinhans, 2008)
shows acceptable agreement.
If, after calculating the sediment fluxes into a
cell and out of a cell, sedimentation was predicted
for a cell, the deposited sediment was mixed with
the active layer sediment, after which the excess
sediment in the active layer was passed down to
the substrate. This method to calculate the composition of the sedimentation was also used by
Wright & Parker (2005a,b) and is assumed to be
realistic for sand-bed rivers. In case of erosion, the
eroded part of the active layer was replenished
from the substrate.

Figure 1. Study area: (a) location, (b) median bed-surface
sediment diameter in 1995 AD (after Ten Brinke, 1997).

2 THE NUMERICAL MODEL
2.1 Basic equations
Delft3D (Lesser et al., 2004) solves the unsteady
Navier-Stokes equations for an incompressible
fluid, under the shallow-water and Boussinesq assumptions. Here, the model was used in 1D mode
(depth and width averaged). To close the set of
flow equations, the Chezy roughness formula was
used, for which the Chezy value was calculated
according to White-Colebrook from a constant
user-specified roughness height (ks=0.25 m). This
value corresponds to ks-values derived from
measured velocity profiles and dune heights
(Frings & Kleinhans, 2008). The grain roughness
was taken equal to the D90 of the local river bed.
To calculate morphological changes, a continuity equation was used that schematises the river
bed in two layers: the active (transport) layer and
the substrate beneath it (Hirano’s approach; Hirano, 1971). The active layer thickness in sandbed rivers is usually assumed to scale with the
dune height and the water depth (e.g. Deigaard,
1980). Here, the active layer thickness was taken
equal to 11% of the water depth. For the initial
model conditions it was 68 cm, roughly corre-

2.2 Initial and boundary conditions
The initial bed profile was straight with a slope of
1x10-4 m/m and an initial water depth of 6.2 m.
The initial bed sediment composition was constant
over the study reach with a D50 of 1.2 mm and a
gravel percentage of 38%. The porosity of the
river bed was estimated to be 34% and the sediment density was taken equal to 2650 kg/m3.
The upstream model boundary was situated at
the gravel-sand transition, the downstream boundary at the transition to the estuarine area with a
mixed clay-sand bed. The imposed boundary conditions were the upstream flow discharge, the
downstream water level and the upstream sediment input. The flow discharge was held constant
at a value of 1700 m3/s. The downstream water
level was initially set at 0.8 m above sea level. A
sea level rise of 2 mm/year was applied, as well as
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a diurnal tidal water level variation with harmonic
amplitudes (M2-S2) of 16 and 3.5 cm. The upstream sediment input was equal for all model
runs, constant in time, and equal to the initial
transport capacity at the upstream boundary. The
incoming sediment concentration was 22.7 mg/l,
partly supplied as bed load and partly as suspended load. These boundary conditions resemble
the present-day situation in the river Rhine.
2.3 Spatial and temporal resolution
After specifying the initial and boundary conditions, the flow and transport equations were
solved on a staggered finite-difference grid with
an orthogonal curvilinear co-ordinate system. The
modelling grid was straight and one-dimensional
and had a length of 93 km divided into 93 cells of
1 km length. The grid width exponentially increased from 260 to 416 m in the downstream direction, just as in the prototype.
The flow was assumed to be concentrated in a
single, rectangular channel without tributaries or
floodplains. The time step of the flow (Δt) was 20
minutes. In order to reduce simulation time, the
morphological change in each time step was multiplied with a factor (F) of 100, which means that
4 years of flow simulation were enough to simulate 400 years of morphological evolution (e.g.
Kleinhans et al., 2008).
The chosen grid and time discretisation resulted in Courant numbers of about 10, for which
Delft3D still produces stable results according to
Lesser et al. (2004). We checked whether our results were sensitive to the values of Δt and F. This
was not the case: a decrease of Δt from 20 to 2
minutes and a decrease of F from 100 to 50 did
not influence the results. More details on the numerical solution schemes of Delf3D are given by
Lesser et al. (2004).

Figure 2. Bed schematization in model scenarios with dune
sorting.

mode (constant b equal to 0), which results in a
linear sorting profile. For constant a (the dune
sorting intensity) values between 0 and 0.45 were
chosen. After integration of the sorting function
over the depth, a simple linear formulation for the
sediment concentration of a size fraction in the
exchange layer and active layer was obtained:
f i,E
f i , av
f i, A
f i , av

= 1 + 1.67 aG i L
= 1 + 1.67 aG i ( L − 1)

with : L =

LA
L A + LE

⎛D
and : G i = log ⎜⎜ i
⎝ Dm

⎞
⎟⎟
⎠

fi,E, fi,A and fi,av respectively denote the content of
size fraction i in the exchange layer, in the active
layer and averaged over the depth (exchange layer
+ active layer) (-), Gi is a relative grain size parameter (-), L the relative thickness of the active
layer (-), LA the active layer thickness (m), LE the
exchange layer thickness (m), Di the characteristic
grain size of fraction i and Dm the geometric mean
grain size of all the sediment in the active layer
and exchange layer. The thickness and grain size
composition of the active layer were kept the
same as in the reference case. The exchange layer
had a thickness of 10 cm. The calculation procedure was as follows. First the sediment transport
was calculated based on the active layer composition. In case of sedimentation, the thickness of the
deposited sediment layer was calculated, after
which an equally thick part of the exchange layer
was transferred to the substrate. The exchangelayer then was mixed with the active-layer and the
freshly-deposited sediments. The mixture then
was sorted according to the Blom-Kleinhans formula and a new active layer and exchange layer
were formed. In case of erosion, the thickness of

2.4 Model scenarios
The model described in the previous sections
represents the reference case. Three extra scenarios were investigated, focusing on dune sorting,
overbank deposition and river bifurcations.
Dune sorting is not standardly accounted for by
Delft3D. It can be implemented in two ways: by
using a probabilistic Exner equation as proposed
by Parker et al. (2000), or by using an additional
exchange layer between the active layer and the
subsurface as proposed by Ribberink (1987). The
latter method was adopted here (Figure 2). Fundamental is the sorting function that describes
how each grain size fraction is redistributed over
the depth. We adopted the function of Blom &
Kleinhans (2006) and used it in its most simple
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the eroded sediment layer was calculated, after
which an equally thick part of the substrate was
transferred to the exchange layer. The exchangelayer and active-layer sediments were then mixed
and sorted, after which a new active layer and exchange layer were formed. Implicit to this procedure is the accomplishment of the equilibrium
sorting profile within one modelling time step.
This is realistic because one modelling time step
represents (F*Δt =) 33 hours in reality, a time period in which dunes in the River Rhine move several dune lengths (Frings & Kleinhans, 2008) and
probably rework the bed completely. Nevertheless
the simulations were repeated with a slow, exponential adaptation of the bed composition to the
equilibrium composition.
Overbank deposition can only be simulated in
full detail with a 3D model. It is possible, however, to estimate its effect on downstream fining
in a 1D model by treating overbank deposition as
a user-specified loss of suspended sediment. Here,
we focus on the deposition of suspended sand on
the natural levees alongside the channel. Simulations were done with loss rates of 0 to 0.2% of the
depth-averaged suspended sand load per river
kilometre. A loss of 0.13% is characteristic for the
Rhine, based on a levee deposition of about 350
m3 y-1 km-1 (excl. pores) (Ten Brinke et al., 1998)
and an average suspended sand transport of about
0.009 m3/s (calculated by the model). The composition of the overbank deposition was equal to the
average composition of the suspended sand, which
is realistic: measurements of levee deposition
(Sorber, 1997) and suspended sand load during
floods in the Rhine (Frings & Kleinhans, 2008)
show a similar median grain size of about 0.3 mm.
River bifurcations were not explicitly modelled
in this 1D model, but their effect on the sediment
supply to the downstream branches was investigated by doing model simulations with varying
rates and compositions of upstream sediment supply. The rate of supply was increased by 25% and
decreased by 25%. Furthermore a simulation was
done in which the composition of the input load
was changed (7% gravel instead of 14% gravel).
All model scenarios were compared to each
other with respect to (1) the development of the
longitudinal bed profile and (2) the degree of
downstream fining (= the percent diameter reduction per km river length) after 400y simulation.

Figure 3. Evolution of (a) the longitudinal profile, and (b)
the downstream fining trend for the reference case.

3): (1) Initially, the fine part of the input load ran
down the river quickly and became deposited in
the rapidly widening part of the river near the
downstream boundary. This set up a strong downstream fining pattern in less than 10y. (2) The
coarse part of the sediment input also moved
downstream and became mixed with the earlier
deposited fine sediment, thus reducing the degree
of downstream fining. In this period a smooth
concave bed profile developed. (3) After some
centuries, the bed profile was nearly adapted to
the imposed boundary conditions. Subsequent development was mainly controlled by sea level rise,
which caused slow but steady aggradation in the
entire river. Tidal influence appeared to be negligible. The profile concavity asymptotically approached equilibrium, as did the degree of downstream fining. Full dynamic equilibrium was not
attained in the 1800y of model simulation, but after 400y a state of semi-equilibrium was attained.
In this situation, D50 decreased from about 1.2 mm
at the upstream model boundary to 0.8 mm at the
downstream boundary (Figure 3), representing a
grain size reduction of 0.4 % per km.
The longitudinal profile and downstream fining
trend of the reference case after 400y serve as reference for the simulations with dune sorting,
overbank deposition and river bifurcation.
3.2 Dune sorting
Dune sorting caused a decrease in average grain
size of the active layer, which enlarged the transport capacity and led to a slight overall lowering
of the longitudinal bed profile (Figure 4a). More
importantly, the degree of downstream fining increased, especially in the middle and downstream

3 RESULTS
3.1 The reference case
The morphological development of the river in the
reference case consisted of three phases (Figure
834

Figure 4. Longitudinal profile after 400y of simulation, for
different model scenarios (a) dune sorting, (b) overbank
deposition, (c) river bifurcations (sediment supply). For legend, see Figure 5.

Figure 5. Downstream fining trend after 400y of simulation, for different model scenarios (a) dune sorting, (b) overbank deposition, (c) river bifurcations (sediment supply).

parts of the river (Figure 5a). The degree of downstream fining was positively correlated to the dune
sorting intensity, but insensitive to the timescale
of sorting: our simulations in which the equilibrium sorting profile was forced to develop within
one modelling time step produced the same results
as simulations with an exponential adaptation to
the equilibrium profile (not shown).

rate of supply, a greater bed slope was required to
transport all the sediment, causing deposition of
coarse sediments. This coarsening was most pronounced at the upstream model boundary, resulting in an increase in the degree of downstream
fining. The model simulation with a decreased
rate of supply had the opposite effect on the bed
profile and fining rate. Simulations with a slightly
finer input composition (7% gravel instead of
14% gravel) produced strong bed degradation in
the upstream part of the river during several centuries, causing a decrease in bed slope and an
overall decrease in bed grain size. The profile
concavity also decreased, leading to a much lower
fining rate. Only after 500 years of simulation the
degree of downstream fining became about constant over time. During the period of degradation,
locally even a downstream coarsening of bed
grain size occurred (this was also the case for the
simulation with decreased rate of supply).

3.3 Overbank deposition
Overbank deposition had little effect on the longitudinal bed profile (Figure 4b), but caused an
overall coarsening of the river bed and a decrease
in the degree of downstream fining (Figure 5b).
This is because overbank deposition removed a
part of the suspended sediment, to which the river
reacted by entraining fine grains from the bed
(load) into suspension, preventing a rapid downstream fining of the river bed.
3.4 River bifurcations

4 DISCUSSION

Variations in the upstream sediment supply (indicative for the effect of river bifurcations) had a
strong effect on the longitudinal bed profile (Figure 4c) and the degree of downstream fining (Figure 5c). In the model simulation with an increased

4.1 Modelled versus measured fining rates
The degree of downstream fining predicted by the
model varies between 0.1 and 0.5 % per km (Figure 6), depending on the processes that were in835

sidiary to the effect of coarse grains becoming
permanently unavailable for downstream transport
if net sedimentation occurs, an effect which is
well-represented by the model.
The importance of overbank deposition in this
study contrasts to the findings of Wright & Parker
(2005a,b) who found the effect of overbank deposition on downstream fining to be negligible. This
contradiction is due to the way overbank deposition was incorporated in the two models. Wright
& Parker assumed that only suspended grains
from the upper 10% of the water depth enter the
floodplains, whereas in this study it was assumed
that suspended grains from all depths can enter the
floodplains. The latter is expected to be more realistic, at least for the Rhine, because measurements
have revealed that advective transport due to helicoidal currents causes deposition of relatively
coarse suspended grains (sand) on the natural levees (Ten Brinke et al., 1998). Because coarser
grain size fractions interact more strongly with the
bed, it is expected that loss of these grain size
fractions due to overbank deposition is faster replenished by entrainment of fines from the river
bed, thus having a stronger effect on downstream
fining.

corporated into the model. These fining rates are
an order of magnitude higher than those observed
in the sand-bed parts of the Mississippi (0.08 %
per km) and Ganges (0.02 % per km), but of the
same magnitude as those observed in the presentday Rhine (0.8 % per km) (Figure 1, also see
Frings, 2008).
None of the model runs exactly reproduced the
measured fining rates, but this was not expected
either, because (1) many processes were strongly
simplified in the model (e.g. overbank deposition,
sea level rise), (2) many processes were left out of
consideration (e.g. channel migration, dredging,
groyne construction), (3) initial conditions did not
fully reflect the real values, due to lack of historical data on sediment transport and river geometry,
and (4) several formula required user-specified
input parameters (e.g., hiding-exposure exponent)
that are not constrained by data and could not objectively be determined by calibration.

4.3 The time-scale of fining development
In all simulations, the downstream fining trend
developed in a surprisingly short period of about
10y. This is caused by the grid schematisation.
Because the width of the prototype (the presentday river Rhine) increases in the downstream direction, we used a downstream widening grid in
all our calculations. This triggered rapid sedimentation of fine grains near the downstream model
boundary and therefore a rapid development of the
downstream fining trend. In an extra model run
with a grid of constant width (not shown here) the
equilibrium fining rate was the same, but it took
much longer (several centuries) before the equilibrium was attained.
The present-day river Rhine is confined by
groynes and embankments and its width increase
therefore is forced by humans. In natural situations, however, downstream changes in river
width also occur. Tides decrease the river discharge during incoming tide and increase it during
outgoing tide. To accommodate the latter discharge, the channel widens and deepens in the
downstream direction. If the channel width becomes overdimensioned (for instance due to bank
erosion during a tidal storm surge) the transport
capacity decreases rapidly in the downstream direction, leading to aggradation, enhanced profile
concavity and rapid downstream fining. Such a
situation may exist for several hundreds of years.

Figure 6. Degree of downstream fining for different model
scenarios, expressed as percent diameter reduction per km
of river length, after 400y of simulation.

4.2 The relative importance of fining processes
Although the downstream fining model does not
exactly reproduce the downstream fining trend of
the present-day Rhine, it gives a proper indication
of the relative importance of the three fining processes that were studied (Figure 6). River bifurcations appear to form the dominant control on
downstream fining trends in deltaic sand-bed rivers. Dune sorting and overbank deposition have a
smaller, but still significant effect.
With respect to dune sorting, it should be remarked that all simulations were done with constant discharge. This implies that the model does
not account for the fact that coarse sediments that
are concentrated in the exchange layer during high
flow conditions, are temporarily unavailable for
downstream transport during low flow conditions
when the active layer is thinner and the actual exchange layer is situated at a higher level in the
bed. This effect, however, is thought to be sub836
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5 CONCLUSIONS
The degree of downstream fining in sand-bed rivers is strongly influenced by the sediment distribution at upstream-located river bifurcations. The
sediment distribution controls the rate and size
composition of the sediment supply to the downstream branches. A larger supply volume leads to
aggradation, an increased profile concavity and a
higher degree of downstream fining. A reduction
in the volume or gravel content of the supply has
the opposite effect.
Dune sorting concentrates coarse grains in
deep bed layers which are immobile during low
flow conditions. These grains become permanently unavailable for downstream transport if net
sedimentation occurs, leading to a stronger downstream fining trend.
Overbank deposition causes a loss of suspended sand from the main channel, to which the
river reacts by entraining fine grains from the bed
into suspension. This leads to a weaker downstream fining trend.
The development of a downstream fining trend
in sandy lowland rivers subject to sea level rise
takes several centuries. A temporal disequilibrium
situation, however, can speed up the downstream
fining development considerably. In our model
simulations a very strong downstream fining profile was built in less than 10y. In the period thereafter, the fining trend decreased again, until after a
few centuries semi-equilibrium was attained.
The degree of downstream fining predicted by
the model was in rough correspondence with that
observed in the River Rhine, The Netherlands (the
prototype for the model).
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The effect of river dunes on the morphodynamic response to
overloading
Astrid Blom

Environmental Fluid Mechanics section, Delft University of Technology, Delft, Netherlands

ABSTRACT: A new two-layer model for conservation of mixed sediment for bedform-dominated conditions is proposed. There is a need for such a new bedlayer-type sediment conservation model, as (i) the
commonly applied Hirano (1971) model does not account for the effects of bedform stochastics and vertical sorting on bed level changes, (ii) the Ribberink two layer model is not sufficiently generic, and (iii)
the stochastic Blom et al. (2008) sorting evolution model is cumbersome and requires a very small numerical time step. The new two-layer model is a combination of two sediment conservation models for mixed
sediment: the Ribberink (1987) two layer model and the stochastic Blom et al. (2006) equilibrium sorting
model. It incorporates the effects of both stochastics of bedform geometry and vertical sorting in the prediction of bed level changes in a parameterized form. After validating the new model against an aggradational flume experiment, we study the morphodynamic response to an excessive sediment supply (overloading) computed by the new two layer sediment conservation model and the commonly applied Hirano
model in elementary numerical computations.
Keywords: Bedforms, Morphodynamics, Predictions, Sediment conservation
1 INTRODUCTION

Sediment conservation models for mixed sediment
are crucial in the modeling of the interaction
among bedform dynamics, grainsize-selective sediment fluxes, sorting, and bed level changes. Hirano (1971) was the first to develop a sediment
conservation model for mixed sediment. Its active
layer represents the bed material that interacts
with the flow and is available for entrainment by
the flow. Blom & Parker (2004) provide an overview of the various types of sediment conservation models. For unsteady plane-bed conditions,
Viparelli et al. (in press, a,b) recently conducted
an extensive set of flume experiments, and applied
the Hirano (1971) sediment conservation model to
reproduce the observed trends.
Crickmore & Lean (1962) and Ribberink
(1987) were the first to stress the importance of
deep bedform troughs with respect to the time
scales of sorting and morphodynamics. Ribberink
(1987) developed a two-layer model to incorporate how deep troughs cause lower bed elevations
to be reworked over a larger time scale. Following
Ribberink’s work, the author developed a new
type of sediment conservation model that is deterministic in the computation of the morphody-

The bed of the Dutch part of the Rhine river is
eroding by about 2.5 cm per year, causing numerous problems such as (i) nonerodible parts of the
bed forming sills, which cause problems for navigation, and (ii) loss of stability of groins, bridges
and banks. In 2011 the Dutch Ministry of Transport, Public Works and Water Management will
conduct a unique large-scale nourishment field
experiment near Lobith to study if nourishment
can counteract the Rhine river’s bed erosion.
Such a field experiment is needed for providing
more insight in the morphodynamic response to
nourishment, as currently available mathematical
models fail to predict the unsteady morphodynamic response under bedform-dominated conditions.
Numerical analyses by Blom (2008) and Ravenstijn (2009) have demonstrated an incorrect mathematical description of the interaction between
bedform dynamics, sorting, and morphodynamic
effects. This also hinders the prediction of other
unsteady morphodynamic behavior caused by
flood events and dredging measures.
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Ps at the specific time. Although the upper elevation of layer AB equals the mean bed level, ηa,
layer AB reflects the sediment above elevation B
up to the elevation where Ps(ηA) = 0.01 (Figure 1).
Bed layer AB represents the bed material of which
the vertical sorting profile can be assumed to have
reached a steady-state at each point in time.
Bed layer BC represents bed elevations reached
by deep bed form troughs (Crickmore & Lean,
1962, Ribberink, 1987, Di Silvio, 1992, Blom,
2008) and is defined such that, on the time scale
of interest, its grain size distribution (GSD) cannot
be assumed to reach a steady-state at each point in
time. In other words, the GSD of bed layer BC adjusts to changing flow conditions much more
slowly than bed layer AB. Elevation B, ηB, separates layer AB from layer BC and, for now, is the
elevation where Ps equals 0.95 (Ribberink, 1987).
In future work, elevation B, ηB, will be studied in
further detail.

namic response of the river bed, and stochastic in
terms of the riverbed surface due to the presence
of bedforms (Blom et al, 2006, 2008).
However, both the Ribberink (1987) and the
stochastic Blom et al. (2008) model suffer from
shortcomings. The Ribberink two-layer model is
not sufficiently generic as (1) its vertical sediment
exchange term was calibrated on the flume experiment in question; (2) the sediment exchange
term is yet suitable for mixtures consisting of two
size fractions only; and (3) under some conditions
the sediment exchange term does not conserve
mass. Application of the Blom et al. (2008) model
is cumbersome as the model is complex and requires a small numerical time step. This paper
presents a new two-layer sediment conservation
model for mixed sediment under bedformdominated conditions. It is a combination of the
Ribberink (1987) two-layer model and the stochastic Blom et al. (2006) sediment conservation
model and can be applied to unsteady conditions
in the field such as due to sediment nourishment.



2 PROPOSED BED LAYER MODEL
2.1 The active part of the bed
Figure 1 shows the schematization of the active
part of the bed in the new two-layer model for sediment conservation. The boundaries of the active
part of the bed, i.e. elevations A and C, are determined from the probability distribution, Ps, of bed
surface elevations ( ) relative to the mean bed
level. The probability distribution Ps is determined
using submodels
• for the mean bedform height, e.g., a reduced
version of the model developed by Shimizu et
al. (2009) or Nabi et al. (2009);
• relating the mean relative trough elevation Δba
to the mean bedform height Δa by setting Δa =
2 Δba, where Δba denotes the mean vertical distance between the mean bed level and the
trough elevation (Figure 2);
• imposing a Weibull distribution for the probability distribution of relative trough elevations
Δb (Van der Mark et al., 2008), relating the
standard deviation of the relative trough elevation, σb, to its mean value, Δba, by setting σb =
0.63 Δba (Van der Mark et al., 2008), and assuming individual bed forms to have a triangular shape (Blom et al, 2006).
The above procedure is explained in detail by
Blom et al. (2006).
The active part of the bed consists of two active layers, layers AB and BC, which are exposed
to the flow to a different extent. Elevations A, B,
and C are derived from the probability distribution

0.95
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0.99

A

0.01

layer AB

layer BC

B

ψ Bi

C
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Figure 1. The new two-layer model for sediment conservation. The schematization of the active part of the bed is
based on the probability distribution, Ps, of relative bed surface elevations, ̃ .
stoss

lee

Δa
ηa
Δba
λa

Figure 2. Geometric dune parameters.

2.2 Governing equations of the new model
Figure 3 shows a scheme of the morphodynamic
model system for nonuniform sediment to which
the new two-layer model for sediment continuity
is applied. Like in the sediment conservation
models analyzed by Blom (2008), we distinguish
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three types of vertical sediment fluxes affecting
the vertical sorting profile:
I. vertical sediment fluxes through the migration
of (irregular) dunes;
II. vertical sediment fluxes through a change in
time of the probability distribution of relative
bed surface elevations, Ps;
III. vertical sediment fluxes through net aggradation or degradation.
These sediment fluxes are assumed to act independently. Mass conservation in bed layer AB
yields

where Foi = the volume fraction content of size
fraction i just below layer BC. The constants αAB
and αBC describe how vertical sediment fluxes
through net aggradation and degradation (sediment fluxes of type III) are distributed between
the two active layers of the bed. We distribute the
amount of aggradation and degradation according
to the bed layers’ exposure to the flow (Figure 1):

(1)

where pe = the probability density function of bed
elevations. By definition, the values for
and
need to fulfill the constraint
.

,

(5)

0.95

(6)

0.05

where cb = 1-porosity, FABi = mean volume fraction content of size fraction i in layer AB, FBi =
volume fraction content of size fraction i at interface B, ηB = elevation of interface B,
= grainsize-selective sediment flux from layer BC to
layer AB (which will be explained in Section 2.4),
= proportion of the aggradation/degradation
flux that is attributed to layer AB (explained later
in this section), and
= the sediment transport
rate of size fraction i. Mass conservation in bed
layer BC yields

initial sorting profile, Fi
other initial conditions
next time step

iteratively

PDF trough elevations, pb

if pb is unsteady

(II) vertical sorting profile, Fi

if pb is steady

average bed surface composition, Fsuri
bed roughness
flow

,

bed load
transport rates, qai

,

(2)

suspended load transport
rates, qsuspi

if qa > 0

(I) vertical sorting profile, Fi

where FBCi = mean volume fraction content of size
fraction i in layer BC, FCi = volume fraction content of size fraction i at interface C, ηC = elevation
of interface C, and
= proportion of the aggradation/degradation flux that is attributed to layer
BC. The volume fraction content of size fraction i
at interface B, FBi, is given by
⁄
⁄

0
0

if ηa is unsteady

(III) vertical sorting profile, Fi

Figure 3. Scheme of the morphodynamic model system for
nonuniform sediment to which the new two-layer model for
sediment conservation is applied. Gray boxes represent submodels that are part of the sediment conservation model.
Evolution of the vertical sorting profile occurs through vertical sediment fluxes accompanying (I) dune migration, (II)
a change in time of the PDF of relative trough elevations,
and (III) net aggradation or degradation.

(3)

In case of an increase in interface elevation B, the
lower (relatively coarse) material from layer AB
(
) is transferred to layer BC. The computation of
will be explained in Section
2.4. Likewise, the volume fraction content of size
fraction i at interface C, FCi, is given by
⁄
⁄

0
0

mean bed level, ηa

2.3 Mean composition of the bed surface
The mean composition of the bed surface needs to
be known for computing skin friction, bedform
height, and the grainsize-specific sediment transport rates. In the new two-layer model, the GSD
of the bed surface is determined by weighting
over the GSD of two active layers by their exposure to the flow, expressed by
and
. The
mean volume fraction content of size fraction i at
the bed surface, Fsuri, then equals

(4)
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which equals 1 when considering an elevation
covered by bedform, = the bedform length, and
Δ = the bedform height. We apply the formulation
for lee face sorting parameter δi developed by
Blom & Kleinhans (2006) to compute ωi. The parameters J(z), Δ, and are all dependent on the
specific trough elevation, ηb.

(7)
where
(8)

0.95

(9)

0.05

Note that the following constraint always needs to
be fulfilled:
.

3 VALIDATION AGAINST EXPERIMENTAL
DATA

2.4 Fluxes through dune migration

3.1 The flume experiment

The GSD of the sediment flux due to dune migration between layers AB and BC, i.e. the vertical
sediment flux ψBi is computed from

The author applies the new sediment conservation
model to reproducing a flume experiment in
which (1) mixed sediment was used; (2) conditions with dunes prevailed; (3) net aggradation or
degradation occurred; and (4) the vertical sorting
profile was measured. As far as known to the author, Ribberink (1987) has been the only one who
conducted such a flume experiment (i.e., experiment E8-E9). The length, width, and height of the
flume’s measurement section were 30 m, 0.3 m,
and 0.5 m, respectively. The sediment mixture
consisted of two sand fractions (grain sizes d1 =
0.78 mm, d2 = 1.29 mm) with very little overlap.

.

(11)

where
= the volume fraction content
.
of size fraction i at the mean elevation of layer
BC, η97.5, where η97.5 denotes the elevation above
which 97.5% of the bed surface elevations occur
(i.e. Ps(η97.5) = 0.975). The computation of
is explained later in this section. The
.
time scale TF of sediment flux ψBi is given by
Ribberink (1987):
(12)

.

where a = mean bedform length, and qa = mean
bed load transport rate.
As bed layer AB is defined such that the sorting profile can be assumed to have reached a
steady state, we can apply the equilibrium sorting
model developed by Blom et al. (2006) to bed
layer AB. We assume that volume fraction content
of size fraction i in the sediment transported over
the crest of each single dune equals the mean volume fraction content of size fraction i in the
transported sediment, Fai. The equilibrium sorting
model by Blom et al. (2006) then provides a tool
to compute the mean volume fraction content of
size fraction i at elevation z within layer AB, FABzi,
from
∆

Figure 4. Data measured by Ribberink (1987) on (a) variation of the volume fraction content of the coarse size fraction, F2, over bed elevations at the initial stage of experiment E8–E9 (E8); (b) variation of F2 at the final stage (E9);
and (c) probability density of relative trough elevations at
the final stage (E9). Dashed lines indicate the mean bed level, ηa, at the corresponding stage of the experiment.

All conditions in experiment E8-E9 were equal to
the ones of the equilibrium stage of the previous
experiment, i.e., experiment E8, except for the
grainsize-specific sediment feed rates. A downward coarsening trend characterizes the initial vertical sorting profile, which equals the equilibrium
sorting profile of stage E8 (Figure 4). From the
start of experiment E8-E9, the sediment recirculation system was changed to a sediment feed system. The initial feed rate was equal to the equilibrium sediment transport rate and GSD in
experiment E8 (qa= 5.64 10-6 m2/s, Fa1 = 0.5).
Then, over a period of 30 h, Ribberink (1987)
gradually reduced the volume fraction content of
the fine size fraction in the sediment fed to the

(10)
∆

where Fai = the mean volume fraction content of
size fraction i in the bedload transport, ωi = the lee
sorting function, which is explained by Blom et al.
(2006), ηb = relative trough elevation, pb =
Weibull probability density function of relative
trough elevations, J(z) = a Heaviside function
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flume to zero, while the total feed rate was maintained steady. Because of technical problems, the
total feed rate, qa, decreased by about 5% over the
first 30 h of the flume experiment. The duration of
the experiment was 120 h.
Because of the imposed increase of coarse sediment fed to the flume, the active part of the bed
started to coarsen at the upstream end of the
flume. As a result, the sediment transport capacity
decreased and a small degradation wave migrated
in the downstream direction. As the total feed rate
was steady, an aggradation wave succeeded the
small degradation wave.

the geometric mean grain size of the active bed,
dm95, at various positions. Ribberink (1987) estimated the GSD of the active part of the bed by averaging over all bed material above elevation η95,
where η95 denotes the elevation above which 95%
of the bed surface elevations occur (i.e. Ps(η95) =
0.95). Figure 6 shows that due to the coarse sediment feeding the active part of the bed coarsened
at the upstream end of the flume and a coarsening
wave migrated in the downstream direction
through the flume.
Although the Ribberink two-layer model shows
good results, it has some shortcomings: (1) its vertical sediment exchange term was calibrated on
the flume experiment in question; (2) the sediment
exchange term is yet suitable for sediment mixtures composed of two size fractions only; (3) under some conditions the sediment exchange term
does not conserve mass; and (4) the elliptic character of the set of equations is not eliminated
completely (although the probability of becoming
elliptic appears to be small). The two-layer model
proposed in this paper (Model D) overcomes these
problems and we can see that it suffices for this
case study. For a more extensive assessment of the
proposed model, the author foresees an extensive
set of flume experiments under unsteady conditions. These experiments will be conducted in the
Fluid Mechanics Laboratory of Delft University
of Technology.

3.2 Results of validation
We now apply the following sediment conservation models in reproducing experiment E8-E9:
A. the Hirano (1971) active layer model;
B. the Ribberink (1987) two-layer model;
C. the stochastic Blom et al. (2008) sorting evolution model;
D. the Blom two-layer model presented in this
paper.
Figure 5 shows that models B through D well predict the timescale of adaptation of the GSD of the
transported sediment at the downstream end of the
flume. It illustrates that including the stochastics
in bedform geometry has a positive effect on the
predicted timescale of the physical processes.
Figure 6 shows the computed time evolution of

Figure 5. Time evolution of the volume fraction content of the fine size fraction in the transported sediment, Fa1, at x = 28.5 m.
Predictions (lines) by (left to right) model A, the Hirano active layer model; model B, the Ribberink two-layer model; model C,
the sorting evolution model; and model D, the Blom two-layer model presented in this paper. The dashed lines show the feed
rate at the upstream end of the flume. Measured data (dots) originate from Ribberink (1987).

Figure 6. Time evolution of the geometric mean grain size of the active part of the bed, dm 95, at various positions (x = 4 m, x =
14 m, and x = 24 m). Predictions by (left to right) models A-D. Measured data (dots) originate from Ribberink (1987).
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two times the initial sediment transport capacity
(qfeed = 1.57 10-5 m2/s). Note that by definition the
final sediment transport capacity equals the sediment feed rate, qfeed. The volume fraction content
of the fine size fraction in the sediment fed to the
flume is set equal to the initial volume fraction
content in the transported sediment (Ffeed,1 = 0.55).
Figure 7 illustrates that for the uniform sediment numerical experiments (models N1-N2) the
aggradation occurs more quickly and the final
amount of aggradation before reaching a new
steady-state and the final slope are larger than for
the mixed sediment experiments (N3-N4). For the
uniform sediment experiments a larger slope is required to be able to transport the sediment fed to
the flume.
Although the Hirano active layer model (model
N3) shows similar results with respect to the rate
and final amount of aggradation as the Blom twolayer model (model N4), the results of the Hirano
model differ significantly from the ones of the
Blom two-layer model with respect to the mean
grain size of the bed surface (Figure 8). The time
scale of changes in the GSD of the bed surface is
much longer for the Blom two-layer model, which
is due to the latter model incorporating of the effect of the stochastics of bedform geometry. These
larger time scales are due to the fact that stochastics of bedform geometry cause sediment to be
(temporarily) stored at elevations reached by relatively deep bedform troughs. This sediment only
becomes available for entrainment again when a
new deep troughs migrates over the area. In contrast to the Hirano model, the Blom two-layer
model includes this delaying effect of bedform
stochastics. Figure 9 shows the geometric mean
grain size dm of the bed material at various times.
It illustrates how the development of the vertical
sorting within the bed shows a very different behavior due to the inclusion of vertical sorting and
bedform stochastics in the proposed Blom twolayer model.

4 MORPHODYNAMIC RESPONSE TO
OVERLOADING
Although the proposed model awaits a more extensive validation based on a new set of unsteady
flume experiments under bedform-dominated
conditions, we now apply the commonly applied
Hirano (1971) and the new Blom two-layer model
to numerical elementary overloading experiments
with uniform and mixed sediment:
N1. Hirano active layer model, uniform sediment;
N2. Blom two-layer model, uniform sediment;
N3. Hirano active layer model, mixed sediment;
N4. Blom two-layer model, mixed sediment.
We simply apply the same conditions as in experiment E8-E9 (for details, see previous section
and Blom, 2008), except for the initial bed material and the sediment feed rate. In the mixed sediment experiments, the sediment consists of 2 sand
fractions (d1 = 0.5 mm, and d2 = 1 mm). The initial bed material is homogeneous and consists of
50% of each of the sand fractions. The uniform
sediment experiments naturally consist of a single
size fraction with the same geometric mean grain
size as the mixed sediment experiments (dm =
0.707 mm). The value for dm is determined from:
(13)
where
(14)
log

(15)

where
= the mean volume fraction content of
size fraction i in the bed, di = the grain size of size
fraction i,
= the arithmetic grain size of size
fraction i,
= the arithmetic mean grain size,
and dref = the reference grain size (dref = 1 mm).
The overloading factor is set equal to 2, which
means that the sediment feed rate, qfeed, is equal to

Figure 7. Variation of aggradation over space, at various times. Predictions by (left to right) models N1-N4.
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Figure 8. Variation of the geometric mean grain size of the bed surface over time, at various locations. Predictions by (left to
right) models N1-N4.

Figure 9. Predicted geometric mean grain size dm of the bed material, at various times. Predictions by (left to right) models N3
and N4.

state grain size distribution. The new two-layer
model has successfully been validated through reproducing the unsteady aggradational flume experiment conducted by Ribberink (1987). We then
applied the model in elementary numerical predictions of the morphodynamic response to overloading. The new model shows a significantly different time scale of the adaptation of the grain size
distribution of the bed surface, as well as a distinct
development of vertical sorting of the bed material, compared to the commonly applied Hirano
model.

5 CONCLUSIONS
A new two-layer model for conservation of mixed
sediment under bedform-dominated conditions is
proposed. The model consists of two active layers
that are exposed to the flow to a different extent.
The upper active layer represents the bed material
that reaches a steady-state with respect to vertical
sorting instantaneously. The lower active layer
represents the bed elevations that are reached by
relatively deep bedform troughs only. This layer
shows a larger time scale for reaching a steady845
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Development of supply-limited transport due to vertical sorting of a
sand-gravel mixture
A.P. Tuijnder, M.H. Spekkers & J.S. Ribberink

Faculty of Engineering Technology, Group Water Engineering and Management, University of Twente,
Enschede, The Netherlands

ABSTRACT: If a partially mobile sediment is transported an immobile sediment layer can form below
the bedforms. This immobile layer can cause a supply-limitation, i.e. the volume of mobile sediment on
top of the layer available for transport becomes limited. This causes the bedforms, roughness and sediment transport to be reduced compared to alluvial conditions, i.e. the situation where all bed surface material consists of mobile sediment. We studied the development of the bed stratification in a series of
flume experiments with different initial sand-gravel mixtures. In all experiments a thin immobile gravel
layer developed with supply-limited bedforms on top; showing a strong similarity with the supplylimitation as observed in situations of sand transport over pre-installed flat immobile beds. Two phases
were observed in the temporal development of the stratified bed: I) first a relatively quick development of
dunes with gravel accumulating in the dune troughs, followed by II) a slower development of the level of
the immobile gravel layer in the bed. In the final equilibrium situation the thickness and composition of
the immobile layer appeared to be more or less independent of the initial sand-gravel mixture composition. However, the thickness of the mobile sediment layer (active layer) and the average dune height
strongly reduced with increasing gravel concentration in the initial mixture.
Keywords: Sediment transport, Flumes, Experimentation, River beds, Dunes, Sand,
load sediment on top of the immobile layer is critical in this situation. However, prediction of vertical sorting is far from trivial (see e.g. Blom et
al., 2006; Ribberink, 1987).
In order to be able to model the development of
immobile layers and the supply-limited sediment
transport over these layers, we would like to answer the following research questions I) How
does the stratification and vertical sorting of a partially-mobile sand-gravel mixture evolve in time ?
II) Will a supply-limited condition develop that is
comparable to the supply-limitation in case of
sand transport over flat (pre-installed) immobile
gravel beds ? III) How does the initial gravel content affect a) the bedforms and active layer thickness, and b) the composition and thickness of the
immobile gravel layer ?
In order to gain insight into these questions and
to obtain a data-set for model testing and development, we conducted a series of flume experiments at the TU-Braunschweig. These experiments are an extension to the experiments of
Tuijnder et al. (2009). In these earlier experiments
an immobile gravel layer was installed prior to the

1 INTRODUCTION
Near initiation of motion, some of the coarsest
size fractions in sand-gravel mixtures can become
immobile (partial transport). Vertical sorting of
size fractions can lead to the formation of an immobile coarse layer that prevents further entrainment of sediment from below this layer. The active layer – the layer of bed load material on top
of the immobile layer that is being transported –
is too thin for the bedforms to develop to the equilibrium dimensions that would be reached in fully
mobile bed conditions (alluvial conditions). In this
so-called supply-limited situation the limited sediment supply not only reduces the bedform dimensions, but also the bed roughness and the
transport rate. Recent studies into bedform dimensions, roughness and sediment transport under
supply-limited conditions have resulted in model
concepts for the prediction of these variables
(Tuijnder, 2010). The volume of available bedload
sediment (per square meter) is a central parameter
in these concepts. Accordingly, prediction of the
vertical sorting and the associated volume of bed847

experiments, while in the present experiments the
bed layer system (immobile layer with an active
layer on top) forms naturally. In the new experiments the initial bed is fully-mixed and thus no
immobile layer and therefore no supply-limitation
is initially present. Four experiments are presented
in which the initial fraction of the gravel in the sediment is increased stepwise. In this way we want
to study the effect of the gravel content on the vertical sorting situation that develops: the thickness
and composition of the gravel layer, the thickness
of the mobile sand layer above it (active layer)
and the average dune height that develops. The
measured bed stratification and vertical sorting is
presented and interpreted considering the requirements of a morphological (layer) model that
would be able to represent these processes. First,
the set-up and procedure of the experiments are
presented in Section 2. Next, the measured temporal development of the bed stratification is presented in Section 3. In Section 4, detailed gravel
concentration measurements are presented. These
measurements give further insight into the structure of the gravel layer that developed in the final
equilibrium situation. Finally, in Section 5 the
consequences of the observations for morphological modeling are discussed.

The carriage measured the bed level at three parallel transects at y = 0.165, 0.500 and 0.835 m,
where y = 0 is the left sidewall when looking
downstream. The flume bottom is z = 0. The water
level was measured approximately in the centre of
the flow.

Figure 1: Side view of the used ﬂume setup. The supply of
water came from a constant-head tank ca 5 m above the level of the ﬂume. The ﬂume is supported by jacks that allow
the ﬂume to be tilted to realize an equilibrium ﬂow.

2.2 Conditions
Between the experiments, the gravel content of
the sand-gravel mixture was varied. A uniform
gravel and sand fraction were mixed in varying
proportions (see the sediment characteristics in
Table 1).
We chose the experimental conditions in such a
way that these experiments form an extension of
earlier experimental work (Tuijnder et al., 2009).
The conditions of these new experiments are the
same as the conditions in Series 1 of Tuijnder et
al. (2009). The water depth was 0.2 m and the
flow velocity was 0.52 m/s. The bed slope was adjusted during the initial adjustment phase to maintain uniform conditions for a varying roughness.

2 EXPERIMENTS

2.1 Set-up
The experiments were conducted in a 30 m long
and 1 m wide sediment recirculating flume at the
Leichtweiss-Insitute in Braunschweig. The set-up
is schematically shown in Figure 1. A constant
head tank above the flume supplied the flume with
water. The discharge in the supply pipe was
measured with an IDM, an Inductive Discharge
Measurement device. The accuracy of this device
is approximately 1% of the measured discharge
according to its specifications. A funnel caught
the sediment discharge at the end of the flume.
The sediment was pumped back to the upstream
end with a small water discharge (±20 l/s) using a
recirculation pump where the sediment-water mixture was distributed over the width of the flume.
In the return pipe another IDM measured the discharge.
Over a length of 17.45 m the bed and water
level were measured continuously using ultra
sound (echo) sensors that were mounted on a
measurement carriage. The measurements were
taken every 3 minutes from x = 6.3 m to x = 23.75
m, where x = 0 is located at the upstream end of
the flume, at the location of the pivoting point.

Table 1. Sediment characteristics of the sand, gravel and the
mixtures
used in the experiments.
________________________________________________
fg (%) D10 (mm) D50 (mm) D90 (mm) σg (-)
________________________________________________
Sand
0%
0.6
0.8
1.2
1.3
Gravel
100%
7.8
10.9
15.4
1.3
________________________________________________
Exp 1
5%
0.6
0.9
1.3
1.9
Exp 2
10%
0.6
0.9
4.1
2.3
Exp 3
15%
0.6
0.9
9.7
2.6
Exp
6
20%
0.6
0.9
10.9
2.9
________________________________________________

2.3 Procedure
Before the experiments, the sand and gravel were
thoroughly mixed in the flume and distributed
evenly over the length of the flume. The layer had
a constant thickness and was screeded flat. An initial bed slope for equilibrium flow was set using
the flume tilting mechanism and the flume was
slowly filled with water. Once the required water
level was reached, the required discharge was set
and the measurements were started.
Every three minutes a measurement profile was
made showing the water level, bed level, depth
848

and dune height. With this data, uniform flow was
maintained by adjusting the flume slope and
downstream weir. Once equilibrium conditions
were established, the setup could continue measuring automatically without further adjustments.
The duration of each experiment was two days,
apart from Exp 4, which was stopped after 30
hours. After the experiments, the bed was photographed, an additional bed level measurement was
taken and the gravel concentration was measured
at several locations along the flume.

fg =

Under the chosen experimental conditions, the
sand fraction is mobile and the gravel fraction is
immobile. However, the critical shear stress for
initiation of motion for a grain size fraction depends on the total composition of the sediment
mixture. Hiding and exposure effects can decrease
the critical shear stress for the gravel and increase
it for the sand. At the start of the experiments, the
gravel particles were mainly supported by the surrounding sand. This situation is called a matrix
supported situation. If the sand is eroded, the gravel becomes exposed and is transported, or sinks
to a lower level in place. The gravel particles are
deposited in the troughs of the dunes that start to
develop from the start of the experiment. On the
dune crests the bed shear stress is high and the
gravel particles do not find a stable resting place.
However, in the troughs the probability of deposition is much larger, because of the smaller local
bed shear stress, the coverage by sand-avalanches
from the lee-side of the dune and the presence of
more gravel particles. With dune dimensions
growing in time, the concentration of gravel particles in the dune troughs increases. At the same
time the threshold of motion of this gravel layer
increases slowly because the gravel concentration
increases. As a result of this vertical sorting
process the transport rate of the gravel gradually
decreases to zero.
The gravel layer protects the underlying sand
against erosion and reduces the rate of entrainment of new sand into the layer above the gravel
layer. The gravel layer in the dune trough can develop until it is strong and dense enough to prevent further entrainment of sand. The volume of
mobile sediment on top of the gravel layer may
still be smaller than required for alluvial condions
after the vertical exchange process. This total volume above the gravel layer is expressed per
square meter by the parameter d. The conditions
are supply-limited if d is smaller than needed for
alluvial conditions (d < d0). In that case and the
dune height, bed roughness and sediment transport are reduced compared to alluvial conditions.

We measured the vertical level of each gravel particle within a 15 x 15 cm square metal frame. This
frame was placed on the bed on different locations
along the centre line of the flume. The sand was
carefully excavated and the level of the top of
each gravel particle was measured with a point
gauge before removing the gravel particle. The
frame was gradually lowered to make sure that a
constant sampling surface was maintained. This
procedure was continued until the bed was excavated until 8 – 10 cm below the bed surface.
The sampling volume (Vs) and the number of
gravel particles in a sample (n) are known and
therefore the gravel concentration (c), expressed
as a volume fraction of the total volume can be
calculated as:
nVg
Vs

(1)

Herein Vg is the average volume of a gravel particle (measured under water by water volume increase). The porosity of the sediment needs to be
taken into account in order to calculate the gravel
fraction fg, i.e. the gravel volume relative to the total sediment volume.
The porosity of a sediment mixture with two
size fractions varies with a varying composition.
Yu and Standish (1987) developed a model to
predict this porosity variation (Frings, 2008). We
calibrated the Yu-Standish model, using a series
of porosity measurements for different sandgravel mixtures with the sediments used in our
flume experiments. The calibrated porosity model
that is needed to convert the gravel concentration
(c) into a gravel fraction (fg) reads as:
V=

⎧−1.70 f s + 1.75
1
=⎨
1 − ε ⎩ 0.42 f s + 1.11

if f s < 0.3
if f s ≥ 0.3

(3)

3 IMMOBILE LAYER DEVELOPMENT

2.4 Gravel concentration measurements

c=

c
(1 − ε )

(2)

3.1 Determining the gravel layer level

In this formula V is the specific volume, ε is the
porosity and fs is the sand fraction. With this porosity the gravel fraction was calculated using:

We want to know the level of the gravel layer in
order to know the volume of sediment available
for bedform formation and sediment transport.
The level of the immobile layer has been deter849

mined with the excavation method, but this only
gives the level at a few locations in the final situation. We also determined the level of the gravel
layer from the bed level measurements. We assume – and show later on in this paper – that the
gravel layer lies at the level of the deepest dune
trough that has occurred at each location. Because
of the high measurement frequency relative to the
development and migration speed of the dunes we
have measurements from which we can select the
deepest trough at each location. The advantage of
this method is that it gives insight into the development in time towards the equilibrium sorting
profile and it gives additional spatial information
of the immobile layer level. Below, we will first
present the results of this ‘deepest trough’ method
since this can be used to study the temporal development towards the equilibrium conditions.
Subsequently, we will present the equilibrium
sorting profiles and compare the results of the excavation method and the deepest troughs method.

Figure 3. The increase of active layer thickness d in time for
the 4 experiments.

In Tuijnder et al. (2009) it is shown that the average thickness of the sand layer on top of an immobile layer (d) determines the relative dimensions to which the dunes can grow under supplylimited conditions. A ‘bedform dimension reduction’ (BDR-) function was presented, which describes the reduction in the dune height because of
supply limitation relative to the alluvial dune
height. This function reads as:

3.2 Growth to equilibrium

⎛
Δ
d ⎞
= 1 − exp⎜ −
⎟
Δ0
⎝ 0.39Δ 0 ⎠

Each of the experiments was started with a flat
bed. During the experiment the dune height slowly increased in time and finally reached an equilibrium dune height. We determined the average
dune height using a zero-crossing method (Van
der Mark and Blom, 2007). Figure 2 shows the
temporal development of the average dune height
with time intervals of 1 hour for each of the experiments. This figure shows that the dune height
increases during approximately 24 hours and then
remains approximately constant. Additionally, it
shows that the dunes grow to a larger equilibrium
dune height if the gravel concentration in the initial sediment mixture is lower. An alluvial experiment (without gravel) with the same flow velocity and water depth resulted in a dune height of
0.08 m (Tuijnder et al., 2009). This shows that in
all four experiments a supply-limitation has developed because of the gravel layer that was
formed.

(2)

In this function ∆0 is the dune height that occurs
with the same water depth and flow velocity but
without the presence of gravel. This function has
been developed for equilibrium conditions.
In order to see whether this model concept is
also applicable in the dune development stage we
estimated d during the development stage. We applied the ‘deepest troughs’ method to determine to
what depth the sediment had been active until then
as a function of time. The average bed level minus
this ‘deepest trough level’ provides an estimate of
the average layer thickness d. Figure 3 shows that
d initially increases quickly, simultaneously with
growth of the dunes (compare with Figure 2). The
initial rate of increase is smaller for the experiments with more gravel. After this quick initial
adjustment process (in the first 6 – 12 hours), the
rate of increase reduces. The adjustment process
proceeds with a lower rate until the final equilibrium (until 48 hours or longer). The results indicate that the entrainment rate of new sediment
from below the gravel layer decreases with an increasing gravel concentration in the gravel layer
and increasing depth of the gravel layer. The layer
thickness approaches a constant value towards the
end of the experiments.
The hourly values of d and ∆ are compared to
the BDR-function in Figure 4, which shows the
relative dune height ∆/∆0 against the relative sediment availability d/∆0. Two dashed lines are
shown; one shows the relation ∆ = 2d, the other

Figure 2. The increase of the dune height in time for the 4
experiments.
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obtained from the deepest trough method, is
shown in a (spatially) filtered and in an unfiltered
way. The echo sensor does not pick up the tops of
the gravel particles, but the stronger sound reflections from a few millimeter beneath it where the
bed porosity is smaller. Tests showed that the
echo sensor measures approximately a half gravel
diameter (Dgr) below the top of the immobile
layer. The fat solid line shows the filtered level of
gravel, the thin gray lines parallel to it are ½Dgr
above and below it. The thin irregular line through
it shows the unfiltered level measurements.
The gravel content, as measured in the excavations, is shown in the overlay graphs at the location in the flume where they were measured. The
vertical axis of each overlay graph indicates the
sampling level. On the x-axis the gravel fraction fg
is shown. The dashed vertical line in this graph
shows the initial gravel content of the fully-mixed
bed.
Figure 6 shows that the peak of the gravel content is generally observed at the deepest-trough
level. Furthermore it can be seen that the dune
troughs in Exp 1 only occasionally reach the gravel layer and that the gravel layer has indeed developed at the deepest trough level that occurred
at that location until then. Comparison to the experiments 2, 3 and 6 reveals that the immobile
layer develops at a higher level within the bed if
more gravel is present initially. At the same time a
smaller volume of sand is present above the gravel
layer and the supply-limitation is stronger.
The increase in d and ∆ with decreasing initial
gravel fraction in the sediment mixture is shown
in Figure 5. It can be seen that d increases more
rapidly than ∆. This is caused by the formation of
the exchange layer as discussed above. The available sand (d) is used less efficiently for dune formation.

the BDR-function. The figure shows that development of the dune height follows the BDRfunction until the gravel layer becomes sufficiently strong to stop further entrainment of sand from
below the layer. The location of this final equilibrium point (with supply-limitation) on the the
BDR-function is different for each experiment and
has a clear relation with the initial gravel content.
The more gravel was initially present, the sooner
the development of d and ∆ stops.
Initially, the dunes develop along the relation ∆
= 2d. Considering that dunes are generally approximately triangular this suggests that all available sand above the gravel layer is effectively
used for dune formation and regularly entrained.
As the layer thickness d increases, an intermediate
sand layer starts to develop on top of the gravel
layer that is entrained only occasionally. Figure 4
shows that this occurs if d/∆0 is between 0.2 and
0.4. We will call this layer the exchange layer (after Ribberink, 1987). From this point on the relation ∆ = 2d and the BDR-function start to deviate
since the sand in the exchange layer does not contribute to the dune height very effectively (∆ <
2d).

Figure 4. The development of the relative dune height as a
function of the relative layer thickness.

4 FINAL BED STRATIFICATION
In the final equilibrium conditions, the average
dune height remains constant and the immobile
layer has fully developed. We studied the vertical
sorting profile that developed in the end situation
with the excavation method and the deepest
trough method. The results of these methods are
compared in Figure 6. This figure shows a longitudinal bed level profile of the end situation of the
experiments. The level of the immobile layer, as

Figure 5. Variation in the parameters d ∆ and fg,max with varying initial gravel content.
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Figure 6. Bed level profile showing the position of the gravel layer and the measured gravel fraction profile in the overlaying
graphs. The left side of the overlaying graphs indicates the x-coordinate of the measurement in the flume. The fat solid line below the dunes shows the filtered level of gravel, the thin gray lines parallel to it are ½Dgr above and below it. The irregular line
through it shows the unfiltered bed level measurements.
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Figure 7. Histogram with smoothed trend line of the average gravel fraction in the bed as function of vertical distance to the
average bed level.

closest packing of the gravel in the gravel layer is
not reached. These measurements indicate that the
gravel layer is mainly a single row of loosely
packed gravel particles, with some scattered gravel particles above and below it.

4.1 Structure of the gravel layer
Figure 6 shows the individual gravel fraction profiles. Each profile is different, even in the undisturbed still fully-mixed bed below the gravel
layer, due to small imperfections in the mixing
and sampling process. Below the gravel layer, the
gravel fraction should equal the gravel fraction of
the initial sediment mixture since this sediment
never moved after installation. The measured values vary around the initial gravel content. In order
to remove this variation, we compose an average
profile by taking the average over all profiles of
an experiment. Figure 6 also shows that the peaks
of the individual profiles are not at the same level
with respect to the mean bed level. The comparison with the deepest trough levels shows that this
is caused by the wavy nature of the gravel layer.
For the average gravel fraction profile we therefore shift the profiles up or down, matching the
gravel fraction peaks at the average peak level.
Figure 7 shows the result of the averaging of the
gravel profiles. The zero-level is the average bed
level over the reach 12-23 m.
Figure 7 shows that the gravel layer has a
thickness of approximately 1.5 – 2 cm. Compared
to the average grain size of the gravel layer of 12
mm this is surprisingly thin. The maximum gravel
fraction is approximately constant, with a value of
0.4, and does not show a systematic increasing or
decreasing trend with the initial gravel content
(see Figure 5). The most compact packing of the
sand-gravel mixture occurs if the gravel particles
form a clast supported framework with the void
space completely filled with sand. This is the situation that occurs if the sand fraction is approximately 0.3 according to the calibrated YuStandish model (Eq. 2). The sand fraction in the
gravel layer is larger, which suggests that the

5 IMPLICATIONS FOR MORPHOLOGICAL
MODELLING
The goal of these experiments was to gain insight
into, and to obtain a set of quantitative data on: I)
the bed stratification and vertical sorting process
and II) the development of supply-limitation if a
sand-gravel mixture is transported. A follow-up
goal of the research is to apply these new insights
for the development of a morphological layer
model concept that would be able to represent
these processes.
A number of implications of the results presented above for morphological modeling can be
mentioned here:
1) Supply-limited bedforms which develop
naturally by vertical sorting and bed stratification
show a strong similarity with those observed
above pre-installed flat immobile beds. Supplylimited sediment model concepts as developed for
the latter situation (Tuijnder, 2010) may therefore
also be applicable for the former situation.
2) Depending on the degree of supplylimitation three bed layers can be distinguished,
an active layer, an exchange layer and an immobile layer, each having a different function in the
vertical exchange process.
3) Possibly the 2-layer model concept as suggested by Ribberink (1987) or the diffusion model
of Armanini (1995) can be extended for this purpose. See also Blom (2008) for a discussion on
this issue, and Sloff and Ottevanger (2008) for
some first experiences with a similar approach.
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4) Additional sub-models will be needed for
I) the vertical sediment fluxes between the layers,
II) the (equilibrium) thickness and composition of
the layers, and III) the mobility of size fractions in
the layers (hiding / exposure effects). The data
and insights obtained from the present experiments can contribute to the development / validation of these sub-models.
5) Apart from the modelling of layer development from fully-mixed sediment beds, a further
challenge will be to model the transition from one
layer system to the next, which should also include the possible breaking-up of immobile layers.
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6 CONLUSIONS
A set of new laboratory experiments with different
sand-gravel mixtures showed that a small percentage of immobile gravel in the initial mixture is
able to induce supply-limitation with strongly reduced bedform dimensions, bed roughness and
sand transport.
The BDR-function derived for supply-limited
situations in case of pre-installed immobile layers
(Tuijnder et al., 2009) is also applicable for (thin)
immobile layers as formed naturally by vertical
sorting. This agreement was found during the development process of the dunes as well as in the
final supply-limited equilibrium situation.
The new data show the following characteristics of the immobile layer in the final equilibrium
situation: I) The immobile gravel layer has a
thickness of approximately 1.5-2 gravel diameters and has a gravel content of approximately fg =
0.4. These values are more or less constant and
not influenced by the dunes on top of the immobile layer. The dunes differed considerably in size
and shape between the different experiments. II)
With increasing gravel content the level at which
the immobile layer is formed is higher and the
supply-limitation is stronger. If the gravel content
is high (20%) the transport layer forms directly on
top of the gravel layer.
These characteristics confirm the idea that the
growth of dunes and of the active layer can only
come to an end after a certain critical volume of
immobile gravel - sufficient for the formation of a
more or less continuous single gravel layer - has
been exposed to the flow. For higher gravel contents of the initial mixture this critical volume is
reached earlier.
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Enhanced insight on the effects of boulders on bedload transport
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ABSTRACT: In this study the effects of partially submerged boulders on sand transport over and within a
gravel bed were examined thoroughly in a tiltable water re-circulating flume. These effects were evaluated by providing: (i) qualitative descriptions of the sand depositional patterns around the boulders; (ii)
quantitative analysis of the bedload rates; and (iii) determination of the infiltrated sediment within the
gravel bed. Results showed that the presence of boulders regulated the depositional patterns of the incoming sand particles. Characteristic sand patches were formed in the stoss region of the individual boulders,
whereas the wake region remained free of incoming particles. A depositional, V-shaped, sand bed feature
was created upstream of the boulder region, along the longitudinal direction of the flume bed. It was determined that under moderate and high bed shear stress conditions ~ 75 % and ~ 40 %, respectively, of
the incoming sediment was captured by the boulders in the form of these bed features. The time series of
the bedload rates revealed that the existence of the boulders and the sand depositional features directly affected the movement of the sand particles during the progression of the experiments. Significant variations in the transport rate were clearly observed during the initial periods of the experiments. Finally, less
sand accumulated within the bed when boulders were present.
Keywords: Boulders, Bedload, Deposition, Patches, Sand ridge
tion has been given on the effects of boulders on
the movement of bed material. Recently, artificial
boulders have been installed in many gravel bed
rivers by hydraulic engineers and fish biologists to
restore degraded waterways by stabilizing the
streambed as well as to enhance aquatic habitats
by damping the kinetic energy of flow (e.g., SaldiCaromile et al. 2004).
Building upon the foregoing research, the
overarching objective of this study was to examine, through flume experiments, the effects of
the presence of an array of isolated boulders on
the movement of sand over and within a gravel
bed under low relative submergence conditions
(i.e., H/db < 1, where H is the flow depth and db
the diameter of the boulder). The relative submergence has been reported to control the flow and
sediment patterns in the vicinity of boulders (e.g.,
Papanicolaou & Kramer 2005). The study aimed
at achieving the following goals: (1) provide a qualitative description of the sediment depositional
patterns around the boulders; (2) illustrate the effects of boulders on bedload rates; and (3) deter-

1 INTRODUCTION
The bed morphology of mountain rivers is characterized primarily by the presence of distinguishable isolated roughness elements, such as boulders
or clasts (e.g., Wohl 2000). The sizes of these
boulders can range from a few meters at the
headwaters of mountain streams to a couple of
centimeters at the downstream regions (i.e., transition from a gravel to a sand bed river). Downstream fining of boulder size has been attributed
to sorting, abrasion, and differential mobility of
various grain size fractions. Due to their size,
boulders are rarely entrained and tend to be mobilized predominately under extreme flow events.
The transport of bed material in gravel bed rivers has been found to be either in the form of individual particles or characteristic bed features, such
as ripples, dunes, bars (e.g., Bennett & Bridge
1995). Although numerous studies have investigated the transport of sediment over gravel bed
rivers (e.g., Smith & Ferguson 1996; Almedeij &
Diplas 2003; Grams & Wilcock 2007), little atten855

mine the amount of the infiltrated sediment within
the bed.

gauges (precision 0.0003 m), equally spaced at a
distance of 0.15 m across the y (transverse) direction of the flume, for mapping the bed surface. To
obtain the topography of the bed at different
cross-sections, the carriage was manually moved
along the x (longitudinal) direction of the flume.
To calculate the bedload rate, a sediment trap was
used to collect the material at the exit of the
flume. The sampling period for sediment collection varied between few minutes to 12 hrs, depending on the duration of each experiment; A-1
experiment lasted ~ 90 days, B-1 ~ 60 hrs, A-2 ~
2.0 hrs, and B-2 experiment ~ 1.0 hr. Consequently, bedload material was collected in the sediment
trap at a sampling period of ~ 12 hrs, ~ 1 hr, ~ 2
min and ~ 1 min, respectively.

2 METHODOLOGY
There are two experimental scenarios considered
for this study: scenario A consists of tests performed with the presence of boulders atop a gravel bed, whereas scenario B is tested without the
presence of boulders. The experimental tests,
representing scenarios A and B, were conducted
under identical flow conditions. These conditions
were determined based on the dimensionless applied bed shear stress, τ*, which was selected to be
~ 2.5τc* (corresponding to moderate applied bed
shear stress conditions) and ~ 5.5τc* (corresponding to high applied bed shear stress conditions),
where, τc* is the reference dimensionless critical
bed shear stress for the incipient motion of the
sand particles. The incipient motion criterion for
the individual sand particles was determined using
the probability of entrainment concept by Papanicolaou et al. (2002). This concept takes into account the near-bed turbulent effects (cycle of turbulent bursts) and frequency of their occurrence,
thus it does not overestimate the critical flow conditions under which commencement of sediment
motion occurs. The incipient condition of the sand
particles was considered for a 2.0 % probability of
entrainment (i.e., during a bursting cycle 1 out of
100 particles is transported by near-bed turbulence). By utilizing the methodological procedure
of image analysis described in the study by Papanicolaou et al. (1999) the dimensionless critical
shear stress τc*, corresponding to 2.0 % sand entrainment, was determined to be 0.022. Using a
combination of scenarios A and B with the two selected τ* values, four tests were performed, namely tests A-1, B-1 and A-2, B-2 (1: moderate τ*, 2:
high τ*).

3.2 Test sections
The flume consisted of three sections (see Figure
1): (a) the “sand bed section” as a feeding section
of sand particles; (b) the “glass bead bed section”
which constituted the main test section; and (c)
the “exit section” including the sediment trap.
The sand bed section, 9.6 m in length, consisted of uniform size quartz sand with a mean
particle diameter of dm = 0.19 cm (subscript m denotes matrix, adopted by Lisle 1989). Prior to the
experimental run the sand bed was leveled to its
final height of ~ 8 cm using a screed board. Sand
was not re-circulated or fed into the flume.
The gravel bed section, 4.5 m in length, was
comprised of 5 layers (~ 8 cm thick) of immobile,
well packed, uniform glass-beads (Strom et al.
2004) with an average porosity of η = 0.24 and a
diameter of df = 1.91 cm (subscript f denotes
framework, adopted by Lisle 1989). To enable
monitoring of sediment infiltration beyond the 8
cm bed-layer, part of the flume bed was modified
to form a 30 cm-deep rectangular recess (namely
“spawning box”), as shown in detail in Figure 1.
The spawning box (dimensions 90x60x30 cm)
was filled with 20 layers of glass-beads. Determination of the amount of sand within the streambed
was performed by sweeping the bed during the
removal of the 25 glass-bead layers at the end of
each test.
Spherical particles simulating the boulders with
a diameter of db = 5.5 cm were placed atop the
immobile glass-bead bed. The boulder size was
defined as db ≈ 3darmour (Reid et al. 1992), where
darmour = df = 19.1 mm is the median size particle
of the armoured bed. The spacing between the
boulders was 6db (i.e., 2% packing density), resulting in an isolated roughness regime (Morris
1955).

3 EXPERIMENTAL SET-UP
3.1 Facilities and instrumentation
The experiments were carried out in the IIHRHydroscience and Engineering facilities located at
the University of Iowa in Iowa City, USA. A
state-of-the-art water-recirculating, tilting flume
was used, having a useful length of 21.6 m, width
of 0.90 m and depth of 0.50 m. The slope of the
flume was adjustable using a screw jack, driven
by an electric motor, with a precision of 0.01 %.
The flow rate was measured using a digital
flowmeter with an accuracy ± 0.25 % of the actual
flow rate. A carriage was equipped with five point
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Figure 1. IIHR's state-of-the-art recirculating tilting flume.

Lastly, the exit section, 4.0 m in length, incorporated a sediment trap to collect the sand particles and a tailgate to control the flow depth.
Table 1 shows a summary of the hydraulic
conditions for the 4 experiments and includes: 1)
the applied dimensionless bed shear stress τ*; 2)
relative submergence H/db; 3) flow depth H; 4)
aspect ratio B/H; 5) ratio of the df/dm of the diameter of the framework to the diameter of the matrix;
6) slope of the bed S; 7) flow discharge Q; 8) bulk
velocity Ubulk; 9) Froude number Fr; and 10) Reynolds number Re. Experiments were performed
for a fixed low relative submerge of H/db = 0.8, a
benchmark value adopted from the experimental
study of Bettess (1984). It should be noted that the
selected τ* was larger than the τc* for the glass
beads with no protrusion, which has been documented to be greater than 0.2 (Fenton and Abbot
1977).
Table 1. Hydraulic parameters for the four tests
A-1
B-1
A-2
τ*
0.056
0.056
0.120
H/db
0.8
0.8
H (m)
0.044
0.040
0.044
B/H
21
23
21
df/dm
10
10
10
S
0.0036
0.0040
0.0078
Q (m3/s)
0.014
0.014
0.017
Ubulk (m/s)
0.35
0.39
0.43
Fr
0.54
0.62
0.65
Re
61600
61600
74000

4 RESULTS
4.1 Distribution of sand particles over the flume
bed

B-2
0.120
0.039
23
10
0.0088
0.017
0.48
0.78
74000

Figures 2(a), 2(b) provide the morphology of the sand bed
section recorded at the end of tests A-1 and A-2, respectively.

Figure 2(a) illustrates the creation of a longitudinal bed feature, namely “sand ridge”. The sand
ridge constituted a funnel shaped (V-shape) depositional pattern that gradually formed during the
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1 and B-2 it was visually observed that sand particles gradually filled the interstices of the glass
beads and then moved atop the fully covered bed
without creating characteristic depositional patterns.

Figure 3. A top and side view picture of the sand patches
formed upstream of the boulders (test A-1). White arrow
shows the flow direction.

4.2 Time series of the bedload rates
Figure 2(c, d). The morphology of the sand bed section for
(c) B-1 and (d) B-2 tests (without boulders).

Figures 4 and 5 present the time series of the dimensionless bedload rates, qb* , defined as:

experiments. In A-2 experiment the presence of
higher bed shear stress reduced the length and
height of the sand ridge [see Figure 2(b)].
Figures 2(c, d) suggest that for tests B-1 and B2 erosion occurred in most parts of the sand bed
section, without the formation of any characteristic bed features.
Figure 3 illustrates a plan and side view picture
of the bed morphology over the glass-bead bed
section for test A-1. The incoming sand particles
were mainly deposited in the stoss region of the
boulders forming short and wide bed features,
which is in agreement with the flow patterns reported in literature for low relative submergence
conditions (e.g., Shamloo et al., 2001). In the
wake region of the boulders there were few particles trapped due to flow recirculation, but for the
most part this region remained free of incoming
sand. The side view picture in Figure 3 shows that
the sand patches between subsequent boulders
along the x- direction of the flume, obtained a
similar geometry with the sand ridge recorded in
the sand bed section. For test A-2, elongated and
narrow sand patches were recorded in the stoss
region of the boulders. On the contrary, in tests B-

qb* =

qb

1/ 2

ρ s ⎡⎣ g ( γ s / γ − 1) d m3 ⎤⎦

(1)

where, qb = dimensional bedload rate; ρs = density
of the sand particles; and γs/γ = ratio of the specific weights of the sand particles to the specific
weight of the water. For all tests there was an initial period when no bedload was measured because sand did not reach the sediment trap.
Figure 4(a) illustrates 3 distinct periods of bedload movement for test A-1. During period 1 (duration ~ 150 hrs) the effects that boulders and sand
patches had on the bedload rate were insignificant.
On the contrary, period 2 (~ 470 hrs) illustrates
the time interval that the cumulative effects of
boulders and sand ridge were significant on bedload movement. During this period, the bedload
rate was gradually reduced due to: (i) accumulation of the sand particles upstream of the boulder
region; (ii) formation of the sand patches around
the individual boulders (i.e. significant reduction
in τ*); and (iii) sand infiltration within the porous
structure of the glass bead bed. At the end of period 2 equilibrium conditions were found to be
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“mature” planform geometry and starvation conditions in the flume occurred, the fluctuations observed in the bedload rates were significantly reduced.

present, i.e., the geometrical characteristics of the
bed features (sand ridge and patches) remained
unchanged with time. Period 3 (~ 1,300 hrs) clearly illustrates a significant reduction on bedload
rates due to starvation conditions (i.e. no sediment
feeding).
Figure 4(b) presents the time series of the bedload rates for test A-2. A comparison between
Figures 4(a) and 4(b) illustrated that there were
two discernable differences between A-1 and A-2
tests.

Figure 5. The bedload time series for tests (a) B-1 and (b)
B-2 (without boulders).

Figures 5(a) and 5(b) show the sedigraphs for
B-1 and B-2 experiments, whose duration was less
than the one for A-1 and A-2 tests. An induction
period did not exist for these experiments, suggesting that the induction time related to the presence of the boulders and the associated formation
and evolution of the ridge and sand patches. Also,
similarly to A-1 and A-2 tests, a reduction in the
bedload rate was observed during period 2 for B-1
and B-2 experiments due to no sediment feeding.
Since A and B set of experiments were performed
for identical hydraulic conditions, it was expected
that the bedload rates would fall within the same
range. By comparing, though, the bedload rates
corresponding to period 2 for A-1/A-2 and period
1 for B-1/B-2 experiments, one can surmise that
for moderate shear stress conditions the presence
of boulders reduced the bedload rate on average
by a factor of ~ 20, while for higher shear stress
conditions by a factor of ~ 1.5.
The qualitative descriptions of Figures 4 and 5
were complemented with a mass balance, control
volume (CV) approach, where the CV included
the sand bed section and the boulder region. The
mass balance was performed between the incoming, depositing (in the form of the sand ridge and

Figure 4. The bedload time series for tests (a) A-1 and (b)
A-2 (with boulders).

First, equilibrium conditions were reached
much faster for the A-2 test than for A-1. Second,
the reduction in the bedload rate between periods
2 and 3 in A-2 was abrupt compared to the one in
A-1 test where the reduction was gradual. Tests
A-1 and A-2, however, presented some similarities too. Both had an induction period (period 1)
where the bedload rate was lower in magnitude
than period 2. Secondly, both included a section
where the sedigraph was highly fluctuating (i.e.,
periods 1-2 for both tests) as well as a section
where fluctuations were less prominent (i.e., period 3 for both tests). It is suggested that the highly fluctuating periods corresponded to conditions
where formation of the ridge and patches was continuously evolving (“immature” bed formations).
On the contrary, throughout the last period of A-1
and A-2 tests, where the bed features obtained a
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patches), infiltrating and exiting sediment. It was
concluded that for A-1 experiment, ~ 63 % of the
eroded material from the sand bed section deposited in the form of the sand ridge, ~ 18 % infiltrated within the porous glass bead bed, ~ 11 %
deposited upstream of the individual boulders and
~ 8 % exited the boulder region. Along the same
lines, for A-2 experiment, ~ 32 % of the eroded
material from the sand bed section deposited in
the form of the sand ridge, ~ 11 % infiltrated within the porous glass bead bed, ~ 6 % deposited upstream of the individual boulders and ~ 51 % exited the boulder region. Consequently, one can
surmise that the formation of the sand ridge had a
significant impact on controlling the incoming sediment.

Figure 6. Sand fraction within the bed for the four tests.

5 CONCLUSIONS
Results from this study provided valuable insight
on the effectiveness of the boulders in regulating
bedload movement. Boulders regulated the incoming sediment and bedload rates by the formation
of: (i) a sand ridge upstream of the boulder region;
and (ii) distinguishable sediment patches in the
stoss region of each boulder. The sediment budget
in the flume provided quantitative insight for the
role of the boulders as sediment sinks. It was determined that ~ 75 % and ~ 40 % of the eroded
sediment was captured by the boulders in the form
of the sand ridge and patches under moderate and
high applied bed shear stress conditions, respectively. With respect to sand infiltration, boulders
seemed to be effective in reducing the sand fraction under moderate applied bed shear stress conditions. An improved understanding of the role of
boulders will allow the design of more sophisticated river restoration techniques.

4.3 Distribution of sand particles within the
gravel bed section
Figure 6 displays the bar graphs of the subsurface
sand distribution at the end of the four tests. By
comparing the sand distributions between conditions with vs. without boulders, one can conclude
that the presence of boulders atop the bed reduced
the sand fraction into the substrate, especially for
the moderate applied bed shear stress conditions
(τ* = 2.5τc*).
Boulder effects were prominent within a region
that extended ~ 7.5 cm below the bed surface (i.e.
z ≈ 4.0df), in which 70-80 % of the total accumulated sand was deposited, creating a surface seal.
Below z ≈ 4.0df, sand fraction decreased exponentially with depth. It is believed that the creation of
the surface seal close to the bed surface hindered
the deposition of sand particles into the underlying layers of glass beads. A similar behavior has
been reported by several researchers (e.g., Sakthivadivel & Einstein 1970; Beschta & Jackson
1979; Carling 1984; Diplas & Parker 1985; Lisle
1989). These studies concluded that when the ratio df/dm is between 7 and 15 (in our study df/dm =
10) fine particles bridge the openings between adjacent gravel particles and prevent the downward
movement of additional fines into deeper parts of
the substrate.
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The effect of riverbed structure on bed load transport in mountain
streams
K. Zhang, Z.-Y. Wang & L. Liu

State Key Laboratory of Hydroscience and Engineering, Tsinghua University, Beijing, China

ABSTRACT: Bed load transport in mountain streams varies with the flow intensity, stream power, and
the riverbed structure. The measured bed load transport rate varies in a range of 3-4 orders of magnitude
in a mountain stream at the same place and the same flow discharge, with the presence or absence of a
step-pool system. The relationship between bed load transport, stream power (product of discharge per
width and the bed slope) and riverbed structure was studied in this paper experimentally in mountain
streams. A parameter, Sp, is introduced, which is used to describe the development degree of a riverbed
structure. A specially designed instrument was used to measure the development degree of a riverbed
structure. A double-box bed load sampler was used to measure the rate of bed load transport in mountain
streams. Field experiments on the bed load transport, riverbed structure and hydraulic features were
conducted in 14 tributaries of the Xiaojiang River in the upper Yangtze River Basin in China. It was
found that the rate of bed load transport was affected by both the stream power and the riverbed structure.
In rivers or reaches with a similar unit stream power, a high riverbed structure was always accompanied
with a low rate of bed load transport.
Keywords: Mountain streams, Riverbed structure, Bed load transport, Stream power, Step-pool system

1 INTRODUCTION

1998; Oldmeadow & Church, 2006; Yu, et al.,
2009a); (5) Field data is difficult to obtain in
nature, and the bed load trap used at alluvial rivers
is inaccurate when used at mountain rivers (Ryan
& Troendle, 1996; Bunte et al., 2004; Luo, et al.,
2008). Hence, estimation of the rate of bed load
transport in mountain rivers is one of the most
challenging aspects in sediment research.
Parker (2008) summarized the common bed
load transport formulae which uses the concepts
of hiding function, substrate relation, active layer,
topographic variability, patchiness transport,
partial transport, mobile armoring to elucidate the
nature of bed load transport. More and more
formulae have been used and these formulae have
become more and more complex. But when
estimating the rate of bed load transport in a given
mountain stream, the bed load transport formula
still needs to be regulated or some empirical
methods need to be used. Consequently, the
existing formulae to calculate the rate of bed load
transport cannot be used in all mountain rivers. A
method to accurately evaluate the rate of bed load

The study of bed load transport is an important
part of sediment research. In the past half century,
scientists
and
engineers
have
used
semi-theoretical and semi-empirical methods to
calculate bed load transport accurately in sand-bed
rivers. However, the estimation of bed load
transport in gravel-bed rivers is still extremely
difficult and the results are imprecise (Gomez &
Church, 1989; Wohl & Thompson, 2000; Apsley
& Stansby, 2008; Papanicolaou et al., 2009).
There are five main reasons for the difficulty to
predict bed load transport in gravel-bed rivers: (1)
Flow condition varies violently in the mountain
streams; (2) The bed material size varies widely
which is quite different from sand-rivers; (Simons
& Simons, 1987; Cao et al., 2000; Singh et al.
2009); (3) Interaction of the particles, particle
shape and orientation affect the sediment transport
(Carling et al. 1992; Chin & Chiew, 1993); (4)
The riverbed structure or bed roughness affect the
flow condition and bed load transport (Davies &
Sutherland, 1980; De Jong, 1992; Church et al.,
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transport based on a clarified theory still need to
be explored.
Based on field experiments in the Diaoga
River, a second-order tributary of the Yangtze
River in China, Yu et al. (2009b) proposed the rate
of bed load transport is most affected by the
incoming sediment, flow conditions and the
riverbed structure. In nature, bed load transport
and riverbed structure are a couple of competing
and mutually interacting aspects of flow energy
dissipation (Wang et al. 2004; Liu & Wang, 2009).
Nevertheless, how to determine the intensity of
riverbed structure is a new challenge.
Riverbed structure is a structure of cobbles,
boulders and gravel on the stream bed
self-organized during fluvial process to reach the
highest bed stability. Since step-pool systems are
the most stable structures in gravel-bed rivers
(Chin, 1989; Whittaker, 1987; Abrahams et al.,
1995; Rosport, 1997; Wohl & Thompson, 2000), a
parameter, Sp, was introduced to describe the
development degree of a step-pool system (Wang
et al., 2004). Furthermore, riverbed structure
intensity (Sp) was suggested to estimate the bed
roughness of a step-pool system (Wang et al.,
2009). Figure 1 shows the definition of the
parameter Sp, which is the ratio of the length of
the curve ABCDEFG to the length of the straight
line AG minus one, i.e.
A

SP =

1 STUDY AREA AND METHODS
1.1 Study area
Field experiments were conducted in the Diaoga
River during the flood season of 2008, and six
cross sections were used to measure the rate of
bed load transport and flow intensity. Table 1 lists
the locations of the field experiments sites.
Field experiments were further conducted in 14
mountain streams in the Xiaojiang River basin
during the flood season of 2009. The field
locations were shown in Fig. 2. The rate of bed
load transport, stream power and the riverbed
structure were measured at different times with
different flow conditions.

D
Elevation

(1)

The riverbed structure describes the resistance
of bed surface, and also greatly influences bed
load transport (Lamarre & Roy (2008). Based on
field experiments, Yu (2008) found that even at
the same reach of a river and in similar stream
powers, the bed load transport rate (gb) can still
vary by several orders of magnitude with the
presence or absence of riverbed structures. This
research shows some new methods of estimating
bed load transport in a mountain river. Thus,
further field experiments were taken in the study
to estimate the effect of riverbed structure
intensity on the rate of bed load transport.
Moreover, the relationship among the rate of bed
load transport per width, riverbed structure
intensity and the stream power per width is
discussed.

B

C

ABC + CDE + EFG
−1
AG

F
E
G

Distance Down stream

Figure 1. Definition of riverbed structure intensity (Sp)
Table 1. Measured site in Diaoga River
Section

Distance from the river mouth(km)

Altitude (m asl)

Average slope

Source
C1
C2
C0
C3
C5
C6
Mouth

12.04
9.21
6.41
5.41
4.09
1.76
0.03
0.00

2608
2284
1895
1836
1768
1580
1490
1489

0.115
0.139
0.059
0.052
0.081
0.052
0.033
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Figure 2. The main measuring spots in Xiaojiang River basin

was, the less duration of sampling time was. Each
sample had been taken two or three times till the
rate of bed load transport being relatively
balanced.

1.2 Field measurements of bed load transport
The rate of bed load transport varies dramatically
in mountain rivers, and accurately measuring the
rate of bed load transport is difficult (Bunte et al.,
2004). Samplers installed into the riverbed of a
channel may be the most accurate method to
measure the rate of bed load transport. However,
samplers are not used widely because of their high
cost and awkward operation. Pit or trough
samplers usually are used in some small streams
where they can be easily installed (Kuhnle, 2008).
In order to obtain more reliable data from field
experiments, a double-box bed load transport
sampler was used to measure the rate of bed load
transport (Fig. 3). The outer box was installed into
the stream bed with its top edges even with the
local bed surface. The size of the inner box was
0.5m×0.25m×0.05m. A steel-wire mesh with a
flow

1.3 Field measurement of riverbed structure
intensity
Riverbed structure intensity was obtained by a
dimensionless parameter, Sp, which was measured
by a special instrument as shown in Fig. 4. The
instrument, aimed at measuring the index of Sp,
was similar to the mini-Tausendfussler (De Jong,
1992) but with more flexibility and portability.
The instrument was made of thirty steel measuring
rods spaced 5 cm apart placed horizontally on an
aluminum steel frame. These rods were able to
slide down onto the bed surface. The upper ends
of the rods described the bed profile in front of a
screen. The frame was moved along the thalweg
of the stream 10 times and each time a picture was
taken. The Sp value was then calculated by using
the following formula (Wang et al., 2009):

outer box
inner box

m

SP =
Figure 3. Double-box bed load sampler

∑
i =1

( Ri +1 − Ri ) 2 + 5 2

[5(m − 1)]2 + ( Rm − R1 ) 2

−1

(2)

in which Ri is the reading of the upper end of the
measuring rods on the screen (in cm), and m is the
total number of readings (=300). In field
investigations, the Sp value for all the mountain
streams was measured by this instrument.
The value of Sp is always greater than 0. The
greater the value is, the stronger the riverbed
structure intensity is, reflecting that more
step-pool systems have developed. If the bed
surface is smooth it means that there is no
riverbed structure, and the Sp value will be 0.
However, this condition does not exist in nature.

diameter of 0.4 mm was used at the bottom of the
box to drain the water rapidly when the box was
lifted out of the river. Wet weight of collected bed
load sediment was measured and the rate of bed
load transport was calculated. The bed load
samples were mainly taken in flood season of
2008 and 2009, and samples at different sections
had been taken one after the other. All the samples
were taken during from two hours to four hours
varying with different rate of bed load transport,
the larger the rate of bed load sediment transport
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section of C2, however, the discharge during the
two different time varied by less than one order of
magnitude (Fig. 5(a)). The results show that the
rate of bed load transport changes drastically with
small changes in discharge. Hence, researchers
proposed a simple power function of discharge to
describe the bed load transport (Whitting et al.,
1999; Barry et al., 2004). Certainly, the
relationship of discharge and rate of bed load
transport changes in different sections. Figure 5(b)
shows the rate of bed load transport quickly
increased when flow discharge was increasing.
This result was similar to Barry et al. (2004).

(a)

2.0
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1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
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Aluminium steel frame
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C3
Cross Section
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(a)
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(b)
Figure 4. (a) Instrument for measuring the riverbed structure
intensity, Sp; (b)Measurement of the Sp value on the Shengou
Creek
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Figure 5. (a) Flow discharge variation in measured sections
in the Diaoga River; (b) Rate of bed load transport per unit
width variation in different sections in Diaoga Rive

1.4 Stream power per unit width
The definition of stream power is described as:
p=γqJ

10

(3)

On the other hand, the rate of bed load
transport varies intensively at the same time in
different reaches of the Diaoga River (Fig. 5(b),).
The rate of bed load transport increased from
upstream to downstream (Fig. 5(a)). To some
extent, the increased bed load transport was
affected by the increased flow discharge.
However, the rate of bed load transport per unit
width fluctuated 1-4 orders of magnitude in
similar flow discharges. For example, flow
discharges measured during July 13-July 14 in all
sections were low (0.1 m3/s-0.3 m3/s) and
fluctuated 2-4 times (Fig. 5(a)). Conversely, the
rate of bed load transport per unit width changed
120 000 times (C6/C2). However, when the flow
discharge was high (1.0m3/s-1.8m3/s) in
Aug.13-Aug.15, the rate of bed load transport per
unit width varied by only 2.7 times at most
(C6/C1). Hence, the flow discharge is not a single
reason to determine the rate of bed load transport,

in which p is stream power per unit width (
kg/m·s); γ is specific weight of water (kg/m3); q is
discharge per unit width (m2/s); J is local water
surface slope (m/m).
2 DATA ANALYSIS
2.1 The rate of bed load transport in Diaoga
River
Figure 5 shows the variation of discharge and rate
of bed load transport in the measured sections of
the Diaoga River. Similar to Yu et al. (2009(b)),
the measured rate of bed load transport varied 3-6
orders of magnitude in the Diaoga River in 2008
(Fig. 5(b)). The rate of bed load transport in Aug.
13-Aug. 15 was 1 000 000 times greater compared
with the values in July 13- July 14 at the same
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River, are completely different as shown in Fig. 6.
The rate of bed load transport per unit width was
up to 9 kg/m·s in turbid-flow gully, and 0 in
clear-flow gully. Whereas, the distance between
the two field experiment sites in turbid-flow gully
and clear-flow gully was less than 500 m and the

and there are some other reasons causing the
fluctuation of the rate of bed load transport.
2.2 Effect of riverbed structure on bed load
transport
Although the flow discharge fluctuated slightly in
different sites or different times, the bed surface
was quite different. Riverbed structure intensity,
Sp, varied from 0.02 to 0.06 in C6, and at the same
time Sp varied from 0.09 to 0.15 in C2. Thus the
bed surface in C6 was much smoother than the
surface of C2, consequently the rate of bed load
transport per unit width was always intensive in
C6 with low or great flow discharge. However, the
riverbed structure varied by orders of magnitude
in C2, and the rate of bed load transport per unit
width also fluctuated dramatically.
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Figure 6. (a) Step-pool system develops in clear-flow gully,
a tributary of Daqiaohe River; (b) Heavy bed load transport
with little riverbed structure in turbid-flow gully, another
tributary of Daqiaohe River, 500 m from the clear-flow gully
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Figure 7. Relationship between riverbed structure and rate of
bed load transport per unit width under condition of given
stream power per unit width

In mountain rivers, the rate of bed load
transport will be quite different even in adjacent
tributaries. For example, the rates of bed load
transport per unit width in clear-flow gully and
turbid-flow gully, 2nd-order tributary of Xiaojiang
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flow discharge difference was only 0.3 m3/s (the
flow discharge per unit width in turbid-flow gully
was less than double of that in clear-flow gully).
Moreover, the riverbed structure intensity, Sp, was
also quite different in clear-flow gully and
turbid-flow gully. The measured Sp was 0.02 in
turbid-flow gully and 0.41 in clear-flow gully,
however, the geomorphologic form and landscape
was quite different in the two gullies.
In order to further study the effects of riverbed
structure on bed load transport, 14 tributaries of
Xiaojiang were measured in the flood season of
2009. Figure 7 shows the relationship between
riverbed structure and rate of bed load transport
per unit width under steady stream power per unit
width.
Figure7 shows under the similar stream power
per unit width in mountain streams, the higher the
riverbed structure intensity was, the lower the bed
load transport per unit width was. Moreover, bed
load transport intensity fluctuated strongly with
small changes in the riverbed structure. The rate
of bed load transport decreased with a logdescending trend accompanying with ascending of
riverbed structure intensity. The rate of bed load
transport could decrease 10 to 1 000 000 times
when the riverbed structure intensity increased by
less than 10 times. Furthermore, based on the field
experiments, it was found that there was no bed
load transport in the river when Sp was greater
than 0.4 and p less than 50 kg/m·s.

the bed surface. The measured riverbed structure
intensity, Sp, reflects an equilibrium stage among
flow condition, incoming sediment and bed load
transport. Once there is no incoming sediment
from upstream, riverbed structure is affected by
flow condition and bed load transport. However,
since the present step-pool systems are formed in
previous high flow, and once the present flow
intensity is less than the previous high flow
intensity, the riverbed structure cannot be
destroyed. Accordingly, the rate of bed load
transport decreases gradually until there is no bed
load transport. On the other hand, once the
measured riverbed structure intensity, Sp, is lower
than the riverbed structure formed in previous
extreme high flow, the riverbed structure is
unstable and there will be an increase in bed load
transport to adjust the riverbed structure intensity
until the riverbed structure intensity reaches a
maximum. In Shengou Creek and clear-flow gully,
where step-pool system have been developed, the
Sp is larger than 0.35, consequently there was no
bed load transport at all. As measured in Shengou
Creek and clear-flow gully in 2009, where the
step-pool system cannot be destroyed because of
the stability of the riverbed structure, there was
little bed load transport even as the flow intensity
increased. However, in the mountain rivers with
heavy sediment transport intensity, such as the
Dabaini River, the Xiaobaini River, and the
Jiangjia Ravine, where there is low riverbed
structure with Sp less than 0.1, the measured gb
was always large than 3 kg/m·s in flood season.
Moreover, debris flow often broke out in these
three gullies, causing damage to the riverbed
structure.
As shown in Fig. 7, the rate of bed load
transport per unit width has the same dimensions
as stream power per unit width, thus a relationship
between riverbed structure intensity, Sp, and a
defining dimensionless parameter R= gb /p can be
made as shown in Fig. 8.

3 RESULT AND DISCUSSION
Bed load transport is affected by both the stream
power and riverbed intensity. Scientists found that
the resistance on the bed surface would decrease
the rate of bed load transport (Parker and
Klingeman, 1982; Bathurst, 2007). The research
concentrated on the variation of coarse layer or
the bed roughness and analyzed the coarse layer
as a bed form (Carling et al., 1992). In fact,
riverbed structure like step-pool systems usually
consists of large boulders and cobbles acting as a
framework tightly interlocking the structure with
considerable stability. Because flow is deflected
and dropped violently when flowing onto the
step-pool system, the step-pool system disperses
flow energy efficiently and resists riverbed
erosion. Thus, a step-pool system is much more
stable than boulders and cobbles arranged on the
bed surface irregularly in decreasing bed load
transport intensity.
Riverbed structures usually form in high flow
(Whittaker & Jaeggi, 1982; Grant et al., 1990).
After formation the low flow removes fine
sediment, and the riverbed structure is exposed on
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Figure 8. Relationship between riverbed structure and
dimensionless ratio parameter of bed load transport rate per
unit width and stream power per unit width
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Figure 8 shows that R and Sp have an inverse
trend in semi-logarithm coordinates. However,
there are still dramatic errors by several orders of
magnitudes in Fig. 8. Hence the bed load transport
intensity is unstable in mountain rivers, which has
stochastic characteristic in this fluctuation. Since
flow discharge is quite different in flood season,
especially in mountain rivers, the factor of stream
power per unit width varies all the time.
Moreover, the stream power per unit width was
affected by fluvial process, such as riverbed
incision and channel wandering.. On the other
hand, according to the influence of incoming
sediment from upstream and the variation of the
flow intensity, the riverbed structure intensity also
varies. Nevertheless, bed load transport rate
changes greatly with small changes to Sp and p,
consequently the bed load transport rate varies
violently. However, the adjusting process of
riverbed structure and stream power needs further
studying.

Barry, J.J., Buffington, J.M. and King J.G. 2004. A general
power equation for predicting of bed load transport rate in
gravel bed rivers. Water Resources Research, 40,
W10401, doi:10.1029/2004WR003190.
Bathurst, J.C., 2007. Effect of coarse surface layer on bedload
transport. Journal of Hydraulic Engineering, ASCE,
133(11), 1192-1205.
Bunte, K., Potyondy, J.P. and Ryan, S.E., 2004.
Measurement of coarse gravel and cobble transport using
portable bedload traps. Journal of Hydraulic Engineering,
ASCE, 130, 879.
Cao, S.Y., Liu, X.N., Fang, D. and Li, C.Z. 2000. Transport
Behavior of Pebble Bed-load in Mountain Rivers. Journal
of Sediment Research, (4), 1-5. (in Chinese with English
abstract)
Carling, P.A., Kelsey, A. and Glaister, M.S. 1992. Effect of
Bed Roughness, Particle Shape and Orientation on Initial
Motion Criteria. In: Dynamics of Gravel-bed Rivers.
Edited by Billi P., Hey R.D., Thorne C.R. and Tacconi P.,
John Wiley and Sons Ltd, Chichester, UK, 23-39.
Chin, A. 1989. Step-pools in stream channels. Progress in
Physical Geography, 13(3), 391-408.
Chin, C.O., and Chiew, Y.M. 1993. Effect of Bed Surface
Structure on Spherical Particle Stability. Journal of
Waterway, Port, Coastal, and Ocean Engineering, 119(3),
231-242.
Church, M.A., Hassan, M.A. and Wolcott J.F. 1998.
Stabilizing self-organized structures in gravel-bed stream
channels: Field an dexperimental observations. Water
Resources Research, 34(11), 3169-3179.
De Jong, C. 1992. Measuring changes in micro and macro
roughness on mobile gravel beds. In: Erosion and
sediment transport monitoring programmes in river
basins. Edited by Bogen, J., Walling, D.E. and Day, T.J.,
IAHS, Oslo, no. 210, 31-40.
Davies, T.R.H. and Sutherland, A.J. 1980. Resistance to flow
past deformable boundaries. Earth Surface Processes, 5,
175-179.
Gomez, B. and Church, M.A, 1989. Assessment of bed load
sediment transport formulae. Water Resources Research,
25(6): 1161-1186.
Grant, G.E., Swanson, F.J. and Wolman, M.G. 1990. Pattern
and origin of stepped-bed morphology in high-gradient
streams, Western Cascades, Oregon. Geological Society
of America Bulletin, 102, 340-352.
Kuhnle, R. 2008. Bed load Samplers. In Sedimentation
Engineering: Processes, Measurements, Modeling, and
Practice. Edited by Marcelo H. Garcia. ASCE manuals
and reports on engineering practice; no.110. ASCE Press,
United States, pp. 346-353.
Lamarre, H. and Roy, A.G. 2008. A field experiment on the
development of sedimentary structures in a gravel-bed
river. Earth Surface Processes and Landforms, 33,
1064-1081. doi: 10.1002/esp. 1602
Liu, H.X. and Wang, Z.Y. 2009. Field experimental study on
development of mountain streambed structures. Journal
of Hydraulic Engineering, (11), 15-20. (in Chinese with
English abstract)
Luo, M.S., Liu, X.N., Luo, X., Huang, E. Zhou, X.Q. and
Cao, S.Y. 2008. Roughness of slope surface and gully bed
and its measurement method in a small watershed of
mountainous areas. Journal of Sichuan University
(Engineering and Science Edition), 40(6), 57-62. (in
Chinese with English abstract)
Oldmeadow, D.F. and Church, M.A. 2006. A field
experiment on streambed stabilization by gravel
structures. Geomorphology, 78, 335-350.

4 CONCLUSION
According to field experiments in 14 mountain
streams on the rate of bed load transport, it was
found that the rate of bed load transport per unit
width greatly varies with changes to the riverbed
structure intensity and stream power per unit
width. The rate of bed load transport increased
dramatically when the stream power per unit
width increased. In similar stream power per unit
width, the more developed the riverbed structure
was, the lower the bed load transport rate in the
river or reach was.
Conversely, the less
developed the riverbed structure was, the more
intensive the bed load transport was.
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ABSTRACT: Based on Large Eddy Simulation (LES) in a doubly periodic domain, two of us (Nguyen and
Wells 2009) have developed a model to simulate the initial formation of sedimentary bedforms, constrained to
be two-dimensional, in hydraulically smooth turbulent flows under bedload conditions. The LES is coupled
with an Immersed-Boundary Method (IBM) to efficiently handle the evolving bed geometry without regridding. Given the instantaneous bed geometry, the LES yields a bed shear stress distribution. At each flow
cross-section, the spanwise average of this bed stress was taken to determine the sediment flux according to
the van Rijn (1984) formula chosen for its applicability to particle Reynolds numbers in the hydraulically
smooth regime. In the present contribution, we extend the above model to simulate the formation of threedimensional bedforms. Simulated results for initial ripple development change very little from the 2D bed
model. Three-dimensional “bumps” can be observed on the bed surface. With small “bumps” on the bed surface the three-dimensional bed model slightly speeds the process of erosion of the downstream end, and
shortens the time to form a new sand wave, and shortens the length of the first wave. Flows over fixed beds
with two-dimensional and three-dimensional “bumps” suggest that non-uniformity of shear stress in the
spanwise direction can reduce the mean shear stress and sediment flux of the ripples.
Keywords: Sediment transport, Bedforms, Turbulent flows, Large-Eddy-Simulation, Ripples

the foundation of the descriptions of the geometry
of the sand waves on streambeds (Raudkivi 1997).
The model is based on a two-dimensional inviscid
potential flow over an erodible bed. He related the
local sediment transport rate to the local fluid velocity, with a lag distance between the two, which
is the key factor for producing unstable waves.
Later, Richards (1980) added viscous effects to
the flow model with an one-dimensional turbulence model for flows with hydro-dynamically
rough beds to study the formations of ripples and
dunes. His results showed that formation of ripples is independent of the flow depth. This work
was extended to the region of hydro-dynamically
smooth flows by Sumer & Bakioglu (1984) for
analyzing ripple formations. This analysis predicted that ripples would exist only when grain
Reynolds number Re p ≤ 24.0 .
Several researchers have applied numerical methods to simulate the flows over fixed ripples to
understand the effects of bedform to the flow
fields and the implications for sediment transport.
For example, Zedler and Street (2001) focused on

1 INTRODUCTION
When a riverbed or seabed is eroded by a current,
the bed usually becomes unstable and bedform
patterns appear. In this paper our attention is
mainly focused on subaqueous sedimentary ripples, which are small-scale patterns characterized
by a height of the order of a centimeter that are
observed to appear only in hydro-dynamically
smooth and transitional flows, i.e. for the grain
Reynolds number Re p ≤ 24.0 (Sumer and Bakioglu, 1984). There are important motivations for
researchers to study the appearance and the time
development of the ripples:
y The presence of ripples may change the bed
roughness, which determine the fluid shear
stress near the bed;
y Ripples usually cause the separation of the bottom boundary layer and strongly modify the
sediment transport;
There are a few theoretical works describing
sand wave development from a flat bed: Kennedy
(1963) is considered to be the first one who laid
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al. (2003), and Langlois and Valance (2007). The
computed points are distributing on the lower limit of the experimental ones shows the agreement
between them.

the initial entrainment and transport of suspended
sediment in ﬂows over fixed ripples. A wellresolved large-eddy simulation (LES) was employed to examine in some detail the role and effect of coherent structures that occur near the bed.
However, to the authors’ knowledge, there
have been no reported simulations of the formation process of ripples from an initially flat bed by
a well-resolved turbulent flow field.
Numerical models for simulating bedload
transport must include a model to solve the flow
field and thence the stress distribution on the bed
surface, a model to transport the sediment along
the bed, and a model to describe the evolution of
the bed elevation according to the transport of the
sediment(Kennedy 1963, Richards 1980, Sumer
and Bakioglu 1984, Bui et al. 2004). Among
available methods which explicitly represent the
turbulent flow fields, DNS (Direct Numerical Simulation), LES and RANS (Reynolds-Averaged
Navier-Stokes equations) can be considered. DNS
is far too costly, leaving LES and RANS as feasible candidates (Keylock et al. 2005, Giri and Shimizu 2006) at present. Keylock et al (2005) suggested that LES is preferable for fluvial
geomorphic and sedimentological research, since
most RANS models are intended for accurate representations of the mean flow field only. Chang
& Scotti (2003) compared LES with a RANS kω model for separating flows over ripples, and reported that RANS substantially under-predicted
Reynolds stress and over-predicted vertical velocity, while LES agreed very well with DNS and experiment.
A two-dimensional numerical model has been
developed in our lab to study the detailed information of ripple initiation and evolution under an
uniform turbulent current (Nguyen and Wells
2009). Bedload sediment flux is estimated by the
van Rijn's (1984) formula from the time-averaged
bed shear stress distribution obtained from flow
solutions by a Large-Eddy-Simulation (LES) method coupled with an Immersed-BoundaryMethod (IBM). Evolution of the bed surface, as
described by the Exner equation, is computed quasi-simultaneously with the flow field.
However, when bedforms are threedimensional, as often found for ripples formed in
alluvial channels, the sediment transport is not
uniform in the spanwise direction, therefore threedimensional bedload models are necessary.
In the two-dimensional model by Nguyen and
Wells (2008), Re p was varied in the range [0.5,
2.5]. The wavelengths of the earliest ripples obtained at each Re p are plotted in Figure 1, together with the experimental results by Kuru et al.
(1995), Coleman and Melville (1996), Coleman et

Figure 1. Length of the first sand wave developing from a
flat bed: numerical (Nguyen and Wells 2008) vs. experimental results.

As the first step to developing a threedimensional model of ripple formation, this paper
applies the local shear stress instead of the transversely-averaged bed shear stress to compute bedload flux. Similar to the two-dimensional model,
we simulated the formation process of the first
ripple under hydraulically smooth conditions,
namely with a grain Reynolds number ReP of 0.5.
Results of the 2D and 3D models are compared.
We found that smaller-scale “microforms” appear
on the bed surface in the three-dimensional model,
and to distinguish these from the main ripple initiated in both models, we refer to these smaller
structures as “bumps” in this paper. To understand
their effect, the distribution of bedload transport
capacity around fixed “bumps” is discussed.
2 NUMERICAL MODEL
To build a computational model to study the initiation and evolution of ripples, simplifying assumptions are unavoidable. The present work assumes that
y The flow is hydrodynamically smooth (the
grain Reynolds number Re p ≤ 2.5 ), i.e. roughness of the bed is neglected (Yalin 1977);
y Suspended sediment may be neglected, i.e. only
bedload transport is observed to dominate ripple formation(Mantz 1992, Coleman and Melville 1996, Coleman et al. 2003, Langlois and
Valance 2007);
y Time scale of flow development is much shorter
than that of the bedform development (Richards 1980). Accordingly, the bed surface is
treated as fixed while the flow field is solved in
an interval of 100 time steps to allow the flow
field to adapt to the new bed profile.

872

Equation (1b) & (2b)

Equation (5)
Figure 3. An example of IBM grid for computing flows over
a wavy bed.
Equation (13)

Equation (15)

Figure 4. Forcing strategy in IBM.

1, 2, 3, and  ( x1 , x2 , x3 ) = ( x, y, z ) , ρ is the fluid
density, p is the dynamic pressure, τ ij is the subgrid stress(SGS), and ν is the fluid kinematic
viscosity.
The subgrid stress model is the ShearImproved Smagorinsky model proposed by
Lévêque et al. (2007):

Figure 2. Computational procedure.

Figure 2 shows the main computational procedure of the model. First the initial bed profile,
flow conditions (domain size, grid generation,
Reynolds number) and sediment conditions are
specified. Our model uses a rectangular domain
and a Cartesian grid. The three-dimensional flow
fields are solved by an LES method coupled with
IBM while the bed surface is fixed. After solving
this hydrodynamic model over 100 time steps, the
time averaged flow fields are applied to compute
the bed shear stress. Then the bedload flux is estimated by the van Rijn's formula (1984), and the
bed surface is updated by the Exner equation.
These three steps are iterated continuously.

1
3

τ ij − δ ijτ kk = −2ν T Sij
1 ⎛ ∂ui ∂u j ⎞
with Sij = ⎜
+
⎟
2 ⎝ ∂x j ∂xi ⎠

ν T = ( Cs Δ )

(S −

S

) , and

S = ( 2Sij Sij ) ,
1/2

1/3

Δ x , Δ y and Δ z are the local grid spacings in
the x, y and z-directions, respectively. < > denotes
“local ensemble average”, which is performed in
the spanwise direction for models of twodimensional bedload, and in both spanwise direction and along time in models of threedimensional bedload.
In IBM, the computational domain includes
both the solid portions, Ω s , and the fluid portions, Ω f , on a fixed Cartesian grid system, and
the same governing equations are applied on the
whole domain; see Figure 3. The artificial body
force f is added to the Navier-Stokes equation to
account for the presence of the solid portions.
IBM simplifies grid generation, and avoids regenerating the computational grid as the solid domain changes shape.

The governing equations for LES coupled with
IBM are the incompressible N-S equations, as filtered by a low-pass spatial filter. In IBM an artifcial body force f is added to impose the no-slip
condition at solid boundaries:

∂ui
∂ui
1 ∂p ∂τ ij
∂ 2ui
+ uj
=−
−
+ν
+ fi
ρ ∂x j ∂x j
∂t
∂x j
∂x j ∂x j

2

,

where Cs=0.16 and Δ = ( Δ x Δ y Δ z ) .

2.1 The Governing Equations of Flow

∂u j
=0
∂x j

(3)

(1a)
(2a)

where “¯” indicates the filter operator, ui is the
filtered velocity component in the i direction, i =
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The artificial force f is used to represent the
solid parts, so f is nonzero only on the solid portion, i.e. fi = 0 in Ω f
There are many strategies for the artificial body
force f. Fadlun et al. (2000) proposed a linear velocity interpolation method. The velocity of the
point nearest to the solid surface is computed via a
linear interpolation so that it satisfies ui = 0 right
on the solid boundary (fixed bed). As shown in
Figure 4, let Δ and δ be the grid spacing and
the distance from the point outside but nearest to
the solid surface, respectively; ui ,computed be the velocity obtained from equation (1a) and (2a) at the
point outside, but nearest to the solid surface; and
ui , forced is the imposed velocity at the point inside
but nearest to the solid surface. According to Fadlun et al. (2000), ui , forced can be computed as follows:

ui , forced = −ui ,computed

Δ −δ

nearest to the bed surface they are computed by
equation (4).
2.3 Sediment Motion
In the present model, the shear velocity uτ is
computed from the shear stress, as averaged during an interval of 100 LES time steps:
uτ 2 = ν

The governing equation (1a) and (2a) are nondimensionalized by the fluid density ρ , mean friction velocity uτ 0 and total flow depth H. Each variable in equation (1a) and (2a) is
nondimensionalized as followings:

τ ij
t
xi
, xi = , τij = 2 , P =
H / uτ 0
H
uτ 0
f
H
u
H
i
τ
, Reτ =
.
fi =
ν
uτ 0

t =

(5)

where uς is the time-averaged velocity component along the bed surface, and η is the surfacenormal direction. In our model, we use two definitions of uς : transversely averaged velocity in twodimensional bed model and local velocity in threedimensional bed model.
Neglecting effects of relative density, local
bedload flux is normally assumed to depend on
two nondimensional parameters, the grain Reynolds number:

(4)

δ

∂uς
∂ης

Re p =

uτ 0 d

(6)

ν

and the local Shields number θ is:

p
+ τkk ,
ρ uτ20

θ=

2

uτ2
⎛ uτ ⎞
θ0
=⎜
( s − 1) gd ⎝ uτ 0 ⎟⎠

(7)

where θ 0 is the mean Shields number:

where “~” indicates a nondimensionalized parameter. The governing equations become:

uτ20
θ0 =
( s − 1) gd

∂u j
=0
∂x j

s is the ratio of grain density to fluid density, d is
the grain diameter.
There are a number of formulae for bedload
transport proposed in the literature (Cheng 2002).
Most of them are valid only for high grain Reynolds numbers. To our knowledge, the only formula that is also valid for low grain Reynolds
numbers is the equilibrium bedload flux equation
by van Rijn (1984):

∂ui  ∂ui
∂P
1
∂ 2ui
+uj
=−
+ (νT +
)
+ fi
Reτ ∂x j ∂x j
∂t
∂x j
∂x j

(1b)

(2b)

These equations are solved by a finite difference method on a fixed Cartesian, staggered nonbodyfitted grid with 4th-order central discretization in space and 2nd-order Adams-Bashforth method for time marching (e.g., Geurts 2003).

qeq = 0.053

(8)

1/2
T 2.1
⎡ s − 1) g ⎤⎦ d 1.5
0.3 ⎣(
d*

(9)

where qeq is the equilibrium bedload flux, and
d∗ is the particle mobility parameter:

2.2 Boundary Conditions
Periodic boundary conditions are applied in the
stream (x) and span (z) directions. No-slip conditions are applied at the lower boundary and freeslip conditions on upper boundary.
The artificial force f by IBM can be replaced
by an implicit boundary condition: The velocities
at points inside Ω s are set to zero, but at points

1/3

⎡1
⎤
d* = ⎢ Re 2p ⎥
⎣θ0
⎦

(10)

and T is the transport stage parameter
T=
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θ
− 1.0
θc

(11)

in which θ c is the critical Shields parameter
which is modeled as a formula of Re p . Kovacs
and Parker (1994) proposed a vectorial formulation for θ c on combined transverse and longitudinal sloping beds:

where h is the evolution of the bed surface and n
is the porosity of the bed material.
More details and validations of the twodimensional model can been found in (Nguyen
and Wells 2008).

kt
θc
sˆ +
= kn
tan ϕ s
θc0

3 NUMERICAL RESULTS AND DISCUSSION

(12)

where θ c 0 is the critical Shields number for zeroslope bed, ŝ is the direction of shear stress, kn
(respectively, kt ) is the component of the unit
vertical vector normal (tangent) to the tangent
plane to the bed surface. The friction angle ϕ s is
reported in the range of tan ϕ s =[0.35-0.72] with an
average of tan ϕ s =0.63(Richards 1980).
According to Kennedy (1963) and Nakagawa
& Tsujimoto (1980), one of the principal causes of
bed instability is a phase lag between the sediment
transport and the bed shear stress. To model this
lag, or the non-equilibrium nature of sediment
transport, “the rate of sediment exchange between
bed and flow was assumed proportional to the difference between the actual instantaneous sediment
load and the equilibrium sediment load, and related to the so called non-equilibrium adaptation
length, which characterizes the distance for sediment to adjust from a non-equilibrium state to an
equilibrium state” (Phillips and Sutherland 1989).
Quantifying this concept, Bui et al. (2004) proposed a non-equilibrium bed-load transport equation:
∂ (α qb )
∂x

+

∂ ( β qb )
∂z

=−

qb − qeq
leq

Figure 5 shows a simulation of the evolution from
an initial bed profile with one sinusoidal halfwave by the two-dimensional bedload model
(Nguyen and Wells 2008), and Figure 6 shows
corresponding results from the current threedimensional bedload model, for H + = 300,
Re p =0.5 and θ 0 = 0.55， The grid is (256 × 72
× 32) points in a domain of ( H x = 7.68 H ) ×
( H y = H ) × ( H z = 0.96 H ) with Δ +x = Δ +z ≈ 30.0,
and Δ +y min = 0.93 . The depth of sand is 0.05H and
the height of the initial sand wave is A = 0.002 H .
The bed profile is plotted at different nondimensionalized time, t = tuτ 0 / H .
Again, both models employ a fully 3D turbulent flow solver; the difference is that the 3D
model uses the local shear stress, instead of the
shear stress averaged in the z direction over the
entire width, to estimate the fluxes of the bedload
transport. In both cases, the crest of the initial
wave first grows in height. The wave crest then
broadens streamwise until the downstream end of
the wave starts being eroded strongly, with the
scoured sediment deposited further downstream.
Once two troughs fore and aft of the wave can be
identified, the wave is identified as “sandwavelet”.
As seen in Figure 6, the 3D bed model predicts
small “bumps” (much smaller than the new ripple)
on the bed surfaces because of the unevenly distributed local shear stress. These “bumps” propagate along the flow direction and have little effect
on the shape of the initial sand wave. At the time
t =6.2, the downstream end began to erode
strongly in the three-dimensional model, while,
similar erosion did not start in the twodimensional model until t =7.3. It appears that
the application of local shear stress shortens the
time when erosion of the downstream end begins,
and leads to a decrease of the length of the first
wave.
Figure 7 compares the bedforms from the twodimensional and three-dimensional models results
when t =6.2 (the time when the first sand waves
appeared in the three-dimensional model as in
Figure 6) and also shows two-dimensional model
when t =7.3 (the time when the first sand waves
appears by two-dimensional model as in Figure
5). The results of three-dimensional models are
averaged in the z direction. From these figures, the

(13)

where qb is the local bedload transport rate, x is
the longitudinal direction, z is the transverse direction, α , β are the direction cosines determining the components of qb , i.e. the direction cosines of ŝ in x and z directions, determined by
equation (12); α =1, β =0 in our twodimensional bedload model. leq is the bedload
adaption length. Significant dependence of results
on the adaptation length parameter has been reported (Armanini and Di Silvio 1988, Thuc 1991,
Wu et al. 2004); here we adopt the adaption length
taken as the average saltation step length proposed
by van Rijn, (1984):
⎛d ⎞
leq = 3 ⎜ ⎟ d*0.6T 0.9
⎝H⎠

(14)

Evolution of the bed surface is described by the
Exner equation

(1 − n )

⎛ ∂ (α qb ) ∂ ( β qb ) ⎞
∂h
= −⎜
+
⎟
∂t
∂z ⎠
⎝ ∂x

(15)
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As the velocity near the bed is quite slow, the
difference reaches about 10% at some points near
the bed. This shows that the existence of “bumps”
in the 3D model has little effect on the whole flow
field, but may have a significant effect on the
near-bed flow field.

most important conclusion is that the results
change rather little when a 3D bed model is employed. We can see that the three-dimensional
model results in a slightly slower propagation of
the sand wave.
Figure 8 shows the mean streamwise velocity
of the flow fields near the bed surface(y/H=0.05).
Ub presents the bulk velocity and <U> is the mean
streamwise velocity averaged in the x-z plane and
over time from t = 100 to t = 200, 000 . The
mean velocity in the three-dimensional model is a
little smaller than in the two-dimensional model.

Figure 6. Sand wave developing by three-dimensional bedload model (From top: t =0.2, 4.0, 6.2)

Figure 7. Comparison of results from three-dimensional
model (average in z direction) with two-dimensional model
when t =6.2 and t =7.3

In results from the three-dimensional bed model (Figure 6), the largest height of the small
“bumps” Y+ is about 1.0. To understand the effects
of such a bump on the bed shear stress distribu-

Figure 5. Sand wave developing by two-dimensional bedload model (From top: t =0.2, 4.0, 6.2, 7.3)
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tion, flows over 2D and 3D “bumps” on a flat bed
with heights Y+=1.0, shown in Figure 9, were simulated. Shear stress and potential sediment flux
averaged in the z direction are compared in Figure
10. The peaks of the friction velocity distributions
always occur upstream of the peak of the
“bumps”, i.e. there is a phase lag between the two.
The lag leq between the shear stress and the sediment flux of equation (13) is not visible in this
figure as the saltation step length is around 5
crested-ripples. This helps to explain the somewhat slower propagation of the sand wave in the
3D model. Nguyen (2008) concluded that the
sandwave is affected by the strong gradient of the
bed shear stress around the downstream area. The
existence of the small “bumps” reduces the shear
stress gradient, thus the sand wave moves slower.
However, the existence of the small “bumps” may
increases the sediment flux around a small area,
which may explain why the three-dimensional
model shortens the time when erosion of the
downstream end begins (Figure 7).

Figure 8. Comparison of the mean quantity of flow fields
near the bed surface(y/H=0.05). Ub presents the bulk velocity and <U> is the mean streamwise velocity averaged in x-z
plane and over time
Figure 10. Comparison of mean characters over fixed small
“bumps” on a flat bed (averaged in z direction: a) sediment
flux qb averaged in the span direction; b) sediment flux
qb averaged in the central x-y plane (z = nz / 2); c) bed shear
stress τ 0 / < τ 0 > averaged in the whole domain; d) bed shear
stress τ 0 / < τ 0 > averaged in the central x-y plane (z = nz /
2); e) bed level Y+).

4 SUMMARY & CONCLUSION
A three-dimensional bedload model has been applied in our computer code for simulating the initial evolution of ripples. Thanks to the detailed
flow field information computed by the LES-IBM
model, the local shear stress is available to estimate the fluxes of three-dimensional bedload
transport. The comparison to the 2D spanaveraged shear stress model is discussed. Overall
results for initial ripple development change very
little from the 2D bed model. With small “bumps”
on the bed surface, the three-dimensional model
slightly speeds the process of erosion at the down-

Figure 9. Forms of small “bumps” over flat beds (Top: 3D
bump; Bottom: 2D bump) used in fixed-bed tests
877

stream end, and shortens the time to form a new
sand wave and the length of the first wave.
Flows over fixed beds with two-dimensional
and three-dimensional “bumps” help to understand the effect of the shear stress non-uniformity
in the spanwise direction. We concluded that this
uniformity can reduce the mean shear stress and
sediment flux of the ripples.
Up to the present, our 3D bed model has just
been tested with a representative value grain Reynolds number Re p =0.5. As shown in Figure 1,
Re p =0.5 is near the smallest experiment value in
available literature. That figure shows that wavelengths predicted by the 2D bed model are, in fact,
independent of particle diameter. Thus raising Rep
to more common values did not change the wavelength, and we hypothesize that it would not affect
other characteristics of early-stage ripples. However, more tests with Re p varying in the range
[0.5, 2.5] are needed to confirm or reject this hypothesis. Beyond that, it is important to extend the
LES-IBM technique to handle transitional roughness, i.e. Re p > 2.5.
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Analysis of 3D-bed form migration rates
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ABSTRACT: Migration rates of 3D-bed forms were analyzed applying cross-correlation techniques to
subsequently recorded digital elevation models (DEMs) of polystyrene dune fields. The data were obtained from a scale model of an 8 km long section of the River Oder at the Federal Waterways Engineering and Research Institute (BAW), Germany. The lightweight sediment model was designed to simulate
bed-load transport and to investigate different river maintenance strategies. In the experiments, time series of bed form movement were measured with high spatial and temporal resolution using a 3D photogrammetric measurement system. Cross-correlation techniques were used to estimate bulk dune field migration velocities as well as depth resolved migration rates. The latter were obtained using the high
spatial and temporal resolution of the data by dividing the measured DEM in sub-sections. This analysis
allowed for the detailed investigation of longitudinal and transverse migration rates. The preliminary results presented in the paper suggest that it is possible to relate small scale bed form migration rates to bed
form deformation processes.
Keywords: Sediment Transport, Dunes, Morphodynamics, Light-weight sediment, Random field approach
ment technology (e.g., Henning et al., 2009) make
it possible to measure 3D bed form topographies
with high spatial and temporal resolution during
water flow. Such data enable detailed spatial
analyses of bed form roughness and bed form migration.
In spite of these developments, approaches for
the determination of bed form geometry as well as
migration rates are mostly based on the analysis of
2D-longitudinal profiles. In fact, studies of dunes
to date have principally measured and characterised 2D sections of 3D-dune fields, with consequent limited interpretations of the dynamics of
natural 3D-dune fields. This shows the need for
the development of adequate methods to investigate the 3D-nature and dynamics of bed forms.
Using the random field approach, it becomes
possible to describe bed form geometry and dynamics using various statistical measures such as
the probability distribution of bed elevations and
its moments, space-time correlation and structure
functions, and frequency and wave number spectra (e.g., Nikora et al., 1997). Altogether, these
measures provide a full, in practical sense, description of geometry and roughness properties
due to bed forms. Hence, using the random field
approach it becomes possible to investigate the

1 INTRODUCTION
Bed forms in river flows determine hydraulic resistance, sediment transport, channel morphodynamics, and hydraulic habitat for biota. They also
often present a major problem for engineering
structures (e.g., water intakes or discharges, pipelines, groynes, etc.) and may introduce severe restrictions to navigation. In fact, dunes are considered as the most important bed form in practical
river engineering (Engelund & Fredsoe, 1982;
Southard, 1991) and the prediction of the associated flow and sediment transport still presents a
major obstacle in the solution of sedimentation
problems in alluvial channels (ASCE, 2002).
When sediment transport takes place over bed
forms, their migration rate represents an important
kinematic characteristic determining bed load
transport (Best, 2005). The corresponding transport rate may be estimated using the so called
dune tracking method in which bed load transport
rate is related to bed form height and speed (e.g.,
Engel & Lau, 1980; Jerolmack & Mohrig, 2005).
Until today this method has mostly been applied to 2D longitudinal sections of laboratory and
field data and studies focusing on 3D bed forms
are rare. However, recent advances in measure879

3D-geometry and dynamics of bed forms. Furthermore, using data with a high spatial and temporal resolution it also becomes possible to investigate the deformation processes of 3D-bed forms
(e.g., Nikora et al. 1997, McElroy & Mohrig,
2009).
The present paper addresses the aspect of dune
migration and deformation processes using cross
correlation analyses of dunes from scale model
investigations using polystyrene sediment particles. The findings are compared to dune field bulk
velocity estimates.

Figure 1. View of the model and detailed photograph of bed
forms and training structures.

2 SCALE MODEL & DATA

2.2 Bed elevation data
Detailed information on bed topography was
available from measurements with a 3Dphotogrammetric system (see Godding et al.,
2003, Henning et al., 2009 for details). The system can be used to measure bed topography during water flow through the water surface with
high temporal and spatial resolution. In the experiment, the system was positioned in the straight
section of the model and the bed topography of a
3 m long and 2 m wide section was measured with
Δt = 10 s, Δx = Δy = 2.5 cm and vertical precision
± 1 mm. In total, 4000 subsequent digital elevation models were recorded.

2.1 Model investigations
This study is based on data from experiments
which were carried out at the Federal Waterways
Engineering and Research Institute (BAW),
Karlsruhe, Germany, in an 80 m long distorted
scale model (1:100 horizontal, 1:40 vertical) of
the Oder River. The scale model, described in detail in Hentschel (2006), was originally built to
investigate navigational issues and covers an 8 km
long trained river reach along the German-Polish
border (km 654.7 to km 662.5) including a 5 km
long straight section and a 3 km long curved section (Figure 1). In this reach, the Oder River is
characterized by a highly dynamic morphological
behavior due to its fine-gravel/coarse-sand bed
material (mean diameter dm = 0.92 mm, d60/d10 =
2.3) and associated bed forms (dunes and alternate
bars). In order to achieve naturelike transport conditions and to guarantee the similitude of grain
Reynolds number and dimensionless shear stress,
the model was constructed as a lightweight model
(e.g., Hughes, 1993) using polystyrene granules
with lesser density and coarser diameter but comparable inhomogeneity (ρs = 1055 kg/m³; dm = 2.1
mm, d60/d10 = 2.0) as bed material. The polystyrene material was constantly fed during the experiments at the model inflow section.
In this paper, the analysis of data from an experiment carried out with a steady discharge corresponding to the mean annual discharge (Q = 460
m3/s in prototype scale) with a mean Froude number of Fr ≈ 0.2 is presented. The initial bed configuration consisted of bed forms from a previous
experiment carried out with a lower discharge. In
order to avoid effects arising from the model distortion, the analysis is carried out in model scale.
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Figure 2. Digital elevation model of the test section measured at t = 5000 s. The grid lines indicate sub-sections (see
Section 3.2). The units of the colorbar are given in [m] and
the units of x and y-axis are given in [cm].

For the analysis, each digital elevation model
(DEM) was first rotated around a constant angle
so that the flow direction was aligned with the xaxis. Then the DEMs were re-gridded linearly
with a resolution of Δx = Δy = 0.01 m as the data
points in the x-y plane were not equally spaced. A
1.41 m long and 1.11 m wide section with a grid
size of 142 x 112 data points (see Figure 2) was
extracted from each re-gridded DEM for the subsequent analysis in order to minimize the influ880

ence of channel boundaries and river training
structures such as groynes. We acknowledge that
the resolution of the analysed DEMs is finer than
the resolution of the measured DEMs. However,
for the development and application of the methods presented below it was helpfull to increase
the horizontal resolution for the cross correlation
analysis. In our further experiments and analyses
the measurement resolution will be adjusted. Further information on the statistical analysis of the
time series may be found in Aberle et al. (2010).
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Figure 3. Dune field migration rates as functions of time.

In order to investigate the relationship between
u and bed form size, the standard deviation of bed
elevations σd determined from each individual
DEM as a surrogate measure for bed form height
was used (e.g., Nordin, 1971; Nikora et al. 1997).
The sample size of an individual DEM is not large
enough to obtain stationary conditions in a statistical sense (see Aberle et al., 2009) and it is therefore not possible to conclude on the ensemble
standard deviation from these values. Nonetheless, the standard deviations derived from each
DEM may be interpreted as indicators for instantaneous bed form height as they represent the average fluctuation of bed elevations around the corresponding mean bed level. Furthermore, the same
effect impacts the application of the crosscorrelation function. Hence, the absence of stationary conditions may contribute to the observed
scatter in Figure 3.
Figure 4 shows the relationship between σd and
bulk migration rate u. In this figure, the standard
deviation represents the mean value of the σd values estimated for identical migration rates (see
Figure 3). The data indicate that σd and hence the
magnitude of bed form height decreases with increasing migration rate. This observation is in
agreement with reported observations that small
dunes travel faster than larger ones for identical
hydraulic conditions (e.g. Kostaschuk & Ilersich,
1995 Coleman & Melville, 1996). Note that values for u < 1.0 x 10-3 m/s and u > 3.25 x 10-3 m/s
are associated with the aforementioned event at t
≈ 3.2 x 104 s (see Figure 3).

3.1 Bulk dune field migration
Spatially averaged bed form migration rates were
determined using a cross-correlation technique
based on the space-time correlation function R(Δx,
Δy, Δt), where Δx and Δy define spatial lags and
Δt defines the temporal lag (e.g., Nikora et al.,
1997). Values of R(Δx, Δy, Δt) were calculated using constant values for Δt and the spatial lags Δx
and Δy yielding the maximum ordinate of the correlation function were used to define the average
bed form traveling distance in longitudinal and
transverse direction, respectively. Variation of Δt
yielded Δt = 40 s as most appropriate temporal
resolution in order to resolve the bulk migration
rates. Knowing Δx, Δy and Δt, the average longitudinal and transverse migration speeds were calculated according to u = Δx/Δt and v = Δy/Δt. The
given values of Δt = 40 s, Δx = Δy = 0.01 m resulted in a minimum detectable spatially averaged
migration speed of 0.25 x 10-3 m/s.
Figure 3 shows u and v as a function of time
and indicates that the bed forms, on average, did
not migrate with a constant velocity. In general,
17 different migration rates were observed for u,
ranging from 0.75 x 10-3 m/s to 4.75 10-3 m/s. It is
worth mentioning that Figure 3 also reveals a local maximum and minimum of u at t ≈ 3.2 x 104 s
which was caused by a sudden change in the
transport pattern (see Aberle et al., 2010). The
reason for this pattern change remains unclear and
will be investigated further in upcoming analyses.
The fluctuations in the bulk migration rate can
be associated with the irregular 3D-nature of the
bed forms, their different sizes, and their deformation within the analysis domain. Similar deformation processes have been reported by, e.g., Jain &
Kennedy (1974), Cheong (1992), and Jerolmack
& Mohrig (2005). The temporal mean of the longitudinal migration rates corresponds to u = 1.95
x 10-3 m/s while the mean of transverse velocities
is reasonably close to zero ( v = 0.14 x 10-3 m/s).
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gration velocites u and v. Figure 6 shows the
probability distribution of the longitudinal migration velocities, and indicates that the longitudinal
migration rates were approximately log-normally
distributed. A similar result has been reported by
Cheong (1992).
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Figure 4. Dune field velocities u and standard deviations σd.

3.2 Depth-resolved dune field migration
In the experiments, it was also visually observed
that individual bed forms moved faster than the
bulk dune field. In order to investigate this issue
in more detail, the cross-correlation analysis was
repeated with a higher spatial resolution. For this
purpose, each DEM was subdivided in 6 longitudinal and 10 transverse sub-sections with the dimension of 0.22 m in longitudinal and 0.10 m in
lateral direction (see Figure 2). Each subgrid consisted of 23 x 11 data points leading, when put together to the larger DEM, to a slightly smaller
analysis area than the one used for the bulk analysis. Furthermore, due to the use of sub-sections
the time interval could be reduced to Δt = 10 s in
this analysis, the spatial resolution, as in the bulk
analysis, is Δx, Δy = 0.01 m. Figure 5 exemplarily
shows two subsequent sub-section DEMs.
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In order to determine the dependency of u and
v on h, the available data triple {h, u, v} were
sorted by h in ascending order and classified into
50 bins with variable size so that each bin contained 4798 data points. Following this classification, the mean migration rates <u> and <v> as
well as the corresponding average bed elevation
<h> were calculated for each bin. This methodology can be used to investigate the vertical distribution of the averaged bed form migration rates as
shown in Figure 7. By applying the above procedure instead of classifying the data into equidistant height containers the distortion of the velocity
profile at the margins of the height distribution,
where due to sparse data <u> and <v> are nonstationary, was avoided.
In general, it was found that <v> were close to
zero (see Figure 7). In order to resolve the magnitude of the transverse migration velocities we decided to display the mean absolute values <|v|> in
Figure 7. Furthermore, the minimum <h> has been
scaled to zero, with the maximum <h> then being
0.0835 m (the maximum ordinate).
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Figure 6. Probability distribution of longitudinal dune velocities.
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Figure 5. Sub-section DEMs at t = 5000 s (top) and t = 5010
s (bottom), colorbar units are given in [m] and the units of x
and y-axis are given in [cm].

For each DEM and sub-section, the average
bed elevation h was calculated followed by the determination of the longitudinal and transverse mi882
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Figure 7. Vertical dune field velocity profiles.
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Figure 9. Standard deviation of longitudinal dune field velocities as a function of height.

According to Figure 7, both <u> and <|v|> increase with <h> and the shape of the distribution
suggests that both migration rate distributions may
be approximated by a power law. This is shown in
Figure 8, where the data are re-plotted in log-log
scale and the migration rates are normalized using
the arithmetic mean um = 3.24 x 10-3 m/s and vm =
1.16 x 10-3 m/s for the longitudinal and absolute
transverse velocities, respectively. The depths
<h> are scaled with the average bed elevation hm
= 0.049 m. The figure reveals that the longitudinal
migration rates follow a power law only a certain
distance above the troughs while the absolute values of the transverse migration rate follow a power law almost over all bed elevations.

4 DISCUSSION
In this paper, bed form migration rates were investigated using different spatial resolutions. The
bulk analysis presented in section 3.1 resulted in
an average longitudinal migration rate of u = 1.95
x 10-3 m/s and an average transverse migration
rate of | v | = 0.14 x 10-3 m/s. These bulk migration
rates are lower than the arithmetic means of um =
3.24 x 10-3 m/s and vm = 1.16 x 10-3 m/s obtained
from the sub-section analysis. However, it is interesting to note that u from the bulk analysis is
similar to the lowest observed velocity in the
depth-resolved analysis, which corresponds to the
speed of the bed form troughs (see Figure 7). The
relatively low migration rates obtained from the
bulk approach indicate that smaller bed forms are
not identified by this methodology and that the
correlation between two subsequent bed scans is,
for the bulk analysis, governed by large scale
structures rather than by small scale structures.
This is also reflected by Figure 10 showing the
comparison between the bulk analysis migration
rates and averaged migration rates of the subsection approach. In this plot, velocities <u> from
all individual sub-sections for each time-step were
summarized in a single mean, so that both values
represent the same parameter. Both curves in Figure 10 follow the same pattern although the subsection rates are more fluctuating and are always
larger than the bulk migration rates. This result
obviously has significant implications for the dune
tracking method which requires detailed information on bed form migration rates.
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Figure 8. Power-law relations between <u>/um, |v|/<vm>
and <h>/hm.

It is also interesting to note that the variability
of the migration rates increases with increasing
distance above the troughs. This can be shown by
relating the standard deviation of the longitudinal
migration rates σu obtained for each bin to the distance above the troughs (Figure 9). The figure indicates that σu may be a linear function of
<h>/hm.
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forms are absorbed by the longer structures. As a
consequence, new bed forms form which are
longer and higher than the initial merging bed
forms. This process continues until the bed forms
reach a limiting size and cannot grow further or so
long that they are, for higher wavelengths, attenuated by the flow. This physical process may be
one reason for the observed variability of the migration rates over depth. Our further analyses will
focus in more detail on this issue, also taking into
account spectral analysis of both areal scans and
time series (see Hino 1968, Jain & Kennedy 1974,
Nikora et al., 1997 for further information).
In the literature, it has also been found that deformation processes can be influenced by saltating
particles jumping from the crest of the dune to the
next downstream bed form (e.g. McElroy &
Mohrig, 2009). The amount of saltating particles
depends on the intensity of flow and may, under
field conditions, be up to 60 % (Mohrig & Smith,
1996) or even up to 75 % as reported by Simons
et al. (1965). However, in the current study such
effects have not been observed and are therefore
not significant. The same applies to grain sorting
processes and potential effects due to unsteady
flow (hysteresis).
On the other hand, the occurrence of alternate
bars may have an effect on the observed bed form
velocity profiles. However, the analyzed area was
significantly smaller than the length of the observed alternate bars (4 to 8 m) and hence the influence of these bed features may be, in general,
negligible. However, they may be responsible for
the observed peak in the migration rates at t ≈ 3.2
x 104 s (Figure 3). This will be further investigated in follow up studies. It is also worth mentioning that the influences of groyne head scours
were minimized by extracting an area from the
middle of the channel. To what degree such structures may bias the results presented in this study
remains an open question.
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Figure 10. Comparison of spatially averaged longitudinal
dune field velocities for the sub-section analysis and the
bulk analysis.

The results from the bulk analysis did also not
allow for the unambiguous identification of bed
deformation processes. Using the crosscorrelation technique, the only variable indicating
bed deformation processes is the correlation coefficient. In general, correlation coefficients somewhat lower than unity have been observed in the
analysis indicating that the bed forms did deform
during migration (see also McElroy & Mohrig,
2009). However, the correlation coefficients were
still very high and hence they are not suitable to
quantify bed deformation. Instead, the results
show that such an assessment becomes possible
from the analysis of the migration rates obtained
from the sub-section analysis.
This analysis revealed a depth dependency of
the longitudinal migration rates. The finding of
migration rates increasing with increasing distance to the troughs is a strong indicator for bed
form deformation processes. In fact, for form stable bed forms one would expect only a single migration velocity over the depth. However, as the
migration rate is varying with depth for the
present data, bed form movement must be associated with deformation processes. In this context
it is interesting to note that the absolute values of
the transverse migration rates indicate a strong
transverse deformation although, on average, the
transverse migration rate is close to zero.
Deformation processes are associated with continuous transformation of bed forms through
merging and separation and are an important issue
for 3D bed form migration. This can be brought
into context with the variance cascade model developed by Jain & Kennedy (1974). According to
this model, bed forms are continuously generated
at larger wave numbers. Small bed forms travel
faster than larger ones and thus will overtake the
larger structures. However, the bed forms cannot
pass through each other and hence the shorter bed

5 SUMMARY & CONCLUSIONS
In this paper, we present the analysis of 3D dune
movement using time series of digital elevation
models obtained from a scale model of a natural
river. Bed form migration rates were obtained by
applying a cross-correlation method at different
spatial scales. The presented method was successfully applied to resolve vertical variations in bedform migration rate.
The analysis revealed an increase of the longitudinal and absolute transverse migration rates
with increasing distance to the minimum bed level
which was attributed to bed form deformation
processes. It was also found that trough regions
884

were travelling with lower speeds than crest regions and that the variability of migration rates increased with distance to bed form troughs. Average migration rates were distinctively higher for
the depth resolved sub-section analysis than for
the bulk analysis. The latter is much less influenced by deformation and yields an average migration rate being close to the trough velocities as
estimated from the sub-section analysis.
The preliminary results presented in this paper
provide valuable information for the analysis of
3D-bed form movement and as a consequence for
the dune tracking method. However, further research is also required for the assessment of 3Dbed form height and length so that bed load may
be estimated reliably using the dune tracking method.
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ABSTRACT: In most 1D or 2D depth-averaged sediment transport models, the sediment in suspension is
assumed to be advected by the depth-averaged velocity. This contribution highlights the fact that the
depth-averaged velocity must be weighted by the concentration profile to take into account the fact that
the largest part of the sediment is transported near the bed. For this reason, a correction factor is introduced and an analytical formulation of this factor is provided. Through comparison with 3D computations, the efficiency of this correction factor is evaluated on a test case representing a gentle dune (with
different dune steepnesses) propagating downstream under the action of a steady flow. For small dune
steepness, the correction factor enables results from 2D computation to be closer to 3D simulation.
Keywords: Suspended load, Advection velocity, Dune evolution.
1 INTRODUCTION

mulation is also provided for simplified theoretical profile of concentration and velocity. This analytical formulation has been implemented into a
2D model and is compared to 3D modelling using
a steady uniform non-recirculating flow above a
gentle dune bed.
The framework is the finite element Telemac
system developed at EDF R&D, with both Telemac-2D and -3D hydrodynamic models, which
can be internally coupled to the Sisyphe morphodynamics module (Hervouet 2007, Villaret 2010).
Sediment can be transported as bed load and suspended load, the bed load being calculated by a
classical sand transport formula, and the suspended load, by solving an additional 2D or 3D
transport equation
The objective of this contribution is to illustrate
that the proposed correction factor enables results
from 2D computation to be closer to the 3D computation for such gentle configuration. If the dune
steepness is increased above a certain value, the
assumption of theoretical profiles for the velocity
and concentration, namely a logarithmic velocity
profile and a Rouse concentration profile, breaks
down. A full 3D simulation is then requested to
capture the recirculation cells in the lee of the
dune. To test the robustness of this correction factor, different dune steepnesses are presently considered.

Numerical morphodynamic models are now being
extensively used by the engineering or scientific
community in order to predict the bed evolution in
various complex in-situ applications. Most existing modeling systems offer a 1D, 2D or 3D version. The choice of the model dimension is often
guided by the scale of the domain. Considered as
a good compromise, 2D depth averaged modelling
is widely applied to medium scale domains. Besides the economic reasons discussed above, the
most important scientific question remains
whether all models should be equivalent in relatively simple applications.
In most 1D or 2D depth-averaged models (Cao
and Carling 2002), the sediment is assumed to be
advected by the depth averaged velocity, which is
calculated by coupling with the hydrodynamic
module via the shallow water equations. As discussed in this paper, this assumption is not valid
for sediment transport in suspension. Therefore, a
correction factor has to be introduced to take into
account the fact that most sediment is transported
near the bed.
A general expression of this correction factor is
first derived. Since this general expression would
require numerical integration and would thus increase the computational time, an analytical for887

rection even though this relation should be based
on the stress acting on the grain rather than the total bed shear stress. Since the same assumption is
used for both 2D and 3D computations, this will
not influence the comparison.
Telemac 3D solves the same equations for the
bed elevation (Eq. 2), where the erosion and deposition fluxes are also calculated based on Eq. (3).

2 COUPLING BETWEEN HYDRODYNAMIC
AND SEDIMENT TRANSPORT
2.1 Coupling differences between 2D and 3D
modeling
Both Telemac -2D and -3D models are applied for
the comparison. Concerning the sediment transport, only the suspension load is treated here. As
discussed later, the suspension load can be indeed
reckoned as the dominant transport mode for this
flow configuration and bed material.
For 2D modeling, the Telemac-2D hydrodynamic model is internally coupled to the 2D morphodynamic model Sisyphe, which calculates the
suspension load. For 3D modeling, the suspended
load is directly calculated by Telemac 3D, which
solves an additional 3D transport equation for the
sediment concentration, and calculates the bed
evolution.

3 ADVECTION
SUSPENSION

[ ]

∂C
+ div CU = 0
∂t

∂t

= ( D − E ) z =a

(1)

[ ]

∂C
+ div CU = 0
∂t

(5)

Eq. (5) can be rewritten to transform it into an
advection equation for the depth-averaged concentration:
⎡ CU ⎤
∂C
C⎥ = 0
+ div ⎢
∂t
⎢⎣ C ⎥⎦

(6)

Therefore, the advection velocity does not correspond to the depth-averaged velocity but to an
averaged concentration weighted by the concentration.

(2)

The erosion and deposition fluxes are obtained
from the Celik and Rodi (1988) formulation,
which is based on an equilibrium concentration
Ceq:

( E − D) z = a = ws (Ceq − C z = a )

(4)

The 2D equation is obtained by integrating Eq.
(4) from the reference elevation z = a to the water
depth z = h:

where C is the depth-averaged concentration,
Uconv and Vconv are the advective velocities, which
are less or equal to the depth-averaged velocities
(as explained later in following section). γt is the
horizontal turbulent diffusion coefficient. E and D
are respectively the erosion and deposition rates,
calculated at the reference elevation z = a.
The resulting bed-evolution due to the suspension is simply:
∂z f

THE

For the 2D transport equation of the suspended
load, it is generally assumed that the advection velocity corresponds to the depth-averaged velocity.
In fact, this assumption should only be valid for
homogeneous vertical concentration profile,
which is generally not the case for the suspension.
Indeed, let us consider a simple 3D advection equation:

For 2D modeling, the following depth-averaged
2D suspended load equation is solved:

(1 − n)

FOR

3.1 Discussion about the advection velocity

2.2 Suspended load treatment in Sisyphe

∂ ⎛ ∂C ⎞
∂C
∂C
∂C
⎟
= ⎜⎜ γ t
+ Vconv
+ U conv
∂y ∂x ⎝ ∂x ⎟⎠
∂x
∂t
∂ ⎛ ∂C ⎞ ( E − D) z = a
⎟+
+ ⎜⎜ γ t
h
∂y ⎝ ∂y ⎟⎠

VELOCITY

h

U conv

U ( z )C ( z ) dz
∫
=
∫ C ( z ) dz
a

h

(7a)

a

(3)

h

where ws is the particle settling velocity.
The equilibrium concentration is calculated by
the empirical formula of Zyserman and Fredsoe
(1994), where the reference elevation is taken as
proportional to the mean grain size (a = 2d50).
This formula has been applied consistently in both
2D and 3D simulations without skin friction cor-

and Vconv =

∫ V ( z)C( z) dz
∫ C( z) dz
a

h

a

888

(7b)

3.2 Estimation of the correction factor

and

During the coupling between the hydrodynamic
and sediment transport modules, Telemac 2D
sends the depth averaged velocities to Sisyphe.
Consequently, it is necessary to correct these values by a factor α:

α=

U conv
=h
U

R

1
⎛ (1 − u ) ⎞
I 2 = ∫ Ln u ⎜
⎟ du
B
⎝ u ⎠

introducing u = z / h and the normalized roughness B, which is defined as:

h

∫ U ( z )C ( z)dz
a

h

h

∫ U ( z )dz ∫ C ( z)dz
a

B=

(8)

In order to avoid numerical integration, the equations for I1 and I2 can be simplified by assuming
an exponential concentration profile as:
⎛a⎞
C = Ca ⎜ ⎟
⎝z⎠

(9)
R=

⎛ 30 h ⎞
⎟⎟
Ln⎜⎜
κ
k
e
⎝ s ⎠

u*

I1 =

(16)

1
(
1 − Z (1− R ) )
(1 − R)

for R ≠ 1

for R = 1

(17)

where Z is defined by Eq. (14)

(10)

R

1
⎛1⎞
I 2 = ∫ Log u⎜ ⎟ du
Z
⎝u⎠

I 1 + LogZ Z (1− R )
( R − 1)
1
2
I 2 = − (LogZ )
2

(11)

I2 =

(18)

for R ≠ 1

(19)

for R = 1

The dependence of the correction factor to the
Rouse number and the relative roughness B is
plotted on Figure 1.

(12)

with
R

⎛ (1 − u ) ⎞
I1 = ∫ ⎜
⎟ du
B
⎝ u ⎠
1

R

. I 1 = − Log ( Z )

Rearranging the term within the integrals, the
correction factor can be written as:
⎛B⎞
I 2 − Ln⎜ ⎟ I 1
⎝ 30 ⎠
α =−
⎛ eB ⎞
I 1 Ln⎜ ⎟
⎝ 30 ⎠

(15)

⎛1⎞
I 1 = ∫ ⎜ ⎟ du
Z u
⎝ ⎠
1

with ks the equivalent bed roughness. The depthaveraged velocity is thus given by:
U=

R

I1 and I2 then become:

ws
κu*
where u* is the shear velocity and κ the von
Karman constant.
Implicitly, the influence of the turbulent
Schmidt number is thus not reckoned in the present analysis.
For the velocity profile:

U ( z ) 1 ⎛ 30 z ⎞
⎟
= Ln⎜⎜
u*
κ ⎝ k s ⎟⎠

(14)

3.3 Simplified equation

R

The Rouse number R is defined as:

ks a
= = Z −1
h h

Here we further assume that the bed roughness
and reference elevation are equal, which is generally the case for flat bed or rippled bed.

a

To determine the value of the correction factor
α , integration of the velocity and concentration
profiles are thus necessary. Since these profiles
are unknown with 2D computation, these integrations are performed using the assumption of logarithm profile for the velocity and Rouse profile for
the suspension.

C ( z ) ⎛ (h − z ) a ⎞
⎟
=⎜
C (a ) ⎜⎝ (h − a) z ⎟⎠

(13)
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equal to 7,3, which corresponds to the value obtained by van Rijn (1984b).
Different dune heights have been selected:
10%, 20% and 30 % of the water depth, which is
the range generally observed (van Rijn 1984b).
The characteristics of the three test cases are
summed up in Table 1.
Table 1: Characteristics of the test cases
HD /LD
Cases
HD (m)
Case 1
0,11
0,015
Case 2
0,22
0,03
Case 3
0,33
0,045

Figure 1 Correction factor α versus the Rouse number for
different values of the relative roughness B.

The correction factor is thus weak for fine sediment (small value of the Rouse number) and becomes more significant for coarser material. The
values of the correction factor calculated from Eqs
(17-19) can be compared, with values obtained
from the approximated solutions of the Einstein
integral provided by Guo et al. 1996 (Figure 2).
For Rouse number larger than 1, their approximated solutions are based on a recurrence formula.

Such large symmetric dunes have already been
observed on field configuration, as for instance in
the Fraser River (Kostaschuck and Villard 1996).
Even if the dune height of case 3 has is relatively
high compared to the water depth, the lee slope is
still relatively low (<5°). Therefore even for the
steepest dune, no flow separation should be observed.
5 MODELS SET-UP
5.1 Initial and boundary conditions
The computational domain represents a rectangular channel: the width of the channel is 1,1 m and
its length 16 m. The dune top is initially located at
6 m downstream the inlet.
The 2D mesh is a structured triangular grid (0,1
m x 0,2 m) with 1600 elements. The 3D mesh is
obtained by extrusion of the 2D mesh through 16
planes. The distance between different planes is
increasing progressively from the bottom to the
water surface. The first plane near the bottom is
located at z = 0,006m
For the hydrodynamic boundary conditions, a
flow rate is imposed at the inlet (0,5 m3/s) and a
water depth at the outlet (1,1 m). A logarithmic
profile for the velocity is imposed at the inlet for
3D computation.
For the suspension, equilibrium concentrations
are imposed at the inlet in both 2D and 3D simulations. For 2D computation, the equilibrium depthaveraged concentration is calculated assuming a
Rouse concentration profile and near bed equilibrium concentration as obtained from the Zyserman and Fredsoe equation. In order to avoid unwanted erosion at the inlet recirculating
conditions have been imposed in the 3D model:
the imposed concentration profile at the inlet has
been extracted from the concentration profile obtained at the outlet of the domain (without dunes).
This concentration profile can be considered as in
equilibrium.

Figure 2 Comparison with the approximated solution provided by Guo et al. 1996

Figure 2 illustrates that both approximations are
relatively close: differences between the approximated solution given in this paper and the one of
Guo et al. 1996 are less than 7% for all values of
the Rouse number.
4 TEST CASES
The test cases considered correspond to a 2D sinusoidal sand dune propagating downstream under the action of a uniform steady flow. Here, our
goal is to test the robustness of the correction factor on progressively steeper configurations. Three
configurations are considered where the dune
height is increased for a constant dune length.
The initial dimensions of the dune (length LD
and height HD) have been chosen according to the
initial water depth (1,1 m). The initial length is
imposed to 8 m for the three configurations. The
ratio between dune length and water depth is thus
890

5.2 Physical parameters

6 INFLUENCE OF THE CORRECTION FOR
THE ADVECTION VELOCITY

For the friction term, a constant Strickler coefficient K has been imposed (K = 50 m1/3/s) for both
2D and 3D computations. For the initial flow conditions, the value of the Strickler coefficient
would stand for a bed with a roughness about 0,02
m. It would mean that the choice of the Strickler
coefficient accounts for the presence of smallscale bedforms such as ripples, which are -smaller
than the grid size and therefore need to be parameterized.
The numerical time step is set equal to1 s whereas the final time reaches 8 h.
The bed material is assumed uniform with a
median grain diameter equal to 0,15 mm and corresponding settling velocity of 1,623 cm/s.
The turbulence is modeled in 2D by a constant
viscosity whereas a mixing length model has been
selected in 3D since no separation flow is expected. A k-ε turbulence model would allow a
more accurate representation of the turbulent flow
structure in the lee side of the dune. However, the
length of the domain is not sufficient to reach fully developed of turbulence conditions with the k-ε
model and the results would therefore highly depend on input conditions, which are generally
based on mixing length model. Therefore, a simple mixing length turbulence model has been here
considered sufficient for the present work.
For both 2D and 3D, the diffusion coefficient
for the velocity is set equal to 0,1 m²/s and 0,01
m²/s for the sediment.

For the considered configuration, the Rouse number is initially about 1,52 and the relative roughness B reaches 0,0004 which finally conducts to a
correction coefficient of α = 0,55. It thus means
that the advected velocity is nearly half reduced
compared to the depth-averaged velocity.
According to Chien (1954) criteria, the sediment transport for this value of the ratio u*/ws
(1,6) is located outside the dominant bed load (<
0,33) and rather into the domain for which the
suspension can already be met from above the mid
water level to the water level.
For the first test case, which has the lower bedform steepness, the correction on the advection
velocity is illustrated on Figs 3 and 4. Figure 3
compares the suspension load for 2D computation
(with and without the modification) with the 3D
computation where the suspended load has been
depth integrated. The comparison is achieved in
the beginning of the computation (after 500 s)
when the deformation of the dune does not significantly influence the results.

5.3 Discussion about the advection schemes
A special care must be brought to the numerical
scheme for the suspended sediment advectiondiffusion equation. We use a simple first order explicit upwind finite volume scheme, the finite volumes being centred on the finite element degrees
of freedom (Postma and Hervouet 2006). The volumes are then the integral of the test-functions in
finite elements, which gives a compatibility for
the computation of mass. Such schemes ensure
mass-conservation and monotonicity if the velocity field obeys the continuity equation. However
this latter condition is not guaranteed when the
advection velocity field is corrected and in this
case theory shows that the monotonicity cannot be
ensured. As a matter of fact the depth-averaged
sediment concentration is not in this case subjected to the maximum principle and may increase
locally.

Figure 3 Influence of the correction factor on the suspension
load (Qs)

Figure 3 illustrates that the 2D model without
correction (2D unmodified) over-estimates the
suspension load. Figure 3 points out that the correction is particularly efficient on the dune (from
x = 4 to 9 m). The difference between the modified 2D and the 3D near the inlet and the outlet
probably comes from an influence from treatment
of the boundary condition for the concentration as
discussed previously (see section 5.1). The concentration profile extracted at the outlet section is
about 0,07 g/l whereas the equilibrium concentration imposed by Sisyphe at the inlet is 0,04 g/l.
On Figure 3, the comparison between the computations on case 1 is extended to the time evolutions of the bed level (zf).
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Figure 4 Influence of the correction factor on the bed evolution (zf)

Figure 6 Comparison of the bed evolution for test case 3

Figs 5 and 6 point out the correction coefficient
stays efficient at the inlet of the channel and in the
beginning of the stoss slope. Nevertheless when
the dune steepness is increasing, the magnitude of
the vertical velocity and the 3D effects are growing. The difference between the results from the
2D modified simulation and the 3D is starting
more upstream from the dune crest (on the dune
stoss slope) and earlier (for test case 3, the results
are already very different at t = 10000 s).
The correction factor integrates into depth averaged model information relative to the vertical
distribution. Compared to classical depthaveraged model, this approach improves the quality of the results for gentle configurations and
should thus also improves the accuracy of the results on classical configuration on which the 2D
depth averaged are generally applied (medium
scale). However compared to a full 3D flow, the
assumptions about the velocity profile and the
concentration profile are of course not debatable.
For instance as shown by Lyn (1988), information
related to the Schmidt number should be integrated too or the feasibility to include “two layers” model (as proposed for instance by van Rijn
1984a, Verbanck 2000 or Verbanck et al. 2002)
should be considered.

On Figure 4, it is effectively observed that the
dune is migrating too fast for 2D computation
without the correction factor. The bed evolution
from the corrected 2D computation nicely follows
the 3D computation on the stoss slope of the dune.
After the dune crest, the evolution of the dune is
still over-estimated even with the correction. It
may come from the fact that even with this gentle
dune steepness, the 3D flow effects already influence the sediment transport on the lee side, and
departure from the logarithmic velocity profile
and equilibrium Rouse profile assumption.
7 ROBUSTNESS
FACTOR

OF

THE

CORRECTION

To test the robustness of the correction factor,
computations have been performed on two steeper
dune configurations (case 2 and case 3). Flow visualization has confirmed that the flow stays attached along the dune curvature. The comparison
between both 2D approaches and the 3D calculation, are plotted in Figure 5 (case 2 until t = 20000
s) and Figure 6 (case 3 until t = 10000 s)

8 CONCLUSION AND PERSPECTIVES
Whereas most of the 1D and 2D depth averaged
models consider the sediment to be advected by
the depth-averaged velocity, this contribution has
highlighted that the depth-averaged velocity
should be weighted by the concentration profile.
A correction factor has been defined and an analytical formulation using simplified theoretical
profiles for both concentration and velocity has
been provided. It can therefore be easily implemented into the model without increasing the
computational time. On a gentle dune configuration (dune steepness less than 0,015), it has been
illustrated that the correction allows the 2D results
to tend to the full 3D computation with a large
gain in computer time.

Figure 5 Comparison of the bed evolution for test case 2
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However when the dune steepness is increasing, the correction factor becomes less efficient
due to the growing importance of the vertical velocity.
In a near future, the comparison will be extended to an asymmetrical dune configuration
(with steeper lee side) and should be also confronted to experimental data.
The influence of the correction has to be evaluated on other test cases for which the flow can
be reckoned as one- or bi-dimensional. Application to a field configuration with larger space
scale as for instance the Gironde estuary in France
is also planned.
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ABSTRACT: In this paper a dry granular dam break phenomenon is investigated comparing experimental
and numerical results. The experiments were performed reproducing the sudden collapse by the retaining
wall of dry grains of sand in a rectangular horizontal channel with different initial dam height values. A
depth-integrated two-phase flow model, developed for sediment transport in fluid flows in unsteady conditions, is used for simulating the experiments. In particular, the investigation is focused on how to reproduce the effect of resistive forces on a dam break granular flow. The proposed model accounts for sediment particles collisional shear stress through a kinetic scheme and frictional stress through a Coulomblike behavior. The comparison between numerical model prediction and experimental evidence show a
very good agreement of the front position development and an enough reproduction of the free surface
profiles. These results demonstrate that the considered model, even if developed for sediment transport in
fluid flows, is able to reproduce with a unified approach also the dry granular material behavior. Moreover, the results show that expressing the resistance as sum of both collisional and frictional stresses is a
good option for modeling dry granular dam break phenomena with a depth integrated continuum approach.
Keywords: Dam break wave, Friction, Granular flows
reasonably robust in its application of basic physical principles. A usual test is to verify sediment
transport models in clear water conditions, conversely in this article only the solid fraction is
considered. In particular, the two-phase flow
model, developed by Greco et al. (2008) for simulating sediment transport and bed evolution in unsteady condition, is used for reproducing laboratory dry granular dam break tests. Particular
attention is focused on how to model the effect of
resistances in granular flows.
About the understanding of the dynamic of
granular material, significant progress has been
made on the study of granular flows down a slope
using depth averaged continuum equations with
various different ways of reproducing the effect of
friction (Savage & Hutter 1989, Pouliquen 1999).
Regarding transient situations, some experiments
have been conducted considering the instantaneous release of a stationary cylindrical column of
dry granular material on a horizontal plane (Lube
et al. 2004, Lajeunesse et al. 2004). Despite the
complexity of the dynamics, simple scaling laws
have been found for describing the final deposit

1 INTRODUCTION
The dam break phenomenon, that arises following
the sudden removal of a vertical barrier, is not
only a classical issue in fluid mechanics, but
represents also an important problem in engineering applications, dealing with catastrophic flows
of water or sand mixtures. Dam break was widely
investigated also considering different fluids or
granular materials (e.g. Frenette et al. 2002, Kerswell 2005, Chanson et al. 2006, Capart & Young
1998, Fraccarollo & Capart 2002, Spinewine &
Zech 2007).
The main goal of the present study is to apply a
depth integrated model, developed for sediment
transport in fluid flows, for simulating a dry dam
break phenomenon, in order to verify its performances in reproducing with a unified approach also
dry granular material behaviour.
Development of numerical models for sediment
transport and bed evolution in unsteady river
flows has experienced a growing attention (e.g.
Graf 1998). An important feature while developing a new model is to show that it is correct and
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configurations. About two-dimensional dam
break, experimental investigations are reported in
Lube et al. (2005) and Balmforth & Kerswell
(2005). Recently, Roche et al. (2008) compare
dam break experiments realized with water, fluidized and dry granular flows. The authors show a
water-like behaviour of initially fluidized granular
flows, with meaningful differences respect to dry
material.
In the present work the behaviour of a granular
material in a transient situation on an horizontal
surface is analyzed. In particular, cohesionless dry
grains, without interstitial fluid effect are considered. The granular material is assumed to be in a
liquid regime, in which the material flows like a
liquid and the sediment particles interact both by
collisions and friction. Laboratory experiments
were performed reproducing the sudden collapse
by the retaining wall of dry grains of sand in a
rectangular channel, using different initial column
heights. The results of numerical model simulation are compared with the experimental data.

τ T = τ s + τ b = c0 ρ sαu 2 + ρ s gh tan ϕ

where τs =collisional shear stress is expressed
as the product of the square of the velocity, the
Bagnold’s coefficient α and the material bulk
density c0ρs, being c0 the volume fraction; τb
=frictional shear stress is expressed by the Coulomb friction law, being ϕ a friction angle. It is
worth of note that the τb term does not represent
just the resistance on the bottom, since it is a
depth integrated shear stress. In this framework,
the evaluation of the friction angle is an important
aspect that will be discussed later.
Equations (1) and (2) represent a system of
conservation laws in the variables h and u. The
investigation of the mathematical nature of the
proposed model, reveals always the existence of
two real and distinct eigenvalues:

⎛
⎝

λ1,2 = u ⎜1 ±

1⎞
⎟
F⎠

(4)

with F = u / gh . Then, the total stress can be
expressed as:
⎛

τ T = τ s + τ b = τ b ⎜⎜1 +
⎝

The model proposed by Greco et al. (2008), developed for sediment transport, expresses conservation of mass and momentum for both water and
solid phases. In the application to granular flows
here presented, only the equations relative to the
solid phase are used.
On the assumption of hydrostatic pressure distribution, considering a layer of material flowing
over a rigid surface and assuming no cross-stream
variation of the depth, conservation of mass and
momentum are expressed by:
(1)

τ
h2 ⎞
∂hu ∂ ⎛ 2
+ ⎜⎜ hu + g ⎟⎟ + ghS 0 + T = 0
2 ⎠
∂t
∂x ⎝
ρs

(2)

⎞
αc
F 2 ⎟⎟
tan ϕ
⎠
0

2 THE MATHEMATICAL MODEL

∂h ∂hu
+
=0
∂t
∂x

(3)

(5)

3 DAM BREAK TESTS
3.1 Experimental device and procedure
Dam break experiments were conducted in the
Water Engineering Lab (LIA) of University of
Cassino, using an apparatus consisting of a reservoir and an horizontal rectangular channel separated by a vertical fast opening sluice gate (Figure
1a).
The apparatus is made of smooth Perspex
plates. The channel, after the gate, is 3 m long and
both the reservoir and the channel are 0.40 m
large. The gate is managed through a pneumatic
system driven by a lever control, which allows
high movement speeds. Transparent lateral walls
allow for video analysis of the emptying reservoir
and propagation of the flow in the channel. Two
cameras were positioned in order to record from a
sidewall and the top of the channel, respectively.
The cameras have a resolution of 1360x1024 pixels and an acquisition frame rate of 30 fps. They
are connected to a PC, from which they are managed. For each frame, the flow depth profile
along the channel and the front position were evaluated through an image analysis technique.

where x =streamwise coordinate, t =time, g
=gravity, h =layer depth, u =flow velocity, S0 =
bottom slope, ρs =material density, τT =total stress.
In the case of mixture of non-cohesive coarse
fraction, the dissipation mechanism is influenced
from the existence of two prevalent regimes
(Johnson & Jackson 1987, Johnson et al. 1990):
(a) a quasi-static regime, in which long-term contacts producing rubbing and sliding between particles occur; (b) a collisional regime, where the
contacts are of short duration (Bagnold, 1954).
For this reason, the total stress is written as the
sum of two terms:

a)
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b)

Figure 2. Image recorded from the top of the channel.

3.2 Numerical solution
From a mathematical standing point, the dam
break problem consists in an instantaneous release
at t=0 s of a semi-infinite expanse of static fluid of
uniform depth H0 into an initially dry region.
The numerical integration of the presented
model is performed by a finite volume scheme described in Leopardi (2001), which uses a parabolic
interpolation at the interfaces among adjacent
cells and a predictor-corrector explicit time stepping. The method has a second-order accuracy
both in space and time. This high accuracy of the
method can produce spurious oscillations. In order
to damp such oscillations an artificial diffusion
term is added after each step, according to the implementation of Jameson et al. (1981).
For reproducing the experimental tests, in the
numerical implementation closed wall and free
flow are imposed as upstream and downstream
boundary conditions, respectively. However, in
the considered cases, as discussed in next paragraph, the results are not influenced by the assigned boundary conditions.

Figure 1. Sketch of the experimental device used (a), with
the detail of the sand reservoir (b).

The granular material is sand of mean diameter
0.165 mm and density ρs=2680 kg/m3. The repose
angle, obtained through laboratory tests, is 36°.
For this kind of sand the cohesion can be considered negligible, anyway before the experiments
grain particles were kept dry, in order to reduce
such effect. Then, particles were poured into the
reservoir with an initial estimated volume fraction
c0=0.53.
For all tests the reservoir length, L, was fixed
equal to 0.5 m, while the initial column height,
H0, was varied from 0.30 to 0.60 m (Figure 1b), so
that the height-to-base aspect ratio r=H0/L is in
the range 0.6-1.2 (Table 1). Test C was repeated
three times to verify the reproducibility of the experiments. The comparison of the results of the
three different collapses confirms that the tests are
fairly reproducible.
From the analysis of video images recorded
from the top of the channel the front position is
detected. In order to facilitate such analysis the
channel bottom was covered with graph paper.
For all tests, top images (Figure 2) reveal also no
significant wall effects on the depth, which is rather constant in the cross section. This observation
confirms that the flows are fairly twodimensional.

4 RESULTS
4.1 Experimental observations
For all performed tests, the column of sand collapses with a gradual transition from relatively
slow fracture planes, along which material slide
down. A surface wave propagates backward in the
reservoir and the backward front stops before
reaching the reservoir wall, leaving a portion of
mass that does not move. This observation confirms that an infinite dam-break scheme can be assumed for the numerical simulations of the tests.
As example, in Figure 3 the free surface profile at
three different times for test C are reported. This
behavior confirms what previously observed by
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Balmforth & Kerswell (2005) for aspect ratios r
<1.3.
All realized flows form a final deposit whose
longitudinal extent is lower than the channel
length. While the final front position is clearly defined, the final runoff is more ambiguous. In fact,
it is observed that after the collapse, when the
slump comes to rest at the upward front, the
backward wave still propagates in the channel
(Figure 3). Material continues to adjust by avalanching of superficial layers, which decrease the
upper surface slope until equilibrium is reached.
The final upward front positions xsf, and its stopping time (runoff), tf, along with the total duration,
tt, of the phenomenon are reported in Table 1 for
all tests. The front position is evaluated starting
from the gate position, assumed at x=0 m. From
the final longitudinal profile, reported in Figure 3,
it possible to observe a lower slope respect to the
value of the repose angle (36°). This observation
shows that the final configuration is not the equilibrium bank profile, but it depends on the dynamic of the phenomenon.
A more detailed analysis of the experimental
data, also using scaling results, is reported in Di
Cristo et al. (2010). In particular, assuming the
initial column depth H0 and (H0/g)1/2 as length and
time scale respectively, the profiles describing the
front development in time collapse, as shown in
Figure 7.

is going to stop (t = 1.00 s). At that stage also the
shape of the simulated and measured profiles appears in reasonable agreement. The simulated
backward front celerity appears higher than in the
experiments.

Table 1. Final fronts positions xsf, and stopping time, tf, total
duration, tt, of the phenomenon for all tests.
r
xsf
tf
tt
Test
H0
(m)
(m)
(s)
(s)
A
0.30
0.6
0.3825 0.73
4.19
B
0.40
0.8
0.5175 0.87
4.29
C
0.50
1
0.6025 1.00
4.43
D
0.60
1.2
0.6975 1.13
4.58

4.2 Comparison between experimental and
numerical results

Figure 3. Free surface profiles at time t=0.36 s, t=1.00 s and
t =4.43 s (final configuration) for test C (H0=0.50 m). Gate
position (x=0 m).

For the numerical reproduction the frictional
stress is computed using ϕ = 24°, equal to 2/3 of
the repose angle. The use of a value lower then
36°, suggests that the repose angle is not representative of the considered phenomenon. The Bagnold coefficient is α = 2.0, fixed for all tests
through a sensitivity analysis.
In Figure 3 the comparison between experimental and numerical free surface profiles at three
times for test C is presented as example, but similar results are obtained also for the other tests. It
can be observed that the simulated front position
is faster than in the experiments in the very early
stage of the phenomenon (t = 0.36 s). However
the difference becomes negligible when the front

In the numerical simulation when the front
stops the whole phenomenon ends. Such behaviour is different from the experimental evidence,
that shows, after the stop of the front, a secondary
adjustment process of the slope surface by avalanching of superficial layers, as described in
paragraph 4.1. This difference is not surprising
since the model is depth integrated. In fact the superficial movements of the sand could be taken
into account only considering different velocities
along the vertical direction. However, the final
configuration (t = 4.43 s) produced by the numerical model is very close to the experimental one.
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In other terms, even if the dynamic of the secondary slope adjustment process cannot be completely reproduced by the model, its final evolution is correctly forgone.
Above observations are confirmed by the Figure 4, that reports the comparison between the experimental front development in time and its numerical reproduction. It is confirmed that the
numerical front position moves initially faster
than the experimental one, but the stopping
process of is reproduced in the right way.

Figure 6. Final position of the front - Comparison between
experimental and numerical data.

Also the final front position reproduction appears very good for all tests (Figure 6) and this result confirms the capability of the proposed model
in reproducing the front advancing process.
Figure 7 reports the profiles describing the front
development in time for all tests in the nondimensional coordinates X and T defined as:

Figure 4. Front position versus time for test C (H0=0.50 m) Comparison between experimental and numerical data.

As said before, the described behavior is
shared by all tests. It is confirmed by the results
shown in Figures 5, 6 and 7. Figure 5 and 6 report
for all tests the comparison between the experimental and numerical front stopping time and final position, respectively.
It can be observed from Figure 5 that the front
stopping time is reproduced accurately in all tests,
without performing any calibration of model parameters.

X=

xf
H0

T=t⋅

g
H0

(6)

The collapse of the nondimensional profile for
all performed tests demostrates that an approximate Froude similarity exists among front position versus time for the height-to-base aspect ratio
range investigated. The behavior observed for test
C in Figure 4 is confirmed for the others: for all
tests the numerical fronts move initially faster
than the numerical ones in the very early stage of
the phenomenon, but the stopping process is correctly reproduced.
5 CONCLUSIONS
In the present paper dry granular dam break flow
is investigated through experimental laboratory
tests. The experimental data are compared against
the numerical simulated results of a depthintegrated model.
Experiments were conducted using an ad hoc
experimental apparatus and digital images
processing. In all tests the longitudinal extent of
the final deposit is lower than the channel length,
while the backward front stops before reaching
the reservoir wall. It is also observed that after the
collapse, when the slump comes to rest at the upward front, the backward wave still propagates in
the channel. Material continues to adjust by avalanching of superficial layers, with a decreasing of

Figure 5. Stopping time of the front - Comparison between
experimental and numerical data.
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plication to real world problems it represents the
most important feature.
Moreover the model can compute in an accurate way also the final configuration of the deposit. It cannot completely reproduce the dynamic
of slope adjustment after that the upward front is
at rest. This is due to the considered depthintegrated scheme, in which a constant velocity is
assumed on a vertical column of sand. Further research will investigate on how to overcome this
limitation.

the upper surface slope until equilibrium is
reached.
The presented numerical model, previously developed by some of the authors for two-phase
flows, is here originally applied to granular flows.
Such model accounts for sediment particles collisional shear stress through a kinetic scheme and
frictional stress through a Coulomb-like behaviour.
Comparisons between experimental and numerical results show a good capability of the
model of reproducing the front final position and
stopping time. This is very important since in ap-

Figure 7. Front position versus time for all tests (non-dimensional coordinates).
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Preface
“During the early periods of cultural development, man’s relationship with water was largely determined
by mythology. Natural manifestations such as storms, thunder, lightning, rain, floods and natural phenomena such as moon, sun, sea and springs were personified by gods and demons who were superior to
man, in whose hands he was and whom he feared, as their behavior was neither understandable nor predictable. Despite this mythological attitude man understood well how to use pragmatically the unpredictable element water for his purposes, compelled to do so in order to ensure and maintain his existence.
The immense water development systems and hydraulic engineering structures from these times are proof
of the excellent engineering achievements in early history. Only in the period of natural philosophy following natural mythology did man begin to explore the laws of nature through philosophical meditation
(reflection, speculation). Natural philosophy inquired into interrelations and tried to find explanations of
the phenomena observed. The aim was to deduce natural processes by rational approaches to the basic
principles. Natural philosophy has its origins in Greek antiquity about 600 B.C. (Thales of Milet). About
300 years later, it reached its apex with Aristotle and then dominated man’s understanding of nature until the Renaissance. Only in the 15th and 16th century A.D. did speculation and inspiration begin to be replaced by scientific investigation and by the computational and quantitative understanding of natural
phenomena. Well-aimed experiments and logical cause/effect interpretation of observations were the new
scientific tools. Natural mythology was gradually replaced by natural sciences.” (Garbrecht, 1987) 1
The enhancement of scientific tools and the understanding of processes governing fluvial hydraulics is
still an important objective of today's hydraulic research. In fact, such knowledge is required by the modern engineer in order to improve the quality of man’s life in accordance with nature. Various examples
for the realization of these principles can be found, for instance, in the work of the Federal Waterways
Engineering and Research Institute (Bundesanstalt für Wasserbau, BAW) along the inland waterways of
Germany. Inland navigation constitutes a significant portion of long-distance goods transport in Germany. In 2004, goods with a total tonnage of 235.9 million tons were transported on the country’s inland
waterways. Therefore, the immense importance of the waterways - and the need to maintain the associated infrastructure while continuing to improve it to meet demand - is beyond dispute.
However, one should not forget that waterways are often also natural rivers for which the knowledge
of fluvial processes and hydraulics is of great importance. The best known examples in Germany of such
rivers are the Rhine and the Elbe. Thus, the principal challenges confronting hydraulic engineers today with specific regard to ecology, morphology, infrastructure construction, operation and maintenance - are
as follows:
- Trend towards larger vessels in the shipbuilding sector (individual vessels, push-tow units),
- Optimisation of river training and sediment management,
- Unfavourable age pyramid of waterway infrastructure with a high percentage of older structures,
- Ecological requirements, e.g. as described in the European Water Framework Directive,
- Development of adaptation strategies to minimise the expected impact of climate change.
Most of these challenges are closely related to fluvial hydraulic processes and can only be tackled successfully using the latest advances in the areas of theoretical, experimental and computational hydraulics.
The ideal platform for exchange between scientists and engineers with respect to fluvial hydraulics and
river-related disciplines are the River Flow Conferences which are organized biannually since 2002.
River Flow 2010 is the fifth in a now highly successful series of this kind of conference and was organized under the auspices of the Fluvial Hydraulics Committee of the International Association for HydroEnvironment Engineering and Research (IAHR). The ensuing conferences have witnessed an increase in
participation of members of our community of river engineers and researchers, a clear indication of the
relevance of such a forum.
The Local Organizing Committee of River Flow 2010 has received 487 abstracts, of which 284 were
considered to be aligned with the conference topics. Subsequently, 235 papers were submitted by engineers and researchers of 32 countries from all 5 inhabited continents. The International Scientific Com1

Garbrecht, G.; 1987: „Hydrologic and hydraulic concepts in antiquity“. In: Hydraulics and Hydraulic Research: A Historical Review.
Editor: Garbrecht, G.: A.A. Balkema / Rotterdam / Boston, pp. 1 - 22
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mittee has, finally, selected 223 to be included in this proceedings book. Of these, 74 % were considered
for oral presentation and 26 % were selected for the poster sessions. The accepted contributions essentially cover river hydrodynamics, river morphodynamics and sediment transport, and interdisciplinary approaches for river management.
A distinctive feature of River Flow conferences has been the existence of Master Classes the day preceding the formal opening of the Conference. They are intended for PhD or MSc students or young researchers working on fluvial hydraulics or related disciplines. They represent a unique opportunity for
students to address senior scientists, meet peers working on similar topics and identify possible collaborations for the continuation of their work. The response to this initiative exceeded the best initial expectations: 7 master Classes were conducted organised by 14 masters, enrolling 58 students from 14 countries.
This is an indication of the vitality of fluvial hydraulics and a contribution for the continuity of the IAHR.
Prof. Dr. Andreas Dittrich

Conference Chairman

Prof. Dr.-Ing. Christoph Heinzelmann
Director of BAW
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Computational modelling of three-dimensional bedform evolution
M. Nabi

Delft University of Technology, Section of Hydraulic Engineering, Delft, The Netherlands

ABSTRACT: We are developing a numerical model for simulating the development and migration of
dunes in rivers in a 3D case. The numerical model consists of three steps: turbulent flow, sediment transport and morphology. We modelled the turbulent flow using state-of-the-art techniques for detailed hydrodynamics. A finite volume method combined with an isotropic unstructured Cartesian grid with local
refining is developed for simulating time-dependent incompressible flow. The grid can be refined and
adapt to the boundaries. The governing equations are discretized using a staggered grid and advance in
time using the fractional step method. The Cartesian grid cells and faces are managed using an unstructured data approach. A ghost-cell immersed-boundary technique has been implemented for the cells
which intersect the immersed boundaries. Because of the importance of coherent structures of turbulence
on sediment transport, the turbulence regime is modelled by Large Eddy Simulation. The sediment is
considered as rigid spheres in the turbulent flow. Models for pickup, transport and deposition are incorporated in the current study. The morphodynamics is determined by the rate of pickup and deposition of the
sediment particles.
Keywords: Dunes, Sediment, Morphology, Large Eddy Simulation, Cartesian Grid
mited knowledge about the effect of dunes on the
hydraulic roughness of the rivers. Several researchers proposed methods to predict the dune
dimensions based on parameterization methods,
empirical relations (Julien & Klaasen 1995; Van
Rijn 1984) and theoretical interpretations (Onda &
Hosoda 2004). Existing experimental studies are
limited to the formation of dunes on steady state
flow regimes (Blom et al 2003). Wilbers (2004)
has shown none of these predictors are able to
predict correctly the dune dimensions during several floods in the River Rhine in the Netherlands.
He developed an empirical method to predict dune
development for unsteady flows. This method is
applied successfully to three sections of the River
Rhine branches, but it cannot be generalized. This
method gives limited knowledge about the physical phenomena behind dune development during
floods.
Existing numerical studies on the morphology
are limited to the approximation of the twodimensional fluid flow, with two-dimensional
dunes development (Giri et al 2006, Shimizu et al
2001) or with fixed bed (Zedler et al 2001, Yue et

1 INTRODUCTION
The water levels during river floods, and hence
the risk of flooding, depend on the hydraulic
roughness of the river. One of the components of
this roughness is produced by statistically periodic
irregularities on the river bed called “dunes”. The
development of dunes and the associated hydraulic roughness during a flood is complex. Initially
dunes grow higher and make the river bed rougher, but in later stages the dunes grow longer with
the opposite effect of making the river bed
smoother. Subsequently, in a way still not well
understood, new bedforms develop on top of the
elongated dunes that make the river bed rougher
again.
The sediment transport field over dunes and
ripples in open-channel flows is strongly affected
by the complex turbulence field caused by flow
separation at the dune crest. The threedimensionality of turbulence and the effect of turbulence on the sediment transport and morphological process form a complex problem which is not
completely solved yet. At present, there is still li905

form. This method yields one of the best predictions of immigration of sand dunes.
The model aims at giving better insight into the
development of the hydraulic roughness, and
hence the flooding risk, during river floods. The
good understanding thus obtained will allow the
development of parameterized models for larger
spatial and temporal scales that can be used in operational models for flood early warning systems
and the determination of design water levels.

al 2006, Yoon et al 1996). The nature of flow over
3D dunes is very different from the flow in many
studies that have concerned 2D dunes; to the degree that the application of some of these 2D studies to the field requires careful attention (Best
2005). Field observations suggest an urgent requirement for a fuller analysis of dune threedimensionality in both laboratory and numerical
studies.
We are developing a numerical model for simulating the development and migration of dunes in
rivers in a 3D case. The numerical model consists
of three steps: turbulent flow, sediment transport
and morphology. At the first step, we modelled
turbulent flow using state-of-the-art techniques for
detailed hydrodynamics. The development of
dunes is directly influenced by the fluid flow. A
correct prediction of dunes and migration of bedform requires an accurate prediction of fluid flow.
The dunes have also a direct effect on the drag
and hence on the fluid flow regime. It is important
to calculate the fluid in its details close to the bedform. An accurate solution for the dunes can be
achieved by a high-resolution grid close to the
boundaries. Structured Cartesian grids are not
suitable for this because the solution of a fully
structured Cartesian grid can be very expensive.
Here, a finite-volume method combined with an
isotropic unstructured Cartesian grid with local refining is developed for simulating time-dependent
incompressible flow. The grid can be locally refined and adapt to the bed form. The governing
equations are discretized using a staggered grid
and their solution is advance in time using the
fractional step method. The Cartesian grid cells
and faces are managed using an unstructured data
approach. A ghost-cell immersed-boundary technique is implemented for the cells which intersect
the immersed boundaries. Because of the importance of coherent structures of turbulence on sediment transport, the turbulence regime is modelled by Large Eddy Simulation.
The second step concerns the modelling of sediment pickup, transport and deposition. The sediment transport is modelled in a Lagrangian
field, which may involve new concepts that is better suited for relatively small spatial and temporal
scales. The sediment is considered as small rigid
spheres in the flow. This method gives a better insight about the physical phenomena of the sediment transport, and makes it possible to simulate
the detailed sediment motion such as jumping,
sliding and rolling.
The third step concerns a morphology model
for bedform growth, decay and migration. A discrete particles model is considered for pickup and
deposition and hence for the evolution of bed-

2 GOVERNING EQUATIONS
2.1 Fluid
The governing equations for the fluid are the full
three dimensional Navier-Stokes equations for incompressible flow with the Boussinesq approximation invoked. These equations are given below
in terms of volume filtered variables.

∂ui
=0
∂xi

(1)

∂ui ∂ui u j
1 ∂P
∂
+
=−
+
{2 (ν +ν t ) Sij }
ρ0 ∂xi ∂x j
∂t
∂x j

(2)

where xi are the coordinates, t is the time, P the
modified pressure, ρ0 the density, ui the filtered
velocity component in xi-direction, and t the
molecular and turbulent viscosities and Sij is the
resolved strain rate tensor:
1 ⎛ ∂u ∂u j ⎞
Sij = ⎜ i +
⎟
2 ⎜⎝ ∂x j ∂xi ⎟⎠

(3)

In Large Eddy Simulation, the large eddies is
solved directly, ignoring the smaller eddies. The
smaller eddies are then modelled. A volume filtering is used in LES, allows filter the eddies which
are smaller than the grid cell volume. The effect
of the small scales upon the resolved part of turbulence appears in the SGS stress term
τ ij = ui u j − ui u j which must be modelled. The SGS
effect is modelled using a dynamics subgrid-scale
model, averaged in Lagrangian field. The interested reader is referred to Meneveau et al (1996).
2.2 Sediment
A particle immersed in a fluid is subjected to the
forces of gravity, and the fluid forces acting on it.
The velocity of the individual sediment particle in
the flow is calculated according to
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dv p
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calculated according to

ρ sV p

d xp
= vp
dt

until they deposit (or probably stay in suspension).
The particles can have different behaviour when
they interact with the bed. Schmeeckle et al.
(2001) have shown that the appropriate physical
scaling of this problem is a collision Stokes number. If St << 1, the viscous pressure will stop the
particle before significant elastic energy can be
stored in the deformation of the particles. In this
case, there will be no initial rebound velocity. According to Schmeeckle et al. (2001), the transition
between damped and un-damped particle collisions occurs at about the transition from medium
to coarse sand. At a transport stage, the corresponding critical sediment diameter size is 2.7 mm.
Therefore, for sediment larger than sand (> 2
mm), saltation impacts will almost always be partially elastic, and for sand and smaller particles,
there is no significant normal rebound. When partially elastic collision occurs, the new velocities
can be calculated as follows.

(4)

)

(

vp represents the velocity of the sediment particle,
uf is the fluid velocity at the particle location, CD
is the drag coefficient, CL is the lift coefficient, d
is the particle diameter, D/Dt = ∂/∂t+u., g is the
gravity vector, Vp is the particle volume and ρ and
ρs are the densities of the fluid and particle respectively (Maxey & Riley 1983). The drag coefficient
CD can be found using the formulas proposed by
Morsi & Alexander (1972). The lift coefficient CL
is a problematic issue, and it is very complicated
to determine. There is limited knowledge regarding to the effect of solid boundaries on the particles. Moreover the velocity of fluid must be determined at the top and bottom of the particle. The
size of particle is one or two order smaller than
the grid cell, which makes the interpolated velocities on the top and bottom of the particle insignificant. Here we replace the term of lift force in equation (4) by the theoretical and experimental
relations introduced by McLaughlin (1991) and
Mei (1992), which are given as
CL
= 0.443J
CL.Sa

Vn , new = −α nVn ,old
Vt , new = α tVt ,old

Here Vn and Vt are the normal and tangential velocities respectively. The normal and tangential
elastic coefficients αn and αt are set to the experimentally determined values of 0.65 and 0
(Schmeeckle and Nelson 2003). The partially
elastic rebound occurs in Stokes numbers higher
than 105. For Stokes numbers lower than 39, the
particles are viscously damped (αn = 0). In the
range between 39 and 105, the behaviour of collision is not clear because of the negative pressure
and cavitation between the particle and the bed.
Schmeeckle and nelson (2003) set αn = 0 for
Stokes numbers between 39 and 105.
The bed of the river can be approximated by
spherical particles lying in the form of layers. If
the shear stress of the fluid on the bed exceeds a
certain value, the particles begin to rotate and
probably move from their position. Each spherical
solitary sediment particle is resting over a closely
packed three other spherical particles. It is the
most stable three-dimensional configuration for
spherical particles. The incipient motion of sediment can be determined by the vector summation
of the mentioned forces. The initial motion of the
spherical particles begins either by rolling, or by
sliding. The most of particles begin their incipient
motion by rolling and few numbers of particles by
sliding. At the present work, the incipient motion

(5)

where
J = J (ε ) ≈

0.6765{1 + tanh ⎡⎣ 2.5log10 (ε + 0.191) ⎤⎦}

(6)

{0.667 + tanh ⎡⎣6 (ε − 0.32)⎤⎦}

ε=

Reα0.5
Re p

, Reα =

uf − vp d
αd2
, Re p =
(7)
ν
ν

where α is the fluid shear rate. The index Sa denotes the corresponding result obtained by Saffman (1965), which is defined as
CL , Sa =

12.92

π

ε

(8)

The lift force can be determined as,
FL =

π
8

2
CL ρ f u f − v p d 2

(10)

(9)

Equation (4) is solved using an implicit scheme
to avoid instabilities. Each particle position is then
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(here cells). The change in level for each bed-cell
after time step Δt can be determined as,
Δy =

A2 V p ( ndepos − n pickup )
A3
S

(13)

3 NUMERICAL METHODS
An approach which is gaining popularity in the
recent years is the Cartesian grid method. At this
method the governing equations are discretized on
a Cartesian grid which cannot fit the immersed
boundaries. Cut-cell technique and Ghost-cell methods are the most popular remedies for this problem. At the cut-cell technique, the intersecting
cells are cut, yielding arbitrarily shaped cells,
which add complexity to the computational model. The Ghost-cells method adds a force on the
immersed boundaries. It is easy to implement and
requires less computational efforts than the cutcells techniques.
A simple structured Cartesian grid requires a
large number of cells to capture the small eddies
in a turbulent flow. In order to optimize the use of
computational resources, we use an adaptive multi-level Cartesian mesh, with local refinement, in
which more grids cells can be placed in high gradient regions such as boundaries. (Figure 1)
An isotropic Cartesian grid is used for this purpose. In isotropic Cartesian grids, the refining of
each cell occurs in all directions. Any refined cell
has 8 children in 3D or 4 children in 2D.
The set of refined Cartesian cells are commonly
managed in two ways: the hierarchical tree data
structure and the fully unstructured approach. The
tree data structure (parent-child tree) requires a
tree-traverse approach to determine neighbour
connectivity based on logical recursive routines.
The calculation time required for determining the
neighbours can be considerably larger than the
fully unstructured approach. Here we use a combination of unstructured approach and hierarchical
tree data structure by defining local pointers to
find the neighbours. By hierarchical tree data
structure it is possible to apply multigrid technique to solve the desired equations.
The numerical method for the present contribution uses a staggered grid method, with the pressure located in the centre, and the velocities on the
faces of cells. The governing Navier-Stokes equations for unsteady incompressible flow are discretized using finite-volume method with second order, linear discretizations for fluxes. Time
advancement uses the frictional step method,
which decouples the solution of the velocity field
from the pressure. The second-order Adams-

Figure 1. An isotropic Cartesian grid with local refining,
over a dune.

by sliding is ignored. Only the incipient by rolling
of particles is considered.
In our model, the pickup rate formula proposed
by Nakagawa & Tsujimoto (1980) is incorporated
to estimate the pickup rate. This approach was
also effectively used by Onda and Hosoda (2004),
and Giri and Shimizu (2006) for computation of
bed form development. The dimensionless pickup
rate is expressed as
P =
*
S

PS d
⎛ ρs
⎞
− 1⎟ g
⎜
⎝ ρ
⎠

⎛ τ ⎞
= F0τ * ⎜1 − *cr ⎟
τ* ⎠
⎝

3

(11)

in which F0=0.05 is an experimental constant. τ*
and τ*cr are the dimensionless shear stress and critical shear stress for incipient motion of bed material particles, which are averaged on time and
space. The number of particles which are picked
up from the bed in time step Δt can be determined
as
n pickup =

A3
P Sd Δt V p
A2 S

(12)

Here S is the area of bed-surface mesh, and A2 and
A3 are shape coefficients of sand grains with twoand three-dimensional geometrical properties, and
Vp is the volume of the particle.
2.3 Bedform
The bed of the river is approximated by a surface
grid with equidistance Δx and Δz as shown in
Figure 1. The pickup rate of each cell on the bed
is calculated according to equations (11) and (12).
The rate of deposition is calculated from the total
number of particles which deposit in the current
bed-cell in time step Δt. The difference in the
number of the particles in pickup and deposition
for any portion on the bed, indicates the amount of
mass added to or decreased from the current area
908

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2 Simulation of morphology with sediment diameter of 245 μm. It starts from a flat bed (a), instabilities appear (b),
then ripples are generated (c). The ripples grow (d), and lead to generation of dunes (e). The dunes grow and move as steady
(f).

Bashforth-Crank-Nicolson method is used for the
momentum equations.
The Poisson pressure correction equation is
solved by Multigrid method. Ghost-cell immersed
boundary techniques are used to conform the dune
geometry (Fadlun et al 2000).

with water depth of 4.5 cm, and discharge of 6.8
lit/s.
For simulation purpose, the length is chosen as a
part of the flume (1.2 m); hence the boundaries in
streamwise direction are set to be periodic. For
generalization and also simplicity, the boundaries
in spanwise direction are also set to be periodic.
The simulation begins from a flat bed, with the
same water depth and discharge as experiment
(Fig. 2a). The bed gets instabilities because of
fluctuating shear stress (Fig. 2b). These instabilities lead to ripples (Fig. 2c). The ripples grow
(Fig. 2d) and dunes are formed (Fig. 2e). Dunes
move and finally they get a statistically steady
state (Fig. 2f).

4 NUMERICAL EXPERIMENT
In this section, the generation and migration of
dunes are simulated by using rigid spheres as sediment particles. The sediment is picked up from
the bed, transported in the water, and settled in
different locations. By considering the pickup and
deposition as mass sources and sinks, the deformation of bed can be calculated.
The computational domain is set to be 60x120
cm2. The wide of the domain is identical with the
flume experiment which is carried out under the
department of hydraulic engineering in Delft University of Technology. The total length of the
flume is 25 m and width is 60 cm, has 3x10-4
slope. The bottom of the flume is covered with 20
cm thick sediment layer with 0.245 mm median
diameter. The experiment begins from a flat bed,

Figure 3 Distribution of sediment over the dunes (side
view). The diameter of particles is 245 µm.
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found by taking linear least square method of all
measured points. The height of each dune is defined as the difference between the maximum and
minimum height between the intervals defined by
the two successive intersections. The same methodology is applied for the simulated results and
averaged in space and time. The length and height
of dunes in our simulation are found to be 26.6 cm
and 24 mm, which have good agreement with the
experiment (25 cm and 23 mm).
The simulations are also applied for different
grain sizes. Figures 5a-5f show the simulation
with different sediment diameters (100, 120, 140,
160, 180 and 200 μm). As can be seen in these
figures, the bed with fine sediment includes more
ripples. The ripples are generated on the dunes
and they are super positioned which leads to deformation of the dunes. This physics-based phenomenon is mentioned in Best 2005. Moreover, it
can be seen that the bed with fine sediment, leads
to two-dimensional dunes. By increasing the sediment diameter, the three-dimensionality dominates and the topology of the dunes changes to
fully three dimension in the relatively larger sediment size.

Figure 4 The measurement of dunes height and length
(grey) and low-pass filtering of the measurements (black).

Figure 3 shows instantaneous sediment distribution (suspended) in the water above the dunes.
Figure 4 shows a measuring of the dunes and its
low pass filtering. The length of each dune is defined by the distance between two successive intersections of the curve defining 2D dune, with
the baseline. Only the measurements for the centerline of the flume are considered in averaging, to
minimize the effect of the walls. The baseline is
(a)

(b)

(c)

(d)

(e)

(f)

Figure 5 Simulation of dunes for different sediment diameters. (a) 100 μm, b) 120 μm c) 140 μm, d) 160 μm, e) 180 μm and f)
200 μm.
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5 CONCLUSIONS AND FUTURE WORK
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ABSTRACT: The bed of an alluvial river is highly susceptible to changes during the course of its existence. Besides variations of the large scale topography and plan form of the river, smaller scale dune
forms can be observed. These recurring dune forms migrate on top of the large scale topography and can
yield local yet important variations in the flow field. In order to study the effect of migrating dune forms
on the flow characteristics and consequently the erosive capacity of an alluvial river, an experiment with
mobile bed has been carried out in a laboratory flume representing a sharp meander bend. In this experiment, changes to an initially flat, slightly sloped river bed under a steady flow and sediment discharge
were observed until a recurring pattern of migrating dune forms could be seen on top of the characteristic
pool-bar topography of meander bends. Once the dune forms were established, an Acoustic Doppler Velocity Profiler (ADVP) was placed in several positions alongside the river bend and used to measure the
flow depth and flow characteristics under the influence of the passing dunes. Several times during the experiment, the topography was mapped using laser altimetry on a grid of large spatial resolution in order to
isolate the dune forms from the large scale topography and determine the dune characteristics and the
dune celerity. In this paper the large scale topography and dune characteristics will be shown and the effect of the migrating dune forms on the flow field and the erosive capacity will be discussed in detail.
Keywords: Open-channel flow, Channel bend, Mobile bed, Migrating dunes, Bank erosion
driven by the bank shear stress, in which a depthaveraged flow model, extended with semiempirical information on the vertical flow structure, is used. Darby and Thorne (1996) proposed a
model for the prediction of the probability of geotechnical bank failure and for the amount of collapsed bank material. Nagata et al. (2000) proposed a model that accounts for bank retreat
through basal erosion followed by intermittent
geotechnical bank failure, employing a depthaveraged flow model and describing the intermittent sediment transport near the bank with a nonequilibrium model.
These models are all based on a depthaveraged flow field, an assumption that, in the
case of a meander bend, is not valid. Indeed, a redistribution of the streamwise velocities occurs
around the bend. Furthermore, a counter-rational
cell of secondary current has been shown to exist
near the outer bank, which along with the reduced
turbulent activity in this region has a stabilizing

1 INTRODUCTION
Most natural, alluvial rivers tend to meander,
which implies their topography undergoes some
drastic changes during the course of their existence. Under the influence of the flow field, bed
material is transported and subsequently deposited
elsewhere, while the outer banks of the successive
river bends are eroded. Typically, this leads to a
more general large scale pool- point bar topography in the river bends, on which smaller scale
‘dune forms’ are transported.
This morphological behavior has always been a
point of attention among researchers, and more
recently there has been a surge of interest in the
accurate modeling of the erosion of the outer
bank. Thorne (1982) has recognized two dominant
processes of bank erosion and retreat: basal erosion and geotechnical bank failure. Basal erosion
steepens the bank and intermittently causes mass
bank failure. Duan et al. (1999) presented a detailed model of bank retreat through basal erosion,
913

settled sediment is then once again used to feed
the upstream reservoir, thus forming a closed
cycle.
Table 1 summarizes the main hydraulic and
geometric parameters of the experiment. The observed flow is rough turbulent (Re* = u.ks/ν > 70
where Nikuradse’s equivalent sand roughness ks
has been defined according to van Rijn (1984) as
three times the sand diameter, Re >> 4000), subcritical (Fr < 1), and very sharply curved (R/B =
1.31 and R/Hm = 17). The channel aspect ratio of
B/Hm = 13 is rather high for a laboratory flume,
but flow is still less shallow than in most natural
rivers.

effect on the outer bank (Blanckaert and Graf
(2001), Blanckaert and de Vriend (2004, 2005)).

Table 1: Main hydraulic and geometric parameters of the
mobile bed experiment.
Figure 1. The experimental test setup, with indication of
the bend angles at which flow field measurements were
carried out.

Thus, the flow field in a meander bend shows a
highly complex three-dimensional pattern, of
which a more detailed understanding is required.
Most existing experimental datasets have been gathered in laboratory flumes with a fixed channel
bed. While these experiments are useful to study
the flow field in a meander bend, they do not take
into account the morphological behavior that is
inherent to alluvial rivers (Blanckaert and Graf
(2001, 2004), Blanckaert (2009)). Therefore, in
order to study the influence of an evolving topography with migrating dune forms on the flow
field and consequently on the erosive capacity of
alluvial rivers, an open-channel bend experiment
with mobile bed is presented in this paper.

Q [l/s]

R [m]

B [m]

Hm [m]

U [m/s]

Fr [-]

0,062

1,700

1,300

0,100

0,477

0,482

Re [-]

Rh [m] R/B [-] R/H [-]

B/H [-]

0,087

13,000

47692,308

1,308

17,000

2.2 Mobile bed experiment
A mobile bed experiment as the one reported in
this paper can be divided into two phases. In the
first phase - the transitional phase- the experiment
is started over a horizontal bed and a constant sediment discharge is supplied at the flume entrance. Under the influence of the changing flow
field, the bed topography in the bend will evolve
into a pattern of stable macro features - the characteristic pool- bar topography typically seen in
open channel bends - upon which migrating bedforms of smaller scale, such as dunes, are superimposed. During this phase these migrating
dunes are closely monitored, with special attention to such characteristics as their height, length,
the amount of visible dunes, their inclination and
position along the channel bend, and their return
period (which ultimately leads to the dune celerity).
Once dunes with similar characteristics start
appearing at a steady return period and the amount
of ingoing and outgoing sediment are in balance,
the experiment is said to be in a state of dynamic
equilibrium. From this moment onwards - i.e.the
mobile bed phase- the flow characteristics and
other parameters of interest are ready to be measured.

2 EXPERIMENT AND MEASUREMENTS
2.1 Experimental test setup
The experiment was carried out in the sharply
curved laboratory flume shown in Figure 1. A 9 m
long straight inflow reach allows the boundary
layer to develop fully before the flow enters in the
193° bend of constant radius of curvature, R = 1.7
m, which is followed by a 5 m long straight outflow reach. The flume has a constant width of B =
1.3 m. Quasi-uniform sand with particle diameters
in the range d = 1.6 to 2.2 mm is placed on the
bed with an initially horizontal cross section, whereas the vertical banks are made of PVC.
At the inlet a reservoir with a feeding mechanism enables the introduction of a constant sediment discharge to the flow, while at the downstream end a settling tank is installed to allow for
the deposition of the transported sediment. The
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higher-order turbulent correlations, v'jav'kb
(j,k=s,n,z and a,b integer).
A detailed description of the working principle
of the ADVP, its experimental accuracy and its
comparison with other velocity meters can be
found in Lemmin and Rolland (1997), Hurther
and Lemmin (1998), and Blanckaert and Graf
(2001).

Figure 2. The Acoustic Doppler Velocity Profiler (ADVP).

2.3 Measurements
During the experiment, the flow characteristics
were measured by means of an Acoustic Doppler
Velocity Profiler (ADVP) (Figure 2), and this at
several positions along the channel length and
width (Table 2).
Table 2: Position of flow field measurements (indicated
with OK) along the channel bend.

Distance from outer bank [cm]

Cross section [°]
90

100

110

125

140

10

OK

OK

OK

OK

OK

15

OK

OK

OK

OK

OK

20

OK

OK

OK

OK

OK

25

OK

OK

OK

OK

OK

30

OK

OK

OK

OK

OK

35

OK

OK

OK

OK

OK

40

X

OK

X

OK

OK

45

X

OK

X

OK

X

50

X

OK

X

OK

X

55

X

X

X

OK

X

Figure 3. The bed topography during the mobile bed
phase.

Besides measuring the flow field with the
ADVP, the experiment was also halted several
times to map the bed topography by means of laser altimetry on a grid of large spatial resolution
(every 5° along the channel bend, with one measuring point every two centimeter along the channel width). By carrying out this topography mapping at different positions of the dunes, the latter
could be isolated from the large scale topography
and their characteristics and celerity could be determined.

The ADVP, developed at the EPFL, measures the
quasi-instantaneous velocity vector with a resolution of turbulence scales. It consists of a central
emitter, symmetrically surrounded by four wideangle receivers, R1 to R4 (only two are visible in
Figure 2). From these data, the mean velocity vector, vm (vs,vn,vz), can be derived, as well as the
fluctuating velocity vector, v´m (v´s,v´n,v´z), the
turbulent stress tensor, v 'jv 'k (j,k=s,n,z), and even
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at a larger speed than the outer bank side of the
dune, an observation that is in agreement with
dune forms appearing in actual river bends. However, the distance in between both the outer bank
sides and the inner bank sides of the observed
dunes stays quasi constant (ca. 15° along the
channel bend), which is a sign of dynamic equilibrium. When measuring the time it takes for one
dune to migrate to the next position (or for a new
dune to appear at the same position = the return
period= ca. 12min.), it becomes possible to estimate the average speed with which the dunes migrate through the channel bend. This speed, or
dune celerity, was found to be approximately
7.10-4 m/s.
The upper frame of figure 4 displays two cross
sections that were measured at a bend angle of 90°
at two different times during the experiment.
Again, the pool-point bar structure is clearly visible. This figure, along with several observations
during the course of the experiment (see Figure 4,
lower frame) and detailed topographic measurements of the dunes themselves, indicates that the
dune height ranges from ca. 2-5 cm.
Since the dune characteristics mentioned above
can be found for dune forms in natural rivers, they
suggest that the proposed experiment is a valid
simulation and the results and conclusions are relevant.

3 TOPOGRAPHY
Figure 3 contains a general image of the bed topography at a certain time during the mobile bed
phase, simplified for clarity of discussion. It clearly shows the presence of a point bar that, 70 ° in
the channel bend, still covers half the channel
width, but quickly draws back to completely disappear at 125°. The water level above the point
bar is so shallow that at some places the water
even disappears to leave a dry area. Consequently,
the whole point bar acts as a dead zone for flow
and sediment transport. In between the point bar
and the outer bank however, the bottom level
shoots down into pools, upon which the dune
forms are superimposed.

4 FLOW FIELD
As was mentioned above, the flow field characteristics were measured at several places along the
channel bend. In order to enable the study of the
effects of the migrating dunes on the flow field, at
least one dune – and preferably more – had to be
captured in one measurement. This led to measuring times ranging from 12 to 30 minutes.
The first results from the flow field analysis
will be discussed using measurements carried out
at 110° in the channel bend and 20 cm from the
outer bank (Figure 5). This measurement exactly
captures two passing dunes, starting almost at the
top of a first dune and ending at the same point of
a third dune. The bottom, white part of the figure
can be seen as the changing bed level, while the
zone with the actual results symbolizes the water
height above the bed level.
In the following, the evolution of the
streamwise velocity and turbulent kinetic energy
distribution will be discussed.

Figure 4. Upper frame: cross section at 90° at two different
times t1 and t2. The abscis shows the distance from the inner bank, the ordinate the height above a certain reference
level. Horizontally dashed lines indicate higher bottom
level at time t2, vertically dashed lines indicate lower bottom level at time t2. Lower frame: detail of a migrating
dune.

At any certain moment four dunes could be
seen migrating simultaneously through the channel bend. When considering these four dunes as
the consecutive positions one dune takes while
migrating through the channel bend, the figure
shows that the inner bank side of the dune travels
916

4.1

Figure 5. Time evolution of the streamwise velocity (upper frame) and turbulent kinetic energy (lower frame) under influence of a passing dune. The lower abscis shows the time passed since the start of the measurement, the upper abscis shows
the distance from the 90° section the dune has travelled since the start of the measurement, and the ordinate shows the distance of the measuring point above a certain reference level. The white zone can be considered to be the bed level, the top
measuring point is the water level.
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4.2 Streamwise velocity distribution

4.4 Hypothesis

In the upper frame of Figure 5, the time evolution
of the streamwise velocity distribution is displayed.
The figure shows that the streamwise velocity
has a predictable behavior in the upper part of the
water column, as it takes approximately the same
value over this entire region, with only a minor
drop near the water surface. However, near the
bottom surface, the streamwise velocity takes on
negative values, indicating backflow. Further
analysis of the figure suggests that the water level
under which this backflow exists, seems to coincide with the top level of the dune that just passed
by, this level being ca. 19 cm in the case of Figure
5.
The existence of this rotational current is easily
explained. After the first dune passes the measuring point, the bottom level drops and the extra
depth is filled with water flowing at a certain velocity. Further downstream, this water crashes into
the dune ahead, and since the water cannot go
through this dune, it must break into two directions: backwards and sideways (the cross-stream
velocity distributions are not shown, but show
similar results: the magnitude of the cross-stream
velocity rises in a region right behind the dune),
thus creating a rotational cell near the channel
bed. This also explains why the height of the rotational zone coincides with the dune height, since
this is the height along which the water crashes into the dune.

These first results seem to indicate that the flow
field is scattered and the turbulent kinetic energy
rises in the wake of a migrating dune. Since the
latter points to an increase of erosive capacity, this
leads to believe that the migrating of dune forms
along the bed of an alluvial river leads to a local
increase of erosive capacity in the wake of the
passing dunes. This in turn might lead to an important contribution to the outer bank erosion.
Further analysis, focusing on wavelet analysis of
the turbulence spectrum, has to be carried out in
order to provide more insight in this hypothesis.
5 CONCLUSIONS
In this paper, a mobile bed experiment is presented that investigates the effect of migrating
dunes on the erosive capacity of alluvial rivers
with sharp open-channel bends. The main conclusions are:
• The channel bed consists of a typical pool-bar
topography, with smaller scale dune forms migrating on top of it
• The characteristics of the migrating dunes height, position and celerity - agree with those of
dunes observed in actual alluvial rivers
• The streamwise and cross-stream velocity distributions are affected by the presence of the migrating dunes: the flow field scatters against the
dune, and a counter-stream rotation of the flow is
observed near the channel bed
• The turbulent kinetic energy noticeably rises in
the wake of the passing dune, locally increasing
the erosive capacity of the stream
The first results presented in this paper indicate
that migrating dunes yield an increase of the erosive capacity of alluvial rivers, but further research is needed before any closing statement can
be made in that direction. This research includes
employing wavelet analysis to analyse the turbulent kinetic energy with much higher detail.

4.3 Turbulent kinetic energy distribution
The time evolution of the turbulent kinetic energy
distribution is shown in the lower frame of figure
5. The turbulent kinetic energy follows a similar
trend as the streamwise velocity: the turbulent kinetic energy does not change over the top part of
the water column, until it reaches a water depth
that approximates the height of the previous dune.
In this region near the channel bed the turbulent
kinetic energy suddenly rises to up to six times the
value found in the top part of the water column.
This phenomenon is of course closely related to
what was described in section 4.1. The drastic
changes in the flow field in the regions behind the
dunes lead to higher fluctuations of the flow field,
which then lead to a higher turbulent kinetic energy.
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ABSTRACT: Within the scope of the long term vision of the Scheldt estuary, a new disposal strategy was
proposed by an international expert team appointed by the Antwerp Port Authority. After the feasibility
study, two in situ disposal tests were carried out near the Walsoorden sandbar in the Western Scheldt.
Both tests were thoroughly monitored, both morphological as ecological.A project was defined to investigate the impact of bed forms, hydrodynamics and sediment properties on the ecological value in the shallow water area near the Walsoorden sandbar. The goal of this project is to make a habitat classification
for the Western Scheldt based on its ecological value, allowing to define which areas are best suited for
disposal of dredged material and which areas should be avoided.In the first phase the multibeam echo
sounding data were analysed in respect to the occurrence of bed forms. The analysis was executed in four
steps, resulting in a limited number of classes.A large spatial variation was found for the analysed parameters. The average length of bed forms ranged from 5 m to 50 m, the average height from 0,10 m to almost 2,00 m, while, considering the asymmetry due to tidal currents, most of the sections were flood
dominated.In a second phase the seasonal variation of the bed forms was investigated, analysing the multibeam echo sounding data of the summer condition (September 2007).In the third phase of the project the
relation between the occurrence of bed forms and hydrodynamic parameters (using a validated numerical
hydrodynamic model) was investigated. With the addition of sediment properties (grain sizes) a classification based on the physical parameters is made. These “physiotopes” were finally validated with the
ecological data (i.e. macrobenthos and fish), trying to make a classification in “ecotopes”.
Keywords: Geomorphology, Bed forms, Habitats, Scheldt estuary, Tidal currents
to investigate the relation between on one hand
the bed forms, hydrodynamics and sediment properties and on the other hand the ecological value
of the shallow water areas. This study will result
in a habitat classification for the shallow water areas in the Western Scheldt based on their ecological value.
In 2004 and 2006, two in situ disposal tests
have been carried out near the Walsoorden sandbar in the Western Scheldt (Plancke et al., 2007).
Both tests were thoroughly monitored to evaluate
the feasibility, resulting in a vast morphological
and ecological dataset for this area. The area near
the Walsoorden sandbar was therefore chosen for
a case study.
The newly developed insights, resulting from
this study, will be used to develop a methodology
to extend this classification to the whole of the
Western Scheldt. This classification will offer

1 INTRODUCTION
Within the scope of the long term vision of the
Scheldt estuary, (low dynamic) shallow water
areas – between 0 m MLLWS and -5 m MLLWS
– are considered to be of high ecological value. At
present however, little is known about the location
of such areas in the Scheldt estuary, nor about the
details of the physical and morphological
processes that determine the occurrence of ecologically important shallow water areas.
In order to be able to predict the effects of (expected and unexpected) changes in the physical
system of the estuary on the ecology, it is necessary to investigate the relationship between the
occurrence of these organisms and their physical
environment in a synoptic way.
Therefore, a study project was defined by the
Maritime Access Division (Flemish government)
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forms, starting from the shaded view image of
the area.
2 Definition of several longitudinal transects
(along the direction of the flow, approximately
1000 m long) within each sub area.
3 Analysis of each transect for the following parameters: average length, average height, average asymmetry and average steepness of the
bed forms.
4 Classification of the study area in a limited
amount of bed form classes.
The first 3 steps in this analysis where executed 2 times: based on the first analysis variations between transects within the same sub area
or variations within the transects themselves were
discovered. Therefore the classification in sub areas was redone to ensure more homogenous sub
areas. Then, new transects were defined and for
each transect its characteristic values were determined.

valuable information to define which areas are
best suited for disposal of dredged material and
which areas should be avoided because of their
ecological value.
2 BED FORM ANALYSIS
2.1 Study Area and used data
The study area (Fig. 1) stretches from Bath to
Hansweert in the Western Scheldt. Although the
project was initially set up for the shallow water
areas, it was finally extended to both the shallow
and deeper water areas near the Walsoorden sandbar.
The morphological monitoring (Leys et al.,
2006) following the disposal tests near the Walsoorden sandbar comprised, among others, of
multibeam echo sounding measurements. These
surveys were initially conducted every week.
Later the frequency was reduced to once every 2
weeks and finally once every 3 months (Flanders
Hydraulics Research, 2009).

2.2.1 Visual classification in sub areas
A so-called “shaded view” map was used as a
base for the visual classification in sub areas. This
computer-generated map shows a simulated cast
shadow of sun upon a raised bathymetry. The angle from which the light shines on the bathymetry
was chosen so as to be able to discern the bed
forms optimally. The optimal angle was found to
be parallel to the direction of the flow, because the
direction of bed forms is expected to be perpendicular to the direction of the flow.
Because of the tides in the Western Scheldt 2
preferred angles can be defined, one for flood
flow and one for ebb flow, differing approximately 180° from each other. Since flood flow is
expected to be dominant in the study area, the direction of this flow is taken as the preferred angle.
This direction of flood flow differs within the
study area between 315° N and 270° N. Finally an
angle of 315° N was chosen because this concurred with the direction of the flood flow for
most of the study area.
Based upon this “shaded view” image, different sub areas were delimited. Boundaries were defined visually in those places where differences in
bed forms appeared to occur (Fig. 1).

Figure 1. Location of the study area in the Scheldt Estuary

Two multibeam echo sounding surveys were
chosen out of this extensive data collection for the
realization of a habitat classification. In the first
phase the multibeam echo sounding data of the
winter condition (March 2007) were analysed in
respect to the occurrence of bed forms. In a second phase the seasonal variation of the bed forms
was investigated, analysing the multibeam echo
sounding data of the summer condition (September 2007).

2.2.2 Definition of several longitudinal transects
Within every sub area some longitudinal transects
were defined, assuming that these sections are
representative for the whole sub area. To be sure
that enough bed forms were included in each section, a minimum length of 1000 m per section was
proposed. However, for some of the smaller sub
areas this length couldn’t be obtained. Also, for
every sub area 3 sections were defined if possible

2.2 Methodology
The analysis of the bed forms was executed using
the following steps:
1 Visual classification of the study area in sub
areas based on the dimensions of the bed
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in order to check the uniformity of the sub area.
The depth values of these sections were exported
from a 1m*1m raster (multibeam echo sounding)
covering the study area using GIS-software.
2.2.3 Analysis of the transects to obtain characteristic parameters
For every longitudinal transect the following
characteristics were deduced:
− Length of the individual bed forms.
− Height of the individual bed forms.
− Asymmetry of the individual bed forms.
− Average steepness of the bed forms per transect.
This analysis was executed using a self developed Matlab routine, based on the methodology
used in the Bed form Tracking Tool (van der
Mark et al., 2007). This routine consists out of the
following steps to define the characteristic parameters of the bed forms in a certain transect
(Fig. 2):
1 Choosing a period for a floating average to remove trends (large scale depth variation) from
the section without loosing the individual bed
forms.
2 Detrending of the section by subtracting the
floating average from the original data.
3 Determining the intersections of the detrended
signal and the zero-line.
4 Determining the crests and troughs, based upon
the assumption that between two intersections
with the zero-line, a crest or a trough can be
found.
5 Determining the length of every individual bed
form, defined as the distance between 2 successive crests.
6 Determining the height of every individual bed
form, defined as the difference between the
height of a crest and the following trough.
7 Determining the asymmetry of every individual
bed form, defined as the ratio between the inclination length (Ldstr) and the declination
length (Lustr) of the bed form (from trough to
trough).
8 Determining the average steepness per transect,
defined as the ratio between the average height
and the average length of the bed forms (from
trough to trough) in that section.

Figure 2. Methodology for determining characteristic parameters, above: step 1 – 4, below: step 5 – 7

Next, the characteristics of the individual bed
forms were averaged per transect. The resulting
average values for length, height and asymmetry
were filtered to minimize outlier-effects: all values outside the interval [0,25*average;
1,75*average] were discarded and a new average
was calculated using the remaining values. This
interval was determined after a sensitivity analysis, in which the effect of different intervals was
investigated with the values of the averaged characteristics.
The transects were always defined from seaward side to landward side. Thus, an asymmetry
value greater than 1 implies a bed form where the
seaward side is longer than the landward side.
This indicates flood dominance. A value smaller
than 1 indicates ebb dominance.
2.2.4 Classification of the study area in a limited
amount of bed form classes
In order to group the different sub areas in a feasible amount of classes (maximum 10), the averaged characteristics were compared to each other.
This resulted in 2 different classifications: one
classification based on the average length and
height of the bed forms, another classification
based on the asymmetry of the bed forms. The parameter steepness was also considered as a base
for classification, but as the steepness differed
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strongly within the sub areas, it was not considered a good classification parameter.

Table 2: overview of asymmetry classes
Class
Asymmetry
1
< 0,90 (ebb dominance)
2
0,90 – 1,10 (no dominance)
3
1,10 – 1,50 (flood dominance)
4
> 1,50 (strong flood dominance)

2.3 Results
The methodology described above was used on
two different datasets. First a classification was
made for the winter condition, using the multibeam echo sounding data of March 2007. March
is considered to be representative for the winter
period, because it is situated at the end of a period
with an increased storm occurrence. This might
have an influence on the development of bed
forms.
Therefore, data of the summer condition (September 2007) was also analysed, in order to be
able to detect possible seasonal variations of the
bed forms.

2.3.2 Classification of the study area – summer
condition
For the classification of the summer condition, no
new visual classification was made, and no new
transects were defined, instead the sub areas and
transects of the winter condition were used to define the characteristic parameters.
Although this methodology may mean that the
boundaries between different sub areas are no
longer correct, it will facilitate the comparison between the two seasons.
The sub areas were again assigned to the 7
length/height classes and the 4 asymmetry classes.
For some sub areas it was no longer possible to
assign all the sections to one class. In some cases
the parameter for one of the sections just barely
fell outside the limits of a certain class. Then, this
sub area was assigned to the predominant class, to
which most of the sections could be assigned. In
some cases however, the differences between the
sections had become so large, that a division of
the sub area over different classes was imperative.
The spatial distribution of the length/height
classes in summer condition can be seen in Figure
4. Sub areas that were divided over two classes
are rendered with a hatch consisting out of the
colours of those classes.

2.3.1 Classification of the study area – winter
condition
After the first three steps of the methodology, the
original classification was revised to obtain more
homogenous sub areas. A total of 24 definitive
sub areas were defined, and 44 longitudinal transects were drawn. Next, the characteristic parameters were defined.
The classification based on average length and
height of the bed forms resulted in the definition
of 7 classes, shown in Figure 3.
Table 1: overview of length/height classes
Height
Class
Length
1
< 10 m
< 5 cm
2
~ 10 m
15 – 30 cm
3
10 – 15 m
30 – 50 cm
4
15 – 25 m
50 – 100 cm
5
15 – 30 m
100 – 150 cm
6
> 30 m
> 150 cm
7
> 30 m
< 100 cm

Figure 4. Length/height classes for summer condition

2.4 Conclusions
A large spatial variation in bed forms was found
within the study area. The average length of bed
forms ranged from 5 m to 50 m, the average
height from 0,10 m to almost 2,00 m. Considering
the asymmetry of the bed forms most of the sections were flood dominated. Figure 5 shows the

Figure 3. Length/height classes for winter condition

The classification based on average asymmetry
resulted in the definition of 4 classes.
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sections of sub areas C and P at the same scale to
illustrate the differences in height and length between different sections.

3 HYDRODYNAMIC ANALYSIS
In a next phase of the study the relation between
the occurrence of bed forms and hydrodynamic
parameters was investigated. First, a hydrodynamic classification of the study area was made.
3.1 Used data
A 2D validated numerical model, already used in
former studies (Flanders Hydraulics Research
2003, Flanders Hydraulics Research 2004, Flanders Hydraulics Research 2008b), was used as a
base for the hydrodynamic analysis. In the current
study an additional sensitivity analysis was performed. Effects on water levels and flow velocities of grid refinement and changes in background
viscosity were checked in characteristic points, as
well as the effects of the use of 3D modelling,
fresh water – salt water interaction and the parameterisation of secondary flows using 2D model.
Based on the outcome of this sensitivity analysis,
the model parameters were set.
The simulation period was set at two weeks
(from 18/09/2007 to 01/10/2007), covering a full
spring-neap-tide cycle. Additional simulations
were performed to generate frequent (every 10
minutes) “map-data” (including flow fields) for
the study area for a spring tide, a middle tide and a
neap tide.

Figure 5. Variation in bed forms between sub areas C and P

The seasonal variation of the bed forms was
also investigated, by comparing the classification
for the winter condition with that of the summer
condition.
It was found that the sub areas located in the
“shadow” (i.e. areas with lower velocities) of the
intertidal sandbars of Walsoorden and Valkenisse
during the ebb phase were characterised by
smaller bed forms in summer compared to the
winter condition. The average length and height of
the bed forms in the sub areas located in the
deeper channels did not change much, although in
most cases a decrease in length could be found,
even if the difference was too small to cause a
shift to another class.
With regard to the asymmetry, the comparison
between winter and summer condition revealed
the following: in the summer the sub areas located
in the deeper channels are mostly symmetrical, the
areas in the shadow of the intertidal sandbars are
flood dominated. This distinction is less explicit in
winter. Although for some sub areas a decrease in
asymmetry was found in the summer, there was
no switch from flood dominance to ebb dominance or vice versa between winter and summer.

3.2 Methodology
Based upon the flow fields, the following characteristic hydrodynamic parameters were deduced:
− Average flood velocity.
− Average ebb velocity.
− Ratio of average flood velocity to average ebb
velocity.
− Maximum flood velocity.
− Maximum ebb velocity.
Similar to the bed form analysis, the hydrodynamic analysis was performed using 2 types of
classification: on one hand a classification based
on the magnitude of average velocities, on the
other hand a classification based on the ratio between average velocities.
For the first classification, the used boundary
values are related to characteristic velocity boundaries for e.g. initiation of sediment transport
(Flanders Hydraulics Research, 2007) and low vs.
high dynamic conditions (Bouma et al., 2005). For
every point in the flow field, ebb as well as flood
velocity was classified using these boundary values, and based upon the combination of ebb and
flood velocity the eventual classification was
made.
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3.3 Results and conclusions

Flood velocities where used to further refine
this classification.
The second classification method provided a
view on the distribution of ebb and flood dominance in the study area. For middle tide as well as
for spring tide, the study area proved to be mostly
flood dominated. Only at the northern side of the
Walsoorden sandbar and at the southern side of
the Valkenisse sandbar, small ebb dominated areas could be found. This flood dominance is
slightly less pronounced at spring tide because
then average ebb velocities are relatively higher in
relation to average flood velocities than at middle
tide.

Within the study area, different sub areas could be
defined using hydrodynamic characteristics. The
spatial hydrodynamic patterns are comparable for
average and maximum velocities. Between spring
tide and middle tide the similarities in spatial patterns are also obvious. Neap tide was not further
taken into account, due to the lower velocities
which are presumed irrelevant for sediment transport processes and bed form development. Figure
6 gives a comparison between average ebb and
flood velocities at spring tide.

4 RELATION BETWEEN BED FORMS AND
HYDRODYNAMICS
Based upon the earlier described classifications, a
relation between the occurrence of bed forms and
hydrodynamic characteristics was being investigated. For this purpose two hypotheses were proposed:
1 Hydrodynamic characteristics are decisive for
the creation of bed forms. More dynamic circumstances lead to greater bed forms since the
hydrodynamic conditions are always subcritical.
2 The residual flow determines the asymmetry of
bed forms; the more ebb or flood dominant, the
more asymmetric the bed forms will be.
4.1 Hypothesis 1
Hydrodynamic characteristics are decisive for the
creation of bed forms. More dynamic circumstances lead to greater bed forms since the hydrodynamic conditions are always subcritical.
For the purpose of this investigation the (hydro)dynamics are described by average and
maximum velocity during ebb and flood conditions. Testing this hypothesis was therefore done
by comparing the length/height bed form classification with the hydrodynamic (velocity) classification.
This comparison showed no univocal relation
between height and length of bed forms and hydrodynamic (velocity) characteristics.
Because not only the magnitude of velocity
was presumed to be important, but also the duration that certain velocities are exceeded, a new
classification was made. For spring tide conditions, the duration that a boundary value of 80
cm/s was exceeded during ebb and flood was calculated. The value is according to ZES.1 (Bouma
et al., 2005) the transition between low and high
dynamic conditions. Next the duration at ebb con-

Figure 6. Above: average ebb velocities at spring tide, below: average flood velocities at spring tide

Following typical areas can be distinguished
(velocities at spring tide):
− At ebb-tide some sub areas are located in the
shadow of the intertidal areas (sandbars of
Walsoorden and Valkenisse), and are therefore
subject to very low ebb velocities (< 50 cm/s).
− In between the areas located in the shadow of
the intertidal areas and those located in the
channels, transition zones can be found with
ebb velocities between 50 and 60 cm/s
− In the channels ebb velocities between 60 and
80 cm/s can be found
− Close to the landward side of the Valkenisse
flood channel, a very dynamic area can be
found, with ebb velocities > 80 cm/s
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ditions was subtracted from the duration at flood
conditions. In this way the importance (dominance) of flood in regard to ebb could be estimated.
Again this new classification was compared
with the length/height classification. No pronounced relation could be found, although it
seems that strong ebb or flood dominance is
needed to develop the largest of bed forms.
Other hydrodynamic parameters (depth, bed
shear stress) were also tested in regard to their influence on the development of bed forms. However, no univocal relations could be found with
the occurrence of bed forms.
4.2 Hypothesis 2
The residual flow determines the asymmetry of
bed forms; the more ebb or flood dominant, the
more asymmetric the bed forms will be.
This second hypothesis was tested using the
second hydrodynamic classification, based upon
the ratio between average ebb and flood velocity.
Taking into account the characteristics used to test
the first hypothesis, also the difference between
the duration that the flow velocity exceeded 80
cm/s at flood and ebb conditions is taken into consideration.
In both cases a good relation could be found
between the asymmetry of the bed forms and the
hydrodynamic characteristics. Figure 7 gives as an
example a map of the asymmetry classes of the
bed forms (for the summer condition) in comparison to a map of time-difference between the duration that the flow velocity exceeding 80 cm/s at
flood and ebb conditions.
For this second hypothesis, it can be concluded
that a good relation can be found between bed
form asymmetry and hydrodynamic characteristics, though in some areas (e.g. near the north of
the Walsoorden sandbar) differences can be seen.
It has to be kept in mind though that the classification of bed forms, based on asymmetry was made
using information from a limited amount of transects, while the hydrodynamic classification was
made using spatially covered information.

Figure 7. Asymmetry classes of the bedforms for summer
condition (above), Time-difference between duration that
velocity exceeds 80 cm/s at flood and ebb conditions (below)

5 OVERALL CONCLUSIONS
In the first part of this study the bed forms near
the Walsoorden sandbar were investigated, making use of multibeam echo sounding data, obtained within the scope of two in situ disposal
tests near this sandbar.
First, two classifications for bed form characteristics were made: one based on length and
height of the bed forms, resulting in 7 classes, another based on bed form asymmetry, resulting in 4
classes. A great variation in bed forms was found,
while, considering the asymmetry most of the
transects were flood dominated.
Next, the seasonal variation of the bed forms
was investigated. It was found that the sub areas
located in the shadow of the intertidal sandbars
during the ebb phase, were characterised by
smaller bed forms in summer compared to the
winter condition. The average length and height of
the bed forms in the sub areas located in the
deeper channels did not change much. Although
for some sub areas a decrease in asymmetry was
found in the summer, there was no change from
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flood domination to ebb domination or vice versa
between winter and summer.
In the second part of this study, a hydrodynamic classification was made, based upon a 2D
numerical hydrodynamic model.
For the hydrodynamic classification 2 parameters were used: average/maximum velocities during ebb and flood conditions and the duration that
a boundary velocity was exceeded during ebb and
flood. Using certain characteristic velocities, 4
classes were defined.
In the third part of this study a relation between
the bed form and the hydrodynamic classification
was investigated, making use of two hypotheses.
The first hypothesis ‘Hydrodynamic characteristics are decisive for the creation of bed forms.
More dynamic circumstances lead to greater bed
forms’ could not be confirmed. Although a large
dominance in the duration of flow velocities exceeding the boundary velocity seems to create the
largest bed forms, no univocal relation was found
between bed form classes (length/height) and hydrodynamic parameters.
The second hypothesis ‘The residual flow determines the asymmetry of bed forms; the more
ebb or flood dominant, the more asymmetric the
bed forms will be’ could be confirmed. An obvious relation between bed form asymmetry and hydrodynamic characteristics could be found.

Proefstorting Walsoorden – Eindevaluatie proefstorting
2006)
Flanders Hydraulics Research (FHR). 2003. M778/1 Alternative dumping strategy Walsoorden – Results physical
& numerical modeling.
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(In Dutch: M753 2Dh NEVLA Scheldemodel – Bouw
en afregeling stromingsmodel)
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6 FURTHER RESEARCH
Based upon the results of the analysis of bed
forms and hydrodynamic characteristics near the
Walsoorden sandbar, a sampling strategy was set
up in order to extend the existing ecological database (i.e. sediment properties, macrobenthos and
fish).
The classifications of bed forms and hydrodynamics, together with information on sediment
properties (grain sizes) will be combined to generate a classification based on the physical parameters, resulting in so called “physiotopes”.
In a next phase, this knowledge of ecological
aspects will be used to validate the physiotopes,
and by integrating all information on morphology,
hydrodynamics, ecology and the relations between
them, a classification in “ecotopes” will be set up.
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Sediment transport over static armour layers and its impact on bed
stability
Klaus Koll, Katinka Koll & Andreas Dittrich

Leichtweiß-Institut für Wasserbau, TU Braunschweig, Braunschweig, Germany

ABSTRACT: The bed surface of gravel bed rivers is typically stabilized by static armour layers, which
develop under limited sediment supply conditions. However, investigations of bed stability mainly focused on clear water flow conditions, and only few studies on the effect of bed load transport on the stability of static armour layers are reported. First results of laboratory experiments carried out to investigate
this topic as well as the influence of an armour layer on transport processes are reported in this paper.
Tracer experiments were carried out in a 20 m long, 0.5 m wide and 0.6 m high tilting flume in the hydraulic laboratory of the Leichtweiß-Institut für Wasserbau, Technische Universität Braunschweig, Germany. The layer of bed material consisting of a sand-gravel mixture with grain sizes between 0.7 mm and
55 mm had an initial height of 20 cm. After an armour layer was fully developed, i.e. when the transport
rate for a specific flow was negligible, coloured sediment was placed on top of the surface. The tracer bar
had a height of 2.5 cm, a length of 25 cm and a width of 50 cm. The added sediment consisted of fractions
in the range from sand to gravel. A discharge was adjusted higher than the critical discharge of the tracer
but lower than the one of the static armour layer. The transport behaviour of the tracer as well as its impact on the bed stability was investigated. Transport distances and velocities increase with increasing relative shear stress and thus with decreasing grain size of the tracer. The transport velocities decrease with
run time. Also the response of the armour layer measured by transport rates of eroded bed material depends on the relative shear stress. The transport rate tends to increase with increasing relative shear stress
although the amount of eroded bed material is small.
Keywords: Tracer experiments, Sediment transport, Armour layer, Bed stability
Prediction of the morphological development
as well as assessment of risks during flood events
requires knowledge of dispersion of the additional
sediment, transport distance and velocity, and of
the response of the existing river bed.
Investigations of the influence of transported
sediment on the stability of a static armour layer
reported mobilisation of bed material which is
immobile under clear water flow conditions (Jackson & Beschta 1984, Hassan & Church 2000, Koll
2002, 2004). Jackson & Beschta (1984) and Hassan & Church (2000) added sediment which was
much finer than the bed material and concluded
that the erosion is caused by a reduced characteristic diameter of the surface material.
According to Koll (2002, 2004) the transport
rates of bed material were highest at the beginning
of a feeding experiment, i.e. the amount of eroded
bed material reduced with ongoing feeding duration. Thus, the erosion of bed material cannot be

1 INTRODUCTION
An important aim of gravel bed river restoration is
initiating and supporting a dynamic river bed
with, e.g., reforming gravel bars, pools, riffles,
etc. The absence of these morphological structures
is mainly due to a limited amount of sediment
available for being transported. Moreover, the bed
surfaces are characterized by static armour layers,
which develop under limited sediment supply
conditions.
Sediment supply can be enhanced by, e.g., removal of bank protection or deposition of additional sediment on the river bed. However, the additional sediment is often finer than the bed
surface material and well mixed. Thus, the critical
shear stress of the additional sediment is lower
than the critical shear stress of the armour layer
and the material can be transported while the river
bed is still stable.
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attributed to a change of the characteristic diameter but to the adaptation of the flow field on
changed boundary conditions given by the movement and deposition of particles. The transport
processes depended on feeding duration and a
combination of feeding rate and grain size of the
feeding material. However, a mountain river with
a distinct step-pool system was simulated in the
experiments. Further experiments are required to
check if the results can be transferred to gravel
bed rivers with milder slopes, which is one aim of
the experiments presented here.
A second aim is to investigate the distribution,
transport distance and velocity of tracer transported over an armour layer while the bed would
remain stable under clear water flow conditions.
To the knowledge of the authors no such experiments are published.
Tracer experiments carried out in gravel bed
rivers showed that the travel velocity increases
with increasing shear stress and decreasing grain
size (e.g., Ferguson et al. 2002, Faulhaber & Riehl
2000, Gölz & Trompeter 2000). The dimensionless advective velocity of tracer u*G is defined
as

u *G =

uTi

ρS − ρ
⋅ g ⋅ dTi
ρ

Trompeter (2000) who studied tracer transport in
the River Elbe and the River Rhine, respectively.
Gölz & Trompeter (2000) observed that the velocity of the tracer front was twice as high as the velocity of the balance point. However, transport
events of the tracer material were not distinguished from transport events of the river bed.
Laboratory investigations concentrated also
mainly on flow situations were the tracer were
transported together with the bed material. For instance Wong et al. (2007) investigated the transport of well sorted gravel under equilibrium transport conditions in laboratory experiments. As they
did not vary the grain size of the tracer the resulting equation to calculate the dimensionless advective transport velocity (Eq. 3) is only a function of
the dimensionless bed shear stress.

u *G = 1.67 ⋅ (τ * − 0.0549)0.9

Promny (2008a, b) studied the transport processes of tracer over a flat bed as well as during the
presence of bed forms. Due to the dunes the tracer
particles moved faster than in case of a flat bed. In
contrast to the results of field experiments a dependency of the grain size on the transport velocity was not observed. Promny (2008a, b) hypothesized that the lower velocity of coarser grains in
rivers is caused by higher burial rates and deeper
burial depths which could not be observed in the
flume experiments because of the limited depth of
the sediment layer.
This paper introduces tracer experiments carried out to improve the understanding of the physics of transport processes over static armour layers
and to examine the influence of bed load on armour layer stability. Different stabilities of tracer
and bed material are considered by varying the
grain size of the tracer and the discharge during
the experiment. First results of tracer travel distance and velocity and of eroded bed material are
presented.

(1)

with uTi [m/s] advective velocity of the tracer
with grain size dTi [mm] using the balance point of
the tracer distribution, g [m/s2] gravity acceleration, ρS [kg/m3] sediment density, ρ [kg/m3] water
density.
Ferguson et al. (2002) conducted field measurements with tracer pebbles with a large time
scale during several years. They developed a formula (Eq. 2) to calculate the dimensionless transport velocity considering the grain size of the bed
surface

u *G =

uTi
= a ⋅τ *b ⋅ e( c⋅dTi / d50 )
g ⋅ dTi

(3)

(2)

2 EXPERIMENTS

*

with τ = τ0/[(ρS-ρ)·g·d50] [-] dimensionless
bed shear stress, d50 [mm] characteristic diameter
of the bed material, τ0 = ρ·g·h·I [N/m2] bed shear
stress, h [m] water depth, I [-] slope.
The coefficients a, b, and c depend on the duration between two surveys. The tracer were placed
in 1991 and the dispersion was analysed after 2
years in 1993, and after another 6 years in 1999.
The long-term transport velocity decreased significantly independent of the grain size of the
tracer, partly due to the fact that the tracer were
buried. The slowdown of the tracer was also observed by Faulhaber & Riehl (2000) and Gölz &

2.1 Setup
The experiments were carried out in a 0.9 m wide,
0.6 m high, and 20 m long tilting flume in the
laboratory of the Leichtweiß-Institute for Hydraulic Engineering. The slope of the flume was adjusted to 5 ‰. Over a length of 17.3 m the width
was reduced to 0.5 m. The last 2.7 m of the flume
were used to collect eroded sediment in a removable sediment trap. The discharge was adjusted
with a valve at the inlet and measured with an Inductive Flow Meter (IDM) with an accuracy of
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2.2 Experimental procedure

± 0.05 l/s. Uniform flow conditions were adjusted
by a weir at the end of the flume.
A well mixed coarse sediment mixture (0.7 mm
< d < 55 mm, dm = 8.3 mm) was placed in the
flume with a height of 0.2 m. The sediment body
was stabilized at the downstream end with a
20 cm high sill made of perforated metal to enable
flow in the subsurface layer. The upstream end
was stabilized by a 1 m long layer of coarse gravel
to limit scouring of the bed downstream of the
flow straightener.
In first experiments the critical discharge of the
armour layer with maximum bed stability was determined. Maximum bed stability means that the
bed stabilizes itself without a significant change of
the bed slope. A higher discharge would result in
a reduction of the bed slope or the transport rate
would not fall below the value which defines negligible bed load transport. The threshold of negligible transport was defined to 400 g/(m·h). Close
to the end of the armouring process the sediment
trap was emptied every hour in order to determine
the transport rate per hour. The armour layer was
defined as being developed if the threshold value
was not exceeded for eight subsequent measurements. The critical discharge Qcmax for the combination of subsurface material and bed slope was
determined to 130 l/s which corresponds to a critical shear stress τcmax = 12.6 N/m2.
The development of an armour layer takes
about 400 hours. In order to avoid its complete
destruction due to the transport of the tracer material, the tracer experiments presented here were
carried out with an intermediate armour layer developed by adjusting Qc = 100 l/s (τc =
10.7 N/m2). The sieve curves of the initial material Ax, of the intermediate armour layer Zx, and
of the armour layer with maximum bed stability
Dx are shown in Figure 1.

After the armour layer was developed, the grain
size distribution of the bed surface was determined by analysing orthogonal pictures and applying the line-by-number method of Fehr (1987).
The bed slope was measured by geometrically
correct levelling over the length of the gravel bed
with a distance of 10 cm between the measuring
points (accuracy ± 0.5 mm). The experimental
discharge Qexp was adjusted and was held constant
for 5 hours to determine the basic transport rate of
bed material g0.
The flume was dried and the coloured tracer
material was deposited on top of the armour layer
(see section 2.3). The flume was slowly filled with
water to avoid erosion of the sediment during readjustment of Qexp. The discharge and the predetermined weir position for uniform flow conditions were adjusted simultaneously.
During the experiments discharge, water level,
sediment output and tracer distribution were determined. The water level was measured every
30 min by using the method of corresponding water levels with an accuracy of ± 0.1 mm. 10 measuring positions were located with a distance of
1.5 m starting 2.5 m downstream of the flume
inlet.
The amount and grain size distribution of
eroded sediment was determined by periodic exchange of the bed load trap. The time steps were
two times 15 min and afterwards 30 min until the
end of the experiment. The experiments continued
until no significant movement of the tracer material was observed visually. Due to the painted
tracer it was possible to distinguish between
eroded bed material and tracer.
For the observation of the time dependent
tracer distribution the discharge was stopped periodically and orthogonal photos of the bed were
taken. The photos were analysed by using computer aided image analysis. At the end of an experiment the bed was subdivided in cells of 10 cm
by 10 cm. The tracer material was collected
manually and the amount was determined by
weighing. The results of the manually determined
tracer distribution are used to calibrate the image
analysis. The comparison between image analysis
and measurement is exemplarily shown for run E2
in Figure 2. The shape of the tracer distribution
can be determined by image analysis with a high
accuracy (deviation less than 1 %). Also the determination of the amount of tracer depending on
the position along the flume gives good results.
However, the amount is underestimated by image
analysis if the tracer is not single layer distributed.
Additional experiments for calibration are planned
to improve the results of the methodology.

Figure 1. Sieve curves of the initial material Ax (dotted
line), the intermediate armour layer Zx (solid line), and the
armour layer with maximum bed stability Dx (dashed line).
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The tracer material was coloured to distinguish
between bed and tracer material. So far, five experiments were carried out with four different
grain sizes of the tracer material and two different
discharges Qexp during the experiment. The experiments are summarized in Table 1.
Each experiment started with adjusting a discharge of 80 l/s, i.e. a discharge lower than the
critical discharge of the armour layer. In three experiments the discharge was kept constant until
the end (Qexp = 80 l/s). In two experiments after
15 min the discharge was increased to the critical
discharge of the armour layer, i.e. Qexp = 100 l/s.
The ratio of the critical shear stress of the tracer
τcT and the shear stress of the flow τ0 ranged between 1.04 and 3.10 (see Table 1).
In experiments E3 and E5 the critical discharge
of the tracer material was only slightly exceeded
by τ0 resulting in durations of only 210 min. The
duration of the other experiments was Tend =
930 min.

Figure 2. Comparison of measured and image analysed longitudinal tracer distribution for run E2 (dT = 5-8 mm).

2.3 Tracer experiments
The experiments were carried out to study the distribution of sediment which is deposited in a river
to initiate morphological processes as well as the
impact of this sediment on the existing river bed.
Thus, the tracer material was placed on top of the
armour layer (see Figure 3) instead of feeding it.
The bar had a height of 0.025 m, a length of
0.25 m, and a width of 0.5 m. The height of the
bar was limited in order to minimize bed erosion
caused by the geometry of the bar. The upstream
end of the bar was located 7.375 m downstream of
the flume inlet. Thus, a 9.675 m long section was
available to investigate the transport of the tracer
as well as the response of the armour layer.

Table 1. Parameters of tracer experiments
(Qexp = discharge during experiment, τ0 = shear stress of
flow, dT = grain size of tracer, τcT = critical shear stress of
tracer,
Tend = duration of experiment)
_______________________________________________
τ0
dT
τcT
τ0/τcT
Tend
Run
Qexp.
2
2
]
[mm]
[N/m
]
[-]
[min]
[l/s]
[N/m
_______________________________________________
E1
80
9.3
3-5
3.0
3.10
930
E2
80
9.3
5-8
5.0
1.86
930
E3
80
9.3
8-11
7.2
1.29
210
E4
100
10.7
8-11
7.2
1.49
930
E5
100
10.7 11-16
10.3
1.04
210
_______________________________________________

3 RESULTS
Results of transport distances and tracer velocities
depending on the tracer grain size, the applied bed
shear stress, and the run time as well as the impact
of tracer transport on bed stability are presented
and discussed.
3.1 Transport distance and velocity
The percentage of the area of the bed surface covered by tracer was determined for each time step
by image analysis of the orthogonal photos. In
Figure 4 the longitudinal distribution of the tracer
is exemplarily shown for run E1 at the time steps
30, 210 and 930 min. The widening and flattening
of the tracer distribution with run time as well as
the progression of the tracer front becomes obvious. Moreover, it can be seen that in run E1 the
tracer front already reached the end of the gravel
bed at Tend = 930 min.
Figure 3. Deposition of the tracer material.
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Figure 6. Mean transport distance LS and transport distance
of the tracer front LF at T = 60 min as a function of relative
shear stress τ0/τcT.

Figure 4. Longitudinal distribution of tracer for run E1 (dT =
3 - 5 mm) at run time T = 30, 210 and 930 min.

The transport distance of the front LF and the
mean transport distance LS were determined for
each time step. The tracer front is defined as the
position which has not been exceeded by 99 % of
the tracer (Promny, 2008a). LS is based on the position of the balance point of the tracer distribution.
The time series of Ls for runs E1 - E5 (see Table 1) are plotted in Figure 5. The gradient of the
curves reduce with time indicating that the advective tracer velocity decreased. Comparing the
mean transport distances for runs E1 - E3 the influence of the grain size becomes obvious: LS increases with decreasing grain size. The effect of
the grain size is much less pronounced for runs E4
and E5 which can be attributed to the smaller difference in τ0/τcT.

The development of LF/LS with run time is plotted in Figure 7. Values above 1 indicate an increasing distance between the front and the balance point of the tracer distribution. The smaller
the grain size of the tracer the smaller is the difference between front and mean velocity. Although the travel distance in run E1 was distinctively larger than in run E2 the ratio LF/LS is in the
same order of magnitude. Thus, the tracer with
grain size 3-5 mm and 5-8 mm was distributed in
a comparable way.
The magnitude and the shape of the curves for
run E3 - E4 deviate from the first two runs. For
run E1 and E2 LF/LS was almost constant after a
run time of 90 min whereas for run E4 and E5 the
ratio changed throughout the experiments. It has
to be taken into account that the tracer was still
transported in run E1 and E2 at T = 90 min, but
the progression of the tracer was almost negligible
after 30 min for run E4 and E5 (see Figure 5).

Figure 5. Mean transport distance LS as a function of run
time.

Plotting LS and LF as a function of τ0/τcT, e.g.,
for T = 60 min (Figure 6) reveals that both transport distances increase with relative shear stress
following power functions but with different gradients.

Figure 7. Ratio of the transport distance of the tracer front
LF and the mean transport distance LS as a function of run
time.

The velocity of the tracer front and the advective transport velocity are plotted in a log-log
scale in Figure 8 for the runs E1 - E3. For run E1
the velocity of the tracer front at T = 930 min
could not be calculated, because the tracer front
exceeded the end of the gravel bed.
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rial was of the same size as the bed material and
both, tracer and bed material were transported. In
the field study of Ferguson et al. (2002) the tracer
material represented fractions of the bed material
and the bed surface was in movement, too.
Figure 10 shows the comparison of u*G calculated with Eq. (1) for the time span T = 0-90 min
as well as calculated with Eq. (2) and (3) from
Ferguson et al. (2002) and Wong et al. (2007), respectively. Ferguson et al. (2002) did not consider
the submerged specific gravity of the sediment.
For comparison Eq. (2) was therefore multiplied
with the term ((ρS-ρ)/ρ)−1. The parameters of the
equation were set to a = 0.0075, b = 0.85 and c = 1.25 according to the short term relation given by
Ferguson et al. (2002). As Ferguson et al. (2002)
distinguished between tracer and bed material
Eq. (2) was used to calculate u*G for the smallest
and the largest grain size of tracer material used in
this study. Moreover, the data of Promny (2008b)
are included in Figure 10.

As aforementioned the front velocity is faster
than the advective velocity and the velocities decrease with increasing grain size.

Figure 8. Advective and front velocity for runs E1 - E3 with
Qexp = 80 l/s (solid line = front velocity; dashed line = advective velocity).

As, e.g., Faulhaber & Riehl (2000) and Ferguson et al. (2002) observed in field studies the
transport velocities decreased with increasing run
time. However, the slowdown cannot be explained
by burial of the tracer as the amount of transported
bed material was small (see section 3.2) and thus
the percentage of tracer material found in deeper
layers of the bed was marginal.
The tracer velocities increased with increasing
discharge as can be seen in Figure 9. The velocities of the experiments E3 and E4 with the same
tracer grain size but different discharges Qexp are
plotted together with run E5. The higher velocities
for run E4 compared to E3 are only partly due to
the larger relative shear stress τ0/τcT. Otherwise
tracer transport in run E3 (τ0/τcT = 1.29) would
have been faster than in run E5 (τ0/τcT = 1.04).
Further experiments are required and planned to
explain the differences.

Figure 10. Dimensionless advective velocity u*G calculated
for T = 0-90 min as a function of the dimensionless bed
shear stress τ*.

The relation of Wong et al. 2007 is not valid
for τ* < 0.0549, hence it cannot be applied for the
experiments in this research. The velocities of
grain sizes 8-11 mm and 11-16 mm are well represented by the equation of Ferguson et al. (2002).
However, it has to be considered that the tracer
velocity strongly depends on run time and thus u*G
changes with the time scale.
3.2 Bed stability
The influence of bed load transport on the stability
of the armour layer can be assessed by analysing
the amount of eroded bed material collected in the
sediment trap. The ratio of the transport rate of
bed material eroded during the experiments, ge,
and the basic transport rate g0 (determined during
five hours of constant discharge before placing the

Figure 9. Advective and front velocity for runs E3 - E5
(solid line = front velocity; dashed line = advective velocity).

In order to compare the results to other studies
the dimensionless advective velocity u*G has been
calculated. In the laboratory studies of Promny
(2008a, b) and Wong et al. (2007) the tracer mate934

The relative transport rates of bed material
were higher for the experiments with the smaller
sized tracer material and the higher relative shear
stresses (runs E1 and E2). However, the dependency on dT and τ0/τcT is not as clear as for the parameters of the tracer distribution and as reported
by Koll (2002, 2004) which becomes more obvious in Figure 13. The relative transport rates of
bed material averaged over the period T = 0210 min are plotted as a function of the ratio of
the bed shear stress τ0 and the critical shear stress
of the tracer material τcT. Regarding the amount of
bed material mobilised due to the transported
tracer either run E1 or run E2 seems to be an outlier. Further experiments will clarify this result.

tracer, see Section 2.2) is plotted as a function of
run time for experiments with Qexp = 80 l/s in Figure 11 and with Qexp = 100 l/s in Figure 12. The
basic transport rates g0 were determined to
40 g/(m·h) and 210 g/(m·h), respectively.
Throughout the experiments the transport rates
of bed material were low, however, exceeded the
basic transport rate up to almost 9 times. The fluctuation of eroded bed material is more pronounced
for the experiments with smaller sized tracer material and higher relative shear stresses (runs E1
and E2) than for runs E3 - E5. After a certain run
time the transport rate of bed material decreased
abruptly and remained in the order of magnitude
of the basic transport rate until the end of the experiments. It is reasonable to assume that the
transport of bed material is related to the transport
velocity of the tracer. However, at present this assumption cannot be verified with the available
data.
Experiments E3 and E5 were already finished
after 210 min due to the definition of the end of an
experiment. Besides a negligible progression of
the tracer the amount of eroded bed material will
be a second criterion for the end of a run in further
experiments.

Figure 13. Relative transport rate of eroded bed material
ge/g0 at T = 210 min as function of relative shear stress τ0/τcT.

4 CONCLUSION
Preliminary results of tracer experiments are presented. Contrary to published laboratory and field
studies this study aims to investigate transport
processes of tracer while the bed surface remains
stable under clear water flow conditions, i.e. the
applied shear stress is lower than the critical shear
stress of the bed surface. The knowledge of this
processes is required in order to predict the morphological development as well as to asses risks
during flood events when reestablish river bed dynamics.
A static armour layer was developed before the
tracer was placed on top of it. Five experiments
were carried out with four different grain sizes of
the tracer material and two discharges. An experiment was finished if the visually observed
transport of tracer was negligible.
Transport distances and transport velocities are
presented as functions of run time and relative
shear stress. Both, the distances and the velocities
depend on the relative shear stress and thus on the
grain size of the tracer. The higher the difference
between applied and critical shear stress the faster
the tracer is transported. The transport velocity

Figure 11. Relative transport rate of eroded bed material
ge/g0 as a function of run time for experiments with Qexp =
80 l/s.

Figure 12. Relative transport rate of eroded bed material
ge/g0 as a function of run time for experiments with Qexp =
100 l/s.
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decreases with run time. Therefore, it is difficult
to compare these results with published data.
Distinguishing between tracer front and balance point of the tracer distribution shows that the
front moves faster than the mean tracer mass. The
ratio of front and mean transport distance changes
with run time. It becomes constant, if the critical
shear stress of the tracer is exceeded to a certain
factor by the applied shear stress. However, the
factor cannot be quantified, yet.
The response of the armour layer on the tracer
transport is presented by means of eroded bed material. It can be concluded that bed material is mobilised due to the transport of tracer even if the
bed surface is strongly armoured. However, the
amount of eroded bed material is small. First results show that the transport rates of bed material
depend on the grain size of the tracer, which is in
accordance with results of Koll (2002, 2004).
Further experiments are required and planned
to improve the results.
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Channel bed adjustment of a large sand-gravel bed river to an
intermitted sediment sink
T. Vetter

Institut für Geographie, Universität Leipzig, Leipzig, Germany

ABSTRACT: A large mixed-bed alluvial stream (Vereinigte Mulde near Bitterfeld, Sachsen-Anhalt,
Germany) with a riffle-pool bed was investigated for bed form morphodynamics. The study focused on
flood-associated processes. It is based on bathymetric monitoring of selected channel reaches and systematic bed material sampling. Evaluation increased the understanding of undulating channel beds, their
maintaining processes and channel bed adaptation to a sediment deficit. A sediment sink divides the
stream into an undisturbed upstream and a disturbed downstream reach. Channel changes downstream of
the sink were for the first time systematically surveyed and analysed. Amplitudes of longitudinal channel
profiles proved to be a significant morphometric parameter of the surveyed type of stream. High bed amplitudes indicate pronounced scour of pools and fill of riffles during floods. Maximum aggradation of riffles and degradation of pools lagged behind peak discharges. During these periods the channel bed is mobile. With flows falling under a threshold value, bed amplitudes decrease and bed mobility is restricted to
downsloping stretches of the channel bed. These changes are closely related to flood events. Higher values of bed amplitudes were permanently observed at the downstream reach and are interpreted as an indicator for the sediment deficit there. The results of detailed morphometric analysis show that permanent
degradation of the disturbed, downstream channel bed affects the downstream pools selectively. Riffles
appear to be unaffected. An approach to estimate bed stability based on the comparison of the two
reaches is introduced. It corroborates the survey analysis and explains that an apparent general channel
incision downstream is pretended by a larger wetted cross section due to a smaller river gradient. The
findings give rise to the hypothesis that form roughness is increased by greater bed amplitudes, be it periodically, flood-associated or permanently induced by a sediment deficit.
Keywords: Channel bed adjustment, Form roughness, Riffle-pool dynamics, Alluvial river, Sediment deficit
This expection is fed by a greater channel
depth downstream as the scatter of width and
depth data shows (Figure 1). The data were compiled by geodetic surveys during comparable
flows. The range of width values shows no discernible difference between the two reaches, but
depth is generally and clearly greater downstream.
However, there have been no systematic studies
on change and stability of the affected downstream reach.

1 INTRODUCTION
Channel bed adjustment to sediment deficit is not
only a question of stream management but also a
question of scientific concern. Within the scope of
a project to monitor and analyse flood-associated
bed morphodynamics (riffle-pool maintaining
processes) the contribution focuses on the question whether there is evidence for a bed degradation under sediment deficit conditions.
A permanently flooded former mining pit divides the stream into an undisturbed upstream and
a disturbed downstream reach since 1975. Estimated 80% of the fluvial load is deposited in the
reservoir. The disturbed, downstream reach is expected to be incised and degrading.
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Human impact on the Mulde river and its
floodplain have been and still are comparably limited. The Mulde river is unsuitable for navigation
and there was only sporadic maintenance and reinforcing of the banks.
However, there has been significant man-made
impact on the fluvial system in the highly industrialized region close to Bitterfeld (Figure 2). An
artificial lake (Mulde reservoir) formed in 1975
when an abandoned open-cast mining pit was
flooded by a permanent diversion of the river. The
reservoir is a sediment sink with a total volume of
app. 100 mio. m3 which is reduced by an annual
deposition of app. 80% of the solid load equalling
400000 m3.

Figure 1. Scattergram of cross-sectional width and depth
data.

2 THE INVESTIGATED RIVER

3 METHODS

The Mulde river is a large meandering floodplain
river and one of the large tributaries of the Elbe
river in Germany (width 40 – 60 m, catchment
area 6200 km2, MQ = 64 m3s-1 at gauge Bad
Düben, slope 0.018 – 0.029%, bed material medium sand to coarse gravel).

Flood-associated bed changes were monitored
systematically with hydrographic equipment
(echosounder and realtime differentially corrected
NAVSTAR Global Positioning System) comprising subsequent stages from antecedent low stages
over almost bankfull to falling stages. They comprised longitudinal center profiles along two selected reaches upstream (river mileage 60,450 m
to 57,030 m, Figure 3) and downstream (40,300 m
to 36,570 m, Figure 4) of the Mulde reservoir as
well as cross-sectional surveys at selected riffles
at 58,650 m and 38,236 m and pools at 58,500 m
and 38,048 m. River mileage in Meters, decreasing from source to mouth, is used as a spatial reference for bed form and sampling locations.
Determining absolute, geodetic water level altitudes and thus realtime water level gradients was
beyond the precision of the employed GPSequipment. Water depth values refer to water level
generally and have to be considered to be relative.
Quasi-equidistant geodetic surveys of channel
cross sections at low flows (external data) were
evaluated along the reaches that were covered by
own longitudinal surveys. Their evaluation
yielded high-precision river gradient data as an
input parameter for hydraulic estimations. Official
discharge data were provided by a official gauge
nearby (Bad Düben).

Figure 2. Location and overview of the study area.

The difference in river gradients is caused by
weirs along the downstream reach that cut the
drop of the river from 18.30 m to 8.30 m on a
42 km long reach. The floodplain consists of 1 3 m loamy Holocene deposits over Pleistocene
gravel.

Figure 3. Cross sections of the investigated upstream reach.
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comprising 6 and 7 riffle-pool sequences, respectively, were surveyed (Figure 3, 4, and 5).
Mean bed altitude is a first order polynomial
regression of geodetic bed altitudes. Richards
(1976) denoted it as zero-line. Removing this
trend from the data leaves riffles as positive and
pools as negative anomalies in a quasi-rhythmic
alignment acc. to Richards (1976). The standard
deviation of the detrended dataset is a measure for
the height of the riffles above and the depth of the
pools below the zero-line. In case riffles are aggraded and pools are scoured, the standard deviation increases. Bathymetric datasets refer to water
level which is parallel to the zero-line in case of
steady-state conditions. For this reason bathymetric data need no detrending.

Figure 4. Cross sections of the investigated downstream
reach.

4 RESULTS
4.1 Flood stage bed morphodynamics
Figure 6 displays the flood-associated changes of
bed undulation intensities. Upstream values are
clearly smaller than downstream during low flows
(0.42 vs. 0.86 m) in Oct. 2001, approaching the
downstream values during high stages (0.83 m vs.
0.90 m) at Feb. 6th 2002 and decreasing again towards the pre-high stage values after the flood
(0.72 m vs. 0.84 m) in March and April 2002. The
development is similar in February 2004.

Figure 5. Longitudinal section of disturbed downstream
Mulde river reach.

Bed material samples were collected simultaneously with hydrographic surveys mainly from
riffles’ tops (riffles 58650 and 38236), pools’ bottoms (pools 58500 and 38048). The sampling
technique, employing a sediment scraping device,
provided approximately 20 kg of sample weight
for each sample selectively from upper bed layers.
Realtime navigation both for bathymetric surveys and bed material sampling was strongly
aided by GPS in realtime differential correction
mode. The hydrographic equipment is described
in closer detail by Vetter (1999) and Vetter
(2008).
Particle size D and grain size distributions,
mean channel depth dm, channel width w, hydraulic radius rhy, mean flow velocity vm, wetted perimeter P, cross-sectional area A, mean cross sectional shear stress τ, dimensionless shear stress or
Shields mobility number Θ were collected or calculated synchronously in order to monitor the riffle-pool sequences consistently with processassociated changes.
The undulating riffle-pool topography is parameterised by the standard deviation of water
depth along representative center profiles. In this
study 3.5 km upstream and 3.8 km downstream

Figure 6. Bed undulation intensity vs. discharge at the
Mulde river during floods.

Mean bed undulation intensities generally increase during the course of floods. A counterclockwise hysteresis is observed in all cases. The
pre-peak increase is generally less than the postpeak increase. After peak flows the bed amplitudes continue to increase. It has to be noted that
highest monitored flows are not necessarily flood
peaks but highest monitored discharges. Only at
Feb. 4th 2004 was a peak flow monitored. Increase
of the bed undulation intensity during falling
flows is greater than during rising flows.
After peaks flows at a discharge of app. 41% of
the bankfull discharge Qbf (= 320 m³s-1), bed amplitudes start decreasing. This threshold discharge
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flood stage morphometry even at low flows because it has been depleted of much of the transportable sediment. It is assumed that the major
removal occurred during few floods after the
Mulde reservoir came into operation.
At falling sub-critical flows (< 41% Qbf) accentuation of bed forms is reversed into attenuation,
riffles are being degraded, pools are being aggraded and, as a consequence, bed amplitudes decrease. During this phase, bed mobility is restricted to the downsloping stretches from riffles
to pools. The term of disconnected mobility appears appropriate for this phase. Post-mobility attenuation starts at both reaches below the same
threshold.

for attenuating bed undulations is repeatedly observed. In February 2004 at the lower reach, the
maximum bed amplitude appears to have been
reached at Q = 200 m3s-1. Since no surveys were
performed between Q = 200 and 70 m³s-1 the development during falling flows between Feb. 7th
and Feb. 25th 2004 is not known on the basis of
data. It may well be assumed that after Feb. 7th
2004 (Q = 200 m³s-1) the bed undulation intensity
increased further than the interpolation in Figure 6
suggests.
It is further assumed that bed form accentuation starts at approximately the same threshold
discharge. Due to the generally short period of
stage rise this assumption could not be corroborated by monitoring results. Interpolation between
Oct. 23rd 2001 and Jan. 23rd 2002 is misleading
because there is no continuous rise of the bed undulation intensity during the whole low flow period but only during rising flows in late January
2002.
Bed form accentuation is inevitably linked to
sediment mobility. Only when bed material is
mobile throughout all subsequent stretches can
pools be degraded and riffles be aggraded. Mobility then includes the upsloping stretches from
pools to riffles which may be as steep as 3% (Figure 5). This implies that the threshold discharge
for mobile bed morphodynamics (Q = 41% Qbf =
131 m3s-1) equals the critical discharge for bed
form maintenance. If bed form accentuation starts
with bed mobility, Qcr for the maintenance of riffles and pools equals the critical discharge for
mobile bed.
Beds remain mobile during falling flows until
Q becomes less than Qcr, as the large post-peak
increases of bed undulation intensities suggest.
The long duration of the post-peak discharges obviously is a stronger control for bed form accentuation than a short occurrence of high stages.
There is apparently no difference of the value of
Qcr between the undisturbed and the disturbed
reach.
The large difference of bed amplitude s between upstream and downstream values is interpreted as morphometric evidence for channel bed
adjustment to the sediment deficit downstream.
Above critical discharge, bed material is removed
from the pools if available and transferred to the
riffles. Given a sufficient sediment availability,
pool scour and riffle aggradation is great resulting
in a great difference between low stage and flood
stage bed amplitudes and vice versa. If less material is available both pool scour and riffle fill are
less pronounced. Material availability thus controls the high flow bed form accentuation and subsequent low flow attenuation. According to this
analysis, the disturbed Mulde reach exhibits a

4.2 Medium term change of selected bed forms
Figure 7 shows the change of morphometric parameters of a riffle and pool cross section between
the years of 1996 (geodetic survey) and 2002 (hydrographic survey). Visual evaluation of cross
sections yielded differences only for the pool and
only on flood-event base but not for the period
from 1996 until 2002. At the riffle cross section
no trend or difference was discernible either on
the event scale or on the medium term (1996 until
2002).
Since flood-associated changes of morphometry exceeds medium term rates of change, the
datasets need to be strictly comparable. Discharge
is not the only measure by which stages should be
referred to each other, but also by the history of
preceding floods. Due to the lag of morphometric
changes behind flows, morphometric parameters
of cross-sections may still change at low flows
under conditions of disconnected mobility. In this
of case flood-associated changes may veil or pretend medium-term changes.
The comparison shows no degradation at the
riffle cross section during the monitored time interval. In case of the pool, there is a total scour of
18 cm in six years which equals an average scour
of 3 cm/year. Water level altitude decreased
1 cm/year in average. This is in fair accordance
with the difference in mean longitudinal water
depths upstream and downstream of the Mulde
reservoir of 1.25 m. If this is considered the total
change between 1975 and 2002, the average degradation rate would be 4.6 cm/year.
In 1996, a long period of low flows preceded
the survey whereas in 2002 active flows occurred
only 6 weeks prior to the survey. Beside the
smaller discharge, this may account for the apparently shallower riffles in 2002.
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The rightward offset of the downstream distributions accounts only for the minor part of the extension. Comparing disturbed beds reduced by
this offset, only an average downstream (disturbed) channel deepening of 0.1 – 0.2 m remains.
However, there is an obvious selective scouring of
the pools. This is consistent with previous findings and is explained with the observed riffle-pool
dynamics.
After accentuating flows, bed sediment that
was temporarily stored on riffles is removed into
the pools, re-aggrading the pools to a limited extent. Re-aggradation is determined by the availability of disposable sediment. Under sediment deficit conditions the extent of re-aggradation is
reduced and, as a consequence, high stage morphometric characteristics are preserved throughout
low stages. Riffles are not affected by degradation
since they are degraded to approximately the same
degree to which they were aggraded at flood stages.

Figure 7. Change of selected channel cross sections from
1996 to 2004.

4.3 Long term change of longitudinal
morphometry
Longitudinal hydrographic surveys of stretches of
3.5 and 3.8 km length with a bathymetric sampling resolution of few meters were evaluated in
respect to channel morphometry changes. Figure 8
displays frequency distributions of high stage center channel depth values. Mean depth values of
both bedforms and channel stretches are marked.
It is assumed that the upstream bed represents undisturbed morphometry.
Upstream and downstream distributions are
quite similar among themselves but differ from
each other in three aspects:
- Downstream (disturbed) distributions are shifted
to greater depths with an offset of app. 0.5 m.
- Downstream distributions are less peaked.
- Downstream distributions are broader, extended
at depths greater than 5.70 m.

4.4 A combined hydraulic-morphometric
approach to estimate bed stability
In order to consider the effect of the smaller river
gradient at the downstream reach, an approach
was developed that integrates the continuity equation, the Darcy-Weisbach equation and stagedependant morphometric parameters of both
channel reaches. As a prerequisite it is assumed
that the upstream reach is in an equilibrium state
and does neither aggrade nor degrade on the long
run.

Figure 8. Frequency distributions of center channel depths
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In the Darcy-Weisbach equation, vm is substituted
according to

vm =

Q
Q
=
A dm ⋅ w

Table 1. Stage dependant values of gradient ratios for friction factors u = 0.04 and d = 0.05.
_______________________________________________
Date
Feb. 6th
Feb. 13th
Mar. 28th
38% Qbf
27% Qbf
Discharge
41% Qbf
_______________________________________________
Riffle
0.51
0.55
0.43
Pool
0.36
0.40
0.44
_______________________________________________
Critical threshold is SRcrit = 0.50

(1)

where
vm is mean flow velocity
Q is discharge
A is cross sectional channel area
w is channel width and
dm is mean channel depth.
For every reach and flow follows that
Q2 = 8g · R · S · w2 · d2m ·

-1

Riffle values are greater than pool values except
on March 28th. The other riffle values indicate
stability whereas all pool values are clearly smaller than the threshold. This confirms the morphometric evaluations. The values of March 28th are
contradictory in so far that there is no significant
difference between riffle and pool and that even
the riffle bed is indicated as being instable. On
March 28th discharge was as low as 27% Qbf on
the falling limb of a long flood season. Stable
conditions are expected to occur at that very stage.
Although results are not perfectly consistent the
approach is expected to be generally applicable,
because it integrates commonly accepted hydraulic laws and data from real systems. It calls for
testing a larger record of appropriate data.

(2)

where g is acceleration due to gravity, R is the
Hydraulic Radius, S is energy line gradient, is
the Darcy-Weisbach friction factor.
For every reach and flow stage individual equations based on eq. 2 are formed. For equal flows
the equations for the reaches may be equaled. After further transformation it follows that
2
2
S d w u ⋅ d m,u ⋅ R u ⋅
= 2 2
S u w d ⋅ d m,d ⋅ R d ⋅

d

= SR crit

(3)

u

4.5 Interpretation of the results

where
Su, Sd is the energy line gradient upstream, downstream resp. (from geodetic surveys), Su =
0.029%, Sd = 0.018%,
wu, wd width upstream, width downstream resp.,
dm,u, dm,d mean water depth upstream, downstream,
Ru Rd hydraulic radius upstream, downstream
resp.,
u, d is the Darcy-Weisbach friction factor upstream ( u = 0.04) and downstream ( d = 0.05)
resp. calculated by inserting field data into the
Darcy-Weisbach formula.
In order to simplify the relationship, constants
Su, Sd, u and d may be summarized as SRcrit according to
S d ⋅ λu
= SR crit = 0.05
S u ⋅ λd

Greater bed amplitudes occur both during high
flows and under sediment deficit conditions. This
suggests on the one hand side that during late
floods sediment availability decreases. On the
other hand form friction increases as indicated by
the bed undulation intensity. Similar suggestions
were made by Yang (1971) who compared meandering with undulating bed topography, Keller &
Melhorn (1978) who denoted the riffle-pool topography as vertical meandering. Miller & Wenzel
(1985) interpreted non-uniformity of flow as an
element of friction and Thompson (1986) assumes
the same processes for the generation of rifflepool sequences and meanders. Meanders are long
term forms without a mechanism for flexible
short-term adjustment. The riffle-pool topography
may adjust during floods, which is within days.
The mechanism of generating higher friction by
increased bed undulation can be a short term
adaptation to an imbalance between driving and
resisting forces in a gravelbed fluvial system. In
case of a permanent disturbance the system attains
another state indicated by a higher range of form
friction. Variability within this range is caused by
long floods with mobile bed.
The standard deviation of bed amplitudes was
first proposed by Squarer (1970) as a parameter
for form friction. A number of authors, among
them Aberle (2002), De Jong & Ergenzinger
(1998), Dittrich (1998), Karim (1995), Smart et al.
(2004) confirmed the applicability of standard

(4)

Given the gradients, friction factors and the assumption, that the upstream reach is in grade,
SRcrit is supposed to be 0.50 if the downstream
bed is stable. SRcrit values < 0.50 indicate bed instability downstream.
The morphometric parameters d, R, w and A
are measured by or derived from hydrographic
surveys at synchronous stages. Values of Q were
provided by the official gauging station (Bad
Düben).
The ratio was calculated for three observations.
Table 1 lists the results.
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deviations of bedform altitudes or related measures. Ergenzingers’s roughness coefficient K3
“represents vertical bed height differences derived
from three lateral measurements at 10 cm intervals
along the cross section” (Ergenzinger, 1992, 422).
It is the greatest difference of a floating set of
three adjacent water depth measurements and correlates closely with the standard deviation of the
same dataset. Lee & Ferguson (2002) summarised
that bed form amplitudes as well as Ergenzinger’s
(1992) K3 are appropriate measures to parameterise roughness by morphometric properties. Although the cited studies span a number of years,
different types of channels and bedforms, there is
a broad consensus that form roughness is related
to bedform amplitudes. In case of gravel-bed rivers this is the bed undulation intensity of the riffle-pool sequence. However, the standard deviation was not applied to macro-scale bedforms to
large gravel-bed rivers so far nor has there been
an attempt to quantify it for further application.
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5 SUMMARY AND OUTLOOK
Morphometric evidence suggested degradation of
the disturbed downstream channel bed as a consequence of a severe reduction in bed load since
1975. The preliminary findings were improved by
systematic analysis of morphometric and hydraulic data. Firstly, a certain degree of apparent incision is due to a smaller bed gradient downstream.
Secondly, degradation is restricted to pools according to the study. Thirdly, main pool degradation is hypothesized to have occurred during a limited number of floods after the Mulde reservoir
came into effect, and has later decelerated to lesser rates. This is consistent with flood-associated
riffle-pool dynamics where most of the pool scour
occurs during high flows. Fourthly, high longitudinal bed amplitudes were observed particularly
during late flood stages (Vetter 2008, Vetter 2010)
and under sediment deficit conditions. This
strongly suggests that an increased bed amplitude
is an adaptation to reduced sediment input. In the
disturbed downstream channel, the flood bed is
preserved during low stage periods due to the sediment deficit. Hence, it is hypothesised that sediment starving conditions also may occur in
equilibrium channels during late floods as well,
and that macro-bed undulations constitute a major
component of form roughness. Correlation between bed undulation intensity and overall roughness appears promising. This hypothesis should be
tracked in further research.
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Analysis of pool-riffle dynamics through numerical morphological
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ABSTRACT: An issue that has puzzled geomorphologists for a long time is the ubiquity and persistence
of pool-riffle sequences in rivers over a wide range of slope and substrate conditions. In particular, the
mechanisms responsible for the self-maintenance of pools and riffles have been the subject of intense research and controversy. Most of the investigation has focused on inferring the observed morphological
dynamics based on some characteristics of both the spatial and temporal variability of the flow, often
overlooking intermediate sediment transport processes that are responsible for the link between flow and
morphology. The main reason of this omission is the inherent difficulty in measuring and predicting
transport variables (e.g. fractional transport, bed grain size distribution) over a range of time and spatial
scales, even under controlled laboratory conditions. This paper analyses some important aspects of poolriffle dynamics through continuous simulations of a coupled unsteady 1D flow-morphology- bed sorting
model. The model is used to simulate the evolution of a reach with pools and riffles on the Bear Creek,
Arkansas, for a one-year period. Based on the detailed model prediction regarding the time and spatial
distribution of fractional sediment transport (bedload by size class), bed composition and topography,
some important mechanisms controlling pool-riffle maintenance that so far have been omitted in the literature are unveiled and used to propose a more complete explanation for this phenomenon.
Keywords: Pool-riffle, Morphological model, Velocity reversal
(e.g. Keller, 1971; Lisle 1979; Sear 1996;
Bhowmik and Demissie, 1982; Thompson and
Wohl, 2009;) and laboratory (e.g. Thompson et
al. 1999) data, as well as through hydrodynamic
numerical simulations (Cao et al. 2003; Harrison
and Keller, 2007; Keller and Florsheim, 1993;
Carling and Wood, 1994; Booker et al., 2001;
Wilkinson et al. 2004; Richards, 1978). Although some results have shown the occurrence
of a reversal in a number of flow variables
(MacWilliams et. al. 2006; Cao et al. 2003;
Lisle, 1979), other have reported no reversal
(e.g. Carling, 1991; Richards, 1978) or that reversal was found only in some of the pool-riffle
analysed or under some conditions (Carling and
Wood, 1994; Wilkinson et al., 2004; Booker et al
2001; Sear 1996). However, most of these researchers agree that at least a convergence of one
or some flow variables occur with increasing
discharges (e.g. Carling, 1991; Carling and
Wood, 1994; Keller, 1971; Richards, 1978;
Rhoads et al., 2008, Rodríguez et al., 2004).

1 INTRODUCTION
One of the main complexities of pool-riffle dynamics is that different spatial distribution of
erosion and aggradation occur under different
flow conditions. Research on the mechanisms responsible for the self-maintenance of pools and
riffles has observed that during low and medium
discharges aggradation occurs in pools while riffles are eroded. During high discharge episodes
this situation is inverted and pool erosion takes
place while riffles aggrade (e.g. Lisle 1979; Leopold and Wolman, 1960). The velocity reversal
hypothesis (Keller, 1971, after Seddon, 1900 and
Gilbert, 1914) emerged as an explanation for this
behaviour. This hypothesis states that at low
flow the velocity is smaller in the pool than in
the adjacent riffles; and with increasing discharge the velocity in pools increases faster,
eventually exceeding riffle velocity.
The reversal hypothesis has been investigated
in several studies based on the analysis of field
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tions with which they can immediately be associated”. Booker et al. (2001) observed that nearbed velocities trajectories do not converge into
pools, and sediment is routed away from the
deepest part of them. Only in one out of four
pools the same author has observed flow concentration in the centre of the pool. Conversely,
Buffington et al. (2002) have observed that flow
obstructions were the most significant mechanisms responsible for pool formation in forest
rivers.

In this paper a numerical 1D flowmorphology and bed-sorting model is applied to
a 1.1Km long reach with marked pool-riffle sequences. The model is systematically used to illustrate some important mechanisms governing
pool-riffle morphodynamics.
2 POOL-RIFFLE SELF-MAINTENANCE
From the perspective of very basic hydraulics
concepts (e.g. 1D flow mass conservation equation and quasi-steady simplification) higher velocities in pools will occur only if the flow area
in the riffle is greater than that in the adjacent
pool. In subcritical flows, water levels are expected to decrease in the riffle due to the higher
bottom elevation. Therefore, higher mean velocities in the pool can only be possible in those
situations where the shape of the pool crosssection is more contracted than that of the riffle.
Several researchers have raised similar concerns
(Caamaño et al. 2008; Cao et. al. 2003; Carling,
1991; Carling and Wood, 1994; Bhowmik and
Demissie, 1982; Wilkinson et al., 2004).
Another argument challenging the reversal
hypothesis is that if the highest shear stresses are
exerted in the pools, sediment found in the bed
surface of pools should be coarser than in riffles,
which is contrary to experience (Bhowmik and
Demissie, 1982; USGS, 2003; Hirsch and Abrahams, 1981; Keller, 1971; Lisle, 1979; Richards
1976; Sear, 1996).
The limitations of a reversal hypothesis based
on averaged flow variables have driven many researchers (e.g MacWilliams et al, 2006; Thompson et al., 1999; Harrison and Keller, 2007;
Thompson and Wohl, 2009) to seek an explanation for the observed behaviour in two and three
dimensional flow features. One of the soundest
hypotheses found in the literature is based on the
convergence of flow in the centre of the channel
due to some kind of lateral contraction (MacWilliams et. al., 2006). According to this hypothesis,
local velocities are considerably stronger in
pools than in riffles during high discharges due
to the presence of the constriction. Also, this effect is “convected” downstream in the form of a
jet so that it is not restricted to the constriction
itself. This is a meaningful argument for explaining some pool-riffle maintenance, but it requires
the presence of some sort of flow contraction,
and does not explain those cases where poolriffle are found in reaches with relatively uniform width. Clifford (1993) argues that “even
where a clear relationship exists between obstructions and pool-bar topography, most pools
in a riffle-pool sequence do not have obstruc-

3 THE ROLE OF SEDIMENT TRANSPORT
Most of the difficulties for providing reliable
predictions of pool-riffle evolution reside on the
significant number of variables and physical
phenomena involved. Although important progresses have been made in understanding some
complex properties of flows in pool-riffle sequences, little attention has been devoted to
sediment transport itself. Conclusions on the
maintenance of these morphological features
have been based virtually solely on flow patterns, neglecting complex sediment transport
phenomena, which are the ultimate drivers of
morphology. In particular, fractional transport,
longitudinal grain sorting, bed level fluctuations
and their feedback on flow, and the history of
past flows are expected to play a significant role
in pool-riffle morphodynamics. If, for instance, a
sequence of medium flow episodes is able to
produce considerable erosion of the finer fractions in the riffle, pools may have a significant
storage of fine material which may be easily entrained while the armoured riffle may be virtually immobile. The deposition of fines in pools
by successive medium episodes also reduces its
flow area, so that for a given discharge velocities
in pools may be significantly different depending
on the history of previous episodes. Finally, the
hydraulic characteristics of a given pool is highly
dependent on the control exerted by the downstream riffle (Richards, 1978; Carling, 1991;
Pasternack et al., 2008), and for higher discharges riffle flow may be also controlled by a
downstream riffle. As the riffle crests can experience significant fluctuations during floods,
the idealized hydraulic characteristics based on
fixed bed is at least questionable.
One of the main reasons for this gap between
flow and morphology is the difficulty in obtaining synchronous detailed information on variables such as fractional sediment transport rates
and bed grainsize distributions over time either
in field or in laboratory. In face of these inconveniences, numerical modelling of morphology
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where Rhm is the hydraulic radio of the individual
vertical strip m.

emerges as an interesting alternative to understand and predict pool-riffle evolution, as it allows the inclusion of different physical mechanisms acting in different time and spatial scales
and provides considerably detailed results.

4.3 Morphological model
Bed level changes are solved in two steps. First,
the one-dimensional sediment continuity equation (Exner equation)

4 MODEL FORMULATION

∂Q s
∂z
+ (1 − λ )B = 0
∂x
∂t

4.1 Hydraulic model

is solved providing the cross-section averaged
values of erosion (or sedimentation) ΔZ. In (4)
Qs is the bedload transport and the porosity of
the bed material. The second step consists in distributing ΔZ over the cross section. This is done
by weighting local ΔZ values as a function of the
transport rate in each point on the bed.

The hydraulic model solves the Saint Venant
one-dimensional unsteady flow equations (Liggett & Cunge, 1975):
∂y 1 ∂Q
=0
+
∂t B ∂x

∂ ⎛ Q ⎞ ∂ ⎛ αQ 2
⎜ ⎟+ ⎜
∂t ⎝ A ⎠ ∂x ⎜⎝ 2 A 2

(1)
⎞
∂y
⎟⎟ + g + gS f = 0
∂x
⎠

(2)

4.4 Grain sorting model
Substrate grainsize distribution changes are calculated based on the mass conservation of a thin
layer of thickness La on the bed surface (active
layer):

where t is the time; x the streamwise coordinate;
y the water surface elevation; g the gravitational
acceleration; Q the flow discharge; A the flow
area; α the non-uniform velocity distribution coefficient; Sf the energy slope. Equations 1 and 2
are solved simultaneously by using a generalized
form of the Preissmann four-point implicit finite
difference scheme.

(1 − λ )⎡⎢ f i ∂z +
⎣

∂t

∂
(Fi La )⎤⎥ = − 1 ∂ (Qsi )
B ∂x
∂t
⎦

(5)

where Fi is the fraction of sediment size i in the
active layer. This equation has the same form as
that used by Hirano (1971), Ribberink (1987),
Parker & Sutherland (1990) and Parker (1991). fi
is defined differently depending on whether erosion or deposition occurs. If erosion takes place,
the active layer is displaced downwards incorporating the material of the layer immediately below and fi takes the value of the fraction of sediment size i in the layer below. In the case of
aggradation, the control volume of the active
layer loses particles as it is displaced upwards so
that fi is equal to the fraction of sediment size i in
the active layer. The vertical substrate profile is
divided into layers that store a particular grainsize distribution. Several layers are necessary to
record the history of successive erosion/sedimentation episodes.

4.2 Sediment transport model
Sediment transport rates are estimated for individual size fractions using the Wilcock & Crowe
(2003) equation. The equation provides the rates
of sediment transport by size fractions, incorporating a hiding function to take into account differences of mobility for each grainsize. It also
includes a function for the effect of the sand content on the critical shear stress of mean size of
bed surface. More details of the model can be
found in Wilcock & Crowe (2003).
In one-dimensional models the use of crosssectional average shear stress may give rise to
significant underestimations of sediment transport rate due to the non-linearity of bedload relations. In order to improve the estimation of total
sediment transport rate, in this work the cross
section is subdivided into vertical strips and the
transport formula is applied individually. The
cross section transport rate of grainsize i is the
sum of transport rate in each strip. Shear stress in
each strip is estimated using hydrodynamic information as

τ m = γRhm S f

(4)

5 MODEL APPLICATION
In this paper the model is applied to a reach of
Bear Creek, a tributary of the Buffalo River in
Arkansas, USA. Field data for this site was acquired as part of a study on the habitat dynamics
in the Lower Bear Creek (USGS, 2003; Rabeni
and Jacobson, 1993). The selected reach (Crane
Bottom) is 1.1Km long and its downstream end

(3)
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and third units are located between sections 350700 and 700-1000, respectively. These three
units will be referred to as PR1, PR2 and PR3.

is situated approximately 1Km from the confluence with the Buffalo River. Except for the upstream bend, most of the reach is considerably
straight with cross sections of relatively uniform
shape, which makes the results of a 1D model
more reliable and also ensures that meandering is
not the dominant process in the maintenance of
the pool-riffle sequence.
Flow data used in this study is presented in
Figure 1. The first months during the course of
the study (June-December 2001) were relatively
dry, with the largest daily mean flow of
10.6m3/s. For the period between December
2001 and February 2002 two major floods occurred, with discharges of 310 and 460m3/s.
These floods were estimated as approximately
1~2 and 2~4-year recurrence interval, respectively (USGS, 2003). Between February 2002
and June 2002 four flood episodes with recurrence interval of around 1 year occurred.

6 RESULTS
The performance of the model to reproduce bed
dynamics in the Bear Creek has been tested in
Almeida and Rodríguez (2010, submitted),
where results have shown a relatively good
agreement between modelled and measured topography at different times during the course of
the analysed period. One of the model characteristics of particular interest for the study of poolriffle dynamics is the ability to capture different
bed surface alterations (erosion or deposition) in
pools and riffles as a function of discharge and
other variables, which is in accordance with field
observations.
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Figure 1. One-year hydrograph in Bear Creek used in the
simulation.

Reach-average sediment transport capacity has
been used as the upstream boundary condition in
Exner equation (sediment supply). Firstly, several simulations have been performed with different flow discharges, and a relationship between flow discharge and fractional sediment
transport has been established. Secondly a time
series of fractional sediment supply as a function
of flow discharge has been used as the boundary
condition based on this relation. The choice of
reach-averaged transport capacity as the boundary condition is based on the assumption that the
reach is under equilibrium conditions. This is
considered a good approximation, specially taking into account that alterations driven by
changes in sediment supply are associated with
longer time scales, in contrast to the few flow
pulses used in this simulation. Figure 2 shows
the initial bed longitudinal profile of the reach,
along with the measured water surface. By observing the water surface profiles in these figures, one can identify three distinct pool-riffle
units. The first unit is between sections 0 and
350, and includes the upstream bend. The second

6.1 Sediment transport and velocity reversal
At this point it is interesting to approach the velocity reversal hypothesis and to investigate its
importance in determining sediment transport
reversal, which is the ultimate driver for morphological dynamics. Transport reversal is defined here similarly to velocity reversal as the
situation when transport in the pool is higher
than in the downstream riffle. The relationship
between velocity and transport reversal has always been assumed as evident in previous studies, as transport relations may be easily written
as a function of velocity. On the contrary, the
role played by longitudinal sorting in determining sediment transport reversal has never been
analysed.
Figures 3.a to 3.c show the relation between
velocity reversal, represented by Vp/Vr, and
sediment transport reversal, Qsp/Qsr for the three
pool-riffle units. Subscripts p and r indicate respectively pool and riffle sections and the sections used in this comparison are at sections
218/283, 473/683 and 809/957. The choice of
riffle sections was based on its role as a control
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the riffle are of the same order of magnitude,
sediment transport is considerably higher in the
riffle due to higher velocities (Qsp/Qsr=0.10 and
Vp/Vr<0.85). Comparing the bedload before and
after the peak, it is interesting to remark that an
approximately equal velocity reversal index produces a considerably different sediment transport
in the pool-riffle unit as a function of the size
distribution of the bed.
These findings highlight the importance of
fractional transport and longitudinal grain sorting on the onset and magnitude of transport reversal. Although the degree of velocity reversal
is a key variable for pool-riffle morphological
dynamics, it should not be regarded as a surrogate of transport reversal. The latter depends on
the complex combined effect of different velocities and grainsize distributions in pools and riffles and on the non-linear relations governing
fractional transport.

for upstream water elevation, while the lowest
section upstream of the riffle was chosen to represent the contiguous pool.
Figures 3.a to 3.c may be divided into four
quadrants, with centre coordinates (1,1). If velocity reversal can be used as a surrogate for
transport reversal, data would be concentrated
only in quadrants 1 and 3. That is, when pool velocity is greater than riffle velocity Vp/Vr>1,
sediment transport in the pool must be greater
than that in the riffle (Qsp/Qsr>1) and, conversely when Vp/Vr<1, Qsp/Qsr should be also
less than unity. The situation depicted in Figure
3 however shows a considerable amount of data
in quadrants 2 and 4 (especially in Figures 3.b
and 3.c). Quadrant 2 corresponds to a situation
where sediment transport is higher in the pool
even with higher velocity in the riffle. This is intimately related with differences in sediment size
distributions in pools and riffles. If a certain sequence of low/medium flows is able to relocate
fine materials from riffles to pools, the erodibility of pools may be considerably increased, enabling transport reversal before a velocity reversal
takes place.
The great majority of points in quadrant 2 of
Figures 3.a to 3.c correspond to the rising limb
of medium/large floods and to the full range of
the low discharge episodes in July 2001. Transport reversal in these cases is explained by differences in sediment size distribution in pools
and riffles.
Figure 4 is used here to illustrate a situation
where transport reversal occurred in PR2 without
the need of a reversal in velocity. The figure
shows the bed grainsize distribution and the corresponding fractional sediment transport before,
during and after the peak discharge of the first
flood episode in March 2002.
The effect of longitudinal sorting on transport
reversal is evident by comparing the bed grainsize distribution with fractional transport rates
before and after the peak. During the very first
stages of the flood, the higher fraction of fines in
the pool is responsible for a significantly higher
transport in this zone (Qsp/Qsr=45 and
Vp/Vr<0.86). This remarkable difference is the
result of the higher availability of fines in the
pool (which are more easily transported) and the
increased mobility of the coarser fractions due to
the higher percent of sand in the mixture (Wilcock and Crowe, 2003). During the rising limb
of the hydrograph this difference in the transport
rate of fines produces an equalization of finer
fractions and similar bedloads in the pool and in
the riffle at the peak discharge (Qsp/Qsr=1.32
and Vp/Vr<1.16). 20 hours after the peak discharge, when the sand fraction in the pool and in

Figure 3. Velocity reversal versus sediment transport reversal for three pool-riffle units. a)PR1, b) PR2, c)PR3.

6.2 Downstream control and pool-riffle units
interdependence
Data in Figure 3 has been divided in two different groups as a function of flow discharge. The
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reducing the differences between pool and riffle
water levels. If the downstream-controlled water
surface determines an inversion of flow areas,
then velocity reversal occurs in an almost discharge-independent fashion.
Out of the range of influence of tributaries,
water surface downstream of a given pool-riffle
unit is mainly controlled by the elevation of the
downstream riffle, which works analogously to
engineering weirs controlling the water surface
elevation upstream (e.g Richards, 1978; Carling,
1991; Pasternack et al, 2008). As a result, critical
discharge for velocity reversal will be significantly dependent on downstream riffle crest elevation.
A series of simulations has been carried out to
illustrate the influence of downstream riffle elevation on the velocity reversal index. In these
simulations steady flow conditions and fixed bed
were used to separate the influence of flow unsteadiness and bed mobility. Backwater effects
due to the confluence were also eliminated by
using a normal depth downstream boundary condition. The influence of riffle crest elevation on

division has been carried out to highlight the difficulty in establishing a threshold value for the
onset of velocity reversal. The discharge
Q=120m3/s has been selected in an attempt to estimate a critical value of discharge associated
with reversal conditions. In Figures 3.a and 3.b it
is easily recognizable that most of the points for
Q>120m3/s correspond to velocity reversal indexes higher than unity, while most Q<120m3/s
points correspond to Vp/Vr<1. The critical value
is however far from clear. In Figure 3.c for instance there is a considerable amount of data for
Q>120m3/s and Vp/Vr <1, and in Figures 3.a to
3.c a significant number of points with
Q<120m3/s and Vp/Vr >1.
The above remarks shed light on two important characteristics. Firstly, the estimation of a
single critical discharge for the onset of velocity
reversal in different pool-riffle units is at least
questionable. Reversal conditions are highly dependent on differences in cross section shapes in
pools and riffles; and so far no evidence of a
ubiquitous shape proportion pattern supporting
the idea of a unique critical flow for different
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Figure 4. Bed grainsize distribution and fractional sediment transport during three different stages of the first flood in
March 2002. Left: 22h before the peak discharge (Q=69.0m3/s); centre: during the peak (Q=222.6m3/s); right 20h after
peak (Q=68.54m3/s). PR2.

the reversal index of the upstream unit has been
analysed by increasing the height of the bed in
the downstream riffle in PR3 (section at
x=957m). This elevation is expected to control
water levels downstream the riffle in PR2, and
therefore controls its drown-out conditions. Figure 5 presents the relation between discharge and
the velocity reversal index in PR2 for the initial
bed profile along with three bed profiles obtained by increasing the downstream riffle elevation (20, 40 and 60cm higher than the initial ele-

pool-riffle units has been demonstrated. Secondly, for a given pool-riffle unit, velocity reversal may take place under different discharges.
This observation draws attention to the importance of downstream control on pool-riffle water
levels. In the case of Bear Creek, water surface
elevations during floods may be considerably influenced by backwater effects associated with
high water levels in the Buffalo River. When the
downstream water elevation is sufficiently high
then the riffle may be drowned-out, dramatically
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ized alterations on the bed are thus expected to
propagate their effects towards neighbouring
units, precluding the formation of isolated extreme peaks. Secondly, the aggradation of a
given riffle reduces the probability of flow reversal in the same unit (Figure 6), thus increasing
the riffle erodibility. On the contrary, an eroded
riffle becomes more prone to deposition. This
mechanism is an essential self-control that prevents unbounded riffle deposition or erosion.

vation). It is important to highlight that the increments used are not unrealistic. Scour chains
installed during the course of the USGS project
(USGS, 2003) have indicated, for instance, bed
fluctuations higher than 50cm in 6 out of 18 sections surveyed from September 2001 and June
2002.
The dependence illustrated in Figure 5 shows
an important mechanism that takes place during
floods: changes in riffle elevation due to erosion
or deposition affects the dynamics of upstream
pool-riffle units. In particular, downstream riffle
deposition enhances the reversal probability in
the upstream unit.
Apart from the effect over the upstream unit,
riffle crest elevation is also responsible for a
second mechanism, which controls the reversal
conditions in its own unit.
The drown-out condition in any given riffle,
which somehow dictates whether erosion or
deposition will occur, is a function of the difference between riffle crest and downstream water
elevation. As a result, riffle deposition reduces
the probability of drowning-out and consequently the magnitude of the reversal. Figure 6 is
similar to Figure 5 but in this case the elevations
were increased at cross-section 687 (i.e. riffle of
PR2).

7 CONCLUSIONS
In this paper a physically-based numerical model
integrating unsteady hydraulics, fractional sediment transport, morphological changes and grain
sorting to predict pool-riffle morphodynamics
has been applied to a pool-riffle sequence. One
feature of particular interest for the analysis of
pool-riffle sequences is the ability of the model
to capture pool erosion and riffle deposition under certain conditions. This situation, which has
been widely acknowledged as the main mechanism responsible for pool-riffle maintenance, is
shown to be significantly dependent on the interaction of different variables. Results have demonstrated that longitudinal grain sorting plays a
significant role on pool-riffle morphodynamics.
In particular, results have shown that sediment
transport reversal, which is ultimately responsible for pool-riffle self-maintenance, may occur
under flow discharges considerably smaller than
those associated with velocity reversal. The occurrence of transport reversal without a reversal
in the velocity is a consequence of different
grainsize distribution in pools and riffles. This
finding indicates that maintenance mechanisms
operates more frequently than once has been deduced based on the velocity reversal hypothesis.
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Figure 5. Velocity reversal index in PR2 as a function of
flow discharge. Curves were obtained using the initial bed
shape and increasing the elevation of the downstream riffle
(at coordinate x=957m) by 20, 40 and 60cm.
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The above observations highlight two important
mechanisms governing the self-maintenance of
pool-riffle sequence. Firstly, the aggradation of a
downstream riffle increases the probability and
magnitude of flow reversal in the contiguous
(upstream) pool-riffle sequence. The expected
result is the increment in the ability of the upstream riffle to aggrade and the pool to erode.
Conversely, the erosion of a downstream riffle
reduces flow reversal ability in the upstream
pool-riffle sequence, which as a result becomes
more prone to riffle erosion. This mechanism
demonstrates the interdependence among different pool-riffle units in a given sequence. Local-
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Figure 6. Velocity reversal index in PR2 as a function of
flow discharge. Curves were obtained using the initial bed
shape and increasing the elevation of the riffle at x=687m
by 20 and 40cm.

The feedbacks of bed alterations on the flow
characteristics and its consequences for the
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maintenance of pool-riffle sequences have been
analysed. Two key mechanisms responsible for
pool-riffle maintenance have been unveiled.
Firstly, the aggradation of a downstream riffle
enhances flow reversal probability in the upstream pool-riffle sequence by backwater, which
induces upstream riffle deposition and ultimately
prevents the formation of flattened bed. Secondly, as deposition occurs in a given riffle, the
probability flow reversal in the same pool-riffle
unit is reduced (opposite of enhanced), which
prevents unbounded riffle deposition.
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An estimation of gravel mobility over an alpine river gravel bar (Arc en
Maurienne, France) using PIT-tag tracers
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Cemagref Lyon, 3 bis quai Chauveau CP220, 69336 LYON cedex 09, FRANCE

ABSTRACT: Passive Integrated Transducers (PIT) tag method to trace gravel particle is increasingly
used to estimate gravel movements in mountainous rivers. Reported recovery percentages after one flood
are often over 80%, demonstrating the effectiveness of this technique for small mountainous rivers. We
used this technique to get detailed spatial information on particle movements on a gravel bar in an alpine
river (Arc en Maurienne, France). Six patches have been placed on the gravel bar (three on the bar head
in August 2008 and three along the secondary channel in June 2009). During this period, the main events
correspond to flushing events of the upstream dams and reservoirs by dam managers, as well as short high
flow periods in May 2009 due to snow melt. Only these events have an impact on the gravel bar since it is
dry for lower flows. First results with PIT-tag technique indicate a very strong erosion of the head of the
bar, especially on the side of the main channel. Two sample plots have been totally eroded and marked
particles have moved to the main channel after the first and the second flushing events, respectively. The
secondary channel shows lower dynamics. Recovery percentages were approximately 80% after each
event until marked gravels reached the main channel through the first connecting cross-channel. Travel
distances were independent of the particle diameter (40 to 300mm). The downstream part of the secondary channel and the tail of the gravel bar were not affected by the last flushing event in June 2009. Most
of the surface of the downstream part of the gravel bar was dry during this event as a consequence of the
May 2008 flood that significantly eroded the main channel. As a first conclusion, the PIT-tag method
yields interesting results for the gravel bar dynamics but the investigation domain is limited in space (and
time) for our study case. Indeed, we were not able to recover PIT-tag in the main channel and downstream.
Keywords: PIT-tag, Bedload, Gravel bar, Alpine river
particles. Habersack (2001) used active transponders allowing their localisation in real time
while Lamarre et al. (2005) used passive transponders allowing a location after a specific event.
This paper presents some first results applying
thismethod with passive transponders on a gravel
bar in an alpine river where the flow is typically
faster than in a mountain river.

1 INTRODUCTION
The knowledge in river bed morphology has been
of increasing importance for addressing engineering and ecological problems in rivers over recent
decades. The movement of sediments along the
bed of an alluvial channel is one of the key processes that needs to be understood. However, there
exist only a few experimental techniques to measure bedload transport accurately. Bedload samplers yield significant uncertainty (Hubbell et al,
1985) and are difficult to set up in alpine rivers,
where the flow may be supercritical. Recently, radio-tracking technique has been developed and
tested on mountain rivers (Habersack, 2001 or
Lamarre et al., 2005). This method allows the
measurement of the travel distance of individual

2 PRESENTATION OF THE STUDY SITE
2.1 Arc en Maurienne River
The Maurienne valley, France, is characterised by
a density of infrastructure (railway Lyon-Torino,
national road RN6 and freeway A43) in a narrow
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valley. The Arc River bed is thus strongly constrained laterally with mean slope varying downstream from S = 1 to 0.2%(Hydratec & Cemagref, 1999). In several places along the river, a
system of alternate bars is observed, which is
typical of laterally constrained rivers. This valley
is also marked by an intense input of sediments
from the catchment area, and especially of fine
sediments (schist mainly) from the ArvesMountains. The catchment area is 1957 km2 (grey area
in Fig. 1) with a nival hydrologic regime and a
mean water discharge from 6-8 m3/s in winter to
15-20 m3/s in summer (Sainte Marie de Cuines,
study site in Figure 1; Jodeau, 2007).Main floods
usually occur at the beginning of summer and in
autumn. The dams allow mitigation of small
floods. However, because of their small capacity,
they are usually open during larger floods and
thus have no impact on the flood propagation in
the downstream part of the valley (Marnézy,
1999). As often observed in dam reservoir studies,
sediment transport is strongly affected. Fine and
especially coarse sediments are stored in the reservoir. The compensation water discharge is often
not strong enough to wash out sediments brought
to the river by torrential tributaries.

years. Since August 2008, Passive Integrated
Transducers (PIT) tag method to trace gravel particle is used to estimate bedload transport over the
gravel bar. Six patches have been placed on the
gravel bar: patches 1, 2 and 3 on the head in August 2008, patches 4, 5, and 6 along the secondary
channel in June 2009 (see Figure 2).

Figure 2: Image of the gravel bar taken from a drone in July
2006 (Jodeau, 2007) with the position of the 6 patches emphasized.

2.3 Hydrology from August 2008 to August 2009
The water discharge is estimated thanks to a pressure transducer located 200m on the downstream
part of the gravel bar. Regular discharge measurements (using electromagnetic current-meter on
a wading rod for low discharges or torpedo currentmeter from the bridge for larger discharges)
were performed in order to establish a rating
curve. The period of the study follows a 10-year
return period flood that occurs in the end ofMay
2008. The maximum discharge was estimated as
500 m3/s approximately. As observed in Fig. 3,
the water discharge is generally very low (6-8
m3/s) because of damregulation (compensation
discharge). Because of the snow melt in spring,
the discharge increases significantly during this
period varying from 20 to 50m3/s (note that the
station was out of order from March 20th to May

Figure 1: Localisation map of the Arc River (river dams are
represented by filled circles).

2.2 The gravel bar
The study site is located 15 km downstream of
Saint Jean de Maurienne (see Fig. 1). The gravel
bar lies on the downstream part of an alternate bar
system in a straight reach constrained by dykes.
The monitoring of this bar started in 2005 (Jodeau, 2007; Jodeau et al., 2007, 2008) with a focus on the impact of river dam flushing on its
morphodynamics. Regular topography and grain
size analysis were achieved during the last four
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The search of the particles can be done with a specific antenna after each main event together with a
DGPS to note the location of each particle detected. The antenna send an electromagnetic signal at a frequency of 134 Hz. Whenever a transponder is detected in the antenna field, an alarm
circuit on the control module sends a loud tone
and the transponder code sent from the reading
unit is displayed on the Palmtop. PIT tags offer
several advantages for the tracking of individual
sediment particles (Lamarre et al., 2005; Allan et
al, 2006). First, each transponder can be encrypted
with its own unique identification code. This allows detailed analysis of individual particle
movements. Second, PIT tags are robust and batteryless; they can be used in either short-term or
long-term studies. Finally, they are rather inexpensive (_3Cper unit), meaning that a large number of individuals can be tagged and tracked.
However, the search distance remains limited and
lower than 1m. And whenever several transponders are located at the same position, the alarm circuit does not respond. This method for tracking
gravel was introduced recently in France to study
the dynamics of the Ain River (Rollet et al., 2008)
or mountainous rivers (Liébault et al., 2009).
We used this method to estimate the gravel
mobility on the gravel bar in the Arc River. We
adopted a different strategy from Lamarre et al.
(2005) for the tagged particle layout: patches of
50 particles were set at specific positions on the
gravel bar (Lamarre et al. positioned particles individually along several cross sections). The objective of our strategy was to get a statistical observation of a set of particles with similar grain
size as surrounding particles and subjected to similar hydraulic conditions. For each patch, tagged
particles were laid randomly on the bed surface
with the exception of patch 2 where particles were
burried 20cm under the bed surface. Each patch
surface was approximately 2 m2. The particle characteristics for each patch correspond to a grainsize analysis of the zone achieved previously.
These characteristics are presented in Tab. 1. It
should be noted that the median grain diameter
d50 and sorting coefficientvalues (σ = d84 / d16 ) in
Tab. 1 are biased because only coarser particles
are represented due to the size of the PIT tag
(4×23mm), and because the b-axes of the particles
were classified with sieve holes of 45, 64, 90, 128,
and 181mm.

1st). The three main events observed during this
period correspond to flushing events conducted by
the dam managers. Two of these events correspond to a side reservoir flush in 2008, September
25th-26th and 2009, May 25th-26th (see Figure
3). The mean water discharge was approximately
70-80 m3/s with a peak at 100 m3/s (see Fig. 4).
Both events last two days. However, in May 2009,
the reservoir flush was foregone by large discharges from the snow melt. The third event corresponds to the river dam flush in 2009, June 8th.
This event lasted approximately 12 hours with a
first plateau at 80 m3/s (4 hour long) and a second
plateau at 125 m3/s (3 hour long).

Figure 3: Water discharge at Sainte Marie de Cuines during
the period of the study (field measurements are represented
by filled circles).

Figure 4:Water discharge at Sainte Marie de Cuines for the
three main events.

3 PIT-TAG TRACERS
3.1 Method
The principle is to follow individually gravels
tagged with Passive Integrated Transponders
(PIT). PIT tags (developed by TIRIS Technology
and distributed by Texas Instruments) can be inserted into holes drilled in natural particles. Then,
a set of particles can be put back into the river.
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Such erosion was not observed before. It seems
that the May 2008 flood (10 year return period,
Qmax = 500m³/s) had significantly modified the
shape of the gravel bar head (higher and wider).
The new shape appears not to be in balance with
regular hydraulic conditions.

Table 1: Location of each patch in the French coordinate
system “Lambert 2 étendu” (in meters) and characteristics of
the patches (pnb: patch number).

3.3 Results from patch 3
Most of the tagged particles from patch 3 were recovered after the two side reservoir flushes. The
recovery rate rt was always above 60% (see Tab.
2). The position of the patch (next to the secondarychannel) yielded trajectories passing along
the secondary channel. It is interesting to see in
Figure 6 that all particles followed a very similar
trajectory. There is a large dispersion of the trajectory in the streamwise direction but it is very
small in the spanwise direction. After the river
dam flush, most of the tagged particles apparently
reached the main channel (through the first transverse channel) and could not be recovered. Only 6
tagged particles were recovered afterwards. They
were apparently trapped by a longitudinal bedform on the side of the secondary channel (cf.
Figure 6).

3.2 Results from patches 1 and 2
Both patches 1 and 2 disappeared totally after the
first reservoir flush and second reservoir flush, respectively. After the first reservoir flush (Sept.
2008), all gravel particles from patch 1 were apparently transported into the main channel. Only
one pitted gravel was found afterwards on the side
of the gravel bar 10 meters from the original patch
position. It should be noted that no tagged particle
was recovered as soon as it reached the main
channel, either because it was not accessible or
because the particle travelled too far. The patch 2
(positioned 20cm underground) did not move during the first reservoir flush but disappeared totally
after the second reservoir flush. Even if this result
was quite disappointing, it indicated the impressive erosion occurring at the gravel bar head. The
time variation of the isometric line z=450.5m is
presented in Figure 5. It shows the large erosion
of the gravel bar head after the three main events
and explains partly why all tagged particles from
patch 1 and 2 disappeared.

Table 2:Mean travel distance (in metre) calculated from origin Dtm and approximated between events DDtm, and percentage of recovery.

Figure 6: Position of the tagged particles of patch 3 for four
research campaigns.

As bedload transport and travel distances are
not linear functions of the hydrodynamic conditions, the mean travel distance of the particles was
estimated as a logarithmic average:
⎡1 n
⎤
Dtm = exp ⎢ ∑ ln ( dt ,i ) ⎥
⎣ n i =1
⎦

Figure 5: Location of the patches 1, 2 and 3 and time variation of the isoline z = 450.5m.
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(1)

where n is the number of particles found. The
mean travel distance ΔDtm after the first reservoir
flush (2008, September 25th-26th) was approximately 6m (see Tab. 2). For the second reservoir
flush (2009, May 25th-26th), ΔDtm was approximately 26m. It seems consistent as both events are
of similar amplitude but the second one last twice
longer (see Figure 4). The field campaign in
March 18th showed that minor winter event produced no sediment transport over the gravel bar. It
also indicates the order of uncertainties in the
measurements, as Dtm is 70cm lower than for the
January 7th campaign.
In Figure 7, the travel distance for each particle
was plotted versus the grain size of the particle.
As observed by Camenen & Larroudé (2003),
bedload transport rate appears independent of the
grain size as soon as the critical bed shear stress
for inception of movement is reached. Moreover,
in a mixture, the interaction between the different
classes of sediment also affects significantly the
critical bed shear stress of each class (Wilcock,
1997). Some influence of the grain size may be
observed during the last campaign (after a period
of relative low flow, see Figure 3) as all particles
of small size disappeared. Only coarser particles
remained since the critical bed shear stress for inception of movement was not reached

ter during the flushing events in 2005, 2006 and
2007. Again, these results may be explained because of the May 2008 flood. While some sedimentation was generally observed over the gravel
bar, the main channel was significantly eroded.
The gravel bar is now perched and need larger
water discharge to be underwater.
4 ESTIMATION OF THE GRAVEL
MOBILITY
4.1 Numerical modelling
The model Rubar20 (Paquier, 1995) was used to
simulate a simplified flushing event. It solves the
2D shallow water equations. A simplified flushing
hydrograph was set upstream whereas the downstream boundary condVition was set free. The
Strickler coefficient was assumed to be constant
over the studied reach K=30m1/3/s. This is consistent with the Strickler formula (1923):
K=21.2/d901/6 = 0.1m.
In Figure 8, results obtained for the velocity
field and water depth are presented for different
times of the calculation: for a low discharge
(Q=20m³/s), corresponding to the compensation
water, for a medium discharge (Q=75m³/s), corresponding to the first plateau of the dam flush (and
also to the mean discharge of the two reservoir
flushes, cf. Figure 4), and for a discharge of
Q=125m³/s, corresponding to the maximum discharge during the dam flush. It appears that the
water level significantly influences the direction
and magnitude of the flow, especially in the transverse channels.
4.2 Estimation of the bed shear stresses
The bed shear stress was estimated from the model at six different locations that characterize the
flow on the studied reach: in the main channel up
to the bar head (where the flow changes from the
left to the right bank, named afterwards C1tc),
next to the bar head (on its narrowest part, C1up)
and next to the bar tail (on its largest part, C1dn);
in the secondary channel (upstream, C2up, and
downstream, C2dn, to the transverse channel);
and in the main transverse channel (C2tc). The
bed shear stress was calculated assuming a constant Strickler coefficient K=30m1/3/s over the
gravel bar:

Figure 7: Travel distance of each particle as a function of
the grain size.

3.4 Results from patches 4, 5, and 6
Patches 4, 5, and 6 were positioned just before the
river dam flush in May 2009. None of the particles from these patches moved during the flushing
event. Indeed, patches 4 and 5 were underwater
only during the peak of discharge and velocities at
these positions were apparently too low to transport sediments. Patch 6 was never underwater. For
a similar peak water discharge (Qmax _ 120m3/s),
the gravel bar was observed to be totally underwa-

τb =

ρ gU 2
K 2 Rh1/ 3

(2)

where ρ is the water density, g the acceleration of
gravity, U the depth-averaged velocity, and Rh the
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In Figure 9, the bed shear stress time variations
during a typical dam flushing event are plotted for
the six different positions (cf. Figure 2). Because
of the variability of the bed shear stress in space,
these values correspond to an average of values
calculated for several computational cells. It can
be observed that the bed shear stress is not a linear
function of the water discharge:
• In the main channel next to the bar tail (C1dn),
as most of the water discharge remains in the
main channel, the bed shear stress follows exactly the water discharge;
• However, next to the bar head (C1up), the
width of the channel is not as large and part of
the flow enters the secondary channel when Q
> 50m³/s. Thus, if the bed shear stress is the
highest and follows the total water discharge
when Q < 100m³/s, there is a decrease of the
bed shear stress when Q ≈ 125m³/s as water
depth increased significantly and a significant
part of the water flows in the secondary channel;
• In the main channel on the riffle up to the bar
head (C1tc), one can observe a first decrease
of the bed shear stress when Q ≈ 80m³/s. Indeed, for lower discharge, the flow follows the
steep slope from to the left to the right bank.

hydraulic radius (assumed to be equal to the water
depth h).

a)

b)

Figure 9: Bed shear stresses during the river dam flushing
event obtained from the model Rubar20 for different locations on the gravel bar.

For larger discharge, the flow changes direction because of the larger water depth (streamwise) and the local slope of the flow is decreasing.
A similar observation can be made in the transverse channel (C2dn) but for a larger discharge.
When Q ≈ 100m³/s, the flow changes direction
from spanwise to streamwise and the local slope
of the flow is decreasing.
In the upper part of the secondary channel
(C2up), the bed shear stress follows the water discharge but the magnitude is two to four times
smaller compared to the main channel (C1dn)

c)

Figure 8: Water depths and velocities on the upstream part
of the gravel bar simulated with the model Rubar20 for different times of the flushing event (a: t = 2hh, Q = 20m³/s; b:
t = 5h, Q = 75m³/s; c: t =5h40mn, Q = 125m³/s).
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Last, in the downstream part of the secondary
channel (from the transverse channel), bed shear
stresses remain very low as this channel is underwater for Q > 40m3/s only and negligible part of
the total discharge flows in this channel.

Table 3: Travel distances (in metre) calculated for the three
main events at different locations next to the gravel bar.

4.3 Estimation of the travel distances
Assuming that the bedload thickness is equal to
the roughness height δs= ks ≈ 2d90 (Van Rijn,
1993; Camenen et al., 2006), the travel distance of
the particles may be estimated as follows for a
typical event:
T

Dt ,num = ∫
o

qs ( t )
2d90

dt

(3)
5 CONCLUSIONS

where T is the length of the event, and qs(t) is
the instantaneous bedload transport rate (in
m3/s/m) calculated thanks to the Camenen & Larson (2005) formula. As observed in Figure 7, bedload transport appears not to be function of the
grain size. Calculations were achieved for different grain sizes by calculating the critical bed shear
stress based on the work of Wilcock & Crowe
(2003): the critical bed shear stress for each individual class of a mixture should be not as sensitive to the grain size and

τ cr ,i ⎛ di ⎞
=⎜
⎟
τ cr ,90 ⎝ d50 ⎠

The PIT-tag technique to measure travel distance
of individual particles was applied to a gravel bar
in an alpine river. This method was fruitful in the
secondary channel where approximately 80% of
the tagged particles were recovered. It showed
that the travel length of the particles was independent of the grain size although large dispersion
was observed in the streamwise direction. A simplemodel to estimate the travel distance was suggested and yielded satisfactory results. On the
other hand, it appeared that the transport in the
main channel is so intense that gravels are easily
transported even during low flows. As soon as
tagged particles reached the main channel, it was
impossible to recover them. Consequently, the
PIT-tag method offered a limited spatial extent
when applied to our study case.
The large erosion of the gravel bar head was
suspected to be due to the major flood of May
2008, which modelled a morphology that is not in
equilibrium in case of regular flood or flush
events.

b

(4)

with b = 0.12 for di/d50 < 1 and b = 0.67 for
di/d50 > 1.
These results in Tab. 3 are in agreement with
experimental measurements although a large scatter exists. In the main channel, the travel distance
is of the order of one to five hundred meters for a
typical reservoir or dam flushing event. Even during low flow, some non-negligible bedload transport may occur. On the other hand, in the secondary channel, computed travel distances are very
small. As observed thanks to the Pit-tag method,
for a typical reservoir or dam flushing event, it is
in the order of several meters to several tens of
meters in the upstream part of the secondary channel. The suggested model tends however to underestimate the results compared to the field measurements. For a reservoir flush, the computed
travel distance varies from 0.15 to 1.6m whereas
the averaged measured distance is 6m (cf. Tab. 2
and 3). For a dam flush, the computed travel distance varies from 4 to 14m whereas the averaged
measured distance is 66m. Nearly no sediment
transport is predicted in the downstream part of
the secondary channel.
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ABSTRACT: This paper investigates the morphologic impacts of the widening of tributaries in confluence zones by means of systematic hydraulic tests performed in a confluent laboratory flume. The confluent channels are connected with an angle of 90° and the main channel is 0.50 m wide. The tributary is
0.15 m wide in the reference configuration and enlarged to 0.30 m over a length of 0.45 m in the widened
configuration. Experiments are carried out under mobile bed conditions. Sediments with a wide grain size
distribution are fed in the tributary and all tests are run until equilibrium conditions. The influence of the
local tributary widening is highly dependent on the momentum flux ratio between the upstream flows.
The widened zone is characterized by a higher variability of the flow depth, the flow velocities and the
particle size distribution, showing that tributary widening can improve the ecological value of confluence
zones.
Keywords: River confluence, River restoration, Laboratory experiments, Morphodynamics, Alpine rivers
fluences zones can be dramatic especially during
important flood events (Sloam et al, 2001). Consequently, a good understanding of the interaction
between the flow patterns, the sediment transport
and the bed morphology development is necessary
to successfully accomplish river rehabilitation
projects at confluences. Surprisingly, the application of “river widening schemes” to confluence
zones has not yet been investigated.
The complex three-dimensional hydrodynamics in confluences have been extensively studied
by e.g. Best (1985), Bradbrook et al. (1998), Weber et al. (2001), Biron et al. (2004). Best (1985)
suggests a descriptive model of flow dynamics at
confluences, as shown in Figure 1. He distinguishes six different zones, characterized by flow
deflection, flow stagnation, flow separation,
maximum flow velocity, shear layers and flow recovery, respectively.

1 INTRODUCTION
During the past few centuries, river training works
have been applied in many industrialized countries to improve flood protection of cultivated and
urban land. Most river regulations underestimate
or do not foresee ecological impacts (Havinga et
al. 2005), resulting in a considerable reduction of
the natural dynamic processes and the biological
diversity. From the end of the 20th century, attempts are made to identify long-term effects of
river regulations in order to alleviate adverse impacts (Armitage, 2006). Therefore, river restoration has become a concept widely employed by
environmental professionals (Nakamura et al.,
2006; Reichert et al., 2007). One of the most
common solutions for fluvial restoration is the
“river widening”, which allows the channel
movement within a spatially limited area and increases the amount of in-stream habitat heterogeneity (Rohde et al, 2009).
In fluvial networks, confluences favour a high
variability in flow, sediment load, sediment size
and water quality (Rice et al. 2001), which is a
requisite for a sound fluvial ecology. Moreover,
confluences are key elements that have to ensure
the lateral and longitudinal connectivity in river
networks. The geomorphological changes at con961

influence of the widening of a tributary on the
morphology in the confluence zone (section 3.2).
This purpose is achieved by means of systematic
experimental laboratory tests. Results and differences between both configurations are discussed
in section (4).
2 EXPERIMENTAL INVESTIGATION

Figure 1 Descriptive model of flow dynamics at channel
confluence (Biron et al., 1996 based on Best, 1985)

2.1 Laboratory facilities and procedures

Studies on the bed morphology in fluvial confluences are scarce and those attempting to quantify
the nature of sediment transport within the junction are about inexistent. Roy and Bergeron
(1990) attribute this lack of laboratory studies on
flow and sediment transport at confluences to the
difficulty in implementing adequate experimental
procedures.
Mosley (1976) performed a laboratory study on
the evolution and morphology of channel confluences considering symmetrical and asymmetrical
planforms. In his study, the post-confluence channel has been cut in erodible material and was free
to adjust the experimental solicitations. Ashmore
and Parker (1983) extended Mosley’s analyses to
self formed confluences by means of experimental
tests in two wide channels and field investigations. Best (1986) is among the first investigators
to present a detailed description of the bed morphology, based on experimental tests in small
channels (0.15 m wide) connected asymmetrically. In his conceptual description, bed morphology of confluences is basically characterized by
three distinct elements, as illustrated in Figure 2:
• Avalanche faces, which form at the mouth of
each channel forming a confluence;
• Bed scour that occurs in the region into which
the avalanche faces dip
• A separation zone bar, which forms in the
post-confluence channel.
Avalanche faces

Qt

The choice of the experimental configuration, and
especially of the geometry, the sediment parameters and the flow and sediment discharges, is
based on the analyses of the main confluences of
the Upper Rhone River, upstream of Lake Geneva
in Switzerland. One example of these confluences
(Rhone and Avançon River) is shown in Figure 3.

Figure 3 Confluence of the Avançon and Rhone Rivers in
Switzerland

Laboratory tests are performed in a confluence
flume (Figure 4) where the main channel is 8.5 m
long and 0.50 m wide. An adjustable tailgate at
the end of the post-confluence channel is used to
control the flow depth in the flume. A tributary
channel, 4.9 m long and 0.15 m wide is connected
with an angle of 90°, 3.60 m downstream of the
inlet of the main channel.
The movable bed is initially flat in the entire
flume and consists of a sediment mixture characterized by d50 = 0.82 mm and d90 = 5.7 mm with a
gradation coefficient σ = 4.15. A constant solid
discharge of the same sediment mixture is supplied by a conveyor belt at the tributary inlet only.
The sediment feeding rate is identical in all tests
at 0.30 kg/min. At the end of the post-confluence
channel, a sediment trap is installed to remove the
sediments. All tests are run until equilibrium,
which is defined by a steady level of the bed topography and water profile. The evolution of the
water levels (automatic ultrasonic limnimeters)
and the bed topography (Mini EchoSounder) are

Qm

Separation zone bar

Bed scour

Qp-c

Figure 2 Schematic bed morphology of an asymmetric confluence with bed concordance proposed by Best (1986).

The objective of the present paper is to gain insight in the morphologic features of a confluence
(section 3.1) and to investigate and quantify the
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Figure 4 Experimental setup and characteristics of the sediment mixture

is highly responsive to changes in momentum flux
ratio, defined as Mr=ρQUt/ρQUm, where ρ is the
water density (kg/m3) and U the mean velocity
(m/s). For the tests performed in the reference
configuration, the values of Mr are 0.12 for the
run Qm18.6_Qt1.4, 0.29 for the run Qm17.4_Qt2.6
and 0.43 for the run Qm16.3_Qt3.7. Such values
are representative for alpine confluences, as they
are in the range of the momentum flux ratios between the main tributaries and the Upper Rhone
River (Switzerland), when considering the two
and five years return period floods.
In the widened configuration, average values of
the momentum flux at the tributary are difficult to
evaluate. Due to the high variability of the bed
elevations, specific discharges and flow velocities
are extremely variable within the tributary width.
However, the momentum flux ratio for the widened configuration for a given discharge scenario
is lower than those for the reference configuration
as the tributary width is increased.
The main hydraulic characteristics of the tests
performed in the reference and widened configurations are presented in Table 1. At the equilibrium state the flow is subcritical in the main and
post-confluence channels for all experiments. At
the tributary, the runs Qm18.6_Qt1.4 and
Qm17.4_Qt2.6 are characterized by a supercritical

recorded during the tests. The instrumentation is
installed on a movable frame that covers part of
the experimental set-up (3.80 m in the main and
post-confluence channels and 3.00 m in the tributary). All results are presented in the [X,Y] reference system shown in Figure 4. Flow visualization
using a colour dye is used to identify the interactions between flow and bed morphology.
In this paper, two different geometric configurations are considered: a so-called “reference”
configuration with a constant tributary width of
0.15 m, and a so-called “widened” configuration
where the tributary is enlarged to 0.30 m in over a
length of 0.45 m.
2.2 Hydraulic conditions
For both geometric configurations, three different
discharge scenarios (qt/qm=0.25, 0.50 and 0.75)
are considered. The notation q represents the unit
discharges in terms of channel width, e.g, the total
discharge Q (m3/s) divided by the channel width
b (m) and the subscripts t and m refer to the tributary respectively main channels. All discharge
scenarios share the same total discharge of 20 l/s
in the post-confluence channel.
As suggested by Rhoads and Kenworthy
(1995), the bed morphology of small confluences
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bed slopes are found in the reach upstream of the
enlarged zone.
At the beginning of each test, flow recirculation is observed in the separation zone, following
the model proposed by Best (1985). However, the
flow recirculation leads to the deposition of fine
sediments and at the end of the all tests, the separation zone bar is characterized by a straight flow.

flow. This leads to a change of flow regime by
means of weak undulated hydraulic jump at the
confluence. In the scenario Qm16.3_Qt3.7, the
Froude Number of the tributary is about 0.82. The
mean bed equilibrium slopes reached at the tributary channel for the tests with the reference configuration are around 2.5%, 1.4% and 1.25% respectively
for
the
runs
Qm18.6_Qt1.4,
Qm17.4_Qt2.6 and Qm16.3_Qt3.7.
When the tributary is widened, the same average

Table 1 Hydraulic characteristics of the experimental runs for the reference configuration
Froude Number Fr=U/(gh) 0.5

Discharge (l/s)
Run

Main
(Q m )

Tributary
(Q t )

q t /q m

Q m 18.6_Qt1.4

18.6

1.4

Q m 17.4_Qt2.6

17.4

2.6

Q m 16.3_Qt3.7

16.3

3.7

Mr = ρQU t /ρQU m
Mean
tributary
Widened
Reference
bed slope configuration configuration

main

tributary

postconfluence

0.25

0.32

1.34

0.69

2.50%

0.12

< 0.12

0.50

0.32

1.20

0.69

1.40%

0.29

< 0.29

0.75

0.26

0.82

0.69

1.25%

0.43

< 0.43

3 RESULTS

reproduced at the tributary but as the transport capacity is higher, the superficial bed layer is
formed by coarser materials.
With the increase of Mr, the following morphological behaviours can be highlighted: 1) the bed
discordance between the tributary and main channel decreases. Bed discordance means the difference between the bed elevations at the tributary
mouth and the main channel; 2) the penetration of
the tributary into the main channel decreases and
3) the deposition in the separation zone decreases.

3.1 Reference configuration
Figure 5 illustrates the final bed configuration in
the main channel for the three runs. Avalanche
faces are created along the deposition zone and
are formed by a uniform armour layer, composed
by coarse material. As no solid discharge is provided in the main channel upstream of the confluence, where the transport capacity is almost zero,
only fine materials are washed. A relative fine armour layer is formed. This phenomenon is also

Figure 5 Bed morphology in the main channel for the tests a) Qm18.6_Qt1.4, b) Qm17.4_Qt2.6 and c) Qm16.3_Qt3.7.
The bed elevations of the tributary are not shown here.
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the downstream corner of the confluence, small
depression occurs and the bed elevations of the
tributary and the main channel are almost the
same. The run Qm17.4_Qt2.6 (Figure 6b left) follows the same behaviour, but with higher lateral
inclination and depression on the downstream
corner of the confluence.
The bed morphology in the run Qm16.3_Qt3.7
is different from the other two runs, as illustrated
in Figure 6c (left). The upstream part into the
widened zone of the tributary is not completely
filled. The lateral bed inclination along the X axis
is reversed.

Significant grain sorting occurs at the confluence
zone, but no differences related to the momentum
flux ratio could be highlighted at the different
points.
All the results concerning the tests performed
in the reference configuration are discussed in detail by Leite Ribeiro et al. (2009).
3.2 Widened configuration
The local widening of the tributary in the confluence zone causes significant differences in the bed
morphology, which depend on the discharge scenario. For the run Qm18.6_Qt1.4 (Figure 6a left),
the widened zone is completely filled and there is
a small lateral bed inclination along the X axis. In

Figure 6 Pictures from downstream of the tributary (left) and upper view of the widened zone (right) for the runs
a) Qm18.6_Qt1.4, b) Qm17.4_Qt2.0 and c) Qm16.3_Qt3.7
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sion occurs at the meeting of the upstream flows,
along the shear layers. The scour zones are naturally filled by coarse materials during the tests.
The lack of a scour hole can be then explained
by the size of the coarse materials constituting
the mixture. The shear stresses resulted from the
flow at the confluence zone is not large enough
to transport those particles and therefore, it fills
the erosion zones.
The particle motion in the post-confluence
channel for all tests occurs in the left bank
(along the X axis). Fine materials are transported
near wall while coarser particles move near the
centre of the channel. These observations are in
agreement with those made by Roy and
Bergeron (1990) in a river confluence with
coarse bed. However, in the present case, the
sediment transport occurs in the most elevated
part of the channel and does not transit by the
deepest part (inexistent scour hole), as described
by the Roy and Bergeron (1990).
Figure 7 illustrates the differences of the bed
elevation at the main and post-confluence channels between the reference and widened configuration for the three different runs. For the disand
charge
scenarios
Qm18.6_Qt1.4
Qm16.3_Qt3.7, widening the tributary does not
influence significantly the bed morphology at the
post-confluence channel, as shown in the Figure
7a and in the Figure 7c. However, the penetration of the tributary on the post-confluence
channel increases when the tributary is widened
for the discharge scenario Qm17.4_Qt2.6 (Figure
7b).
A probably explanation is that the reduction
of the momentum flux of the tributary due to its
widening is more important for this scenario
than for the others. It means that even if the
tributary has more “space” to flow, the main flux
remains concentrated for the scenarios
Qm18.6_Qt1.4 and Qm16.3_Qt3.7.
Widened zones are related to significant grain
sorting as well as an important variability of
flow velocities and water depths. These characteristics are essential for the re-establishment of
the fluvial ecosystems. It indicates that tributary
widening in the confluence zone provides a potential for confluence rehabilitation projects.
Nevertheless, it is important to note that tributary
widening are small-scale interventions that are
necessary, but not sufficient, for recovering the
river system to its condition prior to degradation.
The success of the restoration projects needs intervention in a catchment scale.

As for the tests performed in the reference configuration, significant grain sorting can be observed in the different zones of the confluence
flume depending on discharge scenario. Except
for the widened area, these variations cannot be
linked to the variations of the momentum flux
ratio.
Flow visualisations show that for the investigated discharge conditions, the widened tributary
zone is not crossed by a symmetrical flow. The
flow is detached from the tributary walls at the
entrance of the widened region. For the run
Qm18.6_Qt1.4 (Figure 6a right), two asymmetrical dry zones formed by fine materials appear at
the start of the widened zone. For this run, the
flow reattaches to the lateral walls inside the
enlarged area.
For the run Qm17.4_Qt2.6 (Figure 6b right),
only the downstream dry zone can be observed.
The flow reattaches after a small distance in the
widened area. The entrance of the enlarged region is characterized by a horizontal circulation
zone.
No dry zones are present in the widened area
for the run Qm16.3_Qt3.7 (Figure 6c right). The
tributary flow is slightly deviated towards downstream and reattaches almost at the middle of the
widened area. The horizontal circulation zones
observed in this run are more intense than in the
previous runs.
The analyses done for the reference configuration can be applied in the widened case. For
the run Qm18.6_Qt1.4 (the lowest value of Mr),
the tributary penetrates in the confluence zone,
forming avalanche faces constituted by coarse
material. The bed discordance between the tributary and the main channel as well as the deposition at the separation zone is the highest, compared to the other runs. With the increase of the
tributary discharge and decrease of the main
channel discharge (increase of Mr), the tributary
penetration, the bed discordance and deposition
at the separation zone decreases. For the run
Qm16.3_Qt3.7, the tributary does not get into the
main channel as can be seen in the Figure 6c
(left).
4 DISCUSSION
Different from the morphological models proposed in previous works (Best, 1986; Boyer et
al, 2006), scour is absent in the confluence zone
at the equilibrium state for the studied cases.
However, at the beginning of all tests, small ero-
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Figure 7 Bed elevation differences between the reference and the widened configurations at the main and post-confluence
channels for the runs a) Qm18.6_Qt1.4, b) Qm17.4_Qt2.6 and c) Qm16.3_Qt3.7. The gray area represents the widened zone and
the dashed lines represent the tributary channel for the reference configuration

5 CONCLUSIONS
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ABSTRACT: Dam removal may cause severe disruptions to the river, both upstream and downstream of
the former location of the dam. The aim of the paper is to study the physical response to dam removal in
the former deposit upstream. Specifically, the goal is to analyze bed profile evolution and the associated
change in channel width. An experimental investigation has been carried out to study these topics. The
experiments consisted of (i) a study of the delta front progradation within the impoundment and (ii) a set
of runs in which profile and planform changes caused by dam removal were continuously monitored. All
experiments were performed in a tilting flume filled with a non-uniform sediment mixture made of sand
and gravel. The dam itself was made of three slats that were sequentially removed, allowing the remaining height to control the response of the river to removal. During the early stages of each removal, a narrowing process was observed while in more advanced phases, channel widening was reported. Narrowing-widening process was linked to bed erosion. The bed degradation process has been satisfactorily
reproduced by a set of empirical equations that describe (i) bed erosion through foreset slope evolution
and (ii) sediment discharge downstream.
Keywords: Dam removal, Incision, Degradation, Experiments, Transport of sediment mixtures.
impacts of dam removal (Doyle et al. 2003, Cheng
and Granata, 2007). Although much effort has
been exerted in the understanding of these impacts, there is still much concern regarding biological, chemical and physical impacts of removing dams (Shuman, 1995). Among others, an
important issue that has not been properly quantified is the sediment transport rate released downstream after removal of a dam of given height.
The role played by the grain size distribution of
the upstream sediment deposit in these processes
is still unknown (ASCE, 1997).
Cantelli et al. (2004) performed a set of runs to
study the degradation process in the sandy deposit
upstream. They observed that the very early stages
of the degradational process were first accompanied by a relatively rapid reduction of the channel
width (erosional narrowing). Hereafter, a slow increase in width accompanying degradation (erosional widening) was observed. These findings
were contradictory to those which assumed that
channel widens as bed degrades, whatever the incisional rate is (Doyle et al., 2003).

1 INTRODUCTION
Many dam reservoirs are filled with sediment to
the verge of being useless (there is not enough
water storage capacity for design purposes).
Moreover, some other dams are close to the end of
their life-span (Evans et al., 2000). In those cases,
dam retirement can be considered a tool for sediment managers, ASCE (1997), Graf (2002). Actually, a number of dams have already been removed (550 in the United States in the last 20
years, Granata et al., 2007) and some others are
under study for removal. Although there are many
reasons for removal, river restoration is one of the
common goals pursued when a dam is removed
(Cantelli et al., 2007).
However, dam removal perturbs the existing
new eco-system both downstream and upstream of
former dam location (at least during the early
stages after dam retirement). Dam removal provokes ecological, morphological, and even social
and economic impacts that must be addressed
(Graf, 2002). Many studies have focused on the
ecological impacts (Bednarek, 2001, Cheng et al.,
2006) while others have studied the geomorphic
969

Figure 1. Delta progradation profiles of run 2, obtained by averaging data from the four probes across the flume.

sediment screw-type feeder at a constant rate. Table 1 shows the main characteristics of all experiments. Dam removal experiments were performed
without sediment feeding.

The main goal of this investigation is (i) to check
the previous results in uniform sand on the
coupled incision and width changes (Cantelli et al.
2004) now in a mixed bed, and (ii) to obtain a set
of experimental data about the degradational
process in the deposit upstream of the dam location and about the sediment transport rates released downstream. A set of runs have been performed to study these objectives.

Table 1. Main characteristics of the experiments carried out
run
type
Qw
Qs
m3/s
kg/s
1-2
Progradation
47·10-3
1.33·10-2
-3
3
Dam removal 2.0·10
0
-3
4
Dam removal 2.5·10
0
5
Dam removal 3.5·10-3
0
6
Dam removal 4.0·10-3
0

2 DESCRIPTION OF THE EXPERIMENTAL
SET-UP AND PROCEDURES
The experiments were carried out in a 12m-long,
0.60m-wide rectangular tilting flume. The sediment feeder was placed within the first 2 meters of
the flume. The initial bed slope was 0.02 m/m for
all experiments. The bed material was composed
of a sediment mixture of Dg = 3.39 mm and σg =
1.8, where subscript g denotes they were obtained
by geometric calculations. The specific gravity of
the mixture was 2.58, bed porosity was 0.35 and
D90 was 7.83 mm. The dam was located 9 m from
the inlet of the flume.
Two types of experiments were carried out.
The first type modeled the creation of a delta upstream of the dam (by filling the impoundment
with the sediment mixture), while the second focused on studying erosional processes due to dam
removal. The latter experiments were performed
in a staged way: the dam was not removed all at
once. Instead the dam consisted of three slats of 4
cm height stacked vertically, removed sequentially in such a way bed incision upstream was controlled by the remaining dam below. The total
dam height above the bed was 12 cm.
Water discharge was measured with an electromagnetic flowmeter. In the progradation experiments, sediment was introduced by means of a

2.1 Progradational experiments
The flume upstream of the dam was uniformly
filled with the mixture up to a depth of 0.1m prior
to the experiments. Sediment feeding into the
flume at the specified rate and water pumps were
switched on simultaneously. Bed profiles were
measured with the aid of 4 ultrasonic transducer
probes (see Wong et al., 2007), located at 13.5,
24.5, 35.5 and 46.5 cm with respect to one side of
the flume. So, four bed profiles were simultaneously measured. The frequency of profile measurements decreased as the run progressed: delta
progradation rates were much faster at the beginning of the run than at the end. The spatial distribution of measurements was increased at the junction between the topset and the foreset in order to
appropriately capture the foreset slope. Figure 1
shows an average bed profile evolution for run 2.
Water and sediment discharges were chosen in
such a way that the obtained topset slope was
close to 0.005 m/m (the one that would be used
for dam removal experiments). Moreover, in order
for the filling not to take too long, the sediment
feed rate was set to 1.33·10-2 kg/s. With this in
mind and with the aid of previous experiments
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laterally recorded by means of three video cameras. Each one recorded the evolution of three rulers, so that the nine rulers closest to the dam were
video-monitored. Bed elevation at other stations
were visually measured once incision reached
them.
In order to measure changes in channel width,
two more video cameras were placed above the
flume. Thus a zenithal view of the flume was obtained. Only the closest sections to the dam were
recorded. The first video camera recorded stations
between 8.75 m and 8.35 m, i.e. the flume between the first three rulers. The second video
camera recorded the width evolution of 5 more rulers upstream. Thus water widths between stations
7.35 m and 8.75 m were video monitored.
As noted above, 3 slat removals were sequentially carried out in each run. Before removing the
first slat, water flow occupied not only the central
channel but also the two "adjacent" floodplains so
water spilled over the entire length of the dam.
Thus, during the first seconds of the experiment,
the floodplain stations farthest downstream were
washed away.
There was no sediment feeding in all runs. Initial conditions were such that there was no sediment transport on the topset deposit. Once the first
slat was removed rapid incision was observed at
stations close to the dam. The body of water between the foreset and the dam (see Figure 2) was
quickly filled with sediment coming from the
floodplain and the central pilot channel.
Channel incision progressively caused all the
water to concentrate into the pilot channel. So,
just a few seconds after a slat was removed, all
water spilled over the remaining dam through this
central channel region. As degradation progressed
upstream water flow became confined to the central channel at upstream stations.
The 2nd and 3rd slats were removed when bed
elevation changes downstream were minor and
when it was visually observed that sediment
transport rates upstream were much lower than the
initial rates, respectively.

carried out with the same facility and mixture
(Viparelli et al., 2008), water discharge was set
equal to 47 l/s. These two discharge values were
in equilibrium with the chosen slope of 0.005
m/m. The run was ended when the lowest part of
the foreset reached the dam. As is seen in Figure
1, more than 10 hours were needed to completely
fill the reservoir. The progadational experiment
was repeated twice (runs 1 and 2) to check for
consistency.
2.2 Dam removal experiments
The delta geometry formed in test 1-2 was manually reproduced without taking into account the
stratigraphy occurred in the filling process of the
impoundment. Topset slope was approximately
set equal to 0.005 m/m. As before, the entire
length of the flume was filled with a 0.1m-deep
layer of the sediment mixture, both upstream and
downstream of the dam location. At that station, a
0.1m-high base dam was emplaced as a base, taking care to ensure that the three stacked, removable slats above, were completely horizontal in the
cross-section.
In order to make sure that the degradation
process would develop in the center of the deposit, a small pilot channel was dug, with widths of
24.1-34.6 cm depending on the flow rate, calculated according to Parker (1978). The depth of this
small channel was between 1.4 cm and 1.7 cm. In
Figure 2, the initial configuration of dam removal
runs is illustrated.

Figure 2. Initial configuration (run 3) with the 3 slats that
are to be removed and the small pilot channel.

Bed elevations were measured by means of 20 rulers driven in the deposit both upstream and
downstream of the dam. The ruler closest to dam
was located at station 8.75 m, i.e. 0.25 m upstream
of the dam. Between that and station 6.95 m, 10
rulers were spaced as 0.20 m. Between x = 6.95 m
and x = 4.15 m 7 rulers were driven in so as to be
equally spaced. Farther upstream three more rulers were placed spaced 0.50 m out until reach station 2.65 m. Finally, 6 more rulers were driven in
until reaching station 11 m downstream of the
dam.
Incisional process at stations close to the dam
occured relatively fast, especially during early
stages. This was the reason why bed profile was

3 EXPERIMENTAL RESULTS
Experimental results obtained from dam removal
experiments are shown below. These results are
analyzed in terms of bed elevation evolution, top
width changes, foreset slope evolution as an empirical way to describe the degradational process
upstream of the dam and finally sediment transport rates.
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3.1 Bed profile evolution

periments: bed elevation downstream of the dam
after removal did not affect how incision is produced upstream, because of the height of the remaining dam. On the contrary, after 3rd removal
sediment released after previous dam slat removals, caused the degradation process upstream to be
affected by the downstream bed elevation profile.
This is the reason why all analyses have been
done in terms of the first two removals.

Bed evolution after each removal of the 4 runs has
been analyzed. Under the steady flow assumptions
(for which a diffusive equation of bed evolution
can be formulated), it is already known that degradational profiles upstream of a bed-level lowering follow an upward-convex pattern.
After each slat removal, bed degradation progressed upstream. During the first stages of the
process, the bed profile showed an upwardconvex trend: bed slope increases downstream
toward the former dam location. However, this
convexity disappears as time goes by (Fig.4), even
eventually showing some upward-concavity. It is
thought that this is due to an increase in water discharge per unit width: recall that at the beginning
of the experiment, water flowed over the two adjacent floodplains as well as in the pilot channel.
But as time passes, the incised channel was able to
convey all the water flow. Thus, there was a mobile transition zone (migrating upstream) in which
water stopped filling the whole width, and flow
concentrated in the incising channel. Within this
transition zone there was an increase in unit water
discharge. And, even though solid discharge rises
as well, the absolute increase in unit discharge is
much larger, so that bed slope decreases in the
streamwise direction, i.e. the bed profile is concave upwards. Figure 3 shows a sketch of how
flow concentration is produced in a half crosssection of the flume.

Figure 4. Bed profile evolution for run 3. The first slat removal took place at t = 0. The second slat was removed at t
= 900 s and third one at t = 1800 s. Water flowed from the
left to the right.

3.2 Channel width changes
Water surface width (top width) was obtained
from video frames recorded by the two zenithal
cameras. All four experiments were analyzed, including top width evolution after the 3rd removal.
Major changes were produced during the first two
removals, for which a common trend was observed.
After the 1st dam removal, channel narrowing
was observed. Indeed an upstream-migrating
channel-narrowing perturbation was observed in
all runs. This process had been previously noticed
by Cantelli et al. (2004) in dam removal experiments with uniform sand. As an example, Figure 5
is a plot of the top width evolution of 4 crosssections after the 1st slat removal in run 3.
Channel narrowing proceeded upstream (convection) i.e. a section located farther upstream
needed more time to be affected by the width disturbance. Moreover, the speed of width change
depended on how close to the dam the section
was: the closer to the dam the faster it narrowed.
But this initially rapidly narrowing section later
widened, until eventually recovering the initial
width of the pilot channel, or becoming even wider. Upstream sections maintained a narrowed
width until next slat was removed. Maximum amplitudes of narrowing range between 3.7 cm and

z

y
x
Figure 3. Sketch of flow concentration between two half
cross-sections. Vertical dimensions are exaggerated. For the
sake of simplicity, bed width is kept constant.

The incision during the convex upwards phase
(that can be associated to a diffusive evolution of
bed elevation) did not affect all sections from the
beginning. In Figure 4, the longitudinal evolution
of run 3 has been plotted. It can be seen how the
incision process evolves after the 1st and 2nd slat
removals (between t = 0 s and t = 900 s for the
first one and between t = 900 s and t = 1800 s for
the second one).
The first two removals, especially the second
one, can be considered as base-level lowering ex972

4.5 cm, during the 1st dam removal. No trend in
the maximum amplitude of width perturbation as a
function of water discharge was found. (It is
thought instead that it depends on the slat height,
instead). However, it was observed that the location of maximum narrowing does depend on the
water discharge: the higher discharge, the further
upstream from the dam it occurred.

mechanisms can be seen in Figure 6 by the slope
of the top width change: a steeper slope corresponds to widening through mass failure (i.e. sudden increase in water width) while a milder slope
indicates bank erosion.

Figure 6. Water width changes after 2nd dam removal of run
3 for 4 cross-sections named after their abscissa. Coupling
bed elevation and top width evolution.

We analyzed coupled changes in bed elevation
and top width. We used data corresponding to run
4. As before, we distinguish between the 1st and
2nd removal.

Figure 5. Evolution of 4 cross-sections named after their abscissa, following 1st slat removal of run 3.

Width evolution after the 2nd removal showed a
slightly different behavior than the one illustrated
above. We must distinguish between sections already affected by the 1st slat removal and those
that remained unaffected. (a) The former ones underwent a similar narrowing in magnitude than
that produced after 1st removal. However, they
widened during a relative short period of time (between 100 and 200 s after the slat is removed). (b)
The latter sections behaved in the same way as
those affected by the 1st removal: they narrowed
and keep this narrowing after the 3rd removal. The
first trend can be seen in Figure 6, in which the
width change with respect to the top width at time
t = 900 s (i.e. just after 2nd removal) for run 3 is
shown. As before, an upstream convection of
width perturbation was observed, but also a damping of its amplitude as time passed. That is, sections farther upstream needed more time to be affected by narrowing, and amplitude of width
disturbance was less once they noticed it. These
two features can be clearly seen in Figure 6, for
instance by comparing water width changes between stations 875 cm and 835 cm.
In Figure 6 it is seen how sections widened
once they reach a minimum width, as well. Two
different widening mechanisms were observed: (i)
mass failure and (ii) bank erosion produced by
excess bank shear stress. The widening process in
station 875 was produced through mass failure
while in sections further upstream, i.e. station 835,
it was produced mainly by excessive shear stress
in the bank. The difference between these two

Figure 7. Changes in top width (abscissa) together with bed
elevation (ordinate) in run 4 for cross-section 855.5 cm.

Bed evolution after 1st slat removal can be divided
into 5 consecutive phases. However, if a particular
section is located far upstream, these five phases
may not be totally accomplished: there is not
enough time between the 1st and the 2nd removal
for the effects to propagate sufficiently far upstream.
The 1st phase consists of a strong degradation,
but almost no change in channel width. The time
elapsed during this phase strongly depends on
how far the section is from the former dam location (the farther the longer). The 2nd phase consists of a moderate erosion accompanied by a
strong narrowing. Afterwards, during the 3rd phase
the bed erosion rate increases while the narrowing
rate decreases. During the 4th phase there is little
change in bed elevation, while the cross-section
attains maximum narrowing. From this point and
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out. The variables involved in this analyses are: S,
S0, t, Qw, Bb0, H, where S the foreset slope, S0 the
former bed slope, t is the time at which the slopes
are obtained, Qw is the water discharge of each
run, Bb0 is the initial width of the channel and H
the height of the removed slat. We denote S’ as
the difference between the foreset slope and the
former slope S0. The foreset slope should tend to
the former slope S0 at the end of the experiment,
so S’ will tend to zero. Choosing H and t as the
main variables, S’ can be described as a function
of two dimensionless parameters:

during the last phase, the section begins to widen
without much change in bed elevation. These
coupled trends of bed and top width have been
plotted in Figure 7 for cross-sections 855.5 cm.

tQ
B
tˆ = w3 , Bˆ = b0
H
H

(1)

in such a way that the foreset slope can be defined
as S = f tˆ, Bˆ + S0 . This formulation of dimensionless time makes possible comparison between
foreset slopes belonging to different experiments:
the degradation in a run with high discharge is
faster than with that low discharge.
Figure 9 illustrates the foreset slope S as a
function of dimensionless time t for all runs. In
this plot, different trends depending on the flow
rate are not observed. Rather, all data seems to
collapse in a single curve. When dimensionless
time tends to infinity, the foreset slope tends to
0.02 m/m, which corresponds to the bed slope
prior to the creation of the deposit upstream of the
dam.
If it is assumed that a power function of dimensionless time and dimensionless width can describe the foreset evolution, a general expression
for the slope can be proposed:

( )

Figure 8. Changes in top width (abscissa) together with bed
elevations (ordinate) after 2nd slat removal in run 4, for 3
cross-sections.

As before, after the 2nd removal, all sections that
were not affected by the 1st dam removal behave
in the same way as the sections affected before.
For example, see section x = 755.5 cm in Figure
8. Note that incision at this station is larger than
the slat height that is removed. This is only possible because it did not undergo erosion during the
1st removal, so that when erosion reached that station the cumulated bed elevation change at the
outlet was 8 cm (twice the slat height). However,
sections that were affected during the 1st removal
evolved in a slightly different way: the section
narrows until reaching a minimum top width, after
which it widens together with some degradation.
All this process of degradation with narrowing
and widening can be gathered in a global trend
that includes a relatively quick 1st phase of degradation with narrowing followed by a 2nd phase in
which degradation is minor and is accompanied
by widening. The latter phase is much longer than
the former. This global trend has been observed in
all 4 runs carried out.

( )

b1

c1

S t , B = a1 t B + S0

(2)

where coefficients a1, b1 and c1 are obtained by
least squares fitting. The obtained values are respectively: a1 = 1.16, b1 = -0.46 and c1 = 0.08. It
seems that foreset slope depends weakly on dimensionless width (though this parameter varied
very little in the experiments). If this variable is
dropped out from the analysis and the fitting is repeated, the new coefficients are: a1 = 0.99 and b1
= -0.46, which are very close to those obtained
immedlately above. A good agreement is observed
for relatively steep to mild values of the foreset
slope while the equation seems to overpredict the
slope for the initial stages of the dam removal
process (those that produce very steep slopes).
That is, the modified equation (2) predicts during
the early stages a slower process of erosion than
the actually observed.

3.3 Foreset slope evolution
The time evolution of the foreset slope is modeled
here, assuming that it is a straight line passing
through the top of the remaining dam. That is, this
point acts as a fulcrum, around which the line rotates. If the time evolution of this foreset slope is
known, the process of degradation upstream of the
dam is be easily evaluated assuming the topset
slope is also known.
We have analyzed the process during the 2nd
dam removal. The foreset slope at different times
for the four experiments was obtained by least
squares fitting. In order to deal with all four experiments, a dimensional analysis has been carried
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all four experiments. However, as time goes by,
every run develops a unique curve.

Figure 9. Calculated foreset slopes for all runs after the 2nd
removal as a function of dimensionless time defined in (1).

Figure 10. Dimensionless sediment volume (as a fraction of
the total volume of the delta) released at the position of the
dam for all four experiments carried out. A single expression that describe the volume is presented as a function of
parameter a.

3.4 Sediment transport rates
Once bed elevation and top width change are
known, sediment discharge can be obtained by a
volumetric calculation. There are several possibilities for calculation, mainly regarding water
width change: for instance, if a particular crosssection widens, an extra amount of sediment coming from the banks has to be added. Theoretically,
one cross-section can widen or narrow (in the
transverse direction), and also aggrade or degrade.
This gives 16 combinations of calculation if a
control volume bounded by two consecutive
cross-sections is considered. However, the most
relevant possibilities are those that involve degradational processes. In case of widening, volume
calculation must account for the material coming
from the entire height of the bank (not only the
depth of bed degradation). Obviously, this bank
gets higher as bed degrades.
Maximum sediment discharge at the outlet largerly depends on the height of the slat that is removed. In these experiments, this value is more or
less constant for all runs, because the slats are always 4 cm high. If bed width were kept constant
during the whole degradational process, the total
evacuated sediment volume out would depend on
the difference between the initial and final bed
slopes. The latter is a function of the boundary
conditions, sediment and water discharge. It
should also be noted that time at which the final
configuration is reached is highly dependent on
water discharge.
Sediment discharges at the outlet have been obtained by volumetric calculations. Higher sediment transport rates were observed for runs with
higher water discharges. Sediment volume calculated after the 1st slat removal is shown in Figure
10. The asbscissa shows is dimensionless time defined by equation (1). The volume follows the
same curve for the early stages of the process in

Figure 10 also shows the equation that has been
fitted to predict the sediment volume released
downstream after a removal:
a

Vs
t
= a
V f t + 750

(3)

The expression (3) depends on one hand on the
parameter a and on the other on the final volume
Vf that would theoretically be released. Both of
these parameters are shown in the equation directly on the figure. The latter parameter roughly depends on the geometry configuration (dam height,
bed slopes, etc). The former depends only on the
water discharge, Qw as:

a = 1.0 ⋅ Qw0.12

(4)

Once the sediment volume is known, dimensional sediment discharge Qs can be obtained by
just taking the derivative of the equation (see Figure 10):
Qs = K Q

at

a −1

(t + 750 )
a

2

(5a)

where dimensional coefficient KQ is given by
K Q = 750

QwV f
H3

(5b)

The volumetric methodology used to compute
total sediment discharges enables us to obtain the
contribution of the discharge coming from the
banks. This ratio has been calculated and integrated to get an averaged value for the 1st and the
2nd dam removal period. It is found that that for
the first removal the material coming from the
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banks represents 5.5% of the total sediment; this
proportion rises to 18.2% for the second dam removal period. This order-one difference is produced because during the first period, as noted
above, there is no channel widening (the bed degrades and narrows and the narrowing is maintained) while in the second period there is rapid
recuperation of width after some narrowing in the
closer sections to the dam location.

Center funded by the US National Science Foundation (Grant EAR-0203296).
REFERENCES
ASCE. 1997. Guidelines for Retirement of Dams and Hydroelectric Facilities. ASCE, New York, NY, 222 pp.
Bednarek, A. 2001. Undamming Rivers: A Review of the
Ecological Impacts of Dam Removal, Environmental
Management, 27(6), 803–814.
Cantelli, A., Paola, C. and Parker, G. 2004. Experiments on
upstream-migrating erosional narrowing and widening
of an incisional channel caused by dam removal, Water
Resources
Research,
40,
W03304,
doi:
10.1029/2003WR002940.
Cantelli, A., Wong, M., Parker, G. and Paola, C. 2007. Numerical model linking bed and bank evolution of incisional channel created by dam removal, Water Resources
Research,
43,
W07436,
doi:
10.1029/2006WR005621.
Cheng, F. and Granata, T. 2007. Sediment transport and
channel adjustments associated with dam removal: Field
observations, Water Resources Research, 43, W03444,
doi:10.1029/2005WR004271.
Cheng, F., Zika, U., Banachowsky, K., Gillenwater, D. and
Granata, T. 2006. Modelling the effects of dam removal
on migratory walleye (Sander vitreus) early life-history
stages, 22, 837-851.
Doyle, M.W., Stanley, E.H. and Harbor, J.M. 2003. Channel
adjustments following two dam removals in Wisconsin,
Water
Resources
Research,
39(1),
doi:10.1029/2002WR0011714.
Evans, J.E., Mackey, S.D., Gottgens, J.F. and Gill, W.M.
2000. Lessons from a dam failure, Ohio J. Sci., 100,
121-131.
Graf, W.L., (Ed.) 2002. Dam Removal Research. Status and
Prospects. Proceedings of The Heinz Center's Dam Removal Research Workshop, October 23-24, 2002. The
H. John Heinz III Center for Science, Economics and the
Environment, Washington DC, 164 pp.
Granata, T.C., Cheng, F. and Nechvatal, M. 2008. Discharge and suspended sediment transport during deconstruction of a low-head dam, Journal of Hydraulic Engineering, 135(5), 652-657.
Parker, G. 1978. Self-formed straight rivers with equilibrium banks and mobile bed. Part 2. The gravel river.
Journal of Fluid Mechanics, 89(1), 127-149.
Shuman, J.R. 1995 Environmental considerations for assessing dam removal alternatives for river restoration, Reg.
Rivers, Res. Management, 11, 249-265.
Viparelli, E., Sequeiros, O., Cantelli, A. and Parker, G.
2008. A numerical model to store and access the stratigraphy of non-cohesive sediment as an alluvial bed aggrades and degrades in a flume. River, Coastal and Estuarine Morphodynamics 2007, Dohmen-Janssen &
Hulscher (eds). University of Twente (The Netherlands),
September, 447-455.
Wong, M. Parker, G, DeVries, P., Brown, T.M. and Burges,
S.J. 2007. Experiments on dispersion of tracer stones
under lower-regime plane-bed equilibrium bed load
transport, 43, W03440, doi:10.1029/2006WR005172.

4 CONCLUSIONS
A set of experiments on dam removal with sediment mixtures is presented. The dam was removed in a staged way by dividing the entire
height of the dam into three stacked horizontal
slats. Each slat was sequentially removed once
morphological changes induced by the previous
removal, both upstream and downstream of the
dam, were minor.
During the early stages after a given removal,bed profiles showed an upward-convex trend,
whereas as water concentrates into the central pilot channel, bed exhibited an upward-concave
profile later on. It is suggested that this change is
caused by flow concentration from the floodplain
into the channel.
In all dam removal experiments, the width
change associated to bed degradation followed a
similar trend: sudden narrowing that it is approximately kept constant after the 1st removal and
sudden narrowing followed by slow widening as
run proceeds after the 2nd one.
It is found that the foreset time evolution/dissection after dam removal, i.e. the upstream degradation rates, can appropriately be described by a power function of a dimensionless
time that accounts for water discharge and dam
height.
Finally, some expressions are given to describe
temporal evolution of the sediment volume (and
sediment transport rate) released downstream after
removal, as a function of the two main variables
involved in the process: height and flow rate.
Good results are obtained when comparing experimental data and results with the mathematical
expressions, even though the lack of data does not
allow us to validate these latter equations.
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ABSTRACT: This paper presents the application of iSed, an integrated numerical sediment transport and
morphology model, to a section of the Danube East of Vienna. The model is coupled with external 2-D or
3-D hydrodynamic codes to obtain the flow field and bed shear stress patterns driving sediment transport
processes. It solves a convection-diffusion equation to account for suspended load; various empirical
formulae have been included to calculate bed load transport, the Meyer-Peter/Müller equation being employed in the case of the Danube River. All equations are evaluated for an unlimited number of sediment
size fractions, allowing the consideration of sorting processes. The numerical model was calibrated for
the Danube River based on mean values of suspended load measurements using a US-P-61 suspended sediment sampler and bed load measurements using a basket sampler. Numerical modeling was performed
employing both a uniform and a non-uniform formulation of the Meyer-Peter/Müller equation including
hiding-exposure corrections. It was found that the uniform equation largely underestimates transport rates
for discharges lower than mean flow as it predicts a later onset of bed load transport, while the nonuniform equation yields results in consistence with the measurements. For higher discharges, the uniform
equation was found to overestimate the actual bed load transport.
Keywords: Sediment transport, Numerical models, Bed load movement, Empirical equations, Danube
River
and is therefore not subject to limitations imposed
by a specific implementation of hydrodynamics.
While many of the transport formulae implemented in numerical models were originally derived for uniform sediment, in recent years a trend
towards consideration of actual grain-size distributions using a non-uniform approach is notable.
Often this is achieved by introducing a correction
factor for hiding and exposure in bed load transport equations (Wu et al., 2000a) or by the solution of the governing equations for every size
fraction of suspended sediment (Guo & Jin, 2002).
Sun & Donahue (2000) presented a statistically
derived bed load formula for non-uniform sediment; a stochastic approach towards considering
hiding and exposure effects was taken in Wu et al.
(2000b). Non-uniform sediment transport formulations were found to yield results in better
agreement with measurements of bed elevation
changes both using laboratory data (Fischer-Antze
et al., 2009) and field data (Hung et al., 2009).
However, a direct comparison of measured and
predicted transport rates was rarely conducted so

1 INTRODUCTION
Various numerical models for the prediction of
sediment transport in rivers have been developed
in the past, characterized by different dimensionality and degree of sophistication. For a large
number of engineering problems, the use of oneand two-dimensional models proved successful
(Zeng et al., 2008), while sediment transport
processes under the influence of secondary currents could only be modeled correctly when parameterizing the vertical flow structure (Minh Duc
et al., 2004) or employing a 3-D model (Olsen,
2003). However, practically all numerical models
for sediment transport have in common that they
also compute the flow field required as basis for
transport processes, thus effectively restricting the
applicability to the dimension and inherent limitations of the underlying hydrodynamics. In this
study the sediment transport model iSed (Tritthart
et al., 2009) is employed, which is coupled with
external 2-D or 3-D hydrodynamic codes capable
of starting from a previous solution (hot-start),
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the Meyer-Peter/Müller equation is based on the
mean diameter, there exist also formulations based
on the median diameter d50 (ATV-DVWK, 2003).
Substituting dm by d50 has also shown to improve
sediment transport calculations in the case of
highly non-uniform sediment (Hauer et al., 2010).
The critical mobility parameter θc can either take
a fixed value (usually θc = 0.047) or is alternatively calculated from a parameterization of the
Shields curve. Although originally determined as
cMP = 8, in practice the pre-factor cMP requires calibration (Habersack & Laronne, 2002) and usually ranges between 2 and 8 (ATV-DVWK, 2003).
The non-uniform formulation of the MeyerPeter/Müller equation, including a hidingexposure correction and suitable for several size
fractions, is implemented as:

far, particularly not in the context of comparing
uniform and non-uniform sediment transport formulae.
In this paper both the uniform MeyerPeter/Müller bed load transport equation, as well
as a modification intended to account for hiding
and exposure effects (ATV-DVWK, 2003) and
applied to several grain size fractions (Tritthart et
al., 2009) are employed to a stretch of the Danube
River East of Vienna. The results of the different
formulations are compared to each other and to
bed load transport measurements.
2 INTEGRATED SEDIMENT TRANSPORT
MODEL (ISED)
Sediment transport computations are usually
based on sediment properties as well as hydrodynamic properties, such as bed shear stress patterns, flow velocities and water depths. The iSed
sediment transport model is coupled with an external hydrodynamic code in order to obtain these
properties, which are then available for every time
step (Tritthart et al., 2009). The transport model
acknowledges various different mesh types and
can therefore be coupled with either 2-D or 3-D
hydrodynamic models. In the case study presented
here, the sediment transport model is coupled with
the RSim-2D hydrodynamic code, which provides
a Finite Element solution to the shallow water equations on a triangular mesh, embedded into the
RSim modeling framework (Tritthart, 2005).

qsi = pi c MP

2.2 Suspended sediment transport
Transport of suspended sediment follows a convection-diffusion equation which incorporates an
exchange term to account for interaction with the
river bed:

Bed load as the dominant form of transport in gravel bed rivers is calculated by the evaluation of
empirical formulae in the iSed model. In the case
study presented in this paper, the MeyerPeter/Müller transport equation was used, both in
its standard uniform formulation (Meyer-Peter &
Müller, 1948) and including a hiding-exposure
correction in order to account for non-uniform sediment transport (ATV-DVWK, 2003). The uniform formula is implemented as:

qs = c MP

3

⎤
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α

where pi is the mass percentage occupied by grain
size fraction i in the sediment mixture, di the mean
diameter of the sediment fraction and dref a reference diameter, selected as dref=d50. The influence
of hiding and exposure is dominated by the exponent α which must be calibrated for a river reach
and usually takes values in the range of 0 (no correction) to 1 (linear correction).

2.1 Bed load transport
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(3)

In Equation (3), c denotes the suspended sediment
concentration, uj the flow velocities in the corresponding coordinate directions xj, Kt the depthaveraged diffusion coefficient, and t the time. sdep
is the deposition flux and sero the erosion flux with
respect to the sediment layer at the river bed. The
deposition flux is estimated from the depthaveraged suspended sediment concentration using
the approximation of the concentration profile
given by van Rijn (1984); the erosion flux is cal-

(1)

where qs denotes the overall bedload transport capacity, ρs the sediment density, ρ the density of
water, and g the gravitational acceleration. u* denotes the shear velocity and dm the mean diameter
of the sediment. While the original formulation of
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culated according to Garcia and Parker (1991).
Equation (3) is evaluated using the Finite Volume
Method for every size fraction i smaller than
1 mm, yielding the suspended sediment concentration for every node of the computation mesh.

terests: (i) ecology, as most of the river reach is
part of a national park; (ii) navigation, as the Danube river corridor is part of an international waterway; (iii) flood protection and river engineering.
Due to the retention of sediments in upstream
reservoirs and the prevention of side erosion by
stabilized banks, a significant sediment deficit is
present in the river reach, consequently leading to
ongoing river bed degradation. Observations (Donauconsult, 2006) demonstrate an average bed degradation rate of 2-3.5 cm per year, leading to a
strong down-cutting of the river into its alluvium,
eventually causing a river bed break-through into
fine, marine deposits (Habersack et al., 2007).
Furthermore, the river section is characterized
by ecological deficits, as side arms have been disconnected and morphodynamic processes restricted since a major river restoration scheme in
the late 19th century. Concerning navigation, the
minimum water depth required for an international waterway is frequently not met during low flow
periods, particularly in areas of fords. Hence,
yearly ford dredging is performed to ensure ship
passage, which is not a sustainable measure (Habersack et al., 2007).
In order to combine all the interests and to
solve the problems for all stakeholders, the “Integrated River Engineering Project on the Danube
East of Vienna” was initiated. Several measures
will be undertaken, such as the removal of bank
protection structures, the reconnection of side
arms and the modification of groin structures in
shape and crest elevation. The problem of ongoing
river bed erosion will be tackled by a granulometric bed improvement: by adding larger gravel sizes within the natural grain size spectrum it is anticipated to reduce sediment transport to about 10
to 15% of its current value. The added material
will have a dimension of 40/70 mm which is larger than the average size but smaller than the largest grain of the natural sediment of the Danube
River in the project reach. Initially, a layer of 25
cm thickness will be superimposed on defined
areas of the river bed, which is expected to mix
with the normal load in the following years. Thus
a paved river bed with undesirable effects for benthic life will be prevented (Liedermann et al.,
2006).
Measures will be first implemented in a test
reach of 3 km length (Figure 1a), comprising a nature-scale experiment. In order to obtain insights
into the processes taking place and to ensure success of the measures planned, a comprehensive
monitoring campaign has been conducted. Lessons learned from the monitoring and evaluation
of these measures will be considered for the entire

2.3 Bed evolution
The temporal evolution of the bed elevation at
every computation node is calculated for every
size fraction i following the Exner equation:

(1 − n ) ∂z
p

i

∂t

+

∂qsi , x ∂qsi , y
+
= sdep ,i − sero ,i
∂x
∂y

(4)

where zi is the vertical change in the bed elevation
due to sediment transport processes in the fraction i; qsi,x and qsi,y represent the bed load transport
rate, split into coordinate directions x and y, according to the direction of the near-bed flow vector; nP is the pore content of the sediment. The
right-hand side of Equation (4) denotes the balance between deposition and erosion flux due to
suspended sediment transport.
The equation is solved applying the Finite Volume Method on an arbitrarily shaped control volume surrounding the computation node, applying
the numerical technique described in Tritthart &
Gutknecht (2007), thus eventually yielding the
vertical bed level changes for every grain size
fraction.
2.4 Grain sorting
Grain sorting follows the theoretical concept of
applying an exchange layer at the interface between river bed and water column where all mixing processes take place. The width of this layer,
which is usually in the range of d90 to 4 x d90 of
the bed material, is a model calibration parameter
and influences the coarsening and fining of the
bed sediment due to erosion and deposition
processes, respectively (Tritthart et al, 2009). In
case of erosion, sediment from lower subsurface
layers is added to the mixing layer; if deposition is
occurring, the deposited material is added while
the layer always retains the same thickness. Thus,
a new grain size distribution is obtained for every
time step.
3 CASE STUDY AT THE DANUBE EAST OF
VIENNA
3.1 Integrated River Engineering Project
The Austrian Danube River East of Vienna (Figure 1b) is characterized by several conflicting in979

river reach throughout the future course of the
project (Tritthart et al., 2008).

Figure 1. (a) Computational domain of the 3 km test reach at
the Danube River East of Vienna; (b) location of the project
reach within Austria.

3.2 Set-up, calibration and validation of the
numerical sediment transport model

Figure 2. Mean grain sizes of bed material in four selected
layers (t = depth below the river bed).

In the scope of the integrated river engineering
project, a numerical sediment transport model was
set up to assess and predict sediment transport and
morphodynamics in the river section. For this
purpose, the iSed model was coupled with the
two-dimensional shallow water hydrodynamics
code RSim-2D. The hydrodynamic model consisted of 72,500 triangular mesh cells; surface
roughness was calibrated using numerous measurements of flow velocity and water surface elevations.
In order to set up and calibrate the numerical
sediment transport model, several field samples
and measurements were taken: (i) bed load, using
a basket sampler at various cross-sections during
discharges spanning the entire range from low
flow to a 15-year flood; (ii) suspended load, using
a US P-61-A point integrating suspended sediment sampler at various cross-sections during
several different runoffs; (iii) grain size distribution of bed layers, by analysis of around 150 volumetric samples and 50 freeze core probes, divided into 10 layers of 0.1 m thickness. The 50
freeze core probes were arranged in three points
per cross-section every 200 m along the entire
length of the test reach. The grading curves obtained after sieving were characterized on average
by a mean diameter dm = 25.4 mm, a median diameter d50 = 21.5 mm, a diameter d90 of 53.5 mm
and a standard deviation σ = (d84/d16)0.5 = 3.0.

Using the Kriging methodology, grain size distributions between the sampling points of all 10
bed layers were interpolated to obtain the entire
subsurface sediment composition, which was entered into the model; hydraulically or sedimentologically differentiated regions (i.e. groin fields)
were considered separately. Sediments were found
to be characterized by a high spatial variability as
visible from the mean grain size distribution (Figure 2).
The non-uniform formulation of the MeyerPeter/Müller bed load transport formula (Equation
(2)) was calibrated on the mean sediment transport rates obtained from basket sampler measurements. This way, the pre-factor was calibrated as
cMP=5.0, which is also used in a modification of
the formula by Hunziker (1995). Concerning the
critical mobility parameter θc, both the usage of a
Shields parameterization and a fixed value were
compared during the calibration process. It was
found that the application of a Shields parameterization led to a fining of the transported sediment
compared to measurements; therefore a constant
value was used instead (θc =0.047). The general
importance of a calibration of the critical mobility
parameter was also outlined in Habersack & Laronne (2002).
The computed bed load transport capacity was
found to exhibit high sensitivity to the hidingexposure correction exponent α (Tritthart et al.,
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ical models, in order to allow the model to achieve
equilibrium state not only concerning hydrodynamics but also regarding sediment transport due
to mixing of bed load and bed sediment material.
The non-uniform formula predicts bed load
transport even for low flow (RNQ), which is in
consistence with bed load measurements. Higher
transport rates are calculated particularly in the
first kilometer of the test reach and in a section
narrowed by the existence of a gravel bank near
the right bank of the river, taking values of over
0.1 kgs-1m-1 (Figure 4, a-1). In contrast, the uniform formula predicts zero bed load transport in
almost the entire river reach with the exception of
a small patch close to the gravel bank, where the
calculated bed shear stress values exceed the critical shear stress for the mean grain size (Figure 4,
a-2).
When comparing the transport calculations for
mean flow (MQ), a similar pattern can be seen.
The non-uniform formulation of the MeyerPeter/Müller equation yields non-zero bed load
transport capacities in the entire river bed, exhibiting maxima in the navigation channel of the river
– a section of 120 m width near the center line of
the river – (Figure 4, b-1). In general, the bed load
transport predicted is slightly higher than during
low flow. In contrast, the calculations using the
uniform formula again show practically no transport in the entire river with the exception of the
outflow cross-section, where the river is narrowed
by a gravel bank near the left bank, and several
smaller patches distributed over the entire bed
(Figure 4, b-2).
For the highest navigable flow (HSQ), which is
close to annual flood level, flow is distributed
through the main channel as well as through several side arms. The non-uniform formula predicts
bed load transport rates of around 0.3 kgs-1m-1 in
the entire main channel, with transport rates in
some confined patches exceeding 0.5 kgs-1m-1
(Figure 4, c-1). Though there is virtually no bed
load transport in the side arm connected at the
right bank, the general flow situation in the river
bend leads to significant flow and bed load transport in the side arms connected at the left bank.
While the overall pattern of sediment transport
is consistent between uniform and non-uniform
formulae at HSQ, however, the transport rates
predicted by the uniform formula are significantly
higher, ranging between 0.5 and 3 kgs-1m-1. As
opposed to the results of the non-uniform calculations, most areas characterized by high bed load
transport are predicted to lie directly adjacent to
areas of zero bed load transport, without a gradual
increase in transport rates (Figure 4, c-2). Since
the difference in bed load transport capacity directly translates into morphodynamic activity ac-

2009). The best fit with measured transport rates
was obtained by α=0.25.

Figure 3. Comparison of measured and simulated (nonuniform calculations) bed load transport profiles at mean
flow; top: bridge cross-section; bottom: downstream crosssection.

In order to validate the modeling results, measured and simulated bed load transport profiles for
discharges near mean flow (MQ ± 10%) were
compared at two cross-sections (Figure 3; the location of the bridge cross-section is indicated in
Figure 1a, the downstream cross-section is located
near the downstream end of the test reach). It was
found that the computed profiles fit very well into
the range of measured data, which generally
showed a significant spatio-temporal variability,
though in consistence with literature (Habersack
et al., 2008).
3.3 Results and discussion
Using the calibrated and validated numerical sediment transport model, bed load transport capacities were computed for various discharges, comparing the uniform and non-uniform formulations
of the Meyer-Peter/Müller equation (Equations (1)
and (2)). Figure 4 shows the calculated transport
capacities for regulated low flow (RNQ, 915 m3s1
), mean flow (MQ, 1930 m3s-1) and highest navigable flow (HSQ, 5060 m3s-1) after three consecutive days of the respective discharge. This
three-day approach phase was selected in analogy
to the spatial approach section required by numer981

zero bed load transport since the critical shear
stress is not exceeded.

cording to Equation (4), a steep gradient in this
parameter consequently leads to undesired local
sedimentation and erosion phenomena.

Table 1. Comparison of measured and computed bed load
transport through the bridge cross-section for various discharges, using uniform and non-uniform formulations of the
Meyer-Peter/Müller sediment transport equation.
Discharge
RNQ
MQ
HSQ
915
1930
5060
Q [m3s-1]
2.4
2.4
28.8
Qbmin [kgs-1]
6.3
9.5
95.4
Qbmax [kgs-1]
4.4
6.0
65.8
Qbavg [kgs-1]
-1
Qbnonuniform [kgs ]
4.7
6.0
22.5
0.0
0.0
258.2
Qbuniform [kgs-1]
Abbreviations: Q = flow discharge; Qbmin = minimum crosssectional bed load transport measured; Qbmax = maximum
cross-sectional bed load transport measured; Qbavg = average cross-sectional bed load transport of all measurements
in the range of ±10% of the given characteristic flow discharge; all measurements presented were taken at the bridge
cross-section; Qbnonuniform = modeled cross-sectional sediment transport using the non-uniform formula; Qbuniform =
modeled cross-sectional sediment transport using the uniform formula.

Bed load transport at the highest discharge analyzed (HSQ) shows a high variability in nature as
the measured values vary between 28.8 and
95.4 kgs-1, with an average value of 65.8 kgs-1.
While the non-uniform calculations result in
transport values slightly lower than the range of
measurements (22.5 kgs-1), the application of the
uniform formula yields a bed load transport of
258.2 kgs-1. This value is significantly higher than
the maximum bed load transport rate measured at
any discharge; hence, the uniform formula clearly
overpredicts the actual bed load transport. However, when a separate calibration of the uniform
sediment transport formula was performed (by
adaptation of the critical mobility parameter θc),
the calculated transport rates for higher discharges
could be reduced to fit into the range given by the
measurements. Similar findings were also documented in Habersack & Laronne (2002), based on
investigations at the Drava River.

Figure 4. Plan view of calculated bed load transport capacities for uniform and non-uniform formulations of the Meyer-Peter/Müller transport equation; (a-1) 915 m3s-1 (RNQ),
non-uniform; (a-2) 915 m3s-1 (RNQ), uniform; (b-1) 1930
m3s-1 (MQ), non-uniform; (b-2) 1930 m3s-1 (MQ), uniform;
(c-1) 5060 m3s-1 (HSQ), non-uniform; (c-2) 5060 m3s-1
(HSQ), uniform.

In order to compare the computed bed load
transport rates with measured data, transport
through the bridge cross-section (Figure 1a) was
calculated from the spatially distributed data both
for simulation results and measurements; the result is presented in Table 1. For regulated low
flow (RNQ), the average of all bed load transport
measurements (4.4 kgs-1) is very close to the nonuniform calculations (4.7 kgs-1). The uniform calculations predict a bed load transport rate of
0.0 kgs-1 since the bed shear stress does not exceed the critical shear stress of the mean sediment
diameter. A similar result is obtained for mean
flow (MQ): the average value of all measurements
is equal to the non-uniform calculations
(6.0 kgs-1). Again, the uniform calculations yield

3.4 Implications for morphodynamic and annual
load calculations
Since morphodynamic processes take place mostly during phases of high river discharge, the usual
application of sediment transport formulae (uniform and non-uniform), calibrated indirectly on
the morphologic changes between several geodetic surveys is not expected to introduce significant
errors into the morphological predictions. However, all long-term morphological developments taking place during phases of low and mean flow discharges are consequently disregarded.
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load is consequently underpredicted by the uniform sediment transport formula. Furthermore,
longer phases of lower discharges may occur
which cause erosion and sedimentation due to the
specific conditions encountered; i.e., erosion due
to a reduction of the cross-section size and resulting higher flow velocities and bed shear stresses.
These processes, as well as the calculation of the
annual sediment load, can only be predicted correctly when applying non-uniform sediment transport formulae.

When the annual sediment load is calculated, it
is important to note that the application of a uniform, single-grain sediment-transport formula inevitably leads to a gross underprediction of the result. Even if bed load transport at high discharges
is correctly modeled, discharges of 5,060 m3s-1
(HSQ) and higher occur only during 1% of the
year (3.6 days) on the Danube River East of Vienna. During the rest of the year, the calculated load
is significantly too low, since the uniform formula
predicts incipient motion at approximately
3,500 m3s-1 whereas this value is actually less than
900 m3s-1 according to non-uniform calculations,
which are in entire consistence with measurements. Therefore the usage of non-uniform transport formulae is highly important for a correct
calculation of annual bed load transport.
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4 CONCLUSIONS
An integrated sediment transport and morphology
model that uses the results of external 2-D or 3-D
hydrodynamic codes has been developed. The
model is capable of computing suspended and bed
load transport, as well as bed evolution and grain
sorting processes for an arbitrary number of grain
size classes, employing hiding-exposure corrections in the empirical transport formulae.
The numerical sediment transport model was
applied to a stretch of the Danube River East of
Vienna, calibrated directly on transport measurements using a basket sampler. Numerical modeling was performed employing both a uniform and
a non-uniform formulation of the modified Meyer-Peter/Müller equation including hidingexposure corrections. It was found that the uniform equation largely underestimates transport
rates for discharges lower and equal to mean flow,
as it predicts a later onset of bed load transport,
while the non-uniform equation yields results in
consistence with the measurements. For higher
discharges, the non-uniform equation slightly underestimated transport rates, while the uniform
equation was found to highly overpredict the actual bed load transport. This aspect could, however, be mitigated if the transport formula was specifically calibrated for high discharges and the
corresponding morphological changes on the river
bed. In general, the study shows that the conduction of bed load transport measurements using a
basket sampler at various discharges is an essential prerequisite for calibration purposes of the sediment transport formula applied.
Even though the underestimation of sediment
transport rates for lower runoffs is not so problematic as these discharges are not usually related to
large morphological changes, the annual sediment
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ABSTRACT: A 2D morphodynamic river model is applied to evaluate bed level changes after implementation of a flood prevention measure. The bed level changes are calculated in a deterministic simulation
using a simplified discharge hydrograph, as well as in a probabilistic approach where a set of variable,
more realistic discharge time-series is used. It is demonstrated that variability in the dischargehydrograph has important impacts on the resulting bed levels, and that by using a simplified hydrograph
in the deterministic calculation relatively large uncertainties are associated with the morphological outcomes. Recommendations are given to construct an adjusted simplified hydrograph that may yield a better match with probabilistic results, and thereby reducing uncertainties of deterministic morphodynamic
calculations. Also, it is shown that morphological effects caused by a flood prevention measure may vary
significantly laterally across a river section. This observation reinforces the need for a 2D approach in the
evaluation of morphodynamic effects of river interventions.
Keywords: Morphodynamic modeling, River Rhine, Probabilistic analysis, Monte Carlo simulation
lands, such 2D models are now becoming an
integral part of impact assessments of river engineering works, such that flood protection objectives are fulfilled while guaranteeing the required
navigability conditions (Havinga et al., 2009).
In morphodynamic models, subroutines are included that link water flow to sediment transport.
As a result of the calculated sediment transport,
the bed levels are adjusted such that the total
amount of bed material in the system is conserved.
Sediment load varies strongly with river discharge. Therefore, long-term morphological
changes can only be simulated realistically if a
representative range of discharges is used in the
calculations. For this purpose, commonly a simplified discharge hydrograph is defined. That way,
the total amount of discharge levels is kept limited, which reduces the overall calculation time.
In the current study we investigate the reliability of using a simplified discharge hydrograph in
2D morphodynamic calculations. Does such a
simplified hydrograph lead to representative bed
level changes? To answer this question, we compare the results of a morphodynamic calculation
using a simplified discharge-hydrograph with re-

1 INTRODUCTION
Nowadays, morphodynamic models of rivers are
becoming a more common tool in a variety of engineering and scientific studies. Examples are the
studies by Verhaar et al. (2008), who investigated
the morphological response to short term climate
change, and van Vuren (2005), who used a morphodynamic model to study impacts on navigation
requirements. On river reach scales, these studies
mostly rely on 1-dimensional treatment of the hydrodynamics and the morphological response.
These models give indications of the reachaveraged magnitudes of sediment transport quantities and erosion and sedimentation rates. However, whenever local sedimentation processes become relevant, such as pool or bar formation, 1D
models can no longer describe the desired level of
detail and 2D models become a necessity. Also, in
case that intervention measures in a river occur
only on one side of the river channel or if the river
is strongly meandering, a realistic view on morphodynamic effects may only be achieved by utilizing 2-D morphodynamic models (e.g. Vasquez
et al. 2008, Formann et al. 2007). In the Nether985

sults from Monte Carlo simulations that are based
on more realistic discharge time-series.

* Ten Brinke et al. (2001)
Measurements by Rijkswaterstaat 1990-2005 (e.g. Sieben
2005)

§

2 METHODOLOGY
The methodology in the current study involves a
2D-morphodynamic model of a river reach in the
Netherlands. The model is used in a deterministic
as well as in a probabilistic calculation procedure.
In the deterministic procedure, a single calculation
is carried out using a simplified representative
discharge hydrograph as upstream boundary. In
the probabilistic procedure a set of 55 calculations
is carried out using more realistic discharge timeseries. In the following sections the characteristics
of the model and the calculation procedures are
explained in further detail.

Figure 1. Measured mean grain size of bed material and the
calibration result of the morphodynamic model.

2.1 The morphodynamic model

2.2 Representative hydrograph

A 2D morphodynamic model of the river Rhine is
used, which is implemented in the software package Delft3D (see Lesser et al., 2004, Yossef et al.,
2008). The model incorporates complex timedependent multi-dimensional phenomena, such as
curvature-induced point bar and pool patterns in
bends. Impact assessment is possible at the small
and intermediate spatial scales (in the order of
hectometers and kilometers). Main limitations at
this moment are proper simulation of the morphodynamic response in the near bank region and
proper simulation of sediment exchange between
the floodplain and low water bed (Havinga et al.,
2005).
At the upstream boundary of the model a discharge time-series is imposed as a hydraulic
boundary condition. In the calibration procedure
of the model (see Sloff et al. 2006 and Yossef et
al., 2007), this representative discharge hydrograph was used while adjusting model parameters
until an acceptable match was achieved with average bed level changes, sediment loads and bed
disturbances that were measured in the field. The
main calibration parameter is the D50 grain size
distribution of bed material. Figure 1 shows the
D50-values obtained in the field as compared with
the calibration result. Table 1 gives an overview
of the morphodynamic response of the model after
calibration (sediment loads, annual bed level
changes and celerity of bed disturbances).

A simplified representative discharge hydrograph
is constructed from measured discharge timeseries between 1990 and 2000 (see Figure 2). In
this hydrograph five discharge levels are chosen
such that their frequency of occurrence matches
the probability density function of the measured
discharge times-series. Also the discharge levels
are distributed over a one-year time span such that
typical high- and low-discharge periods are well
represented. In Sloff et al. (2006) more details can
be found on the derivation of the simplified representative discharge hydrograph.

Figure 2. The representative discharge hydrograph that is
used in the deterministic morphodynamic calculation.

2.3 Deterministic vs. probabilistic approach

Table
1. Model validation (morphodynamic response)
______________________________________________
Quantity
Unit
Measured Model
______________________________________________
4 3
Sed. load upstream
10 m /yr
6 - 9.5*
7.5
8 - 11.5* 8.8
Sed. load downstream 104 m3/yr
-3
Bed level change
cm/yr
-2.5§
1.1
Bed disturbances
km/yr
0.96§
_____________________________________________

The morphodynamic Rhine model is affected by
various uncertainties, including those in the model
schematisation and in the specification of the
model input (for example boundary conditions, initial conditions) and the model parameters. Out of
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the various sources of uncertainty involved in the
Rhine model, only the uncertainty in the discharge
hydrograph imposed at the upstream boundary is
considered. For this purpose, Monte Carlo simulation is utilised to quantify the ensuing uncertainty
in the morphology. The outcomes of the Monte
Carlo simulations (the probabilistic approach)
will be compared to the outcome of the calculation using a simplified representative discharge
hydrograph (Figure 2, the deterministic approach).
The principle of Monte Carlo simulation
(Hammersly & Handscomb, 1964) is to run a deterministic model repeatedly, each time with a different set of model inputs. For each model run, a
new discharge time series is constructed. On the
basis of the set of outputs of all model simulations, the morphological response statistics are
analysed in terms of the expected mean and percentile values that correspond with 1-σ and 2-σ
deviations from the mean (e.g. percentile values of
2.3%, 15.9%, 84.1% and 97.7%). A sample size of
55 simulations is adopted for the probabilistic
analysis.

Figure 3. Synthesized discharge time-series.

2.5 Selected case: a flood protection measure in
the river Lek
For the case study, a river widening measure, having the objective of flood protection along the river Lek is chosen. The Lek (which extends from
the Nederrijn, i.e. the lower Rhine) is one of the
Rhine branches in the Netherlands and carries
roughly 20% of the Rhine-discharge that enters
the Netherlands (see Figure 4). The chosen flood
protection measure consists amongst others of widening the main channel towards the southern
bank from 100 to 200 m (starting just downstream
of location rkm 948 until rkm 951, see Figure 5).
The widened part of the channel is separated from
the main channel by a longitudinal dam containing several openings. In an earlier study, the impact of closing the openings step by step has been
investigated (Van Vuren & Barneveld, 2008).
Here, two openings in the dam are used, as illustrated in Figure 5. This means that on average
only during 30 days a year discharge is conveyed
through the channel behind the dam.
The bed level changes in the selected river
reach will be evaluated after 10 years of morphodynamic evolution. For the deterministic case this
means that the simplified hydrograph from Figure
1 is repeated 10 times in the calculation. In the
Monte Carlo simulations, 55 different 10-year
time series are being used (Figure 3).

2.4 Synthesization of discharge series
In the Monte Carlo simulation realistic discharge
time-series are used as input. These discharge
time-series are synthesized from discharge measurements between 1990 and 2000 by using the
Nearest Neighbor methodology. In the Nearest
Neighbor methodology a new time series is constructed by resampling from the original data set,
while preserving the dependence structure of the
original time-series (Lall & Sharma, 1996). The
underlying concept is that resampling is restricted
to the measured values that have similar characteristics as those of the latest selected value. One of
these values, also known as Nearest-Neighbours,
is selected at random and its successor is the next
value to be added to the sequence.
In order to match the discharge time series with
the numerical time step applied in the simulation,
a conversion from daily discharges to discharges
per interval of approximately 10 days is required.
Therefore, the data is averaged over intervals of
approximately 10 days, such that 36 of these intervals form a year (see Figure 3 for one of the
synthesized 10-year time-series).
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down. Further upstream, the longitudinal dam in
the flood protection measure keeps flow velocities
similar to the reference situation. This is the case
as long as the water level does not exceed the
crest of the dam. Only when the longitudinal dam
is overflown (on average 30 days a year) widening
of the flow field is taking place, resulting in lower
flow velocities leading to local sediment deposition. Therefore, regarding morphodynamic
processes alongside the longitudinal dam two situations can be discerned:
1 At low discharges (if the water level is below
the crest of the dam) the flow field is kept similar to the reference situation. Depending on the
exact location in the main channel, the bed level changes little (relatively weak sedimentation
or erosion may take place).
2 At higher discharges (if the water level is
above the crest of the dam) sedimentation occurs due to widening of the flow field.

Figure 4: The Rhine branches in the Netherlands. At the bifurcation points estimates of the discharge distribution are
given.

Flow direction
rkm 951
rkm 948

The occurrence of the mentioned processes may
give rise to a rather complex sequence of erosion
and sedimentation events in the main channel. As
can be seen in Figure 6 this may result in an
asymmetrical bed level response laterally across
the channel. This asymmetry may also be reinforced by the curvature of the channel.

openings in the dam

rkm 950

Figure 5: Case study area in the river Lek. The dam in the
considered flood protection measure has 2 openings.

rkm 951
rkm 952

3 RESULTS
The results shown in this section all refer to effects that are obtained after 10 years of morphological simulation.

openings in dam

3.1 Deterministic case

Figure 6. Bed level changes of the flood protection measure
relative to the reference situation (deterministic case). The
dashed contour line marks the region where sedimentation is
taking place.

Figure 6 shows the calculated bed level changes in
the study area after 10 years of morphodynamic
evolution, using the simplified discharge hydrograph (Figure 2). It can be seen that alongside the
longitudinal dam (between rkm 948 and 951) regions of sedimentation occur (bed level rise) as
well as regions where the bed is eroding. The
strongest sedimentation is taking place between
rkm 950 and rkm 951, near the locations where
openings in the dam have been constructed. At
these particular locations the flow field widens,
causing flow velocities to decrease (in comparison
to the reference situation) and sediment to settle

3.2 Comparison of probabilistic results to
deterministic case
Because the variability of discharge events in relations to the crest height of the longitudinal dam
leads to separate stages of erosion and deposition
in the main channel, it is important that the morphodynamic impact by a range of possible discharge series is investigated. As described in section 2.4 55 time-series have been synthesized for
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this purpose. The resulting range of bed level
changes is shown in Figure 7 (in the legend referred to as the probabilistic results). In this figure, the width-averaged bed level changes are depicted, showing the mean bed level change (thick
black line), and the percentile values 2.3%,
15.9%, 84.1% and 97.7% (corresponding to 1-σ
and 2-σ deviations from the mean). Also, in Figure 7 the width-averaged bed level change from
the deterministic calculation is shown (gray line).
The result from the deterministic calculation follows the probabilistic results quite well. However,
at some locations it can be seen that the deterministic case exceeds the 2-σ boundary of bed level
changes, which can be as much as 0.5 m above or
below the mean value (e.g. at locations rkm 953.4
and 948.7).

Figure 8. Convergence of statistical parameters with increasing number of simulations.

In section 3.1 it was pointed out that significant
variability of bed level changes might occur laterally across the main channel. Therefore, in Figure
9 also bed level changes along three parallel longitudinal transects in the main channel are shown
(along the northern bank, the center line of the
main channel and along the southern bank). It can
be seen that the morphological changes along the
northern bank are similar to what is found in the
center of the channel. At the southern bank, where
the longitudinal dam was implemented, the morphological response is quite different. In all three
cases, again, we see that the results from the deterministic case (gray line) fit the probabilistic results relatively well. However, also here it has to
be emphasized that deterministic bed level
changes may fall outside of the 2-σ boundaries of
the probabilistic results and can easily be 0.5 m
away from the mean values (of the probabilistic
results).

Figure 7. Differences in width-averaged bed level changes
along the river axis (reference situation vs. flood protection
measure).

To find out whether enough simulations have been
performed to yield stable statistical outcomes, in
Figure 8 the accumulated mean bed level changes
and corresponding discharge deviations are
shown. In this graph, two locations were selected
for the analysis (locations rkm 950 and 952). It
can be seen that for both locations the mean bed
level changes converge rapidly and become stable
after roughly 25 calculations. The standard deviation of bed level changes is more sensitive to individual events and thus converges at a lower rate.
Nevertheless, also here a relatively stable 1-σ value is achieved after 55 calculations.

Figure 9. Bed level changes along the river axis (after flood
protection measure).
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4 DISCUSSION

5 CONCLUSIONS

In the current study it was shown that a deterministic morphodynamic simulation based on a representative discharge hydrograph can give different outcomes in comparison to a probabilistic
analysis using more realistic discharge timeseries. Therefore, if a simplified hydrograph is
used (for example to reduce calculation time), one
should be aware of the associated uncertainties in
the model results. Here, bed level uncertainties
were sometimes as large as 0.5 m. Alternatively,
uncertainties related to a simplified hydrograph
may be reduced if the hydrograph is adjusted to
achieve a better match with probabilistic results.
This practice may however have consequences for
the calibrated model parameters. Some components of the morphodynamic model were originally calibrated using the representative discharge
hydrograph, suggesting that the deterministic calculation with the representative hydrograph
should yield ‘realistic’ outcomes. Therefore, the
question arises how reliable the results are from
the probabilistic approach if they clearly differ
from the calibrated deterministic approach?
Should the quality of the deterministic approach,
and thus the quality of the calibration and the representative discharge hydrograph, be questioned?
Or should the results of the probabilistic approach
be questioned, since now model parameters are
applied outside their calibration range? Ideally,
the deterministic results fall well within the range
of outcomes from the probabilistic approach such
that this conflict does not exist.
Follow-up work will focus on this issue by trying to get a better match between probabilistic and
deterministic calculations. Towards this objective,
an iterative calibration procedure of model parameters will be followed, until results from the deterministic approach are in line with outcomes
from the probabilistic approach. That way, a more
representative discharge hydrograph may be obtained and the range of outcomes of the probabilistic results can be interpreted as uncertainty
bounds to the deterministic calculation. An approach to achieve this could be as followed:
1 Calibrate (morphological) model parameters
using a representative discharge hydrograph,
2 Use the calibrated model in a probabilistic approach and compare the obtained morphological results with the results obtained if using the
representative hydrograph.
3 Adjust the representative hydrograph in the deterministic approach to achieve a better match
with the probabilistic results.
4 Go back to step 1, using the new representative
hydrograph (continue until the difference in
step 2 is insignificant).

In the current study, a 2D morphodynamic river
model was applied to evaluate the impact on bed
level changes after implementation of a flood prevention measure. Bed level changes were calculated in a deterministic simulation using a simplified discharge hydrograph, and in a probabilistic
approach where a set of more realistic discharge
time-series was used. It was shown that discharge
variability significantly affects the resulting bed
levels, sometimes leading to bed level differences
of 0.5 m or more between the deterministic and
probabilistic approach. It is recommended that
simplified discharge hydrographs be constructed
in a way that a better match with (mean) probabilistic results are achieved. Also, the morphodynamic simulations showed that the bed level
changes that result from the flood prevention
measure vary significantly in lateral direction
across the main channel. This observation reinforces the need for a 2D approach in the evaluation of morphodynamic effects of river interventions.
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ABSTRACT: Accurate estimation of sediment inflow into reservoir is of great importance for an efficient
dam management. The sediment supply is mainly caused by excessive bank erosion in mountainous rivers during floods. In this study, a numerical model which combines a depth averaged flow model in generalized curvilinear coordinate system and equilibrium and non-equilibrium sediment transport models is
applied to river channel processes with bank erosion in steep curved channel. The bank collapse process
is also considered by a simplified failure model. The applicability of the numerical model is examined
through the comparison with previous experimental results.
Keywords: Bank erosion, Equilibrium and non-equilibrium sediment transport models, Numerical simulation, Generalized curvilinear coordinate system
1 INTRODUCTION

large scale are formed. Arimitsu et al. (2009) carried out the hydraulic experiments in steep curved
channel with fixed and movable beds. In the case
of fixed bed, characteristics of water surface oscillations due to shock waves were investigated. It
was also shown that multi-scale sand waves such
as antidunes and bars can be observed in the
movie, although the general characteristics of bed
deformation in equilibrium stage are similar to the
results for lower regime flow in the previous studies. In simulation of flow and bed deformation for
upper regime flow, a one-dimensional model is
commonly used to predict the large scale bed deformation in the longitudinal direction. Therefore,
applicability of a depth averaged two-dimensional
flow model is not examined. Hence, to simulate
flow and bed deformation in steep curved channel,
it is necessary to reproduce development of secondary currents, formation of point bar and nonequilibrium state of sediment near river bank.
In this study, a numerical model to simulate
river channel processes with bank erosion in steep
curved channel is examined, using a depth averaged flow model in generalized curvilinear coordinate system and both equilibrium and nonequilibrium sediment transport models. In the
non-equilibrium sediment transport model, sediment movements of bed load are characterized
with pick-up rate and step length, while the em-

Accurate prediction of sediment inflow into reservoir is of great importance for an efficient dam
management. The sediment supply is mainly
caused by excessive bank erosion in mountainous
river reaches during floods. In addition, a complex
bed deformation can be observed in a curved
channel due to secondary currents. Therefore, it is
necessary to predict river channel processes with
bank erosion in curved channel accurately for an
effective management.
A number of theoretical and experimental studies concerning the bed deformation and bank line
shifting in straight and meandering channels have
been conducted (e.g. Kovacs and Parker 1994,
Seminara 2006, Shimizu et al. 1996). Moreover,
some numerical models considering bed deformation with bank erosion have been proposed (e.g.
Nagata et al. 1996, 2000, Sekine 1996, Shimizu et
al. 1996, Shimizu 2004). However, these models
are mainly applied to alluvial channels with mild
slope and their applicability to the cases with
steep slope is not examined enough.
On the other hand, in the previous studies concerning the bed deformation for upper regime
flow, Meguro et al. (2001) conducted the hydraulic experiments in the straight channel and reported that multi-scale sand waves from micro- to
993

velocity vectors; h = depth; zs = water surface elevation from datum plane; g = gravitational acceleration; ρ = density of water; τbξ, τbη = contravariant components of bottom shear stress vectors;
− u ′ 2 ,−u ′v ′,−v ′ 2 = Cartesian components of Reynolds
stress tensors.

pirical formula is used in the equilibrium sediment
transport model. The bank collapse process is also
considered by a simplified failure model. The
model is verified through the comparison between
experimental and numerical results.
2 NUMERICAL MODEL

2.2 Equilibrium sediment transport model
To evaluate bed load fluxes in the streamwise and
transversal directions, the following formula proposed by Ashida and Michiue (1972), Hasegawa
(1984) are used.

2.1 Basic equations of flow
A depth averaged flow model in generalized curvilinear coordinate system is used to calculate
flow fields.
[Continuity equation]
∂ ⎛ h ⎞ ∂ ⎛ Uh ⎞ ∂ ⎛ Vh ⎞
⎜ ⎟=0
⎜ ⎟+
⎜ ⎟+
∂t ⎝ J ⎠ ∂ξ ⎝ J ⎠ ∂η ⎝ J ⎠

3
⎛ τ ⎞⎛ u ⎞
qbs = 17τ *2e ⎜⎜1 − *c ⎟⎟⎜⎜1 − *c ⎟⎟ (σ ρ − 1) gd 3
u* ⎠
⎝ τ * ⎠⎝

(1)

[Momentum equation]
∂ ⎛ Qξ
⎜
∂t ⎜⎝ J
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( N * = 8. 5 )
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⎧⎪ ∂
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⎞ ∂ ⎛ q bη ⎞⎫⎪
⎜⎜
⎟⎟ +
⎟⎟⎬ = 0
⎠ ∂η ⎝ J ⎠⎪⎭

(4)

where zb = bed elevation; λ = porosity of sand
(=0.4).

(2b)

2.3 Non-equilibrium sediment transport model

ξ yη y ∂
η y2 ∂
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J ∂ξ
J ∂η
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2η xη y ∂
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⎠
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∂η
⎝
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η2 ∂
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)

)

⎛ un
τ *c ∂zb ⎞⎟
qbn = qbs ⎜ b −
⎜ us
μ s μ kτ * ∂n ⎟⎠
⎝ b

where qbs, qbn = bed load flux vectors in the
streamwise and transversal directions; τ*e, τ*c, τ* =
non-dimensional effective shear stress, critical
shear stress and shear stress, respectively; u*, u*c =
friction velocity and critical friction velocity; d =
diameter of sand; σ = density of sand (σ/ρ=2.65);
u s , u n = the velocity components in the streamwise and transversal direction near the bottom; μs
and μk = static and kinetic friction coefficient of
bed material, respectively (=1.0, 0.5).
The bed elevation is calculated using following
continuity equation after transforming in the contravariant components of bed load flux vectors
(qbξ, qbη).

)

ξ2 ∂
ξ yη y ∂
− v′2 h
− v′2 h +
+
J ∂ξ
J ∂η
2ξ x ξ y ∂
ξ xη y + ξ yη x ∂
− u ′v ′h
− u ′v ′h +
+
J ∂ξ
J
∂η

(3a)

(

A non-equilibrium sediment transport model (Nagata et al. 2000) consists of 4 steps; (1) evaluation
of pick-up rate, (2) calculation of trajectory of
sand, (3) calculation of deposition rate and (4)
temporal change of bed level. The pick-up rate is
evaluated in the following equation proposed by
Nakagawa et al. (1986), which can be applicable
to the channel with side slope.

)

where t = time; ξ, η = generalized curvilinear
coordinates; J = Jacobian of coordinate transformation (= 1/(xξyη-xηyξ)); ξx, ξy, ηx, ηy = metrics of
coordinate transformation; Qξ, Qη = contravariant
components of discharge flux vectors for unit
width; M, N = Cartesian components of discharge
flux vectors; U, V = contravariant components of
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Table 1. Hydraulic conditions
_______________________________________________________________________________________________
Discharge Q
Width B
Water depth h
Bed slope
Radius of curvature r
Diameter of sand d
3
/s)
(m)
(m)
(m)
(mm)
(m
_______________________________________________________________________________________________
Case A
0.0085
0.5
0.024
1/80
2.0
1.86
Case
B
0.0085
1.0
0.016
1/80
2.0
1.86
_______________________________________________________________________________________________
Table
2. Computational conditions
_______________________________________________________________________________________________
Case
Sediment transport model
step length Λ
Angle of repose
Angle of repose
(mm)
under water surface
at the edge of water
_______________________________________________________________________________________________
25o
65o
Run1-1
A
Equilibrium model
o
65o
Run1-2
A
Non-equilibrium model
50d
15
o
65o
Run1-3
A
Non-equilibrium model
100d
15
o
o
65
Run1-4
A
Non-equilibrium
model
250d
15
_______________________________________________________________________________________________
Run2-1
B
Equilibrium model
25o
65o
o
65o
Run2-2
B
Non-equilibrium model
100d
15
_______________________________________________________________________________________________

ps

⎛ k Ωτ
d
= F0G*τ * ⎜⎜1 − 2 *c
(σ ρ − 1) g
τ*
⎝

G* =

⎞
⎟⎟
⎠

m

(5)

cosψ + k L μ s
1 + kL μs

⎛ μ cos θ n − sin θ n sin φ ⎞⎛ 1 + k L μ s
⎟⎟⎜⎜
Ω = ⎜⎜ s
cosψ + k L μ s
⎠⎝ μ s
⎝

⎞
⎟⎟
⎠

where ps = pick-up rate; kL = ratio of lift force to
drag force (=0.85, Chepil 1958); ψ = angle between velocity vector near bed and sediment
movement direction; θn = local bed slope angle; φ
= angle between streamwise direction and sediment movement direction; and F0, k2, and m =
constants (=0.03, 0.7, and 3, respectively). The
detailed method to obtain the angles ψ and φ is
described in the reference (Nagata et al. 2000) and
the angle θn is calculated using the value of bed
elevation between four neighboring cells.
Then, using bed load fluxes in the streamwise
and transversal directions calculated in Equation
(3), the direction of sediment movement and the
distance from the pick-up point can be found, and
the sediment deposition rate with distance increment of Δs = 0.01m is calculated. The deposition
rate pd (j,i) on the locus after i-th point since being
picked up at point j is obtained by the following
equation.
p d ( j ,i ) = p s ( j ) f s (s ( i ) )Δs

A( j )
A( i )

Figure 1. Initial bed level in Case A

average step length, which is proportional to sand
diameter (=αd). The value of step length Λ is generally reported to vary from 50d to 250d, and the
averaged value is 100d (Nakagawa and Tsujimoto
1980). Therefore, various values of step length are
applied to examine the effects of step length. It
should be noted that since the position of deposition rate is not coincident with the pick-up rate,
the deposition rate is distributed to the position
where pick-up rate is defined.
Using the pick-up and deposition rate calculated in Equations (5) and (6), the temporal
change of bed elevation is obtained by the following equation (Nakagawa and Tsujimoto 1980).

(6a)

1
⎛ s⎞
f s (s ) = exp⎜ − ⎟
Λ
⎝ Λ⎠

(6b)

s(i ) = i ⋅ Δs

(6c)

∂z b
= A1d ( p d − p s )
∂t

(7)

where A1 = one-dimensional geometrical coefficient of sand (=1.0).
2.4 Bank failure model

where A(j), A(i) = numerical mesh areas at the positions of pick-up and deposition rates; Δs = length
increment for calculation of the locus; and fs(s) =
probability density function of step length; Λ =

When bed near the edge of the channel bank is
scoured, bank collapses intermittently due to instability of side bank. A simplified bank failure
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(a) Exp.

(b) Run1-1

(c) Run1-2

(d) Run1-3

(e) Run1-4

Figure 2. Bed level contours and velocity vectors in Case A

position in the neighboring cells. Here, different
values of the angle are used depending on condition, that both adjacent cells are under water surface or that the cell of fellow is under water surface (at the edge of the water). By using this
simplified failure model, the characteristics of
steep form at the river bank observed in the experiments after bank failure can be simulated. In this

model is used in the numerical simulation, although various models are proposed (e.g. Hasegawa 1984, Nagata et al. 2000, Shimizu 2004).
The calculation of bank erosion is carried out
when local bed slope between eight neighboring
cells becomes steeper than the angle of repose of
the bed material. It is assumed that volume of
bank collapse becomes equal to the volume of de996
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Figure 3. Comparison of bed variations in the transversal direction in Case A
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Distance (m)

2.5

ments is 1/80 and radius of curvature r is 2.0m.
The cross section of channel is trapezoidal with
side slope of 40o. The hydraulic conditions are
summarized in Table 1. The two cases are simulated with small width (B = 0.5m, r/B = 4.0) and
large width (B = 1.0m, r/B = 2.0). The computational conditions are shown in Table 2 and the initial bed level with small width is presented in Figure 1.
The governing equations are discretized in
space using the finite volume method in which
Adams-Bashforth method is applied for time integration and QUICK-scheme (Leonard 1979) is
implemented for convection terms. The computational mesh size in the streamwise direction is
0.05m in straight and 1.5o in curved channel

model, the shape of grids may affect the results
since the direction of bank failure is calculated
from the eight neighboring cells. On the other
hand, Sekine (2004) has proposed a bank failure
model in which the direction of bank collapse is
calculated explicitly. Further investigation for the
treatment of bank collapse is needed.
3 COMPUTATIONAL CONDITIONS
The numerical model is applied to the previous
experiments conducted by Arimitsu et al. (2009),
and the applicability of both equilibrium and nonequilibrium sediment transport models is examined. The bed slope of channel in the experi997

(a) Exp.

(b) Run2-1

(c) Run2-2

Figure 4. Bed level contours and velocity vectors in Case B

respectively, and the size in the transversal direction is 0.01m.

value for the angle of repose under the water surface (e.g. 30o), the sediments due to the bank collapse are not supplied from the river bank, rather
the bed in the outer bank is scoured. Consequently, bed degradation in outer bank can be observed
and river bank is not shifted outward. On the other
hand, in the case of small value for the angle, the
sediments are supplied from the river bank after
the bed in the outer bank is scoured. As a result,
extensive bank erosion can be observed. In this
study, the different values for angle of repose
shown in Table 2 are used between the equilibrium and the non-equilibrium sediment transport
models to reproduce the position of river bank at
the 90o section in the curved channel, which are
smaller than the standard value (30o). To determine the suitable parameter, further investigation
is required.
Figure 2 represents comparison of bed level
contours in the case of small width and Figure 3 is
comparison of bed level in the transversal direction at 3 different sections (30o, 60o and 90o) in
the curved channel as shown in Figure 1. In the

4 RESULTS AND DISCUSSION
Firstly, it is necessary to adjust two parameters for
the angles of repose of bed materials under the
water surface or at the edge of the water. The sensitivity analysis for the angle of repose of the bed
material was carried out using the equilibrium sediment transport model (Figures are not shown).
While the angle of repose of the bed material is
generally reported to be 30o, it is thought that the
angle with bank erosion depends on the hydraulic
condition and characteristics of bed materials, as
pointed by Goto et al. (2001). Therefore, numerical experiments are conducted using the same
value for the angle of repose at the edge of the
water and the different values for the one under
the water surface. The angle of repose near river
bank is set to be 65o since banks tend to be almost
vertical in the experiments. In the case of large
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Figure 5. Comparison of bed variation in the transversal direction in Case B
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transversal direction is steep and the sediments
move from river bank to center of channel. Before
bank erosion occurs intermittently, sediments are
not supplied from bank. Consequently, nonequilibrium condition of sediments prevails. In the
equilibrium sediment transport model, the bed
load fluxes are calculated by using the local hydraulic variables in Equations (3). The condition
of no flux in the transversal direction is not considered before the bank erosion occurs. Therefore,
the bed load flux is overestimated, although the
actual flux is small. It can be concluded that modeling of sediment movements is considered more
accurately in the non-equilibrium model. The development processes of antidunes which are observed in the movie of experiments were not reproduced in this numerical simulation. It is due to
the fact that a simple depth averaged flow model
is applied to calculate the flow fields. Therefore,
the improvement of flow model to a Boussinesq
equation considering the effects of vertical acceleration is required.
Figures 4 and 5 show comparison of the bed
contours and the bed elevation in the transversal
direction in the case of large width. In this case,
since the bed variation is so small and the river
bank is not shifted much, both types of sediment
transport models can simulate the bed deformation. Moreover, the characteristics that the peak
position of bank erosion occurs in the downstream
side compared with the small width case is reproduced well.

experimental results, the point bar is formed at the
inner bank of the curved channel and the river bed
at outer bank is scoured. Moreover, the bank erosion occurs at outer bank in curved channel and
sediment deposition due to secondary currents at
the same section can be observed. The position of
river bank at No.3 section in the curved channel
can be reproduced by using the adjusted angle of
repose in Run1-1 (equilibrium sediment transport
model), while agreement between experimental
and numerical results at the outer bank in the upstream side is not so satisfactory. The bed scouring at the inner bank in the downstream side of
curved channel also cannot be simulated well.
Next, the numerical results in the nonequilibrium sediment transport model (Run1-2, 13 and 1-4) are compared with experiments. In the
case of Run1-2 in which the averaged step length
is short, the picked up sediments tend to deposit at
closer point, and the characteristics of bed scouring in the outer bank and bank line shift can not
be simulated well. In Run1-4, the peak of bank
erosion point is occurred in the upstream side of
curved channel compared with the experiments,
and the bed variations in the downstream side are
not reproduced. On the other hand, the bed elevations at No.1 and 2 sections in Run1-3 can be reproduced satisfactorily by using the appropriate
averaged step length, while the position of river
bank at 90o can not be simulated rather. It is also
observed that the bed scouring at the inner bank in
the downstream of curved channel can be also simulated well in Run1-3. These results are thought
to be related to the non-equilibrium condition of
sediments near river bank as pointed out by Nagata et al. (2000). Near the river bank, side slope in
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In this study, river channel processes in a curved
channel with steep slope are simulated, using a
depth averaged flow model in generalized curvilinear coordinate system. Equilibrium and nonequilibrium sediment transport models are employed and their applicability is examined. It is
found that both types of sediment transport models can reproduce the experimental results by using the value of appropriate angle of repose. It
should be noted that better agreement can be observed in the results of the non-equilibrium sediment transport model, especially in the case that
the bank erosion progresses. In the future, to examine the effect of model scale in the numerical
models between the equilibrium and nonequilibrium sediment transport model, the numerical models should be applied to the real scale of
rivers. In addition, to indicate superiority in the
non-equilibrium sediment transport model, further
investigation is required by comparing the trajectory of sediments with experiments (e.g. from
where to where and its rate of pick-up and deposition).
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From nature to lab: scaling self-formed meandering and braided rivers
Maarten G. Kleinhans, Wout M. van Dijk, Wietse I. van de Lageweg,
Remko Hoendervoogt, Henk Markies and Filip Schuurman
Faculty of Geosciences, Universiteit Utrecht, The Netherlands

ABSTRACT: Traditionally, rivers were downscaled to the laboratory through similarity of the Froude,
Shields and Reynolds numbers. This has worked well for rivers with fixed banks and for braided gravelbed rivers. For self-formed dynamic meandering rivers in experiments, Froude scaling is incomplete
without a constrained width-depth ratio. This aspect ratio should be small enough to obtain alternate bars
and bank erosion should somehow be limited. Our objective was to develop a scaling and design strategy
for experimental meandering that includes bank strength so that width-depth ratio, bar pattern and channel dynamics can be designed. Scale effects of water surface tension and of smooth boundaries were inferred from first principles. Bank strength cannot be predicted well and was experimentally evaluated
with two fast, repeatable experimental setups for a range of sediments with additives and vegetation. With
selected sediments, we produced moderately dynamic meandering rivers on a 1.25x7.5 m flume. A sediment mixture ranging from silt to fine gravel produces richer morphodynamics and less scale effects with
adjustable slightly cohesive banks and self-formed floodplains. Width-depth ratio reduced and floodplain
sedimentation prevented that chute cut-offs led to braiding. Different vegetation species and controlled
conditions allow adjustable growth rate, bank strength and hydraulic resistance. With the appropriate
theory and our preparatory experiments, a range of dynamic river patterns can now be designed for the
laboratory with the essential characteristics of their natural counterparts.
Keywords: meandering, braiding, scale effects, river bank strength, river bank erosion, floodplain
while braided channels are relatively easily reproduced in laboratory experiments (Friedkin, 1945).
This either reflects a lack of understanding of the
basic conditions in which a self-formed dynamic
meandering river emerges, or reflects serious
scale problems that, once understood, could lead
to better experiments. Classical Froude scaling is
incomplete as it requires width as an independent
parameter, which it is not in self-formed channels.
Furthermore, bar theory indicates that the widthdepth ratio is essential in producing a bar.
Only three sets of experiments have reproduced
aspects of dynamic meandering rivers with floodplains. Friedkin (1945), Schumm and Khan
(1972), Jin and Schumm (1987) and Smith et al.
(1998) produced meandering channels in cohesive
sediment. These experiments demonstrated the
importance of bank strength on channel pattern,
but were unable to create self-formed and sustained dynamic meandering channels.

1 INTRODUCTION
1.1 Review and problem definition
Natural rivers on plains and deltas can have distinctive planforms such as meandering and
braided. Why these patterns emerge is only qualitatively understood. Their self-organisation involves feedbacks between channel morphodynamics and channel migration, and the evolution and
subsequent erosion during floods of floodplains
including the vegetated levees that flank the river
as natural dikes.
The lack of quantitative understanding is demonstrated by the partial failure to reproduce a
range of river patterns in laboratory experiments
and in physics-based numerical models. Until now
such models were made for either meandering or
braiding, but not both (Kleinhans, 2010).
It also proved challenging to produce selfformed dynamic meandering in the laboratory,
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bank stability experiments to an exploratory selfformed river experiment we selected conditions
and sediments and produced moderately dynamic
meandering rivers on a 1.25x7.5 m shallow flume.

Peakall et al. (2007, also see van Dijk et al, this
volume) produced one dynamical low-sinuosity
meandering channel in sediment ranging from fine
gravel to silt (silica flour), wherein the silt appeared to add strength to the banks. Many features
of dynamic meandering rivers were observed in
the experiment, which was a break-through. But
how and why the silica flour addition strengthened the banks remained unclear and only one
experiment was presented.
Tal and Paola (2007, also see van de Lageweg
et al., this volume) seeded alfalfa to an initially
braided experimental river in noncohesive uniform sediment during low flow. A dense vegetation resulted in a static stream or slowly wandering rivers, whereas less dense vegetation resulted
in single-thread sinuous channels with some characteristics of meandering such as point bar formation and chute cutoff (Tal and Paola, 2007).
Meandering has also been obtained from an intially straight channel using alfalfa and a light-weight
sediment that filled in lower areas of the floodplain so that recapture was prevented (Braudrick
et al., 2009). Apparently, the three combined factors leading to meandering probably were 1) the
reduction of floodplain flow strength by the hydraulic resistance of vegetation and the concurrent
increase of focus and strength of channel flow, 2)
the increased strength of eroding banks, and 3) the
filling of abandoned channels and lows by vegetation or light-weight floodplain sediment, so that
multiple channels and reoccupation were prevented.

2 SCALING THEORY
We will first summarize shortcomings of Froude
scaling for self-formed laboratory rivers. Then we
will extensively discuss the scale effects of very
shallow flow typical in laboratory experiments.
Finally we will add the requirements for an extended theory, make a first attempt to develop it,
and discuss scale effects.
2.1 Froude scaling, bed mobility and bars
Froude scaling is well known (e.g. Struiksma,
1986; Peakall, 1996). In order to have similar flow
conditions in a scale model with length LS as in
reality with LR, the Reynolds (Re) and Froude (Fr)
numbers should be equal in prototype and scale
model. The Reynolds number is:
Re =

ρhu
μ

(1)

where ρ=density of water, h=water depth (or hydraulic radius), u=velocity and μ=dynamic viscosity. The Froude number is:
Fr =

u
gh

(2)

where g=gravitational acceleration. However, the
first contains depth h whereas the second contains
√h, so that it is impossible to fulfill both conditions to obtain the same velocity scale. The Reynolds number condition is usually relaxed under
the assumption that inertia dominates over viscous
effects, but that becomes problematic for very
shallow flow such as on small-scale floodplains.
In practice the Froude condition can be relaxed
too as long as the flow conditions remain subcritical and more or less uniform.
For mobile bed experiments, the mobility of
sediment must be similar. Mobility is expressed as
the Shields number:

1.2 Objective and approach
So far, careful but slow tinkering with initial and
boundary conditions such as concentration of silica flour or vegetation has led to the required result. Yet a quantitative predictive scaling method
remains unavailable. A scaling methodology is
required to design future experiments, quantify
scale effects and quantify the key processes leading to the meandering pattern. The objective of
this paper is to develop a scaling and design strategy for self-formed channels that includes bank
strength so that width-depth ratio, channel pattern
and dynamics can be designed.
First we will review shortcomings of classical
Froude scaling and extend this scaling framework
to self-formed channels from first principles based
on the insights from the experiments. Then we
will show our novel procedure involving two fast,
repeatable experiments for quantitative determination of 1) bank erodibility and bank undercutting,
and 2) bank material cohesion and strength, both
for a range of sediments with additives and vegetation. To test the transferability of the small-scale

θ=

τb
(ρ s − ρ )gD50

(3)

where ρs=sediment density, τb=ρghsin(S)=bed
shear stress, S=channel gradient and D50=median
particle size. This involves the scaling of particle
size (D) with LS/LR. However, silt and finer sediment becomes cohesive, so that coarser sediment
must be chosen. The concurrent decrease of mo1002

bility is usually counterbalanced by tilting (steepening) the model.
However, the hydraulic resistance scales with
particle size (through h/D) and this scaling must
be correct to reach similar flow conditions as well
as similar (secondary) bend flow that drives the
three-dimensional morphodynamics. These scale
problems are further exacerbated as the particle
Reynolds number (Re*) must be larger than the
transition from hydraulic smooth to rough:
Re * =

ρu * D
> 11.63
μ

(4)

where u*=shear velocity and D=particle size representative for the roughness. This is unknown:
usually D50 is used but it can be argued that the
D90 is more representative of near-bed roughness
and disturbs the laminar sublayer sufficiently to
create a hydraulically rough boundary. In smooth
conditions ripples or scour holes form that do not
scale with water depth and provide unrealistic
morphology (Fig 1). In rough conditions the hydraulic resistance is large so that the model is distorted by further increase of gradient.

Figure 1. Bar regimes and dimensions (Struiksma et al.,
1985) for typical flume conditions. Numbers at top of graph
indicate the width-depth ratio W/h. Lp=bar wavelength and
Ld=damping length (representing excitation when negative).

Thus bar regime depends primarily on widthdepth ratio but also on sediment mobility and hydraulic resistance. Bar length is predicted with:
2π
1
=
L p 2λ w

2

2
λw ⎛ λw ⎞
(
n − 3)
⎜
⎟
(n + 1) − ⎜ ⎟ −
λs ⎝ λs ⎠
4

(6)

where n=power in dependence of sediment transport qb on flow velocity u as qb::un where n →∞
towards beginning of motion. To obtain a meandering channel in the lab the bars must be in the
underdamped regime and of reasonable short
length (see van Dijk et al., this volume).
2.2 Scaling of width of self-formed channels
The review above indicates that scaling conditions
can in principle not be satisfied and must therefore
be relaxed. In the case of exploratory experiments
in contrast to scale experiments this is fortunately
not problematic at all as long as scale problems
are considered in the interpretation.
The balance between floodplain formation and
bank erosion determines channel width and depth.
The width-depth ratio determines bar pattern (Eq.
5). The banks are eroded fastest at the pools between the bars, so that bar pattern provides a template for bank erosion. In principle alternate bars
could then lead to meandering; however bars migrate rather fast so that erosion is not focused at a
specific bank location for long enough to create
meandering. Cohesive sediment, vegetation or
armouring on the bars reduces bar migration
(Kleinhans, 2010). Without cohesion, banks erode
until a braided threshold channel has developed.

Figure 2. Scour hole in 0.2 mm sand. Flow depth was a few
mm while scour depth is a few cm. Ruler in cm for scale.

To design bar dimensions and regime, we use
theory for forced bars (Struiksma et al., 1985).
Forced bars of the lowest and higher modes may
be overdamped, underdamped and excited. The
over- and underdamped regimes are associated to
meandering. Bar regime (Fig. 1) depends on the
ratio of adaptation length of flow ( w) and of sediment ( s) after a perturbation (such as a bend):
2

λ s 2 g ⎛ W ⎞ ⎛ D50 ⎞
≈
⎟
⎜ ⎟ ⎜
λw C ⎝ h ⎠ ⎝ h ⎠

0.3

θ

(5)

with C=Chézy parameter and W=channel width.
The last two terms are a transverse slope effect
(Struiksma et al., 1985).
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So, in order to have stronger banks that can be
eroded, bank strength τf must be higher than critical shear stress τc for sediment motion, but not
larger than the actual shear stress τb:

τ c <τ f <τb

We =

(9)

should be greater than 10. Here the denominator is
the flow force per unit length and γ=surface tensile force per unit length (0.073 N/m for pure water). However, for typical experimental floodplain
flow with u<0.1 m/s and h=O(0.001) m, We<1.
Theory for thin liquid films and capillarity may
elucidate potential scale effects of surface tension.
The exponential decay of surface perturbations is
characterized by the capillary length. By comparing the Laplace pressure γ/Lc with the hydrostatic
pressure ρgLc (at depth Lc), the capillary length Lc
can be calculated as (see de Gennes et al., 2004):

(7)

where bank strength can be described by the
Mohr-Coulomb equation:

τ f = c'+σ ' f tan ϕ '

ρu 2 h
γ

(8)

where τf=shear strength at failure, c’=effective cohesion, σ’=effective stress at failure (dependent on
bank height, weight and groundwater pressure)
and φ’=effective angle of internal friction. Past attempts to increase bank strength were made by
seeding vegetation (alfalfa), silica flour and clay.
Clay proved far too strong because it has the same
strength as bank material in the field whilst the
flow shear stress is much weaker: τf>>τb. Results
improved with vegetation or silt-sized silica flour.
The question is why banks in experiments are
stronger when these materials are used. Several
effects are important at this small scale:
1. laboratory vegetation produces natural polymere and organic material, which adds cohesion to the banks strengthened by roots (Tal
and Paola, 2007);
2. electromagnetic forces between particles and
between surface coating of fines add cohesion
3. van der Waals attractive forces add cohesion
as a function of distance and particle shape
(Lick et al., 2004);
4. capillary rising pore water adds cohesion to
subaerial parts of the bank dependent on pore
size and distribution;
5. the number of contact points between particles
(‘coordination number’) determines sediment
cohesion, and increases with poorer sorting;
6. slurry-type mass failure of the bank requires
dilation, which requires groundwater inflow,
which depends on pore size and distribution.
Obviously effects 2-6 become stronger for the
mixtures with silica flour, but their quantitative
contributions are at present unknown. Therefore
we did experiments to quantitatively compare
bank erosion rates for varying sediment mixtures,
with other additions such as vegetation (see section 3 on experimental procedure).

Lc =

γ
ρg

(10)

For water this yields Lc=2.7 mm. Surface tension
may modify water surface elevation when the capillary length is of the same order of magnitude as
water depth. For example:
− A large particle or a plant stem on the floodplain will lift the water surface, which reduces
the local flow velocity and bed shear stress.
Hence the particle or plant stem may capture
more suspended sediment than in (upscaled)
conditions where surface tension is negligible.
− Surface tension over a backward step will pull
down the water surface just upstream of the
step and lift it up just downstream of the step.
Upstream propagation of such steps is therefore
relatively faster.
Surface tension can be modified by surfactants.
Polymers in the flow may increase the surface
tension, while soap may decrease it (de Gennes et
al, 2004). Clearly experimentation and analysis on
the effect of soap on shallow flow and sediment
transport needs to be done before practical application is feasible.
3 EXPERIMENTAL PROCEDURE
The bank erosion process can conceptually be divided into sediment erosion, which may undercut
the river bank, and the sudden fall of a block of
bank material. The former is a fluvial sediment
transport and removal process and the latter is a
geotechnical failure process. Below we describe
two simple experiments that we used for fast and
systematic assessment of the behavior of a sediment mixture, possibly with vegetation (van de
Lageweg et al., this volume). These experiments
have also been used for experimental deltas in
wide lakes (de Villiers et al., this volume).

2.3 Effects of surface tension in very shallow
flow
Surface tension may affect experiments with very
shallow flow because it modifies water surface
elevation and gradient, which drives sediment
transport. Peakall et al. (1996) suggest that the
Weber number, defined as:
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3.1 Sediment mixtures

block dimensions the volumetric erosion rate can
be estimated accurately.

Based on the above scaling considerations, we selected a wide unimodal river sand with D10,50,90 =
{0.22,0.42,1.2} mm as the basic ingredient. For
comparison, a similar mixture with a longer fine
gravel tail with D10,50,90 = {0.24,0.46,2.7} mm was
used which presumably is hydraulically rougher
(which is ‘good’) but may tend to armor (which is
‘bad’). For hydraulic smooth conditions a uniform
unimodal fine sand was chosen with D10,50,90 =
{0.14,0.21,0.32} mm. A varying volumetric concentration of silica flour was mixed into the river
sands (for 20% D10,50,90 = {0.03,0.35,1.0} mm).
Furthermore vegetation was grown in the sediment (van de Lageweg et al., this volume).

Figure 3. Friedkin experiment. Top: dimensions; sediment
block in gray. Bottom: Flow is from the bottom left through
the diagonal channel. Block of sediment and bank recognized lines of all time steps drawn in black. Stopwatch and
ruler for time and length scale control.

3.3 Direct shear tests representing bank failure
The bank failure experiment was the well-known
geotechnical direct shear experiment for drained
materials. Samples of 0.06x0.06x0.02 m were
submerged on a drainage plate and subjected to a
normal force of 25-100 kPa. The top half of the
sample was sheared at a constant rate. The required force peaks at material failure, which
represents material strength. The Mohr-Coulomb
equation (Eq. 8) was empirically solved to yield
cohesion and angle of internal friction. Cohesion
was inaccurately obtained from extrapolation to
σ’f=0. Lower normal forces, more representative
of experimental banks, gave irreproducible results.

Figure 4. Particle size distributions.

3.2 Bank erosion experimental setup
We built a dedicated ‘Friedkin’ flume for this experiment (Fig. 4), named after Friedkin (1945)
who did a similar experiment. The block of sediment was installed in a repeatable way using a
mould. Progressive bank erosion was experimentally reproduced by focusing a uniform steady
flow from a duct on a 0.1 m wide, 0.325 m long
and 0.02 m thick block of sediment at an angle of
45o. Initial width of the channel was the same as
of the duct: 0.05 m. The sudden bend forced the
clear-water flow to erode the bank. Flow discharge was kept constant at 6-7 l/min by a constant head tank and recirculating flow. Flume gradient was kept constant at 8.8x10-3 m/m. We
varied sediment mixture characteristics, silica
flour concentration and vegetation density. At
least three runs were done per mixture and averaged (except for the river sand with the coarse
tail).
Orthogonal time-lapse photography and image
processing was applied for automated recognition
of the receding bank. Given the known initial

3.4 Flume experiment
A selection of sediments was used on a flume of
7.5 m long and 1.25 m wide to produce selfformed channels (van Dijk et al., this volume, van
de Lageweg et al., this volume). These experiments are a first test of our scaling approach.
A sediment bed was carefully flattened on the
flume floor at S=5x10-3 m/m. Constant discharge
of 54 l/min was supplied through a constant head
tank into a funnel at a 30o angle with the initially
straight channel. Sediment was fed upstream at a
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4.2 Direct shear test results

rate such that neither net erosion nor net sedimentation took place.

The results are rather scattered (Fig. 6) which indicates the difficulty in preparing a uniformly
mixed sample of repeatable compaction. At least
one replica was done per sediment mixture and
normal stress. The cohesion of the river sand and
uniform fine sand were not significantly different
from zero, but river sand with silica flour was significantly cohesive. Surprisingly, the angle of internal friction decreased for this mixture.

4 EXPERIMENTAL RESULTS
4.1 Bank erosion experiment results
Initial erosion in the first minutes was fast as the
vertical bank collapsed upon positioning the sample. The erosion decreased over time as the channel widened and got shallower despite the innerbend bar that usually deposited on the opposite
bank. The eroding bank usually became curved
(Fig. 4) but with systematic shape differences between mixtures. The experiment was ended when
the flow breached the channel wall, commonly
near the middle of the sediment block.
The river sand breached in about half an hour in

Figure 5. Results of direct shear tests. Intercept of straight
regression line is cohesion; slope is angle of internal friction. The mixture with silica flour has significant cohesion.

4.3 Flume results
The fine uniform sand produced no clear channel;
rather, the fluvial plane became covered in very
shallow flow just below the threshold for motion.
Local near-stationary trains of antidunes demonstrated that the flow was critical. A large number
of scour holes formed with depths up to more than
ten times the water depth. Seeding vegetation to
this bed helped to focus flow, but the vegetation
rapidly became too strong and dense for any
channel mobility except in the sharpest bend (van
de Lageweg et al., this volume).
The river sand with the coarse tail produced a
single- to double-thread river with initial meandering and subsequent chute cutoff. The bed armored strongly in the channel so this experiment
was terminated.
The better sorted river sand also produced a
single- to double-thread channel with initial
meandering and chute cutoffs. Strong armoring
was not observed but bend sorting was obvious,
fine sediment deposited on channel margins as
initial levees and plugs formed in old channels.
The absence of antidune trains and occasional
presence of rhomboid ripples indicated slightly
subcritical flow. The initially enlarging and migrating meanders stalled as their upstream feeding

Figure 6. Results of Friedkin experiments presented as residual volume of sediment block over time. Initial volumes
were identical. Experiment was ended when channel wall
breached.

all cases and is used as control experiment to
check constancy of conditions. The river sand
with the coarse tail armored immediately at the
bank toe so that erosion ceased entirely (Fig. 5).
The fine uniform sand eroded slowly as expected
from the hydraulic smooth conditions. The river
sand with silica flour eroded markedly slower.
There is hardly a difference in erosion rates between 20% and 40% by volume of silica flour.
However, above 40% silica flour the sediment either hardened or, when deposited in as watersaturated sediment, entirely fluidized. This is expected from the fact that the pores of the sand,
with porosity 37%, become entirely filled with silica flour which nearly blocks infiltration and exfiltration. In short, the experiments demonstrate
that silica flour reduces bank erosion rate.
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The river sand with 20% silica flour produced
similar morphodynamics as without this addition.
The channels were about a tenth narrower and
banks in the outer bends were steeper up to vertical. Notably, the silica flour was barely—if at all—
present at the bed of active channels. A significant
but unknown portion flushed through the channel
without depositing.
Topographic lows in the floodplain gradually
filled with silica flour settling from suspension
(van Dijk et al., this volume). Upstream migrating
backward steps through the silica top layer sometimes initiated chute cutoff.
Vegetation was sown at a density of
0.5 seeds/cm2 over the river sand with 20% silica
flour. This very low vegetation density had no
measurable effect on channel width or hydraulic
resistance. Plants settled preferably on higher
bars.
Wall effects were found significant in all pilots,
in particular concentrated scour formation. A sediment side ramp reduced wall contact but fed extra sediment upon erosion. Tal (pers. comm. 2009)
tested groynes but these caused deep scours. We
found that grown vegetation as natural roughness
at the wall significantly reduced wall effects.

angle remained constant (van Dijk et al., this volume).

5 QUANTITATIVE SCALING FOR
SELF-FORMED LABORATORY RIVERS
5.1 Relaxed scaling
Our general aim is to understand causes of different channel patterns and transitions between patterns through experiments, so we can safely relax
a number of scaling requirements. The review
above and our experiments yield general insights:
1. Reynolds and Froude scales can safely be relaxed as long as flow remains turbulent and
subcritical. Flow on floodplains may become
laminar so floodplain-forming sediment must
be fine enough to maintain suspension.
2. Sediment mixture is crucial (see next section).
3. Surface tension effects remain negligible even
when water depth is similar to capillary
length, except at large particles, vegetation
and backward steps where surface gradient is
affected.
4. Vegetation adds strength to banks depending
on rooting depth, density and production of
organic material. Too dense or fast-growing
vegetation inhibits channel migration (van de
Lageweg et al., this volume). With about
300,000 plant species and the possibility to
control growing conditions it should be possible to tune required plant effects on sediment
strength and flow with a time scale of germi-

Figure 7. Self-formed rivers in 1.25 m wide and 7.5 m long
flume. Flow (dark) from top to bottom. Left: fine sand with
extensive unwanted scour holes. Right: river sand-silica
flour mixture with low-density vegetation and chute
channel.
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nation and growth appropriate for the morphological time scale and flood regime operation.

flow and hydraulic rough conditions based on
mixture D90. Mobility is low, implying that we
simulate gravel bed rivers. A meandering channel
requires underdamped alternate bars and a relatively narrow and deep channel. The sediment
mixture is selected through several criteria including mobility, required hydraulic roughness and resulting bank strength. The mixture composition is
tuned by auxiliary experiments on bank strength
and erodibility so that banks remain erodible,
though less than noncohesive sediment. The
emerging width-depth ratio is sufficiently decreased to transition from braiding to weakly
meandering. Our scaling approach promises to result in truly meandering experimental rivers.

5.2 Concocting a sediment mixture
The composition of a sediment mixture is essential for all elements of the relaxed scaling approach. The entire mixture determines strength of
river banks, spatial variation in roughness and
hence bar dynamics and river pattern.
The coarse tail can be used to create hydraulically rough conditions with relatively fine sediment. This was demonstrated with the river sand
versus fine unimodal sand experiments. Even
though Re* for D50 is much below the transition
to hydraulic rough conditions, neither ripples nor
scour holes were observed (also see de Villiers et
al., this volume), suggesting that Re* can be calculated using D90. The coarse tail also increases
the overall hydraulic roughness.
The sediment mixture should be unimodal. The
large particles cause turbulence so that fines are
suspended from the bed but, if not a separate
mode, do not lead to flush-embedding of coarse
particles by the fines so that flow becomes hydraulically smooth. Armoring tendencies increase
if the mixture is more bimodal rather than unimodal.
The fine tail controlled the rate of levee formation. The size fraction that was incipiently suspended was deposited immediately adjacent to the
channel, forming a levee.
The finest sediment flushed on towards the
floodplain. These fines eventually controlled bank
strength when this sediment was encountered in
the outer bend of a mobile channel bank. In our
experiments large areas of the floodplain were
covered in silica flour and multiple layers were
recognized in older floodplain deposits (van Dijk
et al., this volume). The fines also fill abandoned
channels and lows that otherwise would have
promoted chute cutoffs.
The combination of scaling conditions, direct
shear tests and bank erosion experiments led to
the selection of a wide unimodal sediment mixture
with about 20% of silica flour. Without the silica
flour this mixture led to a moderately braided river. Combined with a low-density vegetation cover,
we are now using this sediment in a 6x13 m flume
(Eurotank) to create meandering channels.
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Scaling properties of laboratory-generated river networks
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ABSTRACT: Selected laboratory experiments were carried out in the Hydraulic Engineering Laboratory
at University of Basilicata, to explore scaling properties and self-organization tendencies of river networks. Experiments were made using a 1.5 m by 1.5 m basin-simulator-box with an outlet in the middle
of the downslope-end side. The experimental landscape was weakly-cohesive soil mainly made by clay
and silt. A system of micro-sprinklers delivered an almost uniform artificial precipitation. Simulations
were performed at a constant rainfall intensity of 100 mm/h using different planar slopes. An additional
experiment was also made to consider the base-level control. Digital elevation models (DEMs) of the
evolving landscape were achieved through detailed soil surveys with a laser distancemeter and/or a laser
scanner. The river networks were extracted from the DEMs using the D8 algorithm. Channel networks
were ordered using the Horton-Strahler ranking as well as the Shreve topological classification. Hence,
scaling laws were analysed to explore whether the generated systems resembled natural river networks.
Thus, findings are provided on basin allometry, exceedance probability of basin areas and stream lengths,
and slope-area relationship.
Keywords: drainage basins, laboratory tests, river systems.
1 INTRODUCTION

sin simulator of diameter 1.4 m filled with sand. A
rotating arm fitted with sprinklers supplied the artificial rainfall. Drainage networks were induced
by a sinkhole at the sandbox center. Gomez &
Mullen (1992) investigated the evolution of drainage networks by subsurface flow. As for overland
flow main channel and tributaries evolved by
headward growth, but networks expanded both by
lateral retreat of valley walls and divide decay.
Hancock & Willgoose (2001) designed a landscape simulator consisting of a rainfall simulator
suspended above a box 1.5 m by 1.5 m filled with
erodible material. Two rainfall intensities were
tested of 120 and 48 mm/h. Pelletier (2003) carried out four experiments in 15 m by 9 m enclosed
flume: (i) 3% plane, (ii) 10% plane with accommodation space for an alluvial fan, (iii) plateau
with 0.3 m of relief at plateau edge, and (iv) 10%
plane at downslope end intersecting 3% plane at
upslope end. Generated drainage networks were
significantly depending on the initial topography.
Finally, Hancock et al. (2006) found that sediment
output is strongly related to the initial hillslope
profile (linear or concave). They also found that
short-term fluctuations would occur in both the

Though simulated drainage networks at laboratory
scale may represent highly-simplified models of
natural drainages, they can shed light on the complex dynamics governing fluvial systems. Laboratory experiments would also give the advantage to
explore transient growth phases drawing on the
knowledge of temporal and spatial landform evolution (Oliveto et al. 2009).
Here a short review on laboratory experiments
on drainage network evolution is given. More references are provided in previous papers.
Schumm (1977) made experiments using a basin simulator 9 m by 15 m filled with mixtures of
clay, sand, and silt. Observations revealed that the
interaction of the initial surface slope and the outlet elevation provokes different growing mechanisms. Parker (1977) carried out two experiments
testing different relief. For the low-relief experiment the drainage network evolved by headward
growth with simultaneous branching while for the
high-relief a master rill rapidly formed, later followed by side branching. Wittmann et al. (1991)
made a special experiment by using a circular ba1011

(planar) slope of 8.5%, 5%, and 0.6%. The rainfall
intensity was always 100 mm/h.
For the 8.5% experiment, three growing steps
were surveyed at 41 minutes, 1 hour and 41 minutes, and 3 hours and 50 minutes after the rainfall
start. The maximum (downslope) lengths of the
well-dissected basins were 63, 95, and 120 cm, respectively. For the 5%, three growing steps were
surveyed at 1, 11 and 22 hours. The maximum
lengths of the well-dissected basins were 25, 72,
and 120 cm, respectively. Finally, for the 0.6%,
two growing steps were surveyed at 5 and 12
hours with maximum observed basin lengths of 97
and 110 cm, respectively. After the last survey,
each experiment was protracted for additional 24
hours. In the case of the 5% and 0.6% tests, only
minor drainage adjustments were observed. Thus,
the last survey could be confidently considered as
a steady-state condition or the final stage of the
drainage pattern evolution. Conversely, for the
8.5% changes in topography were observed with
even some influence of basin simulator boundaries on drainage patterns. Thus, in such case the
last survey could not be considered a finale stage.
Planimetric and altimetric data were meticulously collected at different stages of growth by a
laser pointer, for the 8.5% and 5% experiments,
and a laser scanner for 0.6%. Measured points
were interpolated using the Kriging method. Then,
DEMs with resolution of 2 mm for the 8.5% and
5% experiments and even 1 mm for the 0.6% experiment were generated. Drainage networks from
the DEMs were processed through the D8 algorithm using a threshold area of 2000 mm2.
Figure 1 shows in the top the generated river
networks for the 8.5% experiment at last survey.
Sub-parallel drainage patterns were formed spanning the whole width of the basin simulator, despite the central outlet constraint. Just for comparison, in the bottom is shown the drainage
patterns for the same initial landscape slope, but
different initial outlet elevation coinciding, in this
case, with the base level. The widespread alluvial
fans in the lower-relief basin were induced by water submergence effects. However, this latter experiment and, in general, the effects of the outlet
elevation, will not be discussed in this paper.

erosion and sediment transport processes. Bigi et
al. (2006) analyzed potential interactions between
migration of knickpoints and hillslope failures, by
using an elliptical basin simulator 99 cm in length
and 87 cm in width with an outlet 1 cm wide. Finally, Niemann & Hasbargen (2006) discussed
scale effects of drainage networks at laboratory
scale.
This paper is part of a wider project on the dynamics leading to the typically observed patterns
of natural river systems. Here, an analysis of
physical experiments simulating the evolution and
the development of drainage networks induced by
an initial knickpoint is presented. Scaling properties are discussed and compared with those of
natural basins.
2 EXPERIMENTS
In this section a synthetic description of the experimental set-up and procedure is given. More
details and photographs can be found in Oliveto et
al. (2008, 2009).
The experimental stand consisted of a rainfall
simulator 2.8 m above a two-dimensional experimental basin. The whole equipment was enclosed
in an external Plexiglas housing. The basin simulator was a box of projected dimensions of 1.5 m
by 1.5 m with an outlet in the middle of the
downslope-end side. A smaller box under the outlet collected both sediment and runoff outputs.
The base of the basin simulator was a steel mesh
normally lined with geotextile fabric to allow free
drainage without soil losses. Infiltration water was
saved into an underlying box with a piezometric
tube. The rainfall simulator used 25 equidistantly
spaced sprinklers on an area of 1.7 m by 1.7 m delivering micro-rain (drop size <0.5 mm) with negligible or no rainsplash effects. The rainfall distribution was found suitably uniform (Christiansen’s
coefficient equal to 86.6%). The experimental
landscape was made of a weakly cohesive soil
with a particle size distribution where 84% by
weight was silt, 9% clay, and 7% fine sand.
Each experiment was carried out by ensuring
consistent initial conditions (initial outlet elevation, as well) except for the landscape planar
slope. In particular, the initial outlet elevation was
always 4 cm above the base level. The soil surface
was smoothed by a movable straight-edge leveler
realizing surfaces with only small imperfections.
Rainfall was then started and allowed to continue
until significant drainage patterns formed. The
base level and the rainfall intensity were kept constant through time and among experiments. Three
experiments were carried out with a landscape

3 EXPERIMENTAL RESULTS
Several properties of the experimental drainage
networks were derived from DEMs (Figure 2).
Channel networks were ordered using the
Strahler’s stream ordering system as well as the
Shreve’s topological classification. Scaling laws
were analysed to explore whether the generated
systems resembled natural river networks.
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Figure 1. Observed drainage patterns for the 8.5% experiment (top) and for an additional experiment with the same
initial planar slope but initial outlet elevation coinciding
with the base level (bottom).

In previous papers (Oliveto et al. 2008, 2009) the
Horton’s laws, Hack’s relation and self-similarity
of the topological branching structure were considered. Here further investigations are carried out
to deeper explore the tendency of the generated
networks in simulating the reality. This section
would accomplish this by considering both planimetric and altimetric features.
3.1 Hurst coefficient
According to Maritan et al. (1996), basins are selfsimilar when the Hurst coefficient, H, is 1 while
are self-affine when H < 1.
Following Rigon et al. (1996), H was estimated
by through the following relationship
L⊥ ∝ L||

H

Figure 2. Experimental drainage networks derived from
DEMs with delimitation of main sub-networks and related
basins. 0.6% (top), 5% (middle), and 8.5% (bottom) experiments.

Figure 3 shows L⊥ as a function of L|| for a number
of well defined sub-basins of the three experiments at last survey. Each point represents (L||, L⊥)
for almost all sub-basins embedded within each
main sub-basin shown in Figure 2. The x-axis was
truncated at L|| =103 mm, losing thus the view of a
few experimental points, for a better appreciation
of data trends and scattering. However, regression
lines refer to the complete data-set.

(1)

where L|| and L⊥ are respectively the diameter and
the width of a given sub-basin. L|| was identified
as the longest side of the rectangle enclosing the
sub-network (i.e. the straight line from the outlet
to the farthest point of the sub-basin) while L⊥ as
the shortest side.
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1.E+03

Rodriguez-Iturbe et al. (1992) also showed that
real basins obey a scaling form of the type:

L⊥

P[L ≥ l ] ∝ l − γ

(6)

with L stream length and l a given class length.
The exponent γ was found close to −1.8.
Figure 4 shows the probabilities P[A≥a] for
0.6%, 5%, and 8.5% experiments at last survey.

1.E+02

10.000

L║

1.E+01
1.E+02

1.E+03

1.000

Figure 3. L⊥ versus L|| for (●) 0.6%, (□) 5%, and (○) 8.5%
experiments. Dashed lines are the related regression lines.
L⊥ and L|| are given in mm.

0.100

The regression analysis yielded the following relationships for 0.6%, 5%, and 8.5% experiments, respectively:
2

P [A ≥a ]

0.010

0.001
1.E+03

L⊥ ∝ L||

0.66

r = 0.86

(2)

L⊥ ∝ L||

0.66

r2 = 0.81

(3)

10.000

L⊥ ∝ L||

0.79

r2 = 0.85

(4)

1.000

Thus, the Hurst coefficient was found close to 0.7
and slightly higher for 8.5% which would match
the typical values found in nature (0.7÷1.0), although the lower ones.
It should be noted that in this analysis only
sub-basins adequately far from the outlet of the
basin simulator were considered. This would allow a more proper comparison among the three
experiments. Indeed, for the 5% experiment and
even more for 8.5% it would be inappropriate
considering sub-basins with the outlet close to the
outlet of the basin simulator, owing to the marked
sub-parallel morphology of the networks in their
wholeness. Whereas, when such sub-basins are
also considered for the 0.6% experiment, the relation (1) would exhibit a multi-scaling behavior
with H close to 1.

a
1.E+04

1.E+05

1.E+06

1.E+07

P [A≥a ]

0.100

0.010

0.001
1.E+03
10.000

a
1.E+04

1.E+05

1.E+06

P [A≥a ]

1.000

0.100

0.010
a
0.001
1.E+03

3.2 Probabilities of exceedance of total
cumulative area and stream length
According to Rodriguez-Iturbe et al. (1992) in real
basins the exceedance probability P[A≥a] that a
link has cumulative drainage area A larger than
some class area a follows a power law:

P[ A ≥ a ] ∝ a − β

1.E+04

1.E+05

1.E+06

Figure 4. Probability of exceedance P[A≥a] of total contributing area for 0.6% (top), 5% (middle), and 8.5% (bottom)
experiments. Areas are given in mm2.

The y-axis was extended to 10 just for a better
view of data points. Obviously, its maximum
value should be 1. Interestingly, the data trends
well resemble those of real networks and in the
power-law region the regression analysis yielded
the following relationships for 0.6%, 5%, and
8.5% experiments, respectively:

(5)

with the exponent β close to 0.45, independent of
size, vegetation, geology, climate, or basin orientation.
1014

P[ A ≥ a ] ∝ a −0.44

r2 = 0.997

(7)

P[A ≥ a ] ∝ a −0.45

r2 = 0.997

(8)

P[ A ≥ a ] ∝ a −0.38

r2 = 0.995

(9)

The regression analysis in the power-law region
yielded the following relationship for 0.6%, 5%,
and 8.5% experiments, respectively:

Overall, the exponent β was found close to 0.45,
independently of the initial landscape slope, but
the 0.6% and 5% experiments would appear as
those properly representative of natural basins.
In the same way, Figure 5 shows the probability of exceedance P[L≥l] of Strahler’s stream
length. Also in this case the data trend looks similar to those of real networks with the extreme data
regions suggesting hillslope processes (lower values of l) and the typical cut-off features of real basins, as well.
10.000

0.010

10.000

l
1.E+03

P [L≥l ]

1.000

0.100

0.010

0.001
1.E+00
10.000

l
1.E+01

1.E+02

1.E+03

1.E+04

P [L≥l ]

0.100

0.010
l
1.E+01

1.E+02

1.E+03

r2 = 0.982

(11)

P[L ≥ l ] ∝ l −1.22

r2 = 0.975

(12)

E [S ] = kA−θ

(13)

Var[S ] = k1 A−2θ

(14)

where E[·] is the mean operator, Var[·] the variance, and k and k1 proportionality coefficients.
Tarboton et al. (1989) and Rigon et al. (1994)
tried to verify this second order self-similarity for
real basins finding otherwise. The scaling exponent of the variance of the slope was found approximately half of that in Equation (14).
Figure 6 shows the relationships between the
link slope and contributing area estimated for the
three experiments. The plots show significant
scatter indicating that slope is highly variable, as
for real basins. However, by grouping 20 links
with similar area and averaging (circles in the
plots), the mean slope is seen to follow a fairly

1.000

0.001
1.E+00

P[L ≥ l ] ∝ l −1.24

The slope-area relationship has been theoretically
and empirically studied by many investigators
(e.g. Tarboton et al. 1989, Willgoose et al. 1991)
in the form of the power law S~Aθ, where A is the
contributing area to the network-node of interest
and S is the mean slope of the segment above the
node of interest. The analysis of data from real basins has shown that the scaling coefficient θ is between 0.3 and 0.7. For low contributing areas, diffusive hillslope processes are dominant, while for
high contributing areas, where the slope-area relationship strictly holds, fluvial incision is the main
shaping process (Tarboton et al. 1989, Montgomery & Foufoula Georgiou, 1993).
The above power law would imply that basins
are self-similar as the mean (first moment) of
slopes scales with contributing area. But selfsimilarity would also imply that the second moment (i.e. slope variance) should decrease for high
contributing areas with an exponent twice the one
obtained for the mean slope (Gupta & Waymire
1989). Thus self-similarity implies:

0.100

1.E+02

(10)

3.3 Slope-area relationship

1.000

1.E+01

r2 = 0.991

Overall, the exponent γ was found significantly
lower than the typical ones for real networks for
5% and 8.5% experiments and only slightly lower
for 0.6%.

P [L ≥l ]

0.001
1.E+00

P[L ≥ l ] ∝ l −1.58

1.E+04

Figure 5. Probability of exceedance P[L≥l] of stream lengths
for 0.6% (top), 5% (middle), and 8.5% (bottom) experiments. Stream lengths are given in mm.
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nar slope with a nearly coincidence between the
relationships for 0.6% and 8.5% experiments.
Also, the following power laws were respectively found for the slope variance:

smooth trend. The power law curves are fitted to
the circles using two phase regression. The line
with the positive slope refers to hillslope or unchanneled valleys zone, while that with the negative slope to the fluvial zone.
For the fluvial zone, the regression analysis
yields the following power laws for 0.6%, 5%,
and 8.5% experiments, respectively:

Var[S ] = 0.49 A−0.60

r2 = 0.81

(18)

Var[S ] = 3.40 A−0.72

r2 = 0.94

(19)

r2 = 0.87

(20)

E [S ] = 3.31A −0.41

r2 = 0.96

(15)

Var[S ] = 57.5 A−0.94

E [S ] = 1.32 A −0.28

r2 = 0.94

(16)

E [S ] = 3.67 A −0.36

r2 = 0.87

(17)

The exponents significantly differ from 2θ, as
Rigon et al. (1994) found for real basins. It is
worth noting that from these results the 0.6% experiment would better resemble real cases because
its scaling exponent is approximately θ, while the
other two differ finally with exponents even larger
than 2θ.

1.000

Slope

0.100

4 CONCLUSIONS
0.010

Three selected laboratory experiments driven to
explore scaling properties of growing drainage
networks were carried out at University of Basilicata.
For 0.6% experiment the landscape temporally
evolved by headward growth with simultaneous
intense branching. Whereas, for 5% and 8.5% experiments nearly parallel rills rapidly developed
by spanning the whole width of the basin simulator despite the central outlet constraint.
In this paper basin allometry, exceedance probabilities of contributing areas and stream lengths,
and the slope-area relationship were analyzed, integrating thus previous findings on Horton’s and
Shreve’s descriptors. Results can be summarised
as follows with real network values from Rinaldo
et al. (1998) provided in parenthesis: (i) The Hurst
exponent was found close to 0.7 or slightly higher
independently of the initial landscape slope and in
satisfactory agreement with the typical values encountered in nature (0.7 ÷ 1.0); (ii) The coefficient
of probability of contributing area and stream
lengths were respectively found 0.44, 0.45, and
0.38 and 1.58, 1.24, and 1.22, which compared to
those of real networks (0.41÷0.46 and 1.8±0.1)
would suggest the 0.6% experiment as that closer
to the reality; (iii) Also the θ exponent of the
slope-area power law was found belonging to the
range of the values observed in nature. But from
the slope variance analysis it arises that the 0.6%
experiment would better resemble real cases because its scaling exponent is approximately θ,
while the other two experiments finally differ with
exponents even larger than 2θ.

Area
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Figure 6. Link slope versus contributing area for 0.6% (top),
5% (middle), and 8.5% (bottom) experiments at last survey.
(¯) Individual links, (●) mean of 20 links, and () twophase regression fit. Areas are given in mm2.

Interestingly, the θ exponent belongs to the range
of the values observed in nature, although closer
to the lower value of 0.3. Moreover, the power
laws would appear independent of the initial pla1016
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ABSTRACT: Meandering rivers have partly been explained from theories that predict bend and bar formation and migration, whilst assuming a simplistic erosion formulation for the bank opposite to where
bars form. However, floodplains are highly heterogeneous in composition and vegetation density and
bank erosion consists of a set of complicated processes. Our objective is to understand the formation and
heterogeneity of experimental self-formed floodplains and test a forced bar theory on the self-formed meandering channel. We did experiments in a 1.25x7.5 m flume with an initially straight and narrow channel
in a bed of river sand and silica flour. We measured the evolving channel location and the resulting stratification within the floodplain. Our experimental and theoretical alternate bar wave length agree within 25
percent. Despite the simplicity of the setup and the limited dynamics of meandering, the stratification in
the floodplains was quite complicated, reflecting a rich history of stratification, suspended sediment
deposition onto the floodplains and unexpected erosion processes in the cohesive floodplain cover. The
latter affected channel planform formation and success of chute cut-offs. We conclude that the bar theory
provides a reasonable general estimate of bar length, but the exact channel location and curvature were
affected by the heterogeneity of bank erodibility.
Keywords: Heterogeneous floodplains, Meandering, Bar theory, Flume experimentation, Chute cut-offs
is required. Earlier experiments, aimed at recreating (incipient) meandering, confirm this insight: 1) Static meanders formed in cohesive
sediment (Friedkin, 1945; Schumm and Khan,
1982; Smith, 1998). 2) One small dynamical meandering channel formed in sediment ranging
from fine gravel to silt (silica flour), in which the
silt caused some added bank strength (Peakall et
al., 2007). And 3) Alfalfa seeded to an initially
braided experimental river formed in noncohesive uniform sediment during low flow. The
roots provided strength to the banks and higher
hydraulic resistance to the flow during floods,
though not enough to create single-thread meanders with levees (Gran and Paola, 2001; Tal et al.,
2004). Alfalfa sprouts increased floodplain sedimentation of fines, resulting in a meandering system with a low sinuosity (Braudrick et al., 2009).
The aim of this study is to understand the formation and heterogeneity of an experimental selfformed floodplain and the effect on incipient meandering. Our experiments form a heterogeneous
floodplain of river sand and silica flour. To quan-

1 INTRODUCTION
The present experimental study focuses on interaction between incipient meandering and selfformed floodplains. Meandering can partly be explained by bar theories (Struiksma et al., 1985;
Johannesson and Parker, 1989). So far, these bar
theories and numerical models have replicated
many aspects of meandering behaviour. However,
the detailed shape of meanders is commonly not
well predicted because a simplistic formulation is
used for river bank erosion of the outer bank (e.g.
Camporeale et al., 2007). These theories ignore
the heterogeneous in sediment composition and
vegetation of floodplains, while bank retreat is the
result of a whole suite of processes. Here, we will
test the ‘forced bar’ theory of Struiksma et al.
(1985) on an experimental self-formed meandering channel.
The channel pattern is affected by bank
strength (Ferguson, 1987; Kleinhans, 2010). To
maintain a relatively narrow and deep channel,
like a meandering river, appreciable bank strength
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port versus depth-averaged flow velocity; sandbed rivers (n=4) and gravel-bed rivers (n=10)
(Mosselman, 2005; Crosato and Mosselman,
2009). A higher n, the stronger the tendency is to
form bars and islands (Mosselman, 2005). For experiments the threshold of motion is lower, therefore calculations are done with values related to
gravel-bed rivers. The stability of a bar depends
on the resonance of the system (LD) (Mosselman
et al., 2006), which is subresonant by overdamping and underdamping conditions, while superresonant by spatially growing (excitation) of the
bars downstream. The corresponding ranges for
the IP are:

tify bank strength, auxiliary experiments on bank
erosion and bank failure were conducted (Kleinhans et al., this volume). The characteristics and
dimensions of the experimental meandering channel are compared to the bar theory of Struiksma et
al. (1985) to test whether this theory can be used
to interpret bar formation of a heterogeneous
floodplain.
2 FORCED BAR THEORY
Bars form due to instability in the interaction of
an erodible channel bed and unsteady flow.
Forced bars form from a fixed perturbation, such
as a variation in channel width or channel curvature. Free bars can occur at any location in the
river and they migrate through the river. Forced
bar theory can also be used to predict bar mode,
or, effectively, braiding index, in cases with midchannel bars. This study focuses on the lowest
mode, wherein the over- and underdamped regimes are associated to meandering. Excitation
indicates that higher modes may appear (Crosato
and Mosselman, 2009).
The behaviour of alternating bars in response
to a perturbation is simplified by four length
scales: w, s, ,LP, LD.
The adaptation length of the flow; w:
C 2h
2g

λw =

IP ≤

n + 1 + 2 2n − 2

IP >

(2)

1
=
2π
LP 2

(n + 1)IP

−1

(

− IP

)

−2 2

LD

=

1 ⎛ −1 n − 3 ⎞
⎟,
⎜ IP −
2⎝
2 ⎠

- excitation

The experimental conditions were designed using
the dimensionless Froude number, Shields mobility number, the interaction parameter and the bank
strength (see Kleinhans et al., this volume). The
experiments were conducted in a 7.5 m long and
1.25 m wide flume. The experiment started with
an initial bed of 0.05 m thick and a slope of 0.005
m/m. Initially a straight trapezoidal narrow channel (0.07 x 0.015 m) was cut in the centre of the
flat bed surface, with an inflow angle of 30 degrees to initiate meandering. During the experiment the discharge was kept constant at 0.9 L/s
(9.0·10-4 m3/s) and water was recirculated. At the
inflow sediment was added at 1.65 kg/hr. Each
experiment was run for at least thirty hours. Flow
velocity, width and depth were measured hourly
along the channel. The width was taken at the section where (active) sediment transport took place.

2

⎛ n −3⎞
−⎜
⎟ , (3)
⎝ 2 ⎠

and the damping length; LD:

λw

2
= 0.286 .
n−3

2
, - underdamped (5)
n−3

3.1 Flume set-up

where W=width (m), and f(θ)=transverse bed
slope effect 9(D50/h)0.3√θ, D50=median grain size
(m), and θ=dimensionless shear stress (-). For
flume studies the transverse slope effect was empirically calibrated as 1.7√θ by Talmon et al.
(1995).
The wave length of a bar; LP:

λw

< IP ≤

3 METHODS

2

2

= 0.103 , - overdamped

The IP depends mostly on the width-depth ratio
(W/h)2 and less on hydraulic roughness (g/C2) and
sediment mobility (√θ).
This study focuses on incipient meandering induced by underdamped spatial bars at the lowest
bar mode interacting with a self-formed heterogeneous floodplain. To further assess the effect of
heterogeneity, theoretical and measured bar wave
length LP and IP values are compared.

(1)

⎛W ⎞
h⎜ ⎟ f (θ )
π ⎝h⎠
1

n + 1 + 2 2n − 2
2

where g=gravity acceleration (m/s2), C=Chézy
roughness coefficient (N/m2), h=depth (m).
The adaptation length of the bed; s:

λs =

2

(4)

where IP=the interaction parameter as ratio between s and w (Struiksma et al., 1985), and
n=the degree of non-linearity of sediment trans1020

2.5). The second bend initiated a new forced bar
at the downstream and of the flume (Figure 2.5).
This third bend was abandoned by a chute cut-off;
as a result the bar wave length equilibrium was
around three meter in the control and the heterogeneous experiments (Figure 2.6).

We counted active and inactive channels based on
sediment transport at every section with an interval of 0.2 m (every two hrs) to determine active
braiding index (ABI) and total braiding index
(TBI). Grain sizes were sampled in sections across
the entire flume.
3.2 Sediment mixture
Two sediment mixtures were used. In the control
experiment poorly sorted noncohesive river sand
was applied, whilst for the second experiment a
fine-grained tail was added by mixing eighty volume percent of the river sand with twenty volume
percent of silica flour (Table 1; see also Kleinhans
et al., this volume). The main focus of these two
experiments was to analyze the effectiveness of
adding a fine-grained fraction; on the formation of
a heterogeneous floodplain; on the bank strength;
and to obtain an incipient meandering channel.

Figure 1. Initial inflow angle results in forced (alternate)
bars downstream with silica deposited on top.

Table
1. Sediment grain sizes (in μm).
______________________________________________
Sediment
D10
D50
D90
______________________________________________
Silica flour
4
32
95
River sand
228
418
1203
River
sand and silica
32
353
1016
______________________________________________

4 RESULTS
4.1 Experimental channel and floodplain
This section compares the evolution of the channel and floodplain in the plain river sand and the
same sand with added floodplain-forming silica
flour.

Figure 2. Meander development from an initial angle into
three bends by expansion and rotation, which were cut-off
by chutes after 24 hours of flow. The meander length equals
approximately the flume length.

4.1.1 Processes
Bank erosion by the inflow at an angle with the
initial straight channel led to the formation of a
forced alternate bar (Figure 1). The finer (silica)
fraction was transported predominantly in suspension and settled on top of the alternate bar. Episodic accretion of unit bars resulted in a continued
growth of a point bar. Once a point bar formed,
subsequent development occurred by accretion of
parts of downstream-migrating unit bars, while
the bars lengthened until an equilibrium meander
wave length of 3±0.5 m was reached (Figures 24).
The conceptual development of a meandering
pattern is shown in Figure 2. The initial inflow
angle translated the straight channel (Figure 2.1)
into a first bend (Figure 2.2). Curvature of the first
bend forced a (submerged) bar on the opposite
side (Figure 2.3), which expanded (Figure 2.4),
slightly rotated and translated downstream (Figure

The river sand experiment evolved towards a
dynamically braided pattern characterized by a
pronounced multi-thread channel with extensive
bar complexes (Figure 3). The river sand and silica experiment, in contrast, evolved into a dynamic single-thread channel (Figure 4) with temporary chute cut-offs that were filled up again.
Thus the pattern was on the transition between
meandering and weakly braided. This is common
for low-sinuosity meandering rivers on the transition to braiding, such as the river Allier in France.
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Figure 3. Two snapshots of the river sand experiment with a
homogeneous floodplain. The flume is 7.5 m long and 1.25
m wide, and water (darker) flows from top to bottom of the
page. Image shows a contrast-enhanced blue layer of the
RGB photograph of a standard digital compact camera.

Figure 4. Snapshots of river sand and silica experiment with
a heterogeneous floodplain. See Figure 3 for comparison. CH indicates the position of sediment sampling (see sec. 4.3).
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4.1.2 Measured and predicted bar properties
The Interaction Parameter (IP) (Eq. 1) was calculated for both experiments. The IP values stabilised after twenty hours of flow. The river sand
experiment had an IP of 0.35-0.45, indicative of
bar excitation for the lowest mode. For the sandsilica mixture the IP decreased from the excitation
regime to the underdamped bar regime over time
with an IP of 0.43 to 0.27. This shows that the silica flour indeed causes sufficiently narrower and
deeper channels to change the bar regime.
The IP value is highly sensitive to the nonlinearity of sediment transport (n), which renders
the prediction of bar length rather uncertain. Fortunately, the length as a function of n shows a
minimum at reasonable values of n. Sand bed rivers, such as our experiment, are very mobile with
n=4. Gravel bed rivers are near incipient motion,
as are our experiments, so that n=10 is more reasonable (Crosato and Mosselman, 2009). The effect is that gravel-bed rivers are predicted to have
a shorter bar wave length: Lp=4.0 m for widthdepth ratio of the river sand and Lp=3.5 m for the
river sand with silica (Figure 5).

channel because of the deposition. The presence
of a sediment plug inside the channel forced the
flow increasingly onto the point bar and into the
chute channel, leading to a full cut-off.
Formation of these chutes were frequently observed in this study and led (temporary) to a transition from a single-thread towards a multi-thread
system. Abandonment or closing of a channel occurred gradually. In the experiment with silica
flour the chute channels were partially filled with
the finer silica particles, which reduced the frequency of chute cut-offs from four times for the
control experiment to only three times for the heterogeneous experiment during the 30 hours.
Therefore the overall ABI and TBI values decreased for the experiment with silica (Table 2).
Table 2. Average parameter values for W, ABI and TBI.
______________________________________________
W (m)
ABI
TBI
______________________________________________
River sand
0.28
1.66
2.43
River
sand
and
silica
0.26
1.42
2.12
______________________________________________

4.2.2 Upstream migrating backward steps
A characteristic process of the heterogeneous bed
was the occurrence of widespread upstream migrating backward steps on the floodplain and
channel. Upstream migrating backward steps were
characterized by an irregular erosion step which
marked the cohesive properties of the silica flour
(Figure 6). The upstream migrating backward
steps in the channel were mostly observed during
the first hours, because the initial bed contained
silica. Upstream migrating backward steps were
initiated on the floodplain where water accelerated
from the floodplain into a (downstream) channel
and are characteristic for cohesive materials.
Therefore in the channel these steps could only
exist when silica was available in the bed.

Figure 5. Effect of non-linearity of sediment transport on
predicted bar wavelength at width-depth ratios of the two
experiments. The range of measured bar wave length is indicated by the gray area.

4.2 Effect of silica flour on erosion processes
We observed three typical erosion processes
caused by the addition of silica, namely chute cutoffs, upstream migrating backward steps and bank
retreat by failure.
4.2.1 Chute cut-offs
As the overall channel widened, chute bars developed downstream of initial chute channels. As a
result, flow velocity in the main channel reduced
and sediment was deposited. This happened after
reaching the maximum sinuosity (Figure 2.5). Observations during the experiment suggested that
further development of the chutes into chute cutoffs was often preceded by blockage of the old

Figure 6. Upstream migrating backward steps, the right part
shows the increase in the step after 15 minutes.

4.2.3 Bank retreat
Important erosion processes at the channel banks
were mass failure processes, and bank toppling
1023

failure. The sand and silica mixture was capable
of attaining a large angle of internal friction until
mass failure occurred (see also Kleinhans et al.,
this volume). This made undercutting of the channel bank (bank toe erosion) an important erosion
process.

Figure 8. Channel activity can be distinguished by colour
differences and depth at variety of cross-sectional profiles
across the flume (A and B; see Table 3).

The alluvial substrate exhibited a much smaller
grain size distribution than the pre-mixed substrate. Channels were defined as alluvial when the
bed sediment was reworked by the flow, whereas
the definition pre-mixed means that the flow had
not (yet) reworked the initial sediment mixture.
Figure 8 illustrates inactivity in the alluvial substrate by the presence of thin silica layers, marking the processes of floodplain deposition. An important aspect of meandering was the interaction
between the heterogeneous floodplain and the
channel. On the floodplain silica was deposited
(Table 3) which increased the bank strength (see
also Kleinhans et al., this volume). At appropriate
bank strength, the outer bend eroded slower than
the growth of the point bar in the inner bend, and
incipient meandering developed, by decreasing
the width-depth ratio.

Figure 7. Bank erosion processes of the finer silica layer.
Top: Greyscale image of the apron with (left top) water and
without water (large image). Bottom: Drawing with geomorphologic indications at the apron as deviation of the
channel and bank.

Most silica was deposited on the floodplain
where the flow velocity was lowest. Bank erosion
at floodplain areas with silica flour occurred in
several stages. The silica layer on top of the banks
was first removed while afterwards the apron with
on top deposited sediments was gradually eroded
through grain-by-grain erosion. The apron of
eroded sediments characteristic for bank erosion
of floodplain areas is shown in Figure 7. It was
observed that the apron mainly consisted of a mixture of river sand and silica. At the toe of the bank
a concentration of eroded silica was found.

4.3.2 Sediment sorting at the alluvial substrate
Differences in flow velocity led to sediment sorting in the flume. Observations of the flume bed
showed distinct morphological units near the meander bend (Figure 9). A well-developed point bar
with scroll bars can be observed in which lateral
growth occurred by the presence of a unit bar near
the inner bend. At the outer bend a steep (eroded)
channel bank was visible whereas at the inner
bend a gentler (depositional) bank was present.
The relatively white colour of the unit bar near the
inner bend suggested a considerable age of these
deposits as significant portions of silica were already deposited on top. Locations of scroll bars
were marked by a more dark-coloured appearance
as less silica was deposited on top because of its
relative height with respect to the lower-lying surrounding swales. Particle size analysis (Table 3)
indicated that the outer bend contained a coarse
(gravel) peak in its grain size distribution which
was not present at other sample locations.
The pre-mixed sand and silica mixture consisted of finer material than most grain size analysis at channel cross-sections indicated (Table 3).
Higher flow velocity resulted in a wash out of sil-

4.3 Alluvial architecture of a heterogeneous bed
During the experiment the amount of silica deposits was influenced by the distribution of the flow.
Kleinhans et al. (this volume) described the influence of silica in the bed on bank failure and bank
erosion. This section describes where silica concentration was the highest.
4.3.1 Depth of activity
Grain size analysis at channel cross-sections
across the flume has shown valuable insights into
alluvial substrate and corresponding sediment
composition. Classification of alluvial activity
was based on depth, in combination with darkcoloured active parts as visible in Figure 8 (Table
2).
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The forced bar theory of Struiksma et al.
(1985) can reasonably be used to design experimental studies. Therefore we need to predict the
width-depth ratio. In this study addition of silica
leads to narrower and deeper channels, which influence the IP value and bar regime. According to
the forced bar theory the river sand and silica experiment is in the underdamped regime and not in
excitation, while the initial river sand experiment
is in the excitation regime for the lowest bar
mode. This study shows that the theory can predict the bar wave length for heterogeneous floodplains quite accurate. The size of our flume is limited to the development of only one sinuous
meander but at present we are conducting experiments in a much larger setup.
Understanding and prediction bank strength is
essential for creating the conditions for narrower
and deeper channels that are required for underdamped alternate bars and eventually dynamic
meandering (Kleinhans, 2010). Bank strength was
quantified by auxiliary experiments (Kleinhans et
al., this volume). During the experiment the sediment deposition at the inner bend should exceed
the erosion rate at the outer bend to get deeper
channels. Pronounced sorting features (e.g. bend
sorting, floodplain development) are observed in
the flume which is indicative for stabilization of
meandering (Clayton and Pitlick, 2007). Bend
sorting results in armouring of the outer bend,
which decreases sediment mobility and reduces
the transverse slope (Mosselman and Sloff, 2007).
Fine silica is deposited on the floodplain, in the
inner bend and in chutes, and large particles are
deposited mainly in the outer bend.
Vegetation is another method to increase the bank
strength and to decrease width-depth ratio (van de
Lageweg et al., this volume). A combination of
both experiments will result in a more adjustable
setting, where vegetation can capture more fine
sediment onto the floodplain.

ica and less deposition of silica. When the flow
velocity decreases the finer silica was deposited.
Most silica was deposited on the floodplain (Table
3), where the flow velocity was the lowest. Relatively more silica was also deposited in the chute
channel, this resulted in less chute cut-offs.

Figure 9. Morphological units in a meander bend at the end
of the river sand and silica experiment.
Table 3. Sediment grain sizes during river sand and silica
experiment (all in μm). Origins of sediment samples A-B
are plotted in Figure 8 and locations of sediment samples CH
are given in Figure 4.
______________________________________________
D50
D90
< 45μm
D10
______________________________________________
Alluvial Substrate 150
412
980
2.8% A
Pre-mixed Substrate 29
376
1110
15.6% B
Main Channel
130
500
860
3.1% C
Inner Bend
20
280
940
24.9% D
Outer Bend
350
1190
2190
1.3% E
Scroll Bar
482
811
1488
2.7% F
Scroll Swales
167
607
870
3.6% F
Floodplain
20
400
1400
18.9% G
Chute
Channel
60
470
1080
8.7% H
______________________________________________

5 DISCUSSION
Morphological observations during the flume experiment with the sand and silica mixture shows
dynamic point bar development in agreement with
Peakall et al. (2007). Downstream of the skewed
inflow a submerged (forced) bar developed and
the opposite bank was eroded. Further downstream the same happened in the opposite transverse direction, resulting in the formation of a
point bar and a meander bend. The self-formed relief on the floodplain resulted in the appearance of
chute cut-offs and channel abandonment. Addition
of silica led to more deposition of fine sediment in
the chutes, which decreases the amount of chute
cut-offs and eventually channel migration. Channel pattern evolution is caused by distinct patterns
of in-channel deposition, which progressively result in channel abandonment and the capture of a
new stream, and an increase in the channel slope.

6 CONCLUSION
•

•
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Forced bar theory correctly predicts bar regime and length and demonstrates the importance of the width-depth ratio, bank stability
and the non-linearity of sediment transport.
Addition of silica flour to a poorly sorted river
sand results in an increase in bank strength, a
decrease in width-depth ratio and a singlethread channel in contrast to the multi-thread
channel that formed in river sand in a control
experiment.
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erosion processes
E.J. Langendoen

National Sedimentation Laboratory, US Department of Agriculture, Oxford, MS, USA

D. Motta & M.H. García

Dept. of Civil and Environmental Engineering, University of Illinois, Urbana, IL, USA

J.D. Abad

Dept. of Civil and Environmental Engineering, University of Pittsburgh, Pittsburgh, PA, USA

ABSTRACT: The migration rate calculated by models of river meandering is commonly based on a method that relates the migration rate to near-bank excess velocity multiplied by a dimensionless coefficient.
Notwithstanding its simplicity, since the early 1980s this method has provided important insight into the
long-term evolution of meander planform through theoretical exercises. Its use in practice has not been as
successful, which is largely due to the heterogeneity in floodplain soils and vegetation. As a result, calibration of the dimensionless coefficient is difficult. With the ongoing effort in both the United States and
Europe to re-naturalize highly modified streams, it cannot be expected that this simple method will accurately simulate the response of meandering streams to in-stream and riparian management practices over
engineering time scales. This paper presents a new approach that relates meander migration rates to physically-based streambank evolution. The University of Illinois RVR-Meander model that simulates twodimensional flow and morphodynamics of meandering streams is integrated with the streambank erosion
algorithms of the US Dept. of Agriculture channel evolution computer model CONCEPTS. The performance of the new model is compared to that of the more simple, classic method by simulating the evolution of a meandering reach on the Mackinaw River, Illinois, USA. The simulated migration of the channel
centerline by the two methods only showed minor differences in the more sinuous upper part of the reach.
The new model performed significantly better than the classic approach in the less sinuous, lower part of
the reach.
Keywords: Computer models, Meandering streams, River bank erosion
sess in much detail these projects at the reachscale. For example, one can use complex depthaveraged two-dimensional (2D) or threedimensional (3D) computer models of river morphodynamics to determine impacts of restoration
projects on local stream morphology and habitat.
However, problems are often system wide. Channelization-induced incision commonly impacts an
entire stream system. Further, incision causes instream and riparian processes to be disconnected,
enlarged cross sections, and a steepened longitudinal profile. Proper ecological functioning requires in-stream and riparian processes to be reconnected. This can be achieved for example by
lowering the floodplain or increasing channel
grade either along the entire channel length or at
targeted locations. The design of stable crosssectional and thalweg profiles along the length of
a channel makes the use of 2D and 3D computer
models impractical and one-dimensional (1D)

1 INTRODUCTION
Many streams have been impacted by man,
whether it is direct modification of the channel,
such as channelization, or indirectly through land
use changes, such as urbanization, deforestation
and cultivation. The consequent change in stream
hydraulics and sediment regime has adversely impacted in-stream and riparian habitats (e.g., Simon
and Rinaldi, 2000). During the last decade the
United States has seen a rapid increase in spending to restore ecological functions and processes
of degraded streams and their floodplain (Bernhardt et al., 2005). Currently, a similar effort to renaturalize streams is taking place within the European Union under the European Water Framework
Directive (Kaika, 2003).
Most restoration projects are of a local nature,
for example stabilize a short reach, improve esthetics, or habitat. Many tools are available to as1027

eral alignment. In practice various approaches are
used to determine these parameters. Commonly,
engineers use historical, pre-modification aerial
photography or aerial photography of nearby unmodified channels (also called reference or control channels) to extract the design parameters.
However, changes in land use, land management,
and hydrology may yield incorrect metrics and
therefore unstable channel planforms. Alternatively, these metrics could be determined using hydraulic geometry relations. Chapter 12 of the Natural Resources Conservation Service (NRCS)
National Engineering Handbook Part 654 provides a comprehensive overview of channel planform design methods based on hydraulic geometry
relations (NRCS, 2007). However, these regression relations are highly empirical and cannot account for site-specific conditions.
A more comprehensive, physically-based approach is to use a quasi-2D linear model of river
meandering such as those developed by Ikeda et
al. (1981), Johannesson and Parker (1989), or Zolezzi and Seminara (2001). Planform development
in these models is determined by the HIPS method
that relates migration rate linearly to near-bank
excess velocity following Hasegawa (1977) and
Ikeda et al. (1981):

models need to be used to evaluate stream restoration designs at the stream corridor scale.
Stream restoration projects at the corridor scale
also require the establishment of a stable planform. Since the late 1970s much research, both
theoretical, experimental, and in the field, has
been carried out to better understand and quantify
the migration of meandering streams. This has
yielded simplified quasi 2D models, fully 2D
models using helical flow corrections, and 3D
models of flow, sediment transport, and migration
of meandering streams. Only the simplified quasi
2D models can be practically used to predict migration of an entire stream system. Abad and
García (2006) developed the RVR Meander toolbox for planform analysis and migration based on
this approach.
The migration rate calculated by models of river meandering is commonly based on a method
that relates the migration rate to near-bank excess
velocity multiplied by a dimensionless coefficient.
This method (hereafter referred to as HIPS method) was independently introduced by Hasegawa
in 1977 and Ikeda, Parker and Sawai in 1981.
Notwithstanding its simplicity, the HIPS method
has provided important insight into the long-term
evolution of meander planform through theoretical
exercises. Its use in practice has not been as successful, which is largely due to the heterogeneity
in floodplain soils and vegetation yielding dimensionless coefficients that vary both spatially and
temporally. As a result, calibration of the dimensionless coefficient is difficult. With the ongoing
effort in both the United States and Europe to renaturalize highly modified streams, it cannot be
expected that the HIPS method will accurately
simulate the response of meandering streams to
in-stream and riparian management practices over
engineering time scales, especially if there is no
historical data to calibrate its coefficient. A new
approach is needed that relates meander migration
rates to physically-based streambank erosion and
deposition rates.
This paper presents the integration of the University of Illinois RVR-Meander model (Abad and
García, 2006) that simulates 2D flow and morphodynamics of meandering streams with the
streambank erosion algorithms of the US Dept. of
Agriculture-Agricultural Research Service channel evolution computer model CONCEPTS (Langendoen and Alonso, 2008; Langendoen and Simon, 2008).

M = Eb ub

(1)

where M = meander migration rate, Eb = bank erosion coefficient, and ub = the difference between
the near-bank velocity and the cross-sectionally
averaged velocity.
Eq. (1) is a conceptual representation of the
processes responsible for bank retreat in a meander bend. Although a field study by Pizzuto and
Meckelnburg (1989) lends support to Eq. (1), the
erosion processes are only implicitly captured in
the coefficient Eb, which typically is determined
through calibration to historical planform changes.
The dependence of Eb on physical characteristics
of the bank material and the type of bank erosion
(hydraulic scour or different types of mass wasting events) is therefore unclear. Another problem
is that the value of Eb is fairly small, 10-8-10-7
(e.g., Beck, 1984; Pizzuto and Meckelnburg,
1989). Though researchers agree that Eb is generally related to bank-soil properties and type and
density of riparian vegetation, a direct relationship
has not been established. A direct consequence is
then that Eb should vary across the floodplain,
however model application typically assumes
constant values. Constantine et al. (2009) conducted a study on the Sacramento River, California, USA to relate the bank erosion coefficient Eb
to the erodibility coefficient of the bank material
k. The erodibility coefficient k relates the rate of

2 PLANFORM DESIGN METHODS
Planform design parameters include meander wavelength, radius of curvature, sinuosity, and gen1028

erosion (E) of a material to the exerted fluvial
shear stress (τ) as:
E = k (τ − τ c )

(2)

where τc = critical shear stress above which erosion commences. Constantine et al. (2009) found a
strong correlation between Eb and k, which suggests that Eb is primarily a function of soil properties such as texture and bulk density. The role of
vegetation was insignificant. However, this may
be true for a large river such as the Sacramento
which streambanks are much taller than the rooting depth of the riparian vegetation, but should
not be generalized for smaller streams.
Efforts are therefore ongoing to add bank erosion physics into modeling the migration of
meander bends. Kobayashi et al. (2008) and Parker et al. (2009) presented a method that relates
bank retreat to the near-bank transverse sediment
flux modified for slump block armoring. Motta et
al. (2009) presented a method incorporating the
processes responsible for bank erosion into a
meander migration module. These processes are
discussed in the next section.
3 STREAMBANK EROSION PROCESSES
AND THEIR QUANTIFICATION
Erosion of streambanks is a combination of: (1)
lateral erosion of the bank toe by fluvial entrainment of in situ bank-materials, often termed fluvial or hydraulic erosion; and (2) mass failure of the
upper part of the bank due to gravity (e.g., ASCE,
1998). The conceptualization and quantification of
these processes in the CONCEPTS model are
briefly discussed below. Greater detail can be
found in Langendoen and Alonso (2008) and Langendoen and Simon (2008).

Figure 1. Assessment of streambank erosion processes. (a)
Fluvial erosion: the shown shear stress distribution is calculated using the vertical area method. (b) Mass failure: failure
block configuration and forces acting on slice j, where In,s =
interslice normal and shear force, N = normal force on slice
base, S = mobilized shear force on slice base, W = weight of
slice, Fw = hydrostatic force exerted by the surface water on
the vertical part of the slip surface, and β = failure plane angle.

3.1 Fluvial Erosion
The rate of fluvial erosion of fine-grained streambank material is commonly defined by Eq. (2).
The lateral erosion distance over a simulation time
step Δt is then EΔt (Fig. 1(a)). An average erosion
distance is computed for each layer comprising
the composite bank material. The average shear
stress exerted by the flow on each soil layer is
computed using either the vertical area or the
normal area method (Lundgren and Jonsson,
1964). In spite of some shortcomings associated
with these methods, they are adopted in CONCEPTS because of their simplicity and hence efficiency to perform long-term simulations of channel evolution.

Values of τc can be obtained from: (1) Arulanandan et al. (1980) if sodium adsorption ratio,
dielectric dispersion, and pore fluid salt concentration are known; (2) in situ measurements (Tolhurst et al., 1999; Hanson and Simon, 2001); or
(3) historical data on the retreat of the base of the
bank combined with flow data. The effects of
weathering processes and vegetation can be included by adjusting k. The predicted rate of lateral
erosion is sensitive to the values used for critical
1029

shear stress and erosion-rate coefficient or erodibility of the bank material. Critical shear stress
and erodibility may vary greatly both spatially and
temporally, e.g. due to variations in soil water
(e.g., Wynn et al., 2008).

ing equations of flow and sediment transport can
be written as:

U

∂U
∂U ∂H βτ s
+V
+
+
= ν 0 f11 + ν 02 f 22
∂s
∂n ∂s
D

(3)

3.2 Mass Failure

U

∂V
∂V ∂H βτ n
+V
+
+
= ν 0 g11 +ν 02 g 22
∂s
∂n ∂n
D

(4)

Streambank failure occurs when gravitational
forces that tend to move soil downslope exceed
the forces of friction and cohesion that resist
movement. The risk of failure is usually expressed
by a factor of safety (FS) representing the ratio of
resisting to driving forces or moments. Banks may
fail by four distinct types of failure mechanisms
(ASCE, 1998): (1) planar failures, (2) rotational
failures, (3) cantilever failures, and (4) piping and
sapping failures. CONCEPTS performs stability
analyses of planar and cantilever failures, which
are common failure modes of meander cut banks.
The bank’s geometry, soil properties, pore-water
pressures, confining pressure exerted by the water
in the stream, and riparian vegetation determine
the stability of the bank.
Planar failures are analyzed using the limit
equilibrium method developed for engineered
slopes and embankments (e.g., Fredlund and
Krahn, 1977). This method computes the required
shear strength (or mobilized shear strength) to
maintain a condition of limiting equilibrium. The
potential failure block is divided into slices (Fig.
1(b)), and the forces and moments acting on them
are analyzed to determine if the block remains stationary. Dividing up the soil mass into a number
of slices allows one to accommodate differing
slide mass geometries, stratified soils within the
mass and external loads such as trees. The stability analysis in CONCEPTS satisfies vertical force
equilibrium for each slice and the overall horizontal force equilibrium.

∂DU ∂DV
+
= ν 0 m11
∂s
∂n
∂ ( F02 H − D )
∂t

⎡ ∂q ∂q ⎤
+ Q0 ⎢ s + n ⎥ = ν 0 n11
⎣ ∂s ∂n ⎦

(5)

(6)

Eq. (3) is the streamwise momentum equation, Eq.
(4) is the transverse momentum equation, Eq. (5)
is continuity equation, and Eq. (6) is the sediment
conservation equation. The dimensionless variables are defined as (see also Fig. 2):
( s, n ) =∗ ( s∗∗, n∗ ) B∗ , t = t ∗U 0∗ B∗ , β = B∗∗ D0∗∗ ,
= curvature ratio, D = D D0 ,
ν0 = B
0
(U ,V ) = (U ∗ ,V ∗ ) ∗U 0∗ *2, F02 = U 0∗2 gD∗0∗ =∗ Froude
number, H = gH U 0 , (τ s ,τ n ) = (τ s ,τ n ) ρU 0∗2 ,
( qs , qn ) = ( qs∗ , qn∗ ) Rgd ∗3 , and the terms
( f11 , f 22 , g11 , g 22 , m11 , n11 ) depend on flow and sediment transport distribution. The dimensional variables are ( s ∗ , n∗ ) = streamwise and transverse
coordinate, t* = time, B∗ = channel half-width,
D∗ = flow depth, (U ∗ ,V ∗ ) = streamwise and
transverse flow velocity, H ∗ = water surface elevation, g = acceleration due to gravity, U 0∗ and
D0∗ = uniform flow velocity and depth for a
straight channel with a bed slope equal to valley
slope, ∗0 = reference radius of curvature at the
bend apex, (τ s∗ ,τ n∗ ) = bed shear stress in streamwise and transverse direction, ρ = water density,
( qs∗ , qn∗ ) = sediment discharge in streamwise and
transverse direction, R = submerged specific gravity of sediment, and d* = sediment particle diameter. The shear stresses are defined as:

4 INTEGRATION OF MEANDER
MIGRATION AND BANK EROSION
MODELS

(τ s ,τ n ) = (U ,V ) C f

U 2 +V 2

(7)

where Cf = friction coefficient.
The terms ( f11 , f 22 , g11 , g 22 , m11 , n11 ) differ for
IPSM, BSM, and ZSM. The application section in
this paper presents results obtained with IPSM, for
which Eq. (6) is omitted, the transverse bed slope
is assumed constant and proportional to local curvature (Fig. 2b), f 22 = g 22 = 0 , and:

4.1 RVR Meander Flow and Sediment Transport
Model
Three linear meander flow and sediment transport
models are (or are planned to be) incorporated in
the current version of RVR Meander (Abad et al.,
2009): (1) Ikeda et al. (1981), denoted as IPSM;
(2) Blondeaux and Seminara (1985), denoted as
BSM; and (3) Zolezzi and Seminara (2001), denoted as ZSM. Following the procedure of Zolezzi
and Seminara (2001) the non-dimensional govern1030

∂U ⎞
⎛ βτ
f11 = − n ⎜ s + V
⎟ − CUV
∂n ⎠
⎝ D

(8)

∂V ∂H ⎞
⎛ βτ
2
g11 = − n ⎜ n + V
+
⎟ + CU
∂n ∂n ⎠
⎝ D

(9)

∂VD ⎞
⎛
m11 = − ⎜ VD + n
⎟
∂n ⎠
⎝

where
vature.

=

∗
0

Fig. 1(a), the shear stresses exerted by the flow on
soil layers 1 and 2 are:

(10)

τ 1,2 = τ b A1,2 A3

R0∗ and R0∗ = local radius of cur-

(13)

Planar and cantilever bank failure calculations
are performed as bank profiles change over time.
When FS decreases below unity, the bank material
comprising the calculated failure block is removed
and the bank profile is updated accordingly.
4.3 Channel Migration
The meander migration models included in RVR
Meander (IPSM, BSM, and ZSM) assume a constant channel width both in space and time, that is
the advance of the inner bank equals the retreat of
the outer bank. Channel migration is therefore
represented by the migration of the channel centerline. Planform characteristics (curvature, radius, orientation, etc.) needed to integrate the set
of governing equations (3-6) are obtained from
the centerline configuration. The physically-based
streambank erosion algorithms of the CONCEPTS
model calculate different erosion rates of outer
and inner banks. As a result, predicted channel
width will vary in space and time, which affects
planform characteristics.
At present, two alternatives have been developed to resolve the above problem. In the first alternative, the bank erosion rate at each node (i.e.,
each cross section) is computed from the displacement of the stations of both the left bank and
right bank toe (Fig. 3(a)). The new channel width
then varies along the channel. The width used in
the hydrodynamic simulation (Eqs. (3-6)) is the
minimum width along the channel.

Figure 2. Definition sketch of variables used by RVR
Meander: (a) planform and (b) cross-section configurations.

4.2 Bank Evolution
Fluvial erosion is calculated following Eq. (2)
with bank shear stresses at the toe calculated using
Eq. (7) as τ b = τ s∗ ( n = ±1) . For IPSM τb at the
outer bank of a meander bend reads:

τ b ( s ) = C f U ( s, n = 1) U ( s, n = 1)

(11)

where
s
⎛
⎞
U ( s, n = 1) = 1 + ν 0 ⎜ a1e − a2 s + a3C + a4 e − a2 s ∫ Ce a2 s ds ⎟
0
⎝
⎠
(12)

Expressions of the coefficients a1-4 can be found
in Johannesson and Parker (1989) or Abad et al.
(2009).
The shear stress distribution along the bank
profile is then obtained by scaling τb based on either the vertical area or normal area method
(Lundgren and Jonsson, 1964). For example, in
the case of the three-layer soil system shown in

Figure 3. Alternatives to calculate centerline migration: (a)
fluvial erosion calculated at both inner and outer bank toes
is used; and (b) only fluvial erosion calculated at the outer
bank is used.
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In the second alternative, the migration distance of
the channel centerline equals the physically-based
retreat of the outer bank. The advance of the inner
bank is assumed to equal the erosion of the outer
bank for maintaining constant channel width (Fig.
3(b)).

Fig. 5 compares the centerline migration obtained with the HIPS method and the physicallybased approach. The channel centerline simulated
using the physically-based method agrees well
with that observed away from the boundaries of
the model reach. The channel centerline simulated
using the HIPS method is similar to that obtained
by the physically-based method for the upstream
part of the study reach. However, the HIPS method significantly overestimates the channel centerline migration, both in terms of meander amplitude and downstream translation, along the
downstream part of the study reach.

5 APPLICATION
The performance of the proposed approach was
tested for a reach on the Mackinaw River, Illinois,
USA (Fig. 4). The study reach is located in Tazewell County between the towns of South Pekin
and Green Valley (Fig. 4(c)).

Figure 5. Comparison of observed and modeled centerline
migration between 1951 and 1988 of a reach on the Mackinaw River, Illinois, USA. Flow is from right to left.

6 CONCLUSIONS
A new, physically-based meander migration method was developed. The new method assesses the
erosion processes responsible for streambank retreat. The proposed approach has the following
advantages: (1) avoids the use of calibrated migration coefficient, (2) considers near-bank hydrodynamics, (3) accounts for bank-material heterogeneity and riparian vegetation, and (4) simulates
the processes controlling bank erosion.
A preliminary application of the new approach
to a reach on the Mackinaw River, Illinois, USA
only showed much better agreement with observed meander channel centerline migration than
the classic HIPS method. Both the new, physically-based approach and the HIPS method assumed
a single floodplain soil (i.e., unique values of Eb,
τc and k) obtained through minor calibration.
Therefore, additional testing is needed to account
for the spatial and temporal variations in floodplain soils (with measured properties) and vegetation to determine the performance of the new approach.

Figure 4. Location of study reach on the Mackinaw River,
Illinois, USA.

The average width of the study reach is 38 m, valley slope is 0.00047, and effective discharge is 62
m3/s. The migration of the centerline between
1951 and 1988 was simulated with the IPSM version of RVR Meander using both the HIPS approach (Eq. (1)) and the physically-based approach (Section 4.3). The coefficient Eb in the
HIPS method was calibrated as 3.3x10-7. Bank retreat in the physically-based method was simulated as a combination of fluvial erosion and cantilever failures. No measurements were carried out
to determine critical shear stress and erodibility
coefficient. Minor calibration yielded a critical
shear stress τ c = 18 Pa and an erodibility coefficient k = 3.3x10-8 m/s·Pa along the study reach.
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Long-duration laboratory experiment of slow development of steady
alternate bars
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ABSTRACT: The current view is that migrating bars are the result of morphodynamic instability in
straight or mildly-sinuous alluvial channels and are therefore an inevitable feature of alluvial river beds.
Steady bars, instead, require some external forcing or specific morphodynamic conditions to develop.
Yet, recent numerical tests showed that steady bars may develop as a result of spontaneous morphodynamic instability, just like migrating bars, without meeting the specific conditions. We investigated this
possibility in the laboratory, following the temporal evolution of alternate bars in a straight flume with
mobile bed. The experiment was run with a constant discharge for about 10 weeks. Initially, the bed topography was dominated by the presence of fast growing migrating bars. After three weeks, however,
slowly growing, larger, steady bars emerged. These bars had the same wavelength as the ones that formed
in another experimental test in which the flow was perturbed by the presence of a transverse plate. The
experiment confirms the recent numerical results. Considering that the presence of steady alternate bars is
a prerequisite for initiation of meandering, this is now shown to be an inherent feature of alluvial rivers.
Keywords: River morphodynamics, Morphodynamic instability, Migrating and steady bars, Meandering
Instead, the origin of steady bars is attributed to
either “resonant” conditions (Blondeaux & Seminara, 1985), since in a resonant system the bar celerity decreases to zero, or the presence of an external flow perturbation, such as a local change in
channel geometry (De Vriend & Struiksma, 1984)
or a variable discharge (Hall, 2004).
If banks are erodible, migrating bars mainly
lead to channel widening; steady bars to local
bank erosion and bend growth. For this reason, initiation of meandering was attributed to the formation of steady bars inside straight river channels
(Olesen, 1984). This idea met the support of the
“bend instability theory” (Ikeda et al., 1981), since
the wavelength of incipient meanders was found
to be on the order of magnitude of the typical wavelengths of steady alternate bars. The wavelengths of migrating bars, derived as the fastest
growing ones, proved too short to give rise to developing meanders. Since river meandering follows from the formation of steady bars, the
present wisdom is that also initiation of meandering requires some external forcing or occurs spontaneously only at “resonant” conditions.

1 INTRODUCTION
River bars are large sediment deposits that become observable at low flow stages. Alternate
bars occur alternately near one side and then near
the other side of river channels (Figure 1).

Figure 1. Alternate bars in the River Adige, at Ponte Adige
(Italy). Flow from right to left. Google Earth image.

The present wisdom distinguishes migrating from
steady bars (Seminara & Tubino, 1989). Their difference lies not only in the migration rates, but also in their sizes, since steady bars are about two
times longer than migrating bars. Theoretical studies attribute the origin of migrating bars to spontaneous alluvial channel instability, which is supposed to select the fastest growing ones (e.g.
Hansen, 1967; Callander, 1969; Engelund &
Skovgaard; 1973, Parker, 1976; Fredsøe, 1978).
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Nevertheless, meanders are seen to grow from
an initially straight channel with erodible banks
also in apparent absence of flow perturbations and
at non-resonant conditions (Friedkin, 1945;
Rüther and Olsen, 2007). Moreover, a recent numerical investigation shows that steady bars, the
precursors of meander point bars, may form spontaneously, albeit slowly, in a straight channel
without any flow perturbations and at nonresonant conditions (Crosato & Desta, 2009).
With the idea of checking this possibility we performed a laboratory experiment to analyze the
temporal evolution of alternate bars in a straight
laboratory flume with mobile bed. The experiment
was run with a constant discharge for about 10
weeks, to allow for the development of slowly
growing steady bars. The experiment was ten
times longer that any other experiment of the
same type (e.g. Fujita & Muramoto, 1985;
Struiksma & Crosato, 1989, Lanzoni, 2000a and
2000b).

Two experimental tests were carried out. In the
first one a transverse plate was placed at the upstream boundary to create a permanent external
flow perturbation. This test was meant to study
the formation of steady bars as in previous successful experiments (Struiksma & Crosato, 1989;
Lanzoni 2000a and 2000b). These bars are generally known as “forced” bars, since they represent
the free river response to finite external forcing. In
the second test, the transverse plate was removed
and the initial bed carefully smoothed out to eliminate all perturbations to the flow. The second test
was meant to study the evolution of the bed topography in the same system, but without any external forcing. In this case, according to previous experimental tests (e.g. Fujita & Muramoto, 1985)
we could expect the formation of migrating bars
only.

1.1 Experimental set-up

2.1 Test with external forcing

The experiment was carried out in the Fluid Mechanic Laboratory of Delft University of Technology. The total length of the flume was 26 m; the
channel width 60 cm. The bed was covered by a
layer of sand having a thickness of 25 cm. The
mean diameter of the sediment particles was 0.238
mm. Water and sediment were re-circulated, although water was added in regularly to compensate small losses due to evaporation. The discharge was kept constant at a value of 6.9 l/s.
A wire mesh was introduced at the upstream
boundary to dissipate energy, to distribute the
flow uniformly and to reduce turbulence. A
streamline straightener was placed immediately
downstream of the wire mesh, followed by a floating sponge to further reduce turbulence.
Due to the presence of relatively large dunes
and ripples, the rough data had to be filtered to
clean out the bar signal. The filter used was based
on the Matlab software ProcessV3 and optimized
for bedforms having wavelength larger than 1 m
(bars). Migrating bars characteristics were determined by plotting subsequent filtered bed level
profiles, which allowed detecting their size and
celerity. Steady bars were identified by averaging
the filtered bed level profiles over time, which
smoothed out most unsteady signals. Unfortunately filtering followed by time-averaging strongly
reduced the bar signal.
Upstream turbulence and perturbation smoothing as well as the measuring and post-processing
techniques adopted reduced also the effective
length of the channel to about 20 m.

The experiment started on June 11th 2009 with the
lay-out shown in Figure 2. At morphodynamic
equilibrium, which was reached within two days,
the longitudinal bed slope was 3.54 ‰, the mean
water depth 51 mm and the mean velocity 22.5
cm/s.

2 EXPERIMENTAL RESULTS

Figure 2. Flume with a transverse plate partially obstructing
the inflow.

During the experiment, the longitudinal profiles of
the bed and water levels were measured three
times per day. The transverse velocity profile was
measured across several sections, but with a lower
frequency.
Steady alternate bars started to develop immediately after experiment start, forced by the presence of the plate. Their wavelength slowly increased from the initial value of 6.5 m to the final
value of about 7.5 m. The latter was reached after
about two weeks. Figure 3 shows the temporal
evolution of the relative longitudinal bed level
profile measured 5 cm from the left side wall.
Each curve plotted in the figure represents the bed
level profile averaged over one week. Time averaging smoothed out most of migrating bars. Two
and a half steady bars became visible.
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can be attributed to the absence of the plate, which
caused extra resistance in the preceding test.
The transverse profile of depth-averaged flow
velocity was measured at three locations, 2.2 m,
12.2 and 22.2 m from the upstream boundary,
twice per day for the first 10 days and once every
three days during the month July. The timeaveraged values of flow velocity near the upstream boundary did not show deviations from uniformity. This allowed excluding the presence of
external forcing caused by inflow nonuniformities.
During the first week, the longitudinal profiles
of bed and water levels were measured three times
per day. The measurements were later carried out
twice/day in July, but only once every three days
in August. At the end of August the measurements
were carried out again with the initial frequency.
On September 5th, 68 days after start, an accident occurred to the pump which jeopardized the
progressive bed evolution. The last useful measurement was taken on September 4th.
A single (weak) steady alternate bar started to
appear in the upstream half of the flume one day
after experiment start already. However, during
the first weeks this bar had small amplitude and
was unstable, since it disappeared and re-appeared
at the same place several times. The initial wavelength of this steady bar was about 7.0 m. Just like
in the previous experiment, the wavelength gradually increased. The final value of approximately
7.5 m was reached about three weeks after experiment start. Since then, the steady bar slightly
grew in amplitude and two more bars started to
appear. These became visible, although not well
developed, about six weeks after experiment start.
Figure 5 shows the longitudinal profile of the
time-averaged bed elevation along the left side
wall. The gray line represents the average of the
first month and the black line the average of the
second month of the experiment.
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Figure 3. Weekly-averaged bed level profiles measured 5
cm from the left side wall (values relative to the crosssectionally averaged value of the bed level). Light gray line:
average June 11-19. Dark gray line: average June 22-25.
Black line: average June 26-29. Test with transverse plate.

Relatively short migrating bars were present from
the first day on, but only in the second half of the
flume (Figure 4). The area in which migrating
bars developed gradually reduced in size, moving
downstream. This was due to the gradual dominance of steady bars, starting from upstream.
bed elevations along left side wall
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Figure 4. Successive measurements of bed level profile 5
cm from the left side wall (filtered data). Light gray line:
June 19 at 10:07. Dark gray line: June 19 at 13:21. Black
line: June 19 at 16:14. Test with transverse plate.

The typical wavelength of migrating bars ranged
between 2.6 and 4.1 m; their celerity between 22
and 39 cm/hour; their (filtered) amplitude between
5 and 17 mm.

averages 3 July - 3 September 2009 along left side wall

10
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2.2 Test without external forcing
th

The experiment started on June 30 2009. At
morphodynamic equilibrium, which was reached
within two days, the longitudinal bed slope was
3.74 ‰; the mean water depth 49 mm; and the
mean flow velocity 23.5 cm/s.
The experimental setting does not correspond
to the resonant conditions defined by Blondeaux
& Seminara (1985), for which the bars migration
rates would tend to zero. The small differences in
the values of longitudinal slope, water depth and
velocity with respect to the previous experiment
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Figure 5. Monthly-averaged longitudinal profiles of bed
elevation 5 cm from the left side wall (values relative to the
cross-sectionally averaged value of the bed level). Gray line:
average 3 July - 3 August. Black line: average 3 August - 3
September. Test without transverse plate.
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the second half of the flume (Figure 7). The situation became similar to the one in the preceding
test with the transverse plate, as also observed in
previous experiments with forced steady bars
(Struiksma & Crosato, 1989 and Lanzoni, 2000a
and 2000b). This means that, even in the absence
of any upstream disturbance, the channel bed topography gradually acquired the characteristics of
a “forced” system.
The sediment transport rate was derived from
measurements of sediment concentrations in the
water flowing outside the flume at the downstream boundary and roughly estimated in 1.5 g/s.
This value is 16 times smaller than the sediment
transport rate that was derived with the formula by
Engelund & Hansen (1967). The sediment transport rate was derived also on the basis of migrating alternate bars characteristics (amplitude and
celerity), using the formula by Simons et al.
(1965):

Unfortunately the experiment had to be stopped
when the steady bars were still in development,
which means that we cannot show the completion
of the bar growth process. Nevertheless, Figure 5
clearly shows the steady waving bed topography.
The time-averaged values of the bed level profiles measured along both the left and the right
side walls are plotted in Figure 6. Shallow areas
near one side wall correspond to pools near the
opposite side wall. This proves that the bed oscillation is due to the presence of steady alternate
bars.
The steady bars have a different phase lag than
in the preceding test with external forcing, and
smaller amplitude, but have the same wavelength.
This allows concluding that the steady bars that
developed during the test without forcing are of
the same type as the traditional “forced” bars. The
experiment therefore confirms the numerical results by Crosato & Desta (2009).
10
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qS = (1 − p)cβ hb + C

averages 3 August - 3 September 2009

where qS = sediment transport rate in m3/s/m, p = porosity (-), hb = bedform height (m), c = celerity of
propagation of the bedform (m/s), β = coefficient to
average the cross-sectional area of the bedform (dunes
0.55≤ β ≤ 0.6), C = constant of integration to account
for the material not associated with the migration of
bedforms (with dominant bed load C = 0).
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Assuming porosity p = 0.4, C = 0 (the sediment
prevalently moved near the bed), and a sediment
density of 2650 kg/m3, the averaged sediment
transport rate resulted in 0.6 g/s. This method underestimates the sediment transport rates. Clearly
not all sediment transported by the flow contributed in constructing bars.

longitudinal distance (m)

Figure 6. Monthly-averaged longitudinal profiles of bed
elevation 5 cm from the left and right side walls (values relative to the cross-sectionally averaged value of the bed level). Gray line: along right side wall. Black line: along left
side wall. Test without transverse plate.
bed level profiles along left side wall on Sept. 2, 2009
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3 CONCLUSIONS
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The experimental results show that in the test
without transverse plate, in which the straight alluvial flume did no have any external forcing nor
was the system at resonant conditions, rapidly
growing, short, migrating bars developed first.
Slowly growing, larger, steady bars developed
subsequently, starting from upstream. Their final
wavelength was approximately the same as the
wavelength of the forced bars that governed the
bed topography in the preceding test with a transverse plate. It can be therefore concluded that the
steady bars that developed spontaneously in the
absence of any external perturbations and at nonresonant conditions were of the same type as those
generally known as “forced bars”.
In the test with a transverse plate, steady bars
dominated the bed topography from the first day
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Sept 2nd 2009 at 15:38
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Figure 7. Successive measurements of bed level profile 5
cm from the left side wall (filtered data). Light gray line:
Sept. 2 at 11:49. Dark gray line: Sept. 2 at 13:58. Black line:
Sept. 2 at 15:38. Test without transverse plate.

Migrating bars started to form from the first day
on. Their wavelength ranged between 2.5 and 4.9
m; their celerity between 23 and 40 cm/hour; their
(filtered) amplitude between 5 and 16 mm.
Migrating bars were initially present along most
of the flume length, but since the steady bar
started to appear, migrating bars formed only in
1038

on, whereas steady bars formed only after about 3
weeks in the experiment without external forcing.
This explains why steady bars were traditionally
believed to require geometrical discontinuities.
They could be observed in tests with a persistent
perturbation only, because the durations of previous experiments were too short. Moreover, filtering of bedforms followed by time-averaging
diminishes the signal of steady bars, with the risk
that they are not easily recognizable. This might
be an additional reason why steady bars have been
overlooked in previous experiments.
Our experiment demonstrated that steady bars
may form spontaneously, simply as a result of
morphodynamic instability, like migrating bars.
The major difference between steady and migrating bars is that the former have much smaller
growth rates and for this they appear at a later
stage.
For the fist time steady bars were observed to
develop in an experimental channel as an intrinsic
phenomenon. Since steady bars are seen as a prerequisite for meandering, we conclude that meandering also arises as an intrinsic instability of
straight alluvial channels also if banks are not easily erodible and channel widening cannot follow
migrating bar formation. Resonant width-to-depth
ratios, external perturbations and discharge variations are not necessary conditions for the onset of
river meandering.
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alternate bars
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ABSTRACT: A three dimensional CFD model was used to compute the flow, suspended sediment concentrations and the corresponding bed change over time in a natural river reach of 4km length. The river
reach is a part of the river Po near Boretto, Italy and its river bed is dominated by alternate bar development. The results of the model are compared to data from a detailed acoustic Doppler and backscattering
survey carried out in the years of 2005, 2006 and 2007 of Bologna University, Italy. The CFD model
solved the Reynolds-averaged Navier-Stokes (RANS) equations in three dimensions to compute the water
flow and was fully coupled with a sediment transport routine to predict the suspended sediment concentrations and the transient bed deformation. The bed level changes were calculated by solving the continuity equation of the sediment concentration at the bed. In addition to the 3D simulation, the same reach was
modeled with a 2D hydrodynamic code with a coupled sediment transport routine and an adaption to
three dimensional flow characteristics (quasi 3D (Q3D)). The goal of the study was to investigate the 3D
and 2D numerical results for a better understanding of fluvial processes at different scales and to identify
uncertainties in the results of the long term 2D simulations. The 3D approach uses a universal method for
the calculation of the secondary flow that appears to be important in the observed grain size sorting and
alternate bars development. The outcome of the study will improve the quality of long term prediction of
a 2D simulation, which is important e.g. navigation channel maintenance.
Keywords: Fluvial sediment transport, Sediment transport modelling, CFD, Depth averaged, River Po
ing measurements of velocity field, sediment
transport and channel morphology. Another alternative could be, to use the results of a fully three
dimensional (3D) flow and sediment computation
to calibrate the 2D model. This approach is much
more cost effective and would save time, too. The
current investigation tries to evaluate this possibility by using a 3D numerical model and comparing
the results to measurements and the results of the
2D numerical model. Therefore is the present
study assessing and pointing out further needs in
order to be successful in providing calibration data for a 2D model by using a 3D numerical model.

1 INTRODUCTION
Nowadays commercial numerical models are
available, for instance Delft Hydraulics and DHI
software, which simulate the two-dimensional
(2D) shallow water equation for the flow coupled
which a sediment transport module to simulate
fluvial processes and river bed evolution. These
numerical tools are designed to simulate river
branches for some tenth of kilometers length over
a longer period of time. These kinds of simulations give insight in long term impact of e.g. climate change on river channels, fluvial navigation,
bank stability and reservoir capacities. This advantage comes along with the disadvantage that
certain physical processes have to be modeled
with approximations. Oversimplifications regarding shear process, secondary flow and sediment
transport leads to the need of verifying the results
thoroughly. It is recommended to calibrate the
model accurately for at least a steady situation, us-

2 FIELD DATA
Two campaigns were carried out on the Po river,
the major river in Italy. Its main channel is 650
km long, and its 71000 km2 catchment includes
most of the Italian Alpine slopes, the Po plain
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(Pianura Padana) and the Emilian slopes of the
Apennine mountains. The average and historical
maximum discharges are about 1500 and 12000
m3/s, and the transport of bed sediments is estimated from past delta extension and subsidence as
having decreased in the last century from 10 to 5
106m3/year (Cati, 1981). The monitored reach is
near Boretto, 216 km from the Adriatic sea, where
the catchment area is 55200 km2; the alluvial bed
is composed of well sorted coarse sand with mean
size near 0.5 mm and sorting 1.2 phi. Water flows
towards south east, with a mean slope variable
around 0.15 m/km.
Figure 1 shows the multibeam bathymetry of
the 2D and 3D modeled reach, it is 5.2 km long
and 250 m wide and includes a straight upstream
reach, alternate bar dominated, and the two consecutive bends with the intermediate flex.

2007). The May survey was carried out during a
moderate flow; the mean level during the period at
Boretto was -1.40 m with a standard deviation of
0.35 m; the stage was regularly falling at a rate of
0.5 m/day. The assessed mean flow was 974 m3/s.
Two Teledyne RDI aDcps were used, working
at 600 and 1200 kHz, placed side by side down
looking on a moving vessel, insonified the same
water column. Echoes of two different frequencies
were continuously recorded together with velocity
profiles. A dynamic survey was carried out over
the whole reach, following longitudinal and transversal transects. In order to reduce the non stationary effects on the surveyed data each campaign
takes no more than 3 days.
The available data consist in profiles, cross
sections and depth averaged maps of velocity and
suspended sediment fields, furthermore the bathymetry (fig. 1) was simultaneously surveyed
with a Kongsberg 300 kHz multibeam.
The shear velocity assessed by the logarithmic
fitting method of aDcp surveyed profiles (Rennie
and Church, 2007), the deviation between the upper and the lower part of velocity aDcp profile
that is in relation with helical flow (Yalin and da
Silva, 2001), and the concentration profiles derived from 2 aDcp echoes profiles using the multi
frequency method (Guerrero and Lamberti, 2008),
are particularly useful for steady calibration of velocity and sediment transport fields.
3 NUMERICAL METHODS
3.1 2D numerical model
The 2D, shallow water approximation, code was
the MIKE21C by Danish Hydraulic Institute. The
model solves two-dimensional Navier-Stokes equations on a curvilinear grid using the finite difference scheme. A wet and dry algorithm allows
water stage to change significantly during simulation, except near the boundary condition locations.
Bed roughness can be defined as a constant, as a
map or variable with depth in order to account of
bed forms shear.
Hydrodynamics vertical dimension features,
i.e. logarithmic profiles and helical flow, are taken
into account both on the two-dimensional convective-diffusive equation and on bed load. The 2D
convective-diffusive equation is derived from the
Galappatti (Galappatti, 1983) approach for quasi
steady concentration profile, and assuming the
equilibrium of concentration near the bed. In that
way the concentration time and spatial derivatives
are multiplied by coefficients coming from velocity and concentration profile vertical integrations,
but that can be also tuned in agreement with field

Figure 1 Multibeam bathymetry

The first campaign was carried out on 7 and 8
Nov 2006, the second on 8,9 and 10 May 2007; in
both cases low flow conditions were surveyed inside a two dry years period (May 2005–May
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fluxes at the cell surfaces. The standard twoequation k–ε turbulence closure (Rodi, 1980) was
used to compute the turbulent viscosity and diffusivity. The suspended sediment transport was calculated by solving the transient convectiondiffusion equation for sediment concentration. To
define the boundary conditions for the bed load
and suspended sediment concentration, van Rijn’s
(1984a, b) were applied to the cells adjacent to the
bed.

evidences. The bed load is diverted from velocity
direction depending on bed slope and channel
curvature as described by first order model of
Kalkwijk (Kalkwijk et al. 1987), that can be calibrated in agreement with field evidences. These
features make the model quasi 3D, but introduce
some parameters that need to be accurately calibrated.
In agreement with mentioned schemes, the sediment continuity and convective-diffusive equations are solved in a quasi steady approach also
with the aim to speed up long term morphodynamic simulations. For this reason the model is
particularly fitted for long term and slowly variable morphodynamics simulations.

4 RESULTS AND DISCUSSION
4.1 Results of the 2D numerical model
A first step for an accurate morphodynamic calibration is the comparison between simulated and
surveyed velocity and sediment transport fields.
With that aim the MIKE21C numerical model is
applied to the case study of May 2007 survey, simulating the time averaged condition over the
surveyed period.
Figure 1 shows the implemented bathymetry.
On average the computation curvilinear grid has a
10 meters side square cell. The downstream condition on water level and the upstream one on discharge, come respectively from water stage measurement and aDcp velocity profile integration
over 10 cross sections. The bed roughness derived
from logarithmic fitting of aDcp profiles is imposed as a map or as spatially averaged value of
Chezy parameter all over the study area, being
negligible the deference on following results.
In general must be said that there’s a strong
agreement between simulated and measured water
depths and levels, as a consequence the model accurately reproduces the depth-velocity correlation
changing along the reach from weakly positive/nearly negative (i.e.: high velocity approaching low depths) at upstream bar dominated subreach to clearly positive (i.e.: high velocity at high
depths) in the downstream bended sub-reach.
In figure 2 the depth averaged velocity field resulting from 2D shallow water simulation can be
compared with depth averaged velocity magnitude
of aDcp profiles. The two velocity maps are very
similar in particular the upstream straight subreach appears to be dominated by alternate bars
that give rise to a typical alternating pattern of low
and high velocity values. The major velocities
both for 2D simulated and surveyed fields are
downstream shifted with respect to greater depth,
i.e. the bar through, that giving evidence about the
flux contraction taking place over the bar toss
side. The more downstream bar protrudes into the
first bend, splitting and moving downstream, with
respect to bend apex, the location of maximal ve-

3.2 3D numerical model
The numerical model SSIIM is used in this study
(Olsen 2007). The program uses a non-orthogonal
unstructured grid. In the plan view, the grid follows the river. The unstructured nature of the grid
makes it possible to use a varying number of grid
cells in all three spatial directions, according to
the water depth and the area covered by water.
The number of vertical cell varies from 1 at the
sides to 21 in the deepest parts of the domain. The
grid cell size in the horizontal directions was approximately 5.0 × 3.0 m.
Zero gradient boundary conditions were used
for all variables at the outflow boundary, while
velocities were specified at the inflow boundary
(Dirichlet boundary condition). Wall laws introduced by Schlichting (1979) were used for the
side walls and the bed. The bed roughness can be
given as either a user input or computed by the
model as a function of the bed sediment distribution. In the present case, it was set to a constant
value. The water surface was initially computed
with a 1D backwater approach and an overall
roughness value, and compared to the measured
water surface. During the simulation the water
surface was kept constant. This assumption was
valid since the simulation was steady.
The flow field for the three-dimensional geometry was determined by solving the continuity
equation and the Reynolds averaged Navier–
Stokes equations. The control volume method was
used for discretization (Olsen, 2007) and the convective terms in the Navier–Stokes equations were
solved by a first- or second-order upwind scheme.
The pressure field was computed with the SIMPLE method (Patankar, 1980). SIMPLE stands for
“Semi-Implicit Method for Pressure-Linked Equations” and solves the unknown pressure field with
an iterative process based on the continuity defect.
The Rhie and Chow interpolation (Rhie & Chow,
1983) was applied to compute the velocities and
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wave length, of about 1 km, as the prototype of
the consecutive deviation changing sign all over
the upstream straight sub-reach, where flow is diverted from left to right and vice versa by alternate bars. Follow the bended sub-reach where the
deviation is dominated by river curvature. As for
velocity field (figure 2) the model only roughly
approximates the process that take place between
upstream bend apex and following flex where alternate bar field protrudes into the following bend
and the two elsewhere well observable behaviors,
alternate bar and river curvature dominated, are
blended together. In fact the surveyed map in that
area shows a clear switch from positive to negative deviation that appear to be dampened by the
model.

locity. In fact the highest surveyed velocities appear both near the apex, at low depth over the bar
ridge, and at following flex where the scour in
figure 1 indicates the flux impact zone. The simulated velocity field shows high values, above 1
m/s, all over the outer side of upstream bend,
where as the measured values show slightly lower
ones. The downstream bend shows a good agreement between simulated and surveyed velocity,
perhaps except the area following the flex where
lower values appear in the surveyed map due to
the bridge pear that is not represented in the model.

Figure 2 Velocity fields comparison.

The first order model of Kalkwijk et al. 1987, for
bed load deviation, is calibrated on field evidence
concerning the deviation between upper and bottom part of velocity aDcp profiles. In figure 3 the
simulated bed load deviation referred to depth averaged velocity can be compared with measured
deviation. Theoretically speaking, the two angles
are not the same even if the measured surveyed
map of figure 3 shows the halved value of upbottom deviation, in that way accounting of two
angles different references and assuming an almost symmetric secondary velocity profile. Notwithstanding the mentioned differences, the two
deviations are indications of the same helical flow
and secondary flow processes. As a consequence
the two maps of figure 3 show similar patterns and
values. In particular the model represents the same

Figure 3 2D simulated and measured helical flow.

The 2D steady concentration field is simulated
starting from a zero concentration initial condition
and assuming the bed equilibrium at upstream
boundary during the necessary time to get a steady
configuration all over the computational domain.
The bed material is represented with the mean
grain size from bed samplers and van Rijn formulations are applied both for bed and suspended
load. In figure 4, the resulting concentration field
can be compared with surveyed one, being both
depth averaged values, but taking in mind that the
aDcp measurements are lacking the near bed part
of profiles where sediment transport is usually
confined. Even if the model catches the surveyed
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nitude of the depth average velocity. At the end of
the bend where the flow is accelerated, the model
results are in good agreement with the measurement. The maximum of the velocity is at the outside of the bend. Similar good results can be observed both, in the subsequent cross over and the
bend to the other side. Both, location of maximum
velocity and distribution of velocity are matching
very well with the measurements.

patters and the domain mean value of simulated
and surveyed maps are fairly near, a clear difference appears in the amplitude of maximal and
floor values. In fact the measured map show higher peaks of concentration over a lower base. The
evidences concerning also the infield observed
grain size sorting allover surveyed reach, suggest
a graded model would better approximate the
measured concentration field by simulating higher
maximal concentration of finer material above a
lower base of coarse sediments.

Figure 5 Depth averaged velocities from 3D simulation
compared to measurements.

Figure 4 Depth averaged concentration.

Figure 6 shows the calculated deviation of the
velocity vectors at the surface and at the bottom
and the comparison to the measurements. The
right plot shows the measured values. When comparing the data with simulated results one has to
be aware of the fact that the measurements were
taken 0.9 m below the surface and 0.5 m from the
bottom. Therefore one can explain the consistent
deviation in magnitude in comparison to the simulation. However, the figure indicates that the locations of the deviation are matching. This is due the
fact that deviation is clearly dominated by the bottom topography. This feature seems to be important since the bed load transport is following the
direction of the near bed flow. .

4.2 Results of the 3D numerical model
The 3D computed velocities were depth averaged
and compared to the measurements. The results
are depicted in Figure 5. The range of the depth
averaged velocities is displayed from 0.1 to
1.4 m/s. The overall agreement is very satisfying.
The river reach can be divided into three subsections: The upper part with the alternate bar formation, the middle part with the bend flow and the
downstream part with the contracted, accelerated
flow. The flow pattern in upstream part of the river reach reflects the pattern of the alternate bar
formation. The velocity maximum shifts from left
to right each time the geometry changes. In the
middle part the flow is dominated by the bend
flow. In the upstream part of the bend, one can see
that the 3D model clearly overestimates the mag1045

4.3 Discussion
The comparison in the previous chapter shows
that there can be a significant difference in the result of the simulation with different numerical methods. This is for example in case of the calculated
deviation of the surface to bottom velocity vectors. Even though the 2D approach is considering
the bed topography in a certain way, it seems that
in the reach of the bend flow the model is overestimating the pure helical flow effect due to bed
flow. Instead the bed topography is dominating
the deviation of the flow.

Figure 6 3D calculated helical flow compared to the measured values

Figure 7 displays the comparison of the bed
shear stress between the calculated values on left
side and the measured values to the right side. The
values range from 1.0 to 7.0 N/m2. The pattern of
the shear stress is strongly linked to the topography. In the upstream part of the river reach the
peaks of bottom shears stress are following the
heads of the alternate bars. Entering the bend, the
location of the maximum bed shear stress is
pushed to the outside to find its maximum on the
top of the prevailing bar. This is not observed in
the measurements. Here the numerical model
strongly overestimates the bottom shear stress.
Throughout the bend and downstream the bend
the shear stress matches again very well.
Figure 8 shows the calculated and measured
concentration of suspended sediments. The measured values are displayed as depth averaged, whereas the calculated values are extracted from
0.15 x the maximum depth in that water column.
One can see that patter matches in a very well
agreement. It is linearly connected to the shear
stress pattern. Again one can observe that in the
beginning of the upstream bend the concentration
are overestimated. This might be due to the large
alternate bar traveling through the bend.

Figure 7 3D calculated shear stress distribution at the river
bed

At the same time one can state that for some
computations the 2D and the 3D model give the
same results. Considering e.g. the depth averaged
velocity both models seem to have the same problem to calculate the measured values. Both models
are overestimating the magnitude in the upstream
part of the bend. This deviation could be referred
to unsteadiness during the measurements which
are not representing the time averaged numerical
results. One possible error could have been if
there was a change in the gradient of the water
surface which lead to lower velocities and lower
shear stress as calculated. This scenario was calculated by using a water surface level where the
gradients differ with respect to the longitudinal
coordinate. Unfortunately this did not show improvement of the results.
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Figure 8 Comparison of calculated (at 0.15 x water depth)
and the measured sediment concentrations (depth averaged)

5 CONCLUSION AND RECOMMENDATION
In the present study the characteristic flow features and the average sediment transport capacity
have been calculated with a 2D and 3D numerical
model. The results of the calculation have been
compared to measurements taken in the River Po.
The comparison between the 3D and the 2D numerical results show that the different numerical
methods are facing the same problems when looking in the first part of the upstream bend. Both
numerical models overestimate the velocity and
the sediment concentrations at this location. Besides that, one can state that the results of the 3D
numerical model are slightly superior compared to
the 2D calculated results. Especially when looking
at the deviation of the velocity vectors at the surface and at the bed. Consequently are the results
for the computation of the sediment concentration
better, too.
Whether the results from the 3D calculations
are good enough to perform a calibration instead
of using the measured values can’t be answered
finally. Further investigations and comparison are
necessary before a final conclusion can be drawn.
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ABSTRACT: The flow through meander bends is inherently three dimensional and may be characterized
by primary flow in streamwise direction and secondary flow in transverse direction. Although, three dimensional simulations of meander bends are feasible for laboratory scale experiments, temporal and spatial scales of naturally occurring meandering rivers are much larger than those found in laboratory experiments. Therefore, computationally less expensive (reduced) flow models are necessary. Reduced
hydrodynamic models are depth-integrated models and therefore require a closure model to resolve the
effect of secondary flow. At present, most reduced flow models are linear as they neglect the feedback
between the primary and secondary flow, which limits their validity to mild curvature. A non-linear reduced flow model, including this feedback, is compared to experimental data from the laboratory and the
field which are both sharply and moderately curved. The model predictions compare well to the global
flow structure in the high curvature Kinoshita flume and the moderate curvature Tollense River bend
(with extra complicating factors of vegetation and horizontal recirculation zones). A linear model is also
used to model the selected cases, showing good agreement for moderate curvature but not for sharp curvature. An analysis of the driving mechanisms reveals the reason for the difference in the model predictions.
Keywords: Meandering streams, Velocity redistribution, Curvature, Secondary flow, Bed roughness.
periment by Friedkin (1945). The flow component of their meander model was solved using
Reynolds averaged Navier Stokes equations with
a k-ε closure (Rodi, 1980) producing a detailed
description of the flow.
Spatial and temporal scales of real meandering rivers are several orders of magnitude larger
than in Friedkin’s experiment, and therefore require the use of reduced hydrodynamic models
(e.g. 1D or 2D models) derived from the 3D continuity and momentum equations (see reviews by
e.g. Parker & Johannesson, 1989 or Camporeale
et al., 2007). 1D models are models in which the
system of differential equations is dependent on
one coordinate only. Besides being faster, reduced models also have the advantage that they
are more insightful than the higher order models
as the dominant mechanisms may easily be distilled by considering the model equations. Therefore, there are many advantages for using a reduced model over a 3D model.

1 INTRODUCTION
Meandering rivers are a very common planform
throughout the world. Their shape and lateral
movement has intrigued scientists and engineers
for many centuries (cf. Seminara 2006). Recently, the increased focus on renaturalization
projects has led policy makers to consider the
partial remeandering of previously trained rivers.
However, economic factors such as navigation
and man-made infrastructure also set the boundaries for such rivers. To analyze the evolution
of meandering river one could use a mathematical model.
Meander models generally consist of three
parts i) a hydrodynamic component, ii) a channel
morphology component and iii) a channel migration component. The focus of this paper will be
primarily on the flow component.
Recently Rüther and Olsen (2007) showed the
feasibility of a 3D (three-dimensional) meander
model by simulating the 72 hour laboratory ex1049

strength and for strong curvature (β > 0.8) the
secondary flow strength in the model by de
Vriend (1977) is much larger than the model by
Blanckaert & de Vriend (2003) (cf. Fig. 10 in
Blanckaert & de Vriend 2003). This indicates
that secondary flow is overestimated by de
Vriend’s model for strong curvature as the nonlinear interactions between the streamwise and
transverse profiles are neglected. The bend parameter, therefore, indicates when including the
non-linear interaction between streamwise and
transverse profiles is important.

The flow through open channel bends is inherently 3D. Reduced hydrodynamic models can
only account for 3D flow processes by means of
parameterization. An example of such a parameterization is the secondary flow, which is the
mo-tion normal to the primary flow direction and
is in part responsible for the redistribution of
streamwise velocity (Johannesson & Parker,
1989b) and for the shaping of the transverse bed
slope (Olesen, 1987), although recent studies
show that for large width to depth ratio (B/H) the
effect of secondary circulation on the transverse
bed slope is of minor importance in comparison
to the transverse distribution of the streamwise
velocity (see da Silva et al. 2006 and the references therein). Due to the three-dimensional
flow structure in curved open channels,
processes such as secondary flow require adequate parametrization in reduced models.
Curvature can be expressed by means of
geometric parameters, such as depth or width to
radius of curvature ratios (H/R or B/R) or the
dimensionless
Dean
number
-0.5
0.5
De = 13(Cf) (H/R) (de Vriend, 1981) which
also depends on the friction factor Cf. Blanckaert
& de Vriend (2003) introduced another measure
of curvature which in addition to geometric parameters also includes information on the flow
structure.
Their
bend
parameter
β=Cf-0.275(H/R)0.5(αs+1)0.25 depends also depends
on the dimensionless parameter αs, which defines the transverse distribution of the depth averaged streamwise velocity. For example αs = -1
and αs = 1 correspond to a potential vortex distribution and a forced vortex distribution respectively (Vardy, 1990). The definition of αs will be
elaborated in the next section. The variable αs is
not constant through the bend. The same holds
for the bend parameter β.
Secondary flow models by Rozovskii (1957)
and de Vriend (1977), amongst others, consider
a streamwise velocity profile which is the same
as in a straight channel flow. The secondary flow
strength for steady axi-symmetric bend flow
(∂/∂t = ∂/∂s = 0) follows from a simplified momentum balance in transverse direction, which
neglects the interaction between streamwise and
transverse velocity, and it is found to be dependent on the friction factor Cf and proportional to
H/R. Blanckaert & de Vriend (2003) developed a
model which does include the non-linear interaction of the transverse and streamwise velocity
profiles. The ratio of the secondary flow
strengths for steady axi-symmetric flow predicted by the models of Blanckaert & de Vriend
(2003) and de Vriend (1977) is a function of the
bend parameter. For mild curvature (β < 0.4) the
models predict almost the same secondary flow

2 NON-LINEAR REDUCED
HYDRODYNAMIC MODEL
Blanckaert & de Vriend (2010) derived a nonlinear reduced hydrodynamic model, for the domain sketched in Figure 1. U is the bulk velocity
and Us is the depth averaged velocity. The
streamwise coordinate is given by s and n
represents the transverse coordinate which runs
from -B/2 to B/2. Blanckaert & de Vriend model
the streamwise velocity using an exponential distribution
in
transverse
direction:
Us(s,n) ≈ U(1+n/R(s))αs(s). The variables αs and
R define the streamwise velocity pattern through
the bend. By taking the transverse gradient of the
streamwise velocity and normalizing it by the
bulk velocity, a term describing the transverse
flow
structure
is
found:
αs/R ≈ (1+n/R)U-1∂Us/∂n. The model describes
the adaptation of the transverse flow structure
(αs/R) as follows:

λw

∂ ⎛ αs ⎞ αs
= Fw ,
⎜ ⎟+
∂s ⎝ R ⎠ R

(1)

where the factor w is the flow adaptation length,
and the system is subject to the forcing term Fw.
The adaptation length is defined as:

λw =

1 H ⎛ m α s + 1 B2 ⎞
⎜1 −
⎟,
2 ψ C f 0 ⎝ 12 R R ⎠

(2)

where H is the water depth, Cf0 is the straight
channel roughness, ψ represents the increase in
roughness due to curvature, turbulence and nonuniformity of the streamwise velocity (Blanckaert & de Vriend 2003; Blanckaert, 2009). 1/R is
the inverse radius of curvature and B is the
channel width. The variable m is a binary
integer, which is set to 1 in the non-linear model.
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Vriend (2003). Inertial effects for <fsfn> and ψ
are captured through a linear adaptation equation
using the relaxation factor by Johannesson &
Parker (1989a).
The choice m = 0, ψ = 1, and obtaining <fsfn>
and ψ from the linear closure model by de
Vriend (1977) results in the linear reduced flow
model of Johannesson & Parker (1989b).
3 RESULTS

Figure 1. Reference system and variable definition.

The forcing Fw in eq. 1 is defined as:
1 Sn2 Fr 2 + A − 1
Fw =
2
R
1 H ∂ ⎛ 1 ⎞ ⎛ m B2 ⎞
−
⎟
⎜ ⎟ ⎜1 −
2 ψ C f 0 ∂s ⎝ R ⎠ ⎝
6 R2 ⎠

(I )
( II )

+

4 χ H 2 〈 f s f n 〉 ⎛ m ( Sn Fr 2 + A + 3) B 2 ⎞
⎜1 +
⎟ ( III )
R2
ψ C f 0 B 2 R ⎝ 12
⎠

+

m H B 2 ∂ ⎛ Sn Fr 2 + A ⎞
⎜
⎟.
24 ψ C f 0 R 2 ∂s ⎝
R
⎠

( IV )
(3)

The first line (I) in eq. (3) relates to the transverse water slope SnFr2/R (Sn ≈ 1, Fr is the dimensionless Froude number) and the transverse
bed slope, which are related in the following
way:
n ⎞ 1 ∂h S n Fr 2 + A
⎛
+
≈
1
⎜
⎟
R
⎝ R ⎠ H ∂n
.

3.1 Case A: Kinoshita flume
(4)

Abad & Garcia (2009) performed an experiment
in a Kinoshita shaped meander flume (see Figure
2 & Table 1). The smooth boundaries (Cf ≈
0.005), flat bed, very narrow cross-section
(B/H = 4), the average ratios H/R = 0.19 and
B/R = 0.75, and furthermore β ≈ 1.17, which corresponds to a sharp bend, make it a suitable validation case.
Using the linear and non-linear model presented in the previous section the transverse flow
structure (is calculated. Figure 3 shows the comparison of the simulated transverse flow structure (αs/R) compared to the experimental data,
showing that the non-linear model succeeds in
modeling the flow correctly whereas the linear
model overestimates αs/R which is associated
with a too strong secondary circulation.

Mechanism (I) is also referred to as topographic
steering (Nelson, 1990). The second line (II) in
(3) is related to changes in curvature radius, the
third (III) relates to the redistribution of the
streamwise momentum through secondary flow
zS

f s f n /R = U −2 H −2 ∫ vs vn dz
zb

The non-linear reduced hydrodynamic model by
Blanckaert & de Vriend (2010) was validated
with two sharply curved flume experiments of
piecewise constant curvature radius R performed
in Lausanne, Switzerland (Blanckaert, 2009,
2010). The linear model by Johannesson &
Parker (1989b) was also validated by means of
mildy curved laboratory experiments of piecewise constant curvature radius.
This paper will present a validation of the
non-linear hydrodynamic model in more naturally occurring bends. The first case which we consider is a sharply curved multiple bend Kinoshita
flume with gradually varying curvature radius R
and a flat bed (Abad & Garcia, 2009) following
paths which are very similar to natural
meandering rivers (Langbein & Leopold, 1966;
Parker et al., 1983). The second case concerns a
field validation/application to the moderately
curved Tollense River. In both cases a comparison will be made with the linear hydrodynamic
model.

n =0

,

and the final line (IV) is due to changes in the
transverse bed and water level. The constant χ
can be derived from the distribution of
secondary flow across the width of the channel.
Blanckaert & de Vriend (2010) use the value
χ = 1.5, because then the model with m = 0 reduces to the linear model by Johannesson and
Parker (1989b).
The terms <fsfn> and ψ require closure from
the non-linear submodel by Blanckaert & de
1051

Table 1. Hydrodynamic and geometric properties of the validation cases. Q is the discharge, H is the mean flow depth, Cf0 is
the friction factor, Fr is the dimensionless Froude number, Rap is the radius of curvature at the bend apex, B/H the average
width to depth ratio, B/R the average width to radius ratio, H/R the average depth to radius ratio, Cf0-1H/R is a measure of curvature similar to the dimensionless Dean number (de Vriend, 1981), and β is the bend parameter (Blanckaert & de Vriend,
2003).
_____________________________________________________________________________________________________
Fr
Rap
B/H
B/R
H/R
Cf0-1H/R
β
Case
Q
H
Cf0
-1
-3
-1
-1
[m]
10
10
[m]
10
[l/s]
10
_____________________________________________________________________________________________________
A
25
1.5
5
2.3
0.67
4
0.75
1.9
38
1.17
B
1500
15
30
0.05
14.2
12.8
0.72
0.6
2
0.5

with field measurement data, obtained by an IGB
field team under lead of A. Sukhodolov. The location of the field survey was in a meander bend
in the Tollense River. Figure 4 shows a schematic overview of the bend, which varies in width
(cf. Figure 5) and is further complicated by horizontal recirculations and river bed vegetation
(Schnauder & Sukhodolov, 2010) making it a
difficult test case for the non-linear model.

Figure 2. Schematic view of the Kinoshita flume.

Figure 4. Schematic view on the Tollense River bend. The
arched areas indicate separation zones. Measurement data
courtesy of Schnauder & Sukhodolov (2010).

Figure 3. Transverse flow structure for the Kinoshita
shaped meander flume calculated by the linear and nonlinear hydrodynamic models and compared to measurement data.

Table 1 gives hydrodynamic and geometric
properties of the bend. At the bend apex the radius of curvature is Rap = 14.2 m. The water
depth varies between H = 1 m and 2 m through
the bend. The average length scale ratios are
H/R = 0.06, B/R = 0.72, B/H = 12.8. Furthermore the average friction factor Cf = 0.03 which
is much rougher than the Kinoshita flume. The
average bend parameter β ≈ 0.5 defines a moderate curvature.

3.2 Case B: Tollense River bend
Having validated the non-linear model over a
smooth flat bed, and noting that Blanckaert and
de Vriend (2010) validated the same model for
an experimental setup with both a flat and a developed bed, the model will now be subjected to
field conditions.
The Leibniz-Institute for Freshwater Ecology
and Inland Fisheries (IGB) kindly provided us
1052

The measured bed-level and velocity data is
shown in Figure 6. The measured velocities at
crs3 and crs4, show that there is a flow in the upstream direction, indicating the zones of horizontal recirculation. Figure 7 shows the measured
width averaged water depth at the cross-sections
along the river. The width-averaged streamwise
velocity U follows from the conservation of
mass U = Q/(BH), where the average discharge
Q is

Figure 5. Width along the Tollense River (Schnauder &
Sukhodolov, 2010).

Figure 6. Determining the values of A/R (left) from the bed-elevation with respect to the free water surface and αs/R (right)
from the depth-averaged streamwise velocities through a linear fit (cf. Eq (5)). The rows represent crs1 to crs7 (from top to
bottom). Measurement data courtesy of Schnauder & Sukhodolov (2010).
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which means that the error made neglecting the
streamwise change in width ∂B/∂s is small.
The result for the transverse flow structure is
given in Figure 9. The linear and the non-linear
model produce almost the same predictions, confirming the classification of moderate curvature.
The measured values of the transverse flow
structure are determined as:

α s /R ≈ (1 + n / R)U −1∂U s /∂n ≈ U −1∂U s /∂n

(5)

Figure 7. Width averaged depth along the Tollense River
bend (Schnauder & Sukhodolov, 2010).

Figure 10. Relative and total contributions of the forcing
terms in the non-linear hydrodynamic for the Kinoshita
shaped meander flume. The legend refers to eq. (3).

Figure 8. Transverse bed slope derived from the bed level
measurements along the Tollense River bend.

by the linear fit of the streamwise velocities given in Figure 6. The values of the transverse flow
structure interpolated from the measurements are
not correctly predicted by the model along the
full bend. Between crs1 and crs3 the predictions
show the correct trend. In the middle reach crs3crs5 where the channel widening takes place the
predicted values show a deviation from the values obtained from measurements. The final section crs5 to crs7 show good agreement again.
Locally the non-linear model predictions for the
Tollense River deviate from the measured data.
Globally (from bend entrance to bend exit),
however, the predicted flow pattern agrees well
with the measured data.

Figure 9. Transverse flow structure along centerline for
the Tollense River bend. The values of the transverse flow
from the measurements were obtained from the depthaveraged streamwise velocity.

given in Table 1. A/R is approximated through
Eq. 4, (where SnFr2/R ≈ 0), from measurements),
by considering the linear fit through the measured depth (see Figure 6). The derived values for
A/R are given in Figure 8.
Using the interpolated information from Figures 5, 7 and 8 the transverse flow structure is
calculated. Strictly speaking the model in
Eq. (1)-(3) is based on a fixed width channel. In
the Tollense case the change of the width along
the channel is small with respect to the width,

4 DISCUSSION
In the previous section, the non-linear model
predictions shows good agreement to the global
flow pattern obtained from a sharp curvature laboratory experiment as well as from a moderate
curvature field experiment. In this section the results will be discussed by analyzing the dominant mechanisms for velocity redistribution and
comparison to a linear model.
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4.1 Sharp curvature

tant mechanism. From this we may conclude that
the linear model fails to reproduce the experimental data (cf. Figure 3), because it overestimates the effect of secondary flow. The linear
model erroneously identifies the flow redistribution due to secondary flow (III) as the dominant
mechanism for streamwise flow redistribution
whereas the non-linear model shows that the
change in curvature radius (II) is really the dominant mechanism.

For the sharply curved Kinoshita flume we shall
distinguish between the processes that are responsible for the redistribution of streamwise velocity by considering the mechanisms provided
in eq. (3). Figure 10 shows the relative contributions of the total forcing Fw for the Kinoshita
flume. The forcing Fw is dominated by

4.2 Moderate curvature
The second case is a moderate curvature bend in
the Tollense River in the field. As shown in Figure 9, the global flow field was well captured by
both the linear and the non-linear model. Locally, between crs3 and crs5 there are differences.
We think the main reasons for the differences
between the model predictions and the measured
data are: The effect of horizontal recirculations
and river bed vegetation are not included in the
model; and the model considers only one degree
of freedom for the transverse bed levels which is
clearly not sufficient as can be seen in Figure 6.
Nevertheless, the global behavior shows good
agreement, and we will therefore continue by
analyzing the dominant factors

Figure 11. Relative and total contributions of the forcing
terms in the linear hydrodynamic for the Kinoshita shaped
meander flume. The legend refers to eq. (3).

Figure 13. Relative and total contributions of the forcing
terms in the linear hydrodynamic simulation for the Tollense River bend. The legend refers to eq. (3).

Figure 12. Relative and total contributions of the forcing
terms in the non-linear hydrodynamic simulation for the
Tollense River bend. The legend refers to eq. (3).

affecting the global velocity redistribution in the
Tollense River bend.
The forcing mechanisms as calculated by the
non-linear model are shown in Figure 12. The
dominant forcing between crs1 and crs2 is due to
secondary flow (III). Between crs2 and crs3 the
change in curvature radius (II) is the dominant
mechanism for flow redistribution. Between crs3
and crs5 redistribution through topographic
steering (I) is found to be the dominant mechanism. The change in curvature radius (II) is the
most important mechanism between crs5 and
crs6 and topographic steering (I) dominates the
flow redistribution in the final section crs6 to

the change in curvature radius (II), except locally
around s = 1 m and s = 7 m, where secondary
flow (III) has a substantial contribution. Therefore, the change in curvature radius is the most
important mechanism for velocity redistribution.
For comparison, Figure 11 shows the importance of the forcing mechanisms in the linear
model when simulating the Kinoshita flume. The
linear model indicates that the secondary flow
mechanism (III) is the dominant mechanism for
velocity redistribution, except between s = 3 m
to 4 m and between s = 8 m to 9 m where the
change in curvature radius (II) is the most impor1055

crs7. Velocity redistribution in the Tollense River is caused by a combination of mechanisms
namely by topographic steering (I), change in
curvature radius (II) and by secondary flow (III).
Contrary to the flat bed Kinoshita flume the
Tollense River shows a pronounced bed topography (cf. Figure 6) which shows that for field
conditions topographic steering (I) becomes an
important mechanism for velocity redistribution.
Comparison to a linear model shows almost
the same contributions (cf. Figure 13). The sole
difference is between crs4 and crs5 where the
secondary flow mechanism is dominant. The
reason that both the linear and the non-linear
model give similar results is because of the high
roughness which causes a lower secondary flow
contribution (cf. eq. (3), line (III)) and consequently less difference between the linear and
non-linear model.

locity redistribution, yet the linear model erroneously identifies secondary flow to be the dominant mechanism.

5 CONCLUSION
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Investigation of Horizontal Coherent Structures in a Shallow OpenChannel Flow Using Velocity Signal Decomposition
A. Kanani, H. Ahmari & A.M. Ferreira da Silva
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ABSTRACT: This paper concerns the large-scale horizontal coherent structures (HCS’s) in open-channel
flows. In contrast to large-scale vertical coherent structures, HCS’s have not yet been the focus of directed, systematic studies, and as a result the exact role they play in river morphodynamics remains elusive. This paper, which is to be viewed as an extension of da Silva and Ahmari (2009), reports some of
the first measurements and results of an extensive laboratory study recently initiated by the authors as an
attempt to develop an understanding of the characteristic scales, dynamics and consequences of HCS’s.
At these early stages of the research, our efforts, and thus this paper, are directed towards the establishment of the characteristic length- and time-scales of HCS’s. The present analysis rests on a series of flow
velocity measurements carried out in a 21m-long, 1m-wide laboratory channel, having a flat, sand bed.
Two different techniques of signal decomposition are applied to the oscillograms of instantaneous flow
velocity, collected throughout the flow domain, to reveal the aforementioned characteristic scales: “smoothening” of the velocity records through time-averaging; and Empirical Mode Decomposition (EMD)
combined with Power Spectral Density (PSD) analysis. The filtered (or smoothed) oscillograms of instantaneous flow velocity were found to invariably exhibit cycles of fluctuation of velocity consistent with the
presence of large-scale horizontal coherent structures, affecting (or occupying) the entire body of fluid.
The average length traveled by HCS’s from their “birth” location to the location of their disintegration
(i.e. the horizontal burst length) was found to be ≈ 5.4 times the flow width. In view of the present results, and given the similarity between the horizontal burst length and the average length of alternate bars
and the wave-length of meanders, strongly suggesting a relationship between them, it seems particularly
worthwhile to pursue further research on HCS’s.
Keywords: Horizontal coherent structures (HCS’s); Open-channel flow; Velocity signal decomposition;
Burst period; Burst length
meration of turbulent eddies which has a prevailing sense of rotation, are “born”, grow so as to
eventually occupy the entire body of fluid, and finally disintegrate or “die” (Yalin 1992). In this
work, the term burst will be used to designate the
evolution of a large-scale coherent structure during its life-span. In open-channel flows, the bursts
can be vertical or horizontal (Yalin 1992, Utami &
Ueno 1977). The coherent structures of the former
rotate in the vertical ( x; z ) -planes of flow, those of
the latter in the horizontal ( x; y ) -planes.
Several prominent researchers have since long
expressed the view that large-scale coherent structures play an important role in sediment transport
as well as in the formation and/or development of
large-scale river morphological features. In particular, large-scale vertical coherent structures
(VCS’s) have been associated with the formation

1 INTRODUCTION
As is well-known, turbulence coherent structures
exist in open-channel and river flows at a broad
range of spatial and temporal scales. Even though
much of the existing literature focuses on coherent
structures (or the bursting fluid motion) in the
wall region, the fact that bursting fluid motions
(ejections and sweeps) are not restricted to the
wall region, but that they exist also in the outer
region as a manifestation of large-scale coherent
structures in this region, was unequivocally established in some of the earlier works on organized
turbulent motion and the related bursting phenomena (see e.g. Grass 1971, Hussain 1983, Talmon
et al. 1986, Rashidi & Banerjee 1988). The largescale coherent structures, which, following Hussain (1983), can be defined as the largest conglo1059

i) Although, as mentioned in the Introduction, horizontal coherent structures have not yet been the
focus of directed research, there are reasons to believe that in their life-cycle they follow, mutatis
mutandi, a sequence of events similar to that followed by VCS’s, with the difference that they occur in a horizontal “flow ribbon” (Yalin 1992).
But this means that HCS’s are likely to originate
at the “points” P near the banks and the free surface (Figure 1a), where the horizontal shear
stresses τ xy are the largest, and from there be
conveyed by the mean flow away from the bank
and downstream while growing in size, eventually
evolving to “width-scale rolling structures”. Once
the lateral extent of HCS’s becomes as large as the
flow width B , they must be expected to interact
with the opposite bank and disintegrate into a cascascade of smaller and smaller eddies, the neutralized fluid mass returning to its original bank so as
to arrive there at t = TH , after travelling the distance λ H . The “birth” and growth of any such
structure would clearly be accompanied by the
ejection of low momentum fluid which travels towards the opposite bank, while its disintegration,
by high momentum fluid traveling towards the
original bank (sweep).

and/or development of dunes, and large-scale horizontal coherent structures (HCS’s) with the formation and/or development of bars and meanders
(more on the topic in Yalin 1992, Yalin & da Silva 2001, Best 2005, etc.). However, in the absence of a proper understanding of the flow organization at the larger (river reach) scale and an
adequate characterization of the macro-turbulent
structures in river flows, the exact role played by
these structures has throughout the years remained
elusive (Roy et al. 2004). Indeed, only relatively
recently have substantial research efforts started to
be devoted to the development of a proper understanding of the dynamics and possible consequences of large-scale coherent structures in the
context of river flows. However, as can be inferred from the reviews on the topic by Yalin
(1992) and Nezu & Nakagawa (1993), as well as
from Tamburrino & Gulliver (1999), BuffinBélanger et al. (2000), Shvidchenko & Pender
(2001), Roy et al. (2004), Franca & Lemmin
(2008), even though such efforts have resulted in
considerable advances, all research on the topic so
far has focused exclusively on VCS’s.
As a result, the existing information on the dynamics and life-cycle of HCS’s, which have not
yet been the focus of any directed, systematic studies, remains rather hypothetical, and to a large
extent based on generalizations of the life-cycle of
VCS’s. For this reason, any associations between
HCS’s and patterns of sediment transport and
large-scale river forms, such as alternate bars and
meandering, even though suggested in the literature, and most prominently by Yalin (1992) and
Yalin & da Silva (2001) (see also da Silva 2006),
cannot but be viewed as largely speculative.
Considering the aforementioned, and in an attempt to contribute to a better understanding of
the size, dynamics and consequences of HCS’s in
the context of river flows, the writers have initiated an extensive laboratory study focusing on
these structures. The objective of this paper is to
report some of the measurements and results of
the first phase of this study, aimed at establishing
the characteristic time and length scales of HCS’s.
This paper is to be viewed as an extension of the
recent work by da Silva & Ahmari (2009).

Figure 1. Conceptual representation of a horizontal burstcycle. (a) Plan view; (b) Side view. HCS, horizontal coherent structure; eH, eddy of horizontal turbulence

The prevailing view appears to be that the coherent structures forming the horizontal bursts of a
wide open-channel have the shape of horizontally
positioned disks, eventually extending (along z)
throughout the flow thickness h (Yokosi 1967,
Grishanin 1979, Jirka & Uijttewaal 2004, Yalin
2006).
The “break-up” of a coherent structure at any
Oi prompts the birth of another at Oi +1 . The distance Oi Oi +1 between the “birth-places” of two
consecutive bursts of a horizontal burst-sequence
is the burst length λ H , the life-span of a burst (i.e.
the burst period) being TH = λ H / v , where v is
the average flow velocity (for the coherent structures are transported by the flow with the velocity
≈ v ).

2 HORIZONTAL COHERENT STRUCTURES
AND BURSTS: FUNDAMENTALS AND
EXISTING HYPOTHESES
Before proceeding further, some pertinent fundamentals of horizontal coherent structures and existing hypotheses regarding their life-cycle are reviewed below. These are used to guide the
experimental setup adopted in this work.
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ii) Bursts are randomly distributed in space and
time. This implies that under completely uniform
conditions of flow, there is an equal probability
(or frequency) of occurrence of bursts for any region Δx and time interval Δt . This applies to both
vertical and horizontal bursts. As pointed out by
Yalin (1992), pp. 70-71, such a homogeneous, or
uniform, distribution of bursts along the flow direction x cannot lead to a wave-like deformation
of the flow, in turn, capable of leading to a periodic deformation of the bed and/or banks. According
to the just mentioned author, there must thus be in
the flow a “location of preference” leading to the
increment of the frequency of bursts at that location – and, since the break-up of one coherent
structure (CS) triggers the “birth” of the next CS,
leading also to the more frequent generation of
sequences of bursts initiating from it. The perpetual action of such burst sequences on the flow
must inevitably make it to acquire a periodic “deformation”, ultimately leading to the periodic deformation of the bed surface. Yalin (1992) further
argued that, in practice, an increased frequency of
bursts at a location can be realized by means of a
local discontinuity (the section containing it thus
becoming the preferential section, x = 0 say). In
the case of laboratory conditions, the discontinuity
can be the beginning of the mobile bed or banks,
an accidental ridge on the sand surface, etc.

Figure 2. Plan view of straight channel showing: (a) Likely
anti-symmetrical arrangement of horizontal coherent structures (HCS’s); (b) Related internal meandering of flow;
(c) Alternate bars on the movable bed. Λa, length of alternate bars.

tank from the river basin. The water entered the
present experimental channel through a 1m-wide
opening on this wall. The side walls of the channel were vertical and made of aluminum. The
channel bed was formed by a well-sorted silica
sand, with an average grain size D50 of 2mm. To
ensure that the bed material would not be removed
from the bed at the entrance of the experimental
channel, a 1m-long stretch of gravel of diameter
≈ 2.5 cm was installed at the upstream end of the
channel. The surface of the sand bed was scraped
so as to produce the desired stream slope, and a
flat bed surface. The flow free surface slope was
adjusted by means of a tailgate at the end of the
channel.
The hydraulic conditions of the turbulent, subcritical and uniform flow under investigation are
summarized in Table 1, where B is the flow width,
Q is the flow rate, h is the flow depth, S is the
bed slope, Fr is the Froude number, Re is the
flow Reynolds number, Re* is the roughness
Reynolds number ( = v * k s /ν , where v * =
τ 0 / ρ = gSh is the shear velocity and k s is
the granular skin roughness), and Y / Ycr is the
relative flow intensity ( Y = τ 0 /(γ s D) being the
mobility number and Ycr the value of Y at the
critical stage (stage of inception of sediment
transport)). Here the symbols τ 0 and γ s stand for
bed shear stress and submerged specific weight of
the bed material, respectively.

iii) If, as hinted by Kishi (1980) and Jaeggi
(1984), and as extensively argued by Yalin (1992)
and Yalin & da Silva (2001), alternate bars are the
“imprints” of HCS’s on the bed, and since alternate bars are anti-symmetrical with respect to the
x -axis (Figure 2c), in all likelihood so must be
the sequences of horizontal bursts issued from the
right and left banks, respectively. The likely antisymmetrical arrangement of the sequences of
bursts (which are supposed to initiate from a discontinuity in the sense of the previous paragraph)
is shown in Figure 2a. [Note that Figure 2b shows
the related periodic deformation of the flow
streamlines.]
3 EXPERIMENTAL SET-UP AND FLOW
CONDITIONS
The present flow velocity measurements were carried out in a 1m-wide, 21m-long and 0.4m-deep
straight channel (see Figure 3). The channel was
installed in a 21m-long, 7m-wide river basin
equipped with a water re-circulation system, the
complete details of which are given elsewhere
(Ahmari 2010). The upstream end of the river basin consists of a 1.85m-wide and 8.8m-long stilling tank, a 0.60m-tall wall separating the stilling

Table 1. Hydraulic conditions of the flow under investigation (B=1m; D50=2mm).
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Q
(l/s)

h
(cm)

Fr

Re

Re*

Y/Ycr

B/h

h/D

9.0

4.0

0.36

9000

97

0.40

25

20

Figure 3. Schematic of experimental channel and location of velocity measurements
(stations 1 to 17 in cross-sections 3 to 20)

For the present sand, Ycr was identified with
0.045 while, following Kamphuis (1974) and
Yalin (1977), k s was identified with 2 D50 . The
usual value of 16186.5 N/m3 was adopted for the
sand submerged specific weight γ s . The value of
the average flow velocity in the channel was
v = 22.5 cm/s. Note that the bed shear stress acting
on the bed was substantially below the threshold
for initiation of motion − thus ensuring that the
bed remained flat throughout the measurements.
The specific combination of the values of B, h
and D of the present flow was selected so that the
flow would lead to the occurrence of alternate
bars provided that the material on the bed would
be able to move. The present flow thus purposely
plots well in the midst of the alternate bar region
of the ( B / h; h / D) -plan defining the existence
regions of large-scale bed forms (alternate and
multiple bars) and large-scale plan forms (meandering and braiding) due to da Silva (1991)
(which can be found, in its most recent updated
form, in Yalin & da Silva (2001) and da Silva
(2006)).
In order to establish “location of preferences”
for generation of bursts and bursts-sequences on
both walls (see the previous section, paragraphs
(ii) and (iii)), two 10cm-long blocks with
2cm × 2cm square bases (blocks A and B) were attached to the walls, with their longest sides standing vertically and their square bases lying ≈ 2cm
from the bed surface. The exact location of the
blocks was as shown in Figure 3.
The measurements consisted of 2 minute-long
records of instantaneous flow velocity collected at
cross-sections 3 to 20 (Figure 3), and in each
cross-section at 17 different points (henceforth referred to as stations). The stations were equally
spaced along each cross-section, with stations
1 and 17 located 10cm from the channel walls.
The sampling time to produce a complete set of

2min-long oscillograms of flow velocity was 10.2
hours (= 2 min per station times 306 measurement
stations (17 stations per cross-section and 18
cross-sections)). All velocity measurements were
carried out 1cm below the free surface with the
aid of a SonTek 16MHz 2-D Micro ADV. This
was operated at a sampling frequency of 20Hz
(more on the topic in Ahmari 2010).
4 SIGNAL DECOMPOSITION
In order to identify the largest coherent structures
in the flow, the records (oscillograms) of fluctuating flow velocity were treated with the aid of two
different methods: a simple “smoothening” of the
oscillograms through time-averaging; and empirical mode decomposition (EMD) of the records
combined with power spectral density (PSD)
analysis of the resulting decomposed velocity
records.
4.1 “Smoothening” of the fluctuating velocity
oscillograms
As indicated by e.g. Yokosi (1967), Yalin (1992),
by averaging the oscillogram of the time-variation
(due to turbulence) of flow velocity over consecutive time-intervals Δt , then the “smoothened” (or
filtered) oscillograms contain only those velocity
fluctuations whose period is larger than Δt . Thus,
by selecting a sufficiently large Δt , it is possible
to reveal those longest periods (or lowest frequencies) of the velocity fluctuations which are due to
the largest structures in the flow, and thus to reveal the burst-period (Yalin 1992).
The procedure described in the previous paragraph to determine the longest periods of the velocity fluctuations is illustrated in Figure 4, using
as example the 2min-long oscillogram of the fluc1062

Figure 4. (a) Original 2min-long oscillogram of the fluctuating component of longitudinal flow velocity collected
at section 10-station 17; (b) and (c) Resulting fluctuating velocity diagrams after averaging
with the time-interval Δt = 2s and Δt = 8s , respectively

tuating component of longitudinal flow velocity
u′ collected at section 10, station 17. Figure 4a
shows the original oscillogram of u′ ; Figures 4b
and 4c were obtained by using the consecutive averaging time-intervals of Δt = 2 s and Δt = 8s , respectively. In this example, the longest periods of
the velocity fluctuations became evident when
Δt ≈ 8s . This can be inferred from Figure 4c,
where the solid line is the smoothened oscillogram
(and the dashed line is drawn so as to closely follow the trend of the smoothened oscillogram
while highlighting the peaks and troughs of the
oscillogram). Observe also from Figure 4c that the
smoothened oscillogram in this example exhibits a
rather regular cyclic pattern of variation, with four
cycles between the troughs at t ≈ 11s and
t ≈ 111s . This yields, for this example, a value of
≈ 25s (= (111 − 11) / 4)) as the average value (averaged over the sampling time of 2min) of the periods of velocity fluctuations due to the largest
structures in the flow.
As a rule, it was found that an averaging time
interval of 8s was adequate to reduce the oscillograms to the point where the periods of the fluctuations due to the largest structures in the flow
were clearly evident.

of extrema and number of zero crossings must be
equal or differ by 1; and 2- at any point, the mean
value of the envelope defined by the local maxima
and envelope defined by the local minima must be
zero.
Huang et al. (2007) presented the following
procedure to decompose a time series x(t ) into
IMF’s:
1- Find the local extrema of the signal x(t ) .
2- Determine the upper envelope, emax (t ) , of the
signal by connecting the local maxima with the
aid of a cubic spline interpolation. Determine
also the lower envelope, emin (t ) , of the signal
by following a similar procedure.
3- Find the mean m1 (t ) = [emax (t ) + emin (t )] / 2 .
4- Determine the local detail h1(t ) by subtracting
the mean from the main signal.
5- Check whether h1 (t ) satisfies the required conditions to be an IMF, as stated above. If yes,
then the resulting h1 (t ) is the first IMF. In this
case, find the residual r1(t ) = x(t ) − C1 (t ) and
adopt it as the new series to which steps 1 to 5
are to be applied again to determine subsequent
IMF’s. If h1 (t ) is not an IMF, a procedure
called “sifting process” is applied as many
times as needed to obtain an IMF.
6- In the “Sifting process”, start by adopting h1 (t )
as the new data; based on local extrema, determine its lower and upper envelopes, as well
as their mean m11 . Then determine
h11 (t ) = h1 (t ) − m11 (t ) and check whether or
not h11 (t ) is an IMF. If not, the sifting process
is repeated until h1k (t ) satisfies the IMF conditions. In this case, the first IMF is
C1(t ) = h1k (t ) , the residual r1(t ) = x(t ) − C1 (t )
being taken as the new series in step 1.

4.2 Empirical Mode Decomposition (EMD)
Empirical Mode Decomposition (EMD), introduced by Huang et al. (1998), has been successfully applied to the study of turbulent flows in different fields. This includes the study of turbulent
open-channel flow, as illustrated by the recent applications by Zeris & Prinos (2005), Huang et al.
(2007) and Franca & Lemmin (2008). EMD adaptively decomposes a time series into its intrinsic
mode functions (IMF’s). An intrinsic mode function has the following two characteristics (Huang
et al. 1998): 1- in the whole data set, the number

The above procedure was adopted in this paper to
decompose the velocity signals. As an example,
some of the IMF’s (namely IMF-1, IMF-3, IMF-5
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IMF is found that, for some frequency, exhibits
the highest (of all IMF’s) power. Since this frequency is in line with the apparent frequency band
of the HCS’s, it is assumed that the HCS’s are
represented by this mode. Consequently, the burst
period was determined as the inverse of the frequency corresponding to the highest contribution
to power of such IMF. The method is illustrated in
Figure 6, showing the power spectrum for the 9
IMF’s resulting from the EMD at section 15, station 2 (partially shown in Figure 5). As can be inferred from Figure 6, among the nine IMF’s,
IMF-5 has the overall highest contribution to the
power of the main signal, occurring at a frequency
of ≈ 0.03 Hz, and corresponding to a period (horizontal burst-period) of ≈ 33.3 s.
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and IMF-7) resulting from the application of EMD
to the 2min-long oscillogram of the fluctuating
component of longitudinal flow velocity u′ collected at section 15, station 2, are shown in Figure
5. In total, the oscillogram was decomposed into 9
IMF’s (not shown in their entirety here because of
the limitations in paper size).
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For each of the present series of measurements,
both of the techniques discussed in the previous
section were applied to the entire set of 2min-long
oscillograms of u′ , covering the flow domain
from sections 3 to 20 (and collected in each section at stations 1 to 17).

Figure 5. Example of main signal and decomposed signals
(IMF’s 1, 3, 5, and 7). Main signal in this figure is the oscillogram of fluctuating component of longitudinal flow velocity collected at section 15, station 2.

i) After applying the “smoothening” procedure described in Section 4.1 to all of the measured oscillograms, each of the smoothened oscillograms
was then used to determine the average value of
the periods of its velocity fluctuations (averaged
over the sampling time of 2min). The ranges of
variation of such average values for the entire sets
of 2min-long oscillograms as well as the frequency of occurrence of specific values within such
ranges, can be inferred from the frequency plots in
Figure 7. These plots are presented in the form of
probability density plots with the solid line
representing the pdf of a fitted normal distribution. For the purpose of producing these plots, the
channel was divided into the following three regions: an upstream region, from sections 3 to 7, a
middle region, from sections 8 to 14, and a downstream region, from sections 15 to 20.
Irrespective of location in flow domain, the
smoothened oscillograms were found to invariably
exhibit long cycles of increasing/decreasing/increasing u′ , by multiple times larger than those that
can be expected because of large-scale vertical
coherent structures. Indeed, the burst length of the
largest vertical structures λV is known to be of
the order of ≈ 6h (see e.g. Jackson 1976, Yalin
1992; Roy et al. 2004). Thus, for the present flow
they are associated with periods of ≈ 1s
(TV = λV / v = (6 ⋅ 0.04) / 0.225 ≈ 1s ) . Yet, the duration of each cycle of fluctuation of u′ in the
present smoothened oscillograms was at its

Figure 6. Power spectrum for resulting IMF’s 1 to 9 at section 15, station 2

4.3 Power spectrum
In turbulent flow, different IMF’s have different
physical meanings (noise, small structures, large
scale structures, etc.), and are thus associated with
different characteristic frequencies (Huang et al.
2007). The power spectrum of a signal gives the
distribution of the power of the signal among various frequencies and shows the existence, and also
the relative power, of repetitive patterns and/or
random structures in a signal (Vaseghi 2008).
Considering this, in this paper, once a signal was
decomposed into its intrinsic IMF’s, the power
(energy per unit time) spectrum of each IMF was
determined. It was observed that, invariably, one
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Figure 7. Probability density plots of the average values of the periods of velocity fluctuations of the smoothened oscillograms
of fluctuating velocity. The plots are divided into upstream region of the channel (sections 3 to 7), middle region (sections 8 to
14) and downstream region (sections 15 to 20). The values of average and standard deviation shown are those of the fitted
normal distribution.

Figure 8. Probability density plots of the resulting values of the characteristic period of “dominant” IMF obtained with the aid
of EMD combined with PSD analysis. The plots are divided into the same channel regions as in Figure 7. The values of average and standard deviation shown are those of the fitted normal distribution.

identifying TH with the average of the mean
values of the fitted distributions in the six diagram
in Figures 7 and 8 (namely 22.8, 24.1, 21.3, 24.8,
26.3 and 25s). This yields for the average burst
period TH ≈ 24 s . Using this value, one obtains
for the average burst length λ H = v ⋅ TH ≈ 5.4m
(where v = 0.225m / s is the average flow velocity), and thus λ H / B ≈ 5.4 .

minimum of the order of ≈ 5 to 10s, say, and in
fact, as a rule much larger than 10s.
The large duration of the individual cycles of
velocity fluctuation in the smoothened oscillograms, and the fact that such cycles are present in
all of the oscillograms, irrespective of their location in the flow domain, cannot but be viewed as
an indication of the presence of large-scale horizontal turbulence structures, affecting (occupying)
the entire body of fluid. Moreover, the regularity
(“periodicity”) in the cycles of velocity increase/decrease/increase of the smoothened oscillograms, and the fact that such regularity can be
found throughout much of the channel, is consistent with the presence of large-scale periodic
events in the flow, and more specifically with the
presence of persistent horizontal burst-sequences
originating at (or promoted by) the discontinuities.

6 CONCLUDING REMARKS
The main results of this work can be summarized
as follows:
1- The filtered (or smoothed) oscillograms of u '
throughout the flow domain were found to invariably exhibit cycles of fluctuation of velocity consistent with the presence of large-scale horizontal
coherent structures, affecting (or occupying) the
entire body of fluid. The cycles of fluctuation of
u ' also suggested that these were part of horizontal burst-sequences promoted by discontinuities.

ii) After applying EMD and PSD, as described in
Sections 4.2 and 4.3, to each individual oscillogram of fluctuating flow velocity to reveal “its”
horizontal burst-period, the frequency plots shown
in Figure 8 were produced. Just like in Figure 7,
these are presented in the form of probability density plots with the solid line representing the pdf
of a fitted normal distribution.

2- As discussed by Yalin (1992), pp. 70-71, the
sequences of bursts promoted by the upstream
discontinuities must necessarily be expected to attenuate along the flow direction x . That is, the
conditions sufficiently far from the discontinuities
must eventually revert to those that would be observed in the absence of any discontinuities. How-

iii) An estimate of the value of the (average) burst
period TH of the bursts in the burst-sequences issued from the discontinuities is provided here by
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ever, the present channel was comparatively short,
and the horizontal burst-sequences appeared to
remain “intact” throughout the channel, with their
signal still quite evident in the velocity records at
the downstream end of the channel.
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3- The average burst-length λ H (normalized by
the flow width B ) of the aforementioned burstsequences was found to be λ H / B ≈ 5.4 . The proportionality factor between λ H and B, namely
5.4, is comparable to the proportionality factor relating the length of alternate bars and the wavelength of meanders to the flow width (see Yalin &
da Silva 2001 and da Silva 2006). This finding
lends support to the longstanding belief expressed
by many prominent researchers that the formation
of large-scale river forms, and in particular alternate bars and meanders, are related to the largescale turbulence.
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Mixed alluvial and non-alluvial bed topographies: observations,
modeling and implications
C.J. Sloff

Deltares and Delft University of Technology, Delft, The Netherlands

ABSTRACT: The presence of mixed alluvial and non-alluvial beds in rivers (for example exposed bedrock, clay layers, riprap or armored beds) highly influences the river morphological behavior and river
functions. In many situations these non-alluvial sections only cover a limited area of the river bed (therefore interact closely with the surrounding alluvial beds), or have a temporal character (e.g., remobilize
during high flows). More detailed monitoring techniques, and new modeling approaches that are deployed in mixed areas in the Dutch Rhine branches have revealed some important implications for longterm morphological development of the river bed. It is shown with some examples how techniques to
highlight bed forms in multibeam maps, followed by directly oriented sampling, are appropriate to recognize the relevant features. Using special modeling concepts for undersupplied sediment-transport in computational models it is possible to simulate the time-dependent and spatially varying impacts on flow and
morphology. It is also possible to apply these tools to design fixed layers to efficiently manipulate the
morphology for navigability. For the break-up of temporary fixed layers, or semi-erodible layers, we have
combined the modeling concept with a multi-fraction layer approach in a special way. Specific applications, using 2D (quasi-3D) simulations, reveal the importance of these tools to simulate the impact of
these layers on the surrounding alluvial sections and the global river topography.
Keywords: River beds, Erosion, Models, Channel stabilization
the sections can be confirmed by directly oriented
sediment sampling.
In many morphological (modeling) studies the
presence of material with different erosion characteristics is often ignored and uniform-sediment
approaches are applied. However, it is found that
the information of under layers is particularly important for the assessment of morphology on a
long time scale, for instance requested for climatechange studies and long-term management options. The large changes in a system on such a
scale are certainly affected by the presence of
less- and more-erodible layers.
The impact of non-alluvial patches on the morphology can be modeled using a special transportreduction approach (Struiksma, 1999) as presented in section 3. Although the classical approach is defined for bed-form average bed topography, an extension towards dune-height
prediction in supply-limited conditions is being
developed (Tuijnder, 2009). Another extension is
related to armoring and the development of tem-

1 INTRODUCTION
In many rivers the presence of mixed alluvial and
non-alluvial beds has serious impacts on the river
behavior and river functions. Non-alluvial sections can for instance be found at exposed rock
layers, clay or peat areas, armored beds. They can
also be of an anthropogenic origin, for instance introduced for bed stabilization of fairway improvement. In many situations these non-alluvial
sections only cover a limited part of the riverbed
(short stretches, or parts of a cross section), and
therefore interact closely with the surrounding alluvial beds.
The occurrence of these non-alluvial parts is
not always recognized, as observations require
special interpretation. It is shown on basis of multibeam surveys in the Dutch Rhine branches how
visualization techniques have been applied to
highlight bed forms and reveal indirectly the nonalluvial sections. The actual (non)-erodibility of
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porary (armored) non-alluvial areas. These semierodible layers require a combined modeling concept for non-uniform sediment and non-erodible
layers, which is presented in section 3.
With the help of these modeling concepts, implemented in computational models, it has been
shown that the presence of a mixed alluvial and
non-alluvial riverbed seriously affects the local
and global topography of the river. Some results
from cases from the Dutch Rhine branches are
presented in section 4.

1870 through an area with fresh-water marshes
with peat and clay, fed by many tidal creeks
(Kleinhans et al, 2010). After a period of deposition, sand mining operation in the past decades
have resulted in degradation of the bed, such that
presently the original excavated bed is now exposed at several locations. This former river bed is
composed of compacted (lagoonal) peat and clay
(as determined by taking sediment drilling samples from the bed). In figure 1 is shown how the
sandy bed upstream of km 964 shows an abrupt
transition to the fixed bed with transverse ridges
on the left half of the channel. These ridges are
presumably traces of the original steam bucketdredgers that were used to dig the channel. On this
fixed bed also traces of the course of old creeks
(former abandoned and infilled channels) can be
found.
The bed in figure 1 has been recorded using a
multi-beam sounding in 2005. By using a hillshade with fictive light source in ArcGIS software
it is possible to make these features on the bed recognizable. The use of artificial lighting is an
ideal way to identify the presence of specific dune
shapes and other elements. The visual effect of
floodlight is for instance illustrated for barchanshaped dunes observed on the planet Mars with
sunlight brushing over the dunes. This type of
dunes is typical for undersupplied conditions.

2 OBSERVATIONS OF NON-ERODIBLE
SECTIONS
Non-erodible layers in the river bed become apparent as soon as they are exposed to the flow. In
that case there are different indicators that give
away there location, such as:
− areas with zero bed-level change in a degrading
river. Analysis of consecutive soundings of bed
levels in an area (preferably using multibeam
soundings) reveal stable reaches in certain
parts of the Rhine Rivers in Germany and
Netherlands.
− areas with unrealistic shapes or elevations
within an alluvial bed. For instance rocks that
protrude into the channel will show on soundings, and may lead to local scour holes and
even attract channels that also reveal there
presence.
− in a sand-bed river, non-erodible parts of the
bed may show a different more sparse dune
pattern (or missing dunes) that indicate undersupplied conditions.

Figure 2. Sand Dunes moving over erosion-resistant substrate in Proctor Crater on Mars, from Mars Global Surveyor's Mars Orbiter Camera, Courtesy NASA/JPL-Caltech

Another relevant example of non-erodible layers
in the Rhine branches is the bifurcation of the IJssel branch and the Nederrijn branch. The river bed
in this reach is composed of a mixture of sand and
gravel. In figure 3 a map of the bifurcation is presented, showing the median grain size of the bed
as determined from drilling cores of the bed
(Gruijters et al, 2003). Due to bend sorting the bed
shows a much coarser top-layer on the right half
of the channel just upstream of the bifurcation.
This leads to supply limitation, particularly in the

Figure 1. Multibeam sounding of river bed of the Merwede
River (lower Rhine River branch)

A typical example is shown in figure 1 for the
Nieuwe-Merwede, which is one of the lower
Rhine-delta branches. This river channel is actually a man-made canal, which has been excavated in
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al. (2006). The layers were found to be quite effective in reducing the height of the point bar, but
because a rather deep scour hole develops just
downstream of the layers, in response a rather
shallow bar develops in the inner bend next to
these scour pools, see figure 4.

downstream branch that originates in the outer
bend of the main channel of the river bed. The
phenomenon was analyzed by Frings and Kleinhans (2008). Undersupplied conditions and winnowing of fines in the upper reach of the IJssel
have led to the development of an erosion resistant top layer of gravel between 0.5 to 1.5 m
thickness on average. Below this layer sand is
found (Gruijters et al., 2003). The thick layer extends over a distance of about 2 km. Sand dunes
typically propagate towards the Nederrijn (westward), whereas most sand is transported towards
this reach.

Figure 4. Multibeam sounding of bed level in Waal River at
Nijmegen, showing non-erodible layer, and downstream
pool (scour) and bar development (flow is from right to left)

The bar developing at this location in the inner
bend is a bottle neck for navigation, and has to be
dredged periodically. Presently plans are drawn to
extend the fixed layer by filling the scour hole
with coarse material, such that the transition becomes more gradual, and sand bar development
occurs in the deeper area further downstream.
The scour holes downstream of these layers are
caused by clear-water scour in the alluvial reach
just downstream of the fixed layer. Due to helical
flow the fine bed-load sediment that runs over this
layer is swiped to the inner bend rapidly, such that
further down no more sediment is transported over
the layer at all (see Sloff et al., 2006). It is found
that the scour hole at Sint Andries is still growing
(even after more than 10 years), and may eventually destabilize the lower end of the construction.
The non-erodible layers in this section, although there origin and nature may differ, all have
an analogous impact on the morphology of surrounding alluvial sections. The response comes
from a redistribution of flow and sediment transport. These have been translated to modeling concepts for transport and flow over non-erodible
layers. Recently also concepts have been designed
to deal with the break-up and formation of temporary non-erodible layers (e.g. gravel layers).

Figure 3. Median grain size of the river bed of IJssel (flowing towards the North) and Nederrijn (flowing towards the
West) (flow if from bottom to top)

The river channels in this area show a gradual
degrading trend. The presence of this non-erodible
layer prevents a further degradation during normal
yearly hydrographs. The stability of this IJssel
branch may affect the discharge distribution of the
branches as erosion in the Nederrijn is not hampered. Nevertheless, it is expected that during
high floods the armored top-layer of the IJssel can
break up, followed by rapid erosion of the under
laying sand.
In the Netherlands much knowledge on the behavior of non-erodible layers has been gained
from research to the design and construction of
fixed layers in the outer bends of the Waal River
at Nijmegen (completed in 1988) and Sint Andries
(completed in 1999). The aim of these layers is to
shallow the outer bend pool with a sustainable riprap layer, in order to create erosion and increased
navigation width on the pool bar. The details of
these layers are for instance presented in Sloff et
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ψ, accounts for the reduction of the transport capacity due to a thinner transport layer and hindered bed-form development. Basically, the information on the reduction is carried by the
sediment layer thickness, δ. Local increases in sf
are counteracted by decreases in δ and ψ in such a
way that the resulting erosion cannot reach below
the surface of the non-erodible layer. This limits
the supply of sediment from the bed. The supply
of sediment from upstream is limited by the occurrence of similar reductions upstream. The maximum alluvium thickness for influence of the nonerodible layer, δa, corresponds to the thickness of
the transport layer on an alluvial bed. It can be
taken equal to half the bed-form height and is
therefore mostly a function of the water depth.
Indicating the level of the top of the nonerodible layer with z*, the alluvium thickness satisfies δ = zb - z*, where zb represents the bed level
which is equal to the level of the top of the layer
of alluvium. Using this relation, equation (1) is
substituted into the one-dimensional sediment
balance

3 MODEL CONCEPTS
In the past several modeling approaches for nonerodible layers have been applied, ranging from
laboratory scale models to physically based mathematical models. These studies have led to the
development of a computational modeling approach, which has been implemented in onedimensional (1D) and two-dimensional (2D) computations. The basis of the modeling concepts in
this paper is the modeling approach that was presented by Struiksma (1999). His model concept
for non-erodible layers has been defined in the
early 1980s, and is based on a correction of bedload transport capacity.
In general we assume that bed load is modeled
with a simple predictor in which sediment transport is a function of the local transport capacity of
the flow. However, when transported over a nonerodible layer, no sediment can be supplied from
the bed when the capacity increases. The sediment
transport thus becomes supply-limited rather than
capacity-limited. Instead of defining an approach
that tracks the volumes of sediment passing the
layer, the model concept of Struiksma (1999) retains the relation with local transport capacity. It
accounts for the transport limitations on nonerodible layers through a reduction of the transport layer thickness on the bed.
alluvial

∂zb ∂s
+ =0
∂t ∂x

where t denotes time and x denotes the streamwise
co-ordinate. This yields
ds f ∂u s f dψ ⎛ ∂zb δ dδa ∂h ⎞
∂zb
+ψ
+
−
⎜
⎟
∂t
du ∂x δa d (δ / δa ) ⎝ ∂x δa dh ∂x ⎠
s f dψ ∂z*
=
∂a d (δ / δa ) ∂x

non alluvial

δa
δ

zb
non-erodible

δ a(fictitious)

z*

(3)

which shows that the correction factor, ψ, modifies the free morphodynamic behavior and that the

level of the non-erodible layer, z*, acts as an external
forcing of the system.

The dependence of the correction factor, ψ, on
the relative alluvium thickness, δ/δa, is
represented by an assumed function which increases monotonously from zero to unity for 0 ≤
δ/δa < 1 with a smooth transition to the constant
value of ψ = 1 for δ/δa ≥ 1. Two different functions for this parameter have been proposed by
Struiksma (on basis of laboratory data):

Figure 5. Definition sketch (Struiksma, 1999)

In this concept the volumetric sediment transport per unit width (according to a customary
transport predictor), sf, is modified with a correction factor, ψ, to obtain the actual (undersupplied)
sediment transport per unit width, s, over the nonerodible layer (including pores):
⎛ δ ⎞
⎟ s (u)
s =ψ ⎜
⎜ δ ( h) ⎟ f
⎝ a
⎠

(2)

⎛π δ ⎞
δ⎛
δ ⎞
δ
⎟ orψ = ⎜ 2 − ⎟ for < 1
⎜2δ ⎟
δa ⎜ δ ⎟
δa
a⎠
⎝ a⎠
⎝

(1)

ψ = sin ⎜

in which δ is the thickness of alluvium on the nonerodible bed, δa is the maximum thickness of alluvium at which the non-erodible layer affects the
sediment transport, h is the local water depth and
u is the local depth-averaged flow velocity. The
bed is non-alluvial (ψ < 1) if δ/δa < 1 and alluvial
(ψ = 1) if δ/δa ≥ 1 (Fig. 4). The correction factor,

(4)

Struiksma’s approach has been applied and validated for many experimental and actual field
cases (e.g. Sloff et al., 2006), but yet appeared to
be oversimplifying some of the complex physical
phenomena that have been observed in undersupplied conditions. For instance a proper generic
sub-model for predicting the alluvial thickness δa
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is missing. Tuijnder (2009a,b) studied in more detail the development of bed forms in undersupplied conditions in laboratory-flume experiments,
and extended Struiksma’s model to account for
the effect on bed friction depending on coverage
of non-erodible (gravel) bed and height and shape
of the bed forms. The new concepts of Tuijnder
have been found to provide a more physically
based and hence more generic approach for fixed
layers. For more details on the concept we refer to
Tuijnder (2009b) and Tuijnder’s contribution in
this conference.
Another development step was made for simulating semi-fixed layers. These are bed-layers
which are supposed to be fixed during low-flow
conditions, but can break up and erode during
high flows. The approach is applicable for the armored layers in the gravel-sand bed of the upper
Rhine reaches in the Netherlands. Also the intention of Rijkswaterstaat to use nourishment of
coarse gravel in outer bends to create artificial
temporary fixed layers in outer bends and to deal
with bed degradation simultaneously, requires
such an approach.
The modeling concept for semi-fixed layers is
a combination of Struiksma’s fixed-layer concept
with an extension of the multi-fraction approach
that is already available in the Delft3D software
system. It includes a multi-fraction (bed-load) sediment transport computation, a multi-layer bed
system with an active layer (i.e., transport layer or
mixing layer with thickness δt) on top, an intermediate exchange layer (defined by Ribberink,
1987, with thickness δex) and multiple under layers. In an alluvial bed the active layer and exchange layer are associated to migrating bed
forms that produce vertical sorting processes in
the bed, and the mixing of size fractions, see figure 6. The sediment-transport rates are computed
using the average composition of the active layer.
The active layer and exchange layer usually get a
thickness based on dune properties (figure 6) or
other physical features that determine the mixing
processes in the bed surface (see also Sloff and
Ottevanger, 2008). The under layers get a thickness that remains constant in time in a fixed reference frame. The active (and exchange) layers remain attached to the changing bed level, whereas
they cut into the under layers, or new under layers
are added to accommodate bed level rise.

Figure 6. The bed-layer schematization for graded-sediment
modeling following Ribberink (1987), where sub-script i is
associated to sediment size fraction i

Consider the definition sketch in Figure 7 for
an arbitrary semi-fixed layer. Layer δ1 (i.e. the active layer) contains only fine material, layer δ2
(exchange layer or first under layer) contains fine
material at locations A and B, and coarse material
at location C. Layer δ3 consists of the coarse sediment fraction and underneath it in layer δ4 there
is only fine material. Layers δ2 to δ4 are referred to
as under layers (there may be an arbitrary number
of under layers). For each of these layers, and at
each location, the ‘mobility’ of sediment can be
determined by considering the flow shear-stress at
the river bed. For instance sediment is considered
mobile if Shields values exceed the critical
Shields value (including hiding and exposure effects). Otherwise, if sediment is found to be immobile, it is assumed that the respective layer is
non-erodible, and Struiksma’s approach as defined in figure 5 has to be applied.
fine sediment
coarse sediment
δ1

zb

δa

δ2

δ1

δ3

δ2

δ4

δ3
δ4

A

B

C

Figure 7. Bed-layer schematization for semi-fixed layers

This implies that, if the coarse sediment in figure
7 is mobile, no reduction of transport takes place
because the mobile sediment thickness δmob is
greater than δa. However, when the coarse sediment is immobile, e.g. at location C, a reduction
of the transport rate according to Struiksma
(1999) will be applied, because δmob is less than δa
(δ1< δa). At locations A and B, δmob is still greater
than δa and therefore no transport reduction will
occur.
In the new approach we have introduced a parameter that evaluates the mobility of the upper
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which is more natural for dune-covered beds. The
associated sorting process is illustrated in figure 8.

layers of the bed to detect whether Struiksma’s
transport reduction has to be switched on. The parameter, so called mobility ratio, is defined as the
ratio between the computed sediment transport for
size fraction i in layer k and a preset value sb,thresh.

(

)

ri ,k = min sb ,i ,k sb ,thresh ,1

(5)

The mobility ratio of the layer k is then given
by the mobility ratios per sediment fraction
weighted by the percentage content of sediment
fraction i in layer k (i.e. pi,k):
rtot ,k = ∑ ri , k pi , k

Figure 8. Sorting processes in dunes: development of coarse
layer in troughs. Courtesy of Astrid Blom (2003)

In dune-covered alluvial beds of the upper
Rhine reaches in the Netherlands the sorting process of figure 8 is assumed to cause the formation
of non-erodible gravel layers in the dune troughs.
The previously presented approach allows for detection and eventual break-up of semi-fixed layers
in the bed (depending on flow conditions). However, for the development of semi-fixed layers by
these vertical sorting processes, it is necessary to
apply an extended approach in which the exchange layer, defined in figure 6, has been applied. This approach has been presented in Sloff
and Ottevanger (2008) and is not further elaborated in this paper. Crucial for the development of
the coarse layer is the definition of the vertical
sorting flux between active layer and exchange
layer. These elements are still being investigated.

(6)

i

To determine the total thickness of mobile sediment, the following definition is used:

δ mob =

∑r
k

∗
tot , k

δk

where rtot∗ ,1 = rtot ,1

(7)
and rtot∗ ,k = rtot ,k ⋅ rtot∗ , k -1

for

k>1, to prevent erosion of mobile layers below
immobile layers such as layer δ4 beneath δ3
shown at location A in Figure 7.
The advantage of the above approach is that the
mobility ratio is consistent with the chosen sediment formula. Note that if δmob becomes less than
δt, the active layer will be reduced. Furthermore,
note that from a physical point of view the activelayer thickness δt is best chosen equal to δa (related to dune height). It also has to be noted that
these equations are only used to detect the presence of non-mobile layers, and are considered as a
pragmatic approximation. Alternative parameters
for this purpose will be investigated in the future.
In situations with exposed non-erodible layers
(δmob < δa), the transport rates are reduced using
Struiksma’s reduction function of equation (4).
Note that in this approach the transport rate is still
based on the bed composition of the top-layer, and
scaled according to the thickness of alluvial sediment on the bed (including indirectly the mobility
of sub-layers through parameter ψ). A next step to
be considered, could be to include the transport
rates of lower layers in the total transport rate as
well. Therefore these lower transport rates would
have to be scaled with the probability in which
they are exposed (the deeper the layer, the lower
the frequency), e.g. an approach following Blom
(2003). For cases in which δmob is less than δa we
can assume that equation (1) based on the toplayer still suffices, but for fully alluvial conditions
this is not necessarily true. Including the exposure
probability of deeper sediment in the transport
rate means that the surface composition is used rather than the top-layer average composition,

4 MODEL RESULTS
In Sloff et al. (2006) some of the successful applications of Struiksma’s modelling concept for nonerodible layers in flume and in the Waal River are
presented. Recently quasi-3D simulations have
been carried out for the Merwede branches in the
south-west of the Netherlands, see figure 9.

Figure 9. Map of Merwedes in the Netherlands, with the
Boven-Merwede bifurcating into the Nieuwe-Merwede and
the Beneden-Merwede

For these simulations we have applied a curvilinear grid covering the full width of the river
(main channel and flood plains), and considered
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the different branches as separate domains (using
the Delft3D domain-decomposition approach).
The initial bed of 1997 has been introduced, as
well as spatially varying roughness, groynes
(weirs) and sediment characteristics. Simulations
have been carried out using a full yearly hydrograph (i.e. including flood and low-flow periods).
Although there is some influence of tides in this
region, the effect has been disregarded.
The bed soundings presented before in figure 1
show that in the Nieuwe Merwede a non-erodible
layer is exposed from km 964 on the left half of
the river. We introduced this layer into the model,
and compared the results the measurements and to
a simulation without this layer. The results in figure 10 show that without fixed layers rather deep
pools can be found, but by using the fixed-layer
approach the results fit the data very well.
Note that in figure 10 the reach upstream of km
964 shows a rather strong sedimentation in the
simulations. This can be explained from dredging
(for sand mining) in this reach, and can be corrected easily in the simulations (not shown in figure 10).The simulations above do not consider
break-up of the non-erodible layer, and therefore
mainly represent a validation for Struiksma’s concept.

Figure 11. Map of Boven-Rijn (Rhine) at border of Germany and Netherlands. Legend refers to bed-level in m.

Simulations have been carried out for testing
the effectiveness of these plans and evaluation of
the Delft3D tool for semi-fixed layers presented in
this paper. Here we present the result of a simulation with a one-time nourishment of coarse gravel
with a mean grain size of 11 mm in the outer bend
indicated in figure 11. A flow hydrograph is imposed with a constant low-flow discharge (1500
m3/s), followed by a flood period starting in august, a peak-flow of 6000 m3/s in the second half
of September, and a low flow period again starting
from the next January until august (end of the simulation).

Bed level left of axis; simulation (7 years) versus measurement
Simulated with fixed layers

3

Bed level height (m)

Simulated fully alluvial
Multi-beam measurement (2007)

2

dredged reach

fixed layers
1
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968
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965

964

963

962

961

Figure 12. Longitudinal profile of river bed of the BovenRijn, showing the amount of nourished sediment at time = 0

River Chainage (km)

Figure 10. Bed level computed and measured for a longitudinal section left of the river axis in the upper reach of the
Nieuwe-Merwede (flow is from right to left)

Recently plans have been drawn for sediment
management strategies in the Boven-Rijn to stop
autonomic bed-level degradation and to improve
the navigability by (amongst others) nourishment
of coarse sediment in outer bends. By using
coarse sediment in the pools it is expected that a
semi-fixed layer can be created that temporarily
leads to lowering of the point bar in the inner bend
(as was successfully achieved in Nijmegen and
Sint-Andries in the Waal River).
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(and is covered with material from upstream) during the low-flow period, but breaks up during the
rising limb of the flood. Thereafter the nourished
gravel is mixed with the other sediment in deeper
layers and downstream of the nourishment location.
In 2010 a first pilot-nourishment will be carried
out in the Boven-Rijn. Findings of these simulations are used to design the nourishment strategy.
A measurement campaign will provide the necessary data for further improvement of the approaches and for design of efficient nourishments.
5 CONCLUSION

Figure 13. Longitudinal profile of river bed of the BovenRijn, showing the amount of nourished sediment at time =
just before break up (rising limb of flood)

Non-alluvial or non-erodible sections affect the
morphology on a local and global scale. The examples in this paper illustrate that a careful interpretation small-scale features of high-resolution
bed-level recordings is useful to recognize the
non-erodible layers.
For practical purposes stable fixed layers can
be modeled in a proper way using a 2D/3D computational model with Struiksma’s sedimenttransport reduction approach. In cases with semierodible layers (layers that are only stable during
low flows) an extended approach has been introduced based on a combination of Struiksma’s
concept with a multi-fraction approach with under-layers in the bed. This approach is used to design temporary stable nourishments which are
planned in the Dutch-German border region of the
Rhine.
It has been observed from modeling application
in the Rhine branches that for a long-term assessment of impacts of measures and autonomic
processes the non-erodible layers are very important. For instance amplification of degradation of
the Rhine branches and surprising stabilization of
river bifurcations are some of the implications that
demand for careful assessment of the presence of
mixed alluvial and non-alluvial river beds.

Figure 14. Longitudinal profile of Boven-Rijn, showing the
available fraction of finest sediment fraction (D<0.5 mm),
time = just after break up (flood conditions)
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ABSTRACT: The objective of the present study is an analysis of the morphological development of the
river Rhine between Iffezheim and Bingen (km 335-530), focusing on the period between 1990 and 2008.
This analysis forms the basis for an optimization of the existing river training structures and maintenance
strategies. The input data used for the investigation are sediment transport measurements, echosounding
data and dredging/sediment supply data. Potential errors in these input data are discussed. The analysis
shows that in its present state, being altered by extensive engineering works during the last two centuries,
the river Rhine is morphologically not in a dynamic equilibrium state. For the echosounding measurements a scale-dependent consideration of the data is required. On a large scale (10² km) the morphological development between 1990 and 2008 was characterized by general bed degradation. Only a few river
sections had a stable bed, or were subject to bed aggradation. Furthermore, the analysis reveals that within the study reach, the bed load transport rate decreases in the downstream direction, whereas the transport rate for suspended load increases. A small-scale consideration (101 km) of the bed variations reveals
a more frequent change between zones of aggradation and degradation, respectively. These changes express sediment movements that are linked with local effects of changing channel geometry, river training
structures, sediment supply or dredging.
Keywords: Sediment transport, Bed morphology, Field data, Numerical model, River training structures
Since 1978, bed erosion downstream of the last
barrage at Iffezheim is compensated successfully
by artificial addition of bed load material (WSA
Freiburg, 1998). Despite this success story, river
correction works, dredging and sediment nourishment at other locations are still required to
realize reliable conditions for safe and easy navigation of inland vessels.
The objective of the present study is an analysis of the morphological development of the river
Rhine between Iffezheim and Bingen (Rhine-km
335-530). The focus is on the period between
1990 and 2008. In addition, the existing knowledge about correction works and the related morphological processes occurred during the last two
centuries must be incorporated into the considerations.
A main focus of the study is the optimization of
the interaction between river training structures,
dredging and sediment supply activities. Consequently, the mutual influence between large-scale
and small-scale effects poses a challenge to the

1 INTRODUCTION
The Rhine is one of the most important rivers in
Europe, with a length of about 1,230 km and an
average discharge of about 2,300 m3/s at the german-dutch border. Its importance is pointed out
by the traffic intensity which reached values of
207.5 million tons of goods transported on the
river in 2008.
The river Rhine in its present state is affected
by extensive river training works that have been
executed during the last two centuries. Particularly, ten barrages constructed between Basel
(Rhine-km 150) and Iffezheim (Rhine-km 334) at
the franco-german border between the years 1928
and 1977 had and still have a large impact on the
morphological state of the river. The barrages
cause a complete retention of the bed load transported from upstream. As a consequence, a bedload deficit exists downstream of the barrages,
which caused significant bed erosion in the past.
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understanding of the river system. For example, at
which spatial and temporal scale this mutual influence becomes significant is an important question that needs to be considered.
In the present paper, the data base and the methodology of the study are being described and
first results are presented.

tion several bed-load samples are taken from the
same anchoring position. The total sample duration per subsection typically is 15 minutes. After
converting the sample volumes into subsectionaveraged bed-load transport rates, these are integrated over the river width to get the total bedload transport.
The suspended load transport is derived from
simultaneous measurements of the sediment concentration (pump samplers) and flow velocity
(propeller meters), carried out at 5 to 10 positions
across the river width and at four different depths.
After multiplication of concentration and velocity,
the outcomes are integrated over the flow depth
and river width to obtain the total suspended
transport. With a 0.063 mm sieve, the suspended
sand is separated from the finer suspended particles. Only the sand part of the suspended load
contributes to morphological change. The finer
particles are very scarce in the river bed of the
Rhine and are considered to be wash-load.
All transport measurements are stored in the
Sediment Database (SedDB) of the BfG. For this
study, the measurements from the period 19962006, which is a period with a high data density,
were analyzed. In the study area (IffezheimBingen), 13 measuring sites are situated at which
the transport rate was measured at least 15 times
between 1996 and 2006. For these sites, a relation
was established between sediment transport and
flow discharge (sediment rating curves). This was
done separately for bed-load and suspended sand
load. An example is given in Fig. 2 for the measuring site at Nierstein (Rhine-km 484).

Figure 1. Area of investigation

2 DATA & METHODS

2.1 Sediment transport measurements
The bed-load and suspended-load transported by
the river Rhine have been measured systematically by the German Federal Waterways and Shipping Administration since the 1970s.
Bed-load measurements are done with the BfG
bed-load sampler (a Helly-Smith like device), a
sampler with an orifice of 16 cm width and 10 cm
height. Since the 1990s, a sampling bag with a
mesh size of 1.4 mm is used. On the sampler a
camera is attached to enable an accurate positioning on the river bed. To measure the bed-load
transport in a cross-section, the cross-section is
divided into 5 to 10 subsections. In each subsec-

Figure 2. Rating curves for bed load and suspended sand
load at Nierstein (km 484).

Power functions were used to fit the data. Other mathematical function types were tested as
well, but showed a lower correlation. The rating
curves were combined with time-series of daily
discharges from the gauging stations of Maxau,
Speyer, Worms and Mainz in order to estimate the
mean annual sediment load at each of the 13 sites.
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Ferguson (1986) demonstrated that annual sediment loads calculated in this way (using power
functions to fit the data) are likely to be underestimated. The degree of underestimation increases
with the degree of scatter about the rating curve
and can reach 50%. In order to correct for this, the
calculated loads were multiplied with the correction factor proposed by Ferguson (1986), which
reads c = 2.65s², with s² the error variance of the
rating curve.
Measurements of the sediment transport in a
river are subject to stochastic errors and systematic errors. For the measurements in the river Rhine,
the relative stochastic error is, according to Kleinhans and Ten Brinke (2001), 10% for suspended
load and 50% for bed-load. The systematic error
is, according to various tests in laboratory flumes,
small. Only at locations with a relatively fine bed,
a systematic underestimation of the bed-load may
occur because part of the sediment smaller than
1.4 mm passes through the mesh of the sampling
bag.
The accuracy of the annual load estimates depends on the accuracy of the measurements, but
especially on the number and spread of data points
in the transport-discharge relations. Data from
(rarely occurring) extreme discharges are scarce
and this makes fitting rating curves difficult. We
estimate the relative error of the calculated annual
loads to be 40-100%. This is a common magnitude of errors in annual loads (Crowder et al.,
2007).

Echosounding data, just as transport data, are
influenced by stochastic and systematic measurement errors. Stochastic errors fully average out
during the calculation of the width-averaged bedlevel, but systematic errors do not. Systematic errors arise because the German authorities have
changed the reference system for elevation measurements several times over the last decades. The
echosounding data used in this study therefore
were corrected according to the recommendations
given by Sudau and Bengel (2009). The reference
system DHHN 92 was used as a standard for all
soundings in the river Rhine. Systematic errors in
bed-level data also arise because the echosounding equipment was not always calibrated properly.
Although corrections were applied, it is possible
that locally a small systematic error of at most 5
cm remains. Bed-level changes of less than 5 cm,
therefore, should be interpreted with care.
2.4 Water level measurements
Temporal changes in water level elevation at low
flow stages can be used to reconfirm trends observed in the analysis of bed level changes, as
both should be closely related. A method developed at the BfG (Busch et al., 2009) is used to
identify temporal trends in stream-wise water level measurements.
2.5 Dredging / Sediment nourishment
Dredging and sediment nourishment represent direct interventions on the sediment budget of the
river bed. Hence, these data are important for an
interpretation of the observed morphological development. Dredging and nourishment activities
in the river Rhine have been minutely recorded
since the 1970s. Accurate information on the volume, date and location of all activities is stored in
a database.

2.2 Grain size measurements
The grain size composition of the river bed was
determined by sieve analysis using 1278 sediment
samples taken from the top 10 cm of the river bed
in the period 1982-2004. Additionally, the grain
size composition of the transported bed-load was
determined for all sediment transport measurements described above.

2.6 Structures

2.3 Ecosoundings

Knowledge about existing structures as e.g.
groynes or longitudinal training walls is a prerequisite to interpret the observed bed level changes.
Here, not only the structures existing at present
are of interest. As the morphological development
between 1990 and 2008 is in the focus of the
present study, adaptations at river training structures during these years must be considered as
well. Moreover, the morphological behavior of the
river Rhine at its different development stages
starting from the first correction works in the year
1817 are needed to improve the understanding of
the interaction between structures and the morphological reaction of the river bed.

The bed-level elevation of the river Rhine was
measured in 1990, 1992, 1996, 1998, 2000, 2002,
2004, 2006 and 2008. During each survey, detailed cross-sections were sounded at 100 m distances with singlebeam echosounders. After correcting the data for outliers, we calculated the
bed-level change between subsequent years. We
focused on the navigation channel (40-90% of the
total river width), because in some years no measurements outside the navigation channel were
done. In order to identify large-scale trends, a
moving average with a window size of 10 km was
applied.
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For the present study, both present and historical development stages are investigated and documented (Schmidt and Wahrheit-Lensing, 2008).
2.7 Numerical models
Field data are not only used for a direct analysis
but also as a basis for numerical models. In case
of the present study, both uni- and twodimensional numerical models with a movable
bed have been set up in order to systematically
analyze the different factors of influence on the
bed level development. Several models with wider
range of spatial resolution are used in order to
take into account that different effects occur in
different morphological scales.

Figure 3. Bed elevation in the study reach.

The overall bed degradation shows that the river Rhine has an erosive regime, which is probably
due to the extensive training works in the past and
the cutting off of the sediment supply by impoundments in the river Rhine and its tributaries.
As described in Section 1, the most severe
man-made alteration in recent time was the impoundment of the Rhine at Iffezheim barrage
(Rhine-km 334) in 1978 and the subsequent installation of the bed-load nourishment site at
Rhine-km 336 to 337.
In the upper part of the study area just downstream of Iffezheim (km 335 to 365) the transported bed load material stems mainly from the
nourishment. Here the bed level is kept nearly
stable with the installed nourishment scheme (Fig.
4). A slight degradation, which was observed
since the mid 1980s, was eased by the mid 1990s
by the means of increased nourishment after 1991.
The following reach from Rhine-km 365 to the
confluence with the river Neckar (Rhine-km 428)
is showing aggradation, most strongly in the upper
25 km. The transport measurements show that the
bed-load transport strongly decreases in this area

3 LARGE-SCALE MORPHOLOGICAL
DEVELOPMENT
Geologically, the study reach consists of two
parts: the subsiding Oberrheingraben (until Rhinekm 486) and the Rheingau area, which acts as a
transition to the uplifting Rhenish Slate Mountains, connecting at the downstream end of the
study reach. The latter forms a strong base level
control, causing the river gradient in the Oberrheingraben to decrease in downstream direction
(Fig. 3).
The analysis of echosounding measurements
shows that the overall bed-level within the study
reach is slightly degrading with an average rate of
0.5 cm per year (Fig. 4). The bed load transport
decreases in stream-wise direction, while the suspended sand transport increases (Fig. 5). This
suggests that most of the eroded sediments are
quickly washed away in suspension.

Figure 4. Development of bed levels between 1992 and 2006, averaged over a distance of 1 km and 10 km.
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A large scale comparison of the bed level
changes with measured water level changes confirms the above mentioned trends. On the long
term and on average the low-flow water level increased upstream of the confluence with the
Neckar River (km 428) while there was an overall
lowering of the low-flow water levels in the
downstream section of the study area.

(Fig. 5). It is mainly the larger bed load fractions
which are being deposited here, leading to a
strong downstream fining (Fig. 6). The feeding of
a coarser grain mixture at Iffezheim during 1981
to 1991 is supposed to have contributed to deposition along this reach. Further insight into this effect is expected from the numerical simulations
described above.

4 SMALL-SCALE MORPHOLOGICAL
DEVELOPMENT
The mutual influence between large-scale and
small-scale effects poses a challenge to the understanding of the river system. The significance of
this issue is pointed out in Fig. 4, where the bed
level changes between 1992 and 2006 are illustrated. Despite the general trend of bed erosion
between Rhine-km 428 and 530 single spots occur
that were affected by bed aggradation (e.g. km
Rhine-km 480).
In the present study, these potential dredging
sites are analyzed with respect to the relevant
processes in different scales. Besides the influence
of river training structures and maintenance activities these locations may also be affected by geomorphologic processes as e.g. sediment waves induced by discharge waves. In this connection, it is
important to know for both, the temporal and the
spatial scales, how active or inactive the bed morphology reacts in response to modifications at the
river training structures. With this knowledge,
dredging and supply activities can be analyzed
and, where appropriate, adapted.
Figures 7 and 8 show volumes of sediment material extracted or supplied along the Rhine between the river section downstream of Iffezheim
and Bingen. In Figure 7, the data are sorted according to years, whereas Figure 8 shows where
the dredging or sediment feeding works have been
located. In both figures, it is differentiated whether the dredged sediment is completely removed
from the system or dredged and relocated to the
river at another spot.

Figure 5. Bed load and suspended sand load along the study
reach.

Figure 6. Grain sizes of the bed load and bed surface along
the study reach.

From Rhine-km 428 until the end of the study
reach, erosion is dominant since the beginning of
the 1990s, with an average rate of 1.1 cm/a (period 1996 to 2006). A particular reason for this
erosion can not be identified. Interaction with
constructions during this period (groyne construction at km 438 in 1991/92, longitudinal training
works at km 448 in 1995/96) is very likely. On the
other hand, the observed bed load velocities (5.4
to 11.5 km/a for grain sizes of 4 to 8 mm) determined in tracer experiments (Gölz et al., 2006)
suggest, that the exclusion of grain sizes smaller
than 8 mm from the nourishment at Iffezheim between 1981 and 1991 might have contributed to
the erosion by shortening the supply of bed load
in this stretch.
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of channel width and accordingly an increase of
flow velocity and flow depth. In the following,
small scale effects (101 km) of river training structures and their influence on the morphological development of the river bed are considered using an
example between Rhine-km 362 and Rhine-km
371.
The river Rhine between km 362 and km 371 is
characterized by series of groynes that are located
alternating at the river banks. During the years
2000 – 2002 some of these groynes were adapted
by increasing their length and height (Figure 9a).
This resulted in a reduction of river width and
consequently the sediment transport capacity increased. The changes in width and its impact on
the bed level change are illustrated in Figure 9b
and 9c.

Figure 7. Dredged and supplied sediment volumes between
1970 and 2007 (Rhine-km 352-494). The data is differentiated whether the dredged material is completely removed
from the system or re-added to the river at other locations.
Note: the data do not include the sediment supply downstream of the barrage at Iffezheim with an average annual
volume of 180,000 m³.

Note that the sediment volumes supplied
downstream of the barrage at Iffezheim (average
annual volume of 180,000 m³) are not included in
Figure 7 and 8.
Figure 7 shows that in all years between 1970
and 2007 significant dredging and supply activities took place. However, the annual values differ
significantly. The figure also demonstrates that
most of the dredged material is re-added to the
river at other locations.
This means that local differences in the sediment transport capacity in a relatively small scale
(<101 km) lead to local bed aggradation that require dredging activities. The extracted material is
needed at other locations where the sediment
transport capacity increases again.
This interpretation is confirmed by the data in
Figure 8. Here, it is shown that only few single
spots made up the predominant portion of the
dredging and supply activities between 1970 and
2007. Assuming a bulk density of 1850 kg/m3, the
data in Figures 5 and 8 show that e.g. at Rhinekm 422-425 the annual dredging volume is in the
order of approximately 50 % of the annual bed
load transport.
Starting from 1989 part of the dredged sediment was not re-added to the river but extracted
and sold. In Figure 8, it is demonstrated that this
process is exclusively limited to a one location at
Mainz-Weisenau (Rhine-km 394).
The sediment transport capacity of a river section is mainly determined by discharge, slope,
channel width, backwater effects, grain size and
bed forms. The most obvious influence of groynes
on the sediment transport capacity is the reduction

Figure 8. Dredged and supplied sediment volumes between
Rhine-km 341 and 502 (for the period 1970-2007). Note:
only those river sections are shown were dredging and supply activities occurred. The data is differentiated whether
the dredged material is completely removed from the system
or re-added to the river at other locations. Note: the data do
not include the sediment supply downstream of the barrage
at Iffezheim with an average annual volume of 180,000 m³.

The figure demonstrates that the locally varying reduction of the width of the movable bed has
led to corresponding changes at the river bed.
Those river stretches where the groynes were
adapted (so that channel width decreased) are characterized by bed erosion. Contrary, the parts that
were not affected by river correction works show
no degrading tendency of the bed levels.
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German Federal Waterways and Shipping Administration the identification and analysis of relevant
spots of bed aggradation and the formulation of
strategies to achieve a homogenization of the sediment transport is relevant to reduce costs.
In a next step, the existing numerical models
are used as well as the field data to continue the
analysis. Particularly, numerical models provide
the opportunity to systematically study the factors
of influence and to test the effects of possible scenarios that focus on an optimization of the maintenance strategy. The numerical models make it
possible to study the temporal aspect of the morphological development of the bed in connection
with the occurring discharges.
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Figure 9. a) Width of the movable bed 2000 and 2002
(above), b) Difference between the width of the movable
bed before (year 2000) and after adaptations at the groynes
were carried out (year 2002) (middle); c) Change in bed
level between 2008 and 2000, negative values represent bed
erosion (below).
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ABSTRACT: Significant channel adjustment often occurs in the Lower Yellow River (LYR), and it is a
challenging work to simulate the morphodynamic processes in the LYR using numerical models. An intercomparison of three morphodynamic models (Delft3D, 2DLLCDM and 2DRPM) for the LYR is presented herein. The models are first compared with each other in the model concepts, and are then used to
simulate the morphodynamic processes in a braided reach of the LYR. The model predictions indicate
that: (i) the hydrodynamic processes computed by all the three models agree well with the field data if an
appropriate value of the roughness coefficient is used; (ii) the concentrations of suspended load at the
downstream boundary computed by Delft3D and 2DLLCDM agree closely with the observed data, but
there is a great difference between the concentrations calculated by 2DPRM and those measured; and (iii)
the predicted changes of cross-sectional profiles do not correspond well with the measurements for all the
models. Based on these findings, three urgent improvements are recommended for increasing the prediction accuracy in these models, including: the development of bed roughness predictor, the introduction of
graded sediment transport capacity formulation, and the consideration of bank erosion module.
Keywords: Morphodynamic model, bed roughness, sediment transport capacity, morphological changes,
Lower Yellow River
1 INTRODUCTION

neers and scientists in China adopted various methods to study the morphodynamic processes in
the LYR, and these methods usually comprised
physical river modelling and mathematical river
modelling (Zhang & Xie, 1993). With the rapid
development of computers and numerical methods
for nonlinear analysis during the last four decades,
mathematical river models have become more
popular. Two-dimensional (2D) models capable of
simulating the morphodynamic processes have
been developed since the end of the 1990s (Wang
et al., 2008). At present, depth-averaged 2D models are more often adopted in practice when simulating the morphological changes in the LYR for
their easy implementation and applications.
The application of 2D morphodynamic models
to the LYR is a challenging task at the present
time, although various models have been developed for and applied to this river. Lots of development efforts are still required to be investigated
before these models can be applied by the managers of the LYR. In the current study, an intercomparison of three morphodynamic models is presented by considering both the difference between

The Yellow River (see Figure1), as the second
largest river in China, is well known for its high
concentrations of suspended load. Generally, the
Lower Yellow River (LYR) is defined as the
reach between Mengjin in Henan and Lijin in
Shandong, with a total length of about 786 km. It
is usually divided further into three geomorphologically distinct reaches, including the braided,
transitional, and meandering reaches (Wu et al.,
2005). Heavy soil erosion in the Loess Plateau upstream has led to intensive sedimentation in the
LYR. According to the observed data, the total
deposition volume in the LYR reached about 5.52
billion m3 from 1950 to 1999, of which 60% was
deposited in the braided reach (Xia et al., 2009).
One effect of heavy sedimentation in the LYR
was characterized by an obvious shrinkage of the
main channel and a sharp decrease of the flood
discharging capacity, which severely influenced
the management of flood control and made the
phenomenon of “secondary perched river” more
serious (Xia et al., 2009). Therefore, river engi1085

vilinear coordinates, since the governing equations in the Cartesian coordinates can be then considered as a special case.

the model concepts and the discrepancy in the simulated results and corresponding data measured
in 2004, and some experience from this intercomparison is then gained and the most urgent model
improvements for simulating the morphodynamic
processes in the LYR are proposed.
Sanhuhekou
Yellow River Basin

The governing equations usually include the equations for hydrodynamics, the equations for sediment transport, and the algorithms of updating the
morphology and bed material composition. In addition, treatments of key parameters related to the
equations are also presented.
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2.2.1 Hydrodynamic equations
All the above three models have in common that
they all use the 2D shallow water equations
(Wang et al. 2008). The depth-averaged continuity
equation for flow can be written as:
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2.2 Governing equations
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Figure 1 Sketch of the Yellow River Basin
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2 COMPARISON OF MODEL CONCEPTS

(1)

The momentum equations for flow in the ξ and
η directions are given by:

2.1 General information
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Three morphodynamic models for the LYR will
be compared and they are: Delft3D (Delft Hydraulics, 2003), 2DLLCDM (Xia et al., 2004) and
2DRPM (Zhou & Lin, 2008). Delft3D is a generic
commercial software package, whereas the other
two were specially developed for the LYR. All the
three models can be considered as consisting of
three modules: a hydrodynamic module, a sediment transport module and a module for updating
the morphology and bed-material composition.
Delft3D was developed by WL|Delft Hydraulics in the Netherlands. It is a model system that
consists of a number of integrated modules. During this study, only the Delft2D-FS mode of
Delft3D is used, which comprises a 2D flow and
online-sediment module in orthogonal curvilinear
coordinates. 2DLLCDM is a depth-averaged 2D
model for the full channel adjustment, which consists of a submodel of 2D flow and sediment
transport in orthogonal curvilinear coordinates
and a submodel of riverbank erosion, which is capable of predicting the processes of flood routing
and longitudinal bed deformation, and simulating
the process of bank erosion. 2DRPM is also a
depth-averaged 2D model for the river processes
of the LYR. The model is based on an unsteady
flow model in the Cartesian coordinates for fixed
riverbeds by Falconer (1977) and a nonequilibrium transport equation for suspended load
has been included recently (Zhou & Lin, 2008).
Both Delft2D-FS and 2DLLCDM use a curvilinear mesh, whereas 2DRPM uses a rectangular
mesh. The governing equations for flow and sediment transport will be presented only in the cur-
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U U +V
− gn 2
Cξ ∂ξ
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+
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+
(
)
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2

2

V ∂V
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V 2 ∂Cξ
∂V U ∂V
+
+
+
−
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ν t ∂ 2V ∂ 2V
g ∂Z
V U 2 +V 2
(
)
=−
− gn 2
+
+
Cη ∂ η
h 4/3
Cξ Cη ∂ ξ 2 ∂ η 2

(2)

(3)

in which ξ and η = orthogonal curvilinear
coordinates in the horizontal directions; Z = water level; h = water depth; U and V = velocity components in the ξ and η directions, respectively; Cξ and Cη = Lami coefficients;
ν t = horizontal turbulent viscosity coefficient for
flow; g = gravitational acceleration, n = Manning’s roughness coefficient; and t = time.

(1) Influence of sediment on the hydrodynamics
The sediment concentrations in the LYR are extremely high, so that the density of the watersediment mixture becomes temporally and spatially varying, which in turn influences the turbulent
structure of the flow. In the mode of Delft2D-FS
only the density variation is considered. Both
2DLLCDM and 2DRPM cannot directly account
for the influence of concentrations on the flow
governing equations. It is applicable because sediment concentrations to be simulated are relatively low, with the maximum value < 20 kg/m3.
(2) Formulation of bed roughness coefficient
In the LYR, the Manning’s roughness coefficient
was found to be quite large during low discharges,
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for the source term of each fraction, given by:

with the highest measured value > 0.045. Following the increase of a discharge, the coefficient
gradually reduced and approached a minimum of
0.007 to 0.010 (Chien et al., 1959).
In Delft3D, the roughness coefficient is specified as a constant, or as a space-varying Manning’s coefficient, or computed with a bed roughness predictor (van Rijn, 2007a). However, this
roughness predictor has not been extensively validated in rivers such as the LYR. Therefore, only
constant roughness values are used in the present
study for Delft3D. Similarly, constant roughness
values are used for 2DRPM. 2DLLCDM uses the
formula by Zhao & Zhang (1997) to calculate the
Manning’s roughness coefficient, given by

Dk − Ek = α sk ωsk ( S k − S*k )

in which S*k and α sk are the sediment transport
capacity and coefficient of saturation recovery or
adjustment for the kth fraction.
In 2DLLCDM α sk is determined by the method proposed by Zhang et al. (2001), while in
2DRPM α sk is calculated according to the method proposed by Zhou & Lin (1998). In
2DLLCDM and 2DRPM, all the fractions of suspended load are regarded as noncohesive sediments. In Delft3D, for non-cohesive fractions Eq.
(6) is also used to calculate the source term, but
the coefficient α sk is calculated according to Galappatti (1983). For cohesive fractions, the KronePartheniades formulations are used to calculate
the source term (Partheniades, 1965).

−1

δ* 0.77 3π
δ*
δ* 0.2 5 ⎫
h1/6 cnδ* ⎧
n=
⎨0.49( ) + (1 − )[sin( ) ] ⎬ (4)
h
h
h
8
g h ⎩
⎭

(4) Sediment transport capacity
Delft3D uses formulas that calculate either the total sediment transport or the bed load and suspended load separately. From the suspended load,
an equilibrium sediment concentration can be derived, which is used to obtain a depth-averaged
concentration in combination with an advectiondiffusion equation, given by:

in which c n = 0.375κ ; and δ * = roughness
thickness. This formula is valid for the flow
Froude number less than 0.80.

2.2.2 Sediment transport equations
In the LYR, the change in morphology is mainly
caused by the non-equilibrium transport of suspended load, which is closely related to the determination method of source term, and the formulation of sediment transport capacity.
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⎢
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∂
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]+
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⎨ [ε s
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Cη ∂η ⎭⎪
∂η

h

a

a

(7)

where a = reference height above the bed;
u ( z ) = velocity profile; c( z ) = concentration
profile; and z = integration variable. In this study,
the enhanced sediment formula of Van Rijn is applied (Van Rijn, 2007ab). This formula can calculate the sediment transport capacity of the total
load. The enhanced formula has been developed
for sediments with a grain size of 0.008 mm and
coarser, for concentrations up to 150 kg/m3 and
water depths exceeding 1.0 m.
In 2DLLCDM, the sediment transport capacity
formula proposed by Zhang and Zhang (1992) is
used, which can be written as:

(2) Equation for suspended load transport
The advection-diffusion equation for the fractional suspended load transport used in the three models can be given as
+

h

S* = ∫ u ( z )c( z )dz / ∫ u ( z )dz

(1) Equation for bed load transport
In simulating sediment transport, Delft3D always
includes both bed load and suspended load transport. The other two models do not include the simulation of bed load transport because in the river
the suspended load is fairly dominant. According
to the analysis by Long & Zhang (2002), the average ratio of bed load to total load of sediment in
the LYR is only about 0.5%.

∂ ( hS k )

(6)

(0.0022 + Sv )u 3
h 0.62
ln(
)]
S* = 2.5[
κ [γ s − γ m ) / γ m ]ghωm 6 D50

(8)

where S* = sediment transport capacity in kg/m3;
γ s and γ m = specific densities of sediment and
water, respectively; Sv = sediment concentration
by volume; u = U 2 + V 2 ; κ = Von Karman coefficient for turbid water; ω m = group settling velocity of non-uniform sediments; and D50 = median diameter of the bed material. This formula
has been widely used in the computation of sediment transport in the LYR.
According to the data of Zhang & Xie (1993),
Zhou & Lin (2008) obtained a simplified form of
sediment transport capacity formulation as

(5)

where εs = horizontal turbulent diffusivity coefficient for sediment; Sk = sediment concentration for the kth size fraction; and the source term
is represented by the rates of bed erosion ( Ek ) and
deposition ( Dk ), respectively. The three models
adopt different expressions for these terms.

(3) Calculation of the source term
2DLLCDM and 2DRPM apply a similar equation
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S* = k (u 3 / ghωm ) m

(2) Bank erosion simulation
In the braided reach, bank erosion often occurs
during the period of clear water scour, due to the
water impoundment and sediment detention of the

(9)

in which k = 0.606 , and m = 1.636 − 0.216Log(u3 / ghωm ) .
Eq. (9) is used in 2DRPM.
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Figure 2 Comparison between the calculated and observed concentrations

Xiaolangdi Reservoir. Analysis of observed data
showed that the scour amount in the braided reach
was 0.59 billion m3, and the sediment quantity
from bank erosion accounted for 30-50% (Xia et
al., 2007). At present, bank erosion is not accounted for in 2DRPM. Delft3D uses a dry cell
erosion factor to simulate the process of bank erosion (Roelvink et al., 2003). 2DLLCDM simulates
bank erosion based on hydrodynamics and soil
mechanics (Wang et al., 2008).

Eqs. (7-9) can be used to calculate the sediment
transport capacity for the total suspended load. If
ΔP*k is the percentage of the sediment transport
capacity for the kth grain size, the expression of
S*k = S*ΔP*k can be obtained. In the abovementioned three models, different approaches
were used to determine the value of ΔP*k . Figure
2 compares the results computed by the above
formulas with the observed data, and it can be
found that: Eq. (7) underpredicts the sediment
transport capacity if the concentration is less than
10 kg/m3 although it overestimates at high concentrations; Eq. (8) performs well because it was
calibrated by the data from the Yellow River; and
Eq. (9) overestimates the concentration as it
ranges in 10 to 100 kg/m3.

2.2.4 Updating the bed material composition
In 2DLLCDM, the bed material at each cell is divided into two vertical layers: the upper one is
called the mixing layer and the lower one is called
the memory layer. The adjustment procedure of
the size distribution of surface bed material can be
classified into two cases of bed scour and bed deposition, with the details being given in Wang et
al. (2008). Delft3D uses a similar procedure as
2DLLCDM. However, the former usually accounts for the adjustment of bed material in the
mixing layer. In 2DRPM, the memory layer is divided into 2 larger layers, and other treatments are
identical to those of 2DLLCDM.

2.2.3 Updating the morphology
In updating the morphology in the LYR, the rate
of longitudinal channel adjustment can be determined using the bed deformation equation due to
the non-equilibrium transport of suspended load,
while the lateral channel adjustment needs to
adopt the simulation of bank erosion.
(1) Updating bed level
2DLLCDM and 2DRPM only account for the
transport process of suspended load. Therefore,
the change in bed level can be calculated by:
ρ′

N
∂Z b
⎛ ΔZ
= ρ ′∑ ⎜ bk
∂t
k =1 ⎝ Δt

⎞ N
⎟ = ∑ ( Dk − Ek )
⎠ k =1

2.3 Numerical solution methods
In Delft3D, the model domain is usually covered
by a curvilinear mesh, and the variables are arranged on a staggered grid to discretize the 2D
shallow water equations in space. In this arrangement, a water level point is defined in the centre
of a cell and the velocity components are located
on the grid cell faces. Stelling & Leendertse
(1991) extended the alternating-direction-implicit
(ADI) method of Leendertse (1970) with a special
approach for the advection terms. The scheme is
known as a Cyclic method of ADI. The sediment
transport equation is formulated in a conservative
form and is solved using the Cyclic method.

(10)

in which Z b = bed level; ρ ′ = dry density of
bed material; ΔZ bk = thickness of bed erosion or
deposition for kth size fraction; N = total number of sediment fractions; and Δt = time step.
Delft2D-FS still includes bed load transport, and
therefore the change of bed level is extended with
the divergence of the bed load transport.
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2DLLCDM uses a three-step solution procedure. First, the flow governing equations are split
into two sets of equations in the longitudinal and
lateral directions using the method of fractional
steps (Yanenko, 1971). The “time marching” ADI
scheme is employed to solve the two sets of discretized equations on a staggered grid (Leendertse, 1970). Secondly, a method of fractional
steps in space and a hybrid scheme are used to
solve the transport equation of suspended load.
Thirdly, the bed elevation at each node by the end
of the time level can be obtained with the explicit
scheme, and updating the bed material composition is then conducted (Wang et al., 2008).
2DRPM is based on the 2D model of DIVAST
proposed by Falconer (1977). A new module of
simulating the non-equilibrium transport of
graded sediments is implemented, including the
computation of transport capacity for fractional
sediments, treating the bed deformation, updating
the bed material composition and estimating the
adjustment coefficient for sediment transport.

level at Gaocun. The study period was 600 hours,
and the time step of 6 seconds was used.
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Figure 3 Boundary conditions used in the models

3.3 Initial bed material composition
The size distributions of bed material were available at only 8 cross-sections observed in April
2004, so the nodal gradation was obtained by interpolation. Sediment compositions for both suspended load and bed material were non-uniform,
and five fractions were used to represent the mixture, with their diameters of 8, 23.50, 46.50, 93.50
and 250.0 μm. The first fraction was treated as
cohesive sediment, whereas other fractions were
treated as non-cohesive sediments in Delft3D. At
the initial time, the mean median diameter of bed
material was 0.056 mm, which was coarser than
that of suspended load at Jiahetan.

3 MODEL SET-UP
According to the flood defence law of the Chinese
government, water levels in reservoirs along the
Yellow River need to be lowered to a certain elevation before the flood season. A large volume of
water would be released during this period. In order to optimise the use of the water, large-scale
experiments of a joint operation between several
associated reservoirs have been undertaken recently, and detailed hydrological data were collected along the river. In the study, the above
models were set up to simulate a water and sediment regulation experiment conducted in 2004.

4 ANALYSIS OF MODEL RESULTS
The most common calibration parameter for hydrodynamics is bed roughness, whereas the calibration parameters for morphology are numerous.
In this study a different approach was followed
because numerous datasets with high accuracy
were not readily available for the LYR, but the calibration parameters themselves were a part of the
analysis. Therefore, the model-predicted hydrodynamic and morphologic results are analysed herein for each model. The effects of different bed
roughness coefficients were investigated on the
predicted results. Delft3D and 2DLLCDM were
required to be run for a sufficiently long time
without bathymetry updating to achieve a steady
state, and these results were used as the initial
conditions. However, a distribution of velocity
and concentration everywhere of zero, and a constant water level for the domain were used as the
initial values for 2DPRM.

3.1 Computational grid and initial bathymetry
The study domain covered an 87 km long reach
between Jiahetan and Gaocun in the LYR, with 46
observed sections, and it was divided into 472×10
curvilinear cells. The bed elevation of each cell
was obtained from the observed cross-sectional
geometry by interpolation. This mesh was used by
Delft3D and 2DLLCDM. 2DRPM used a mesh
with a regular grid spacing of 69 m, where the bed
elevation of each cell was interpolated from the
bathymetry of the curvilinear mesh.
3.2 Boundary conditions

4.1 Effect of bed roughness on water level

The upstream boundary was located at Jiahetan,
220 km downstream of the Xiaolangdi Dam. The
downstream boundary was located at Gaocun.
Figure 3 shows the observed processes of discharge and concentration at Jiahetan, and water

Figure 4 compares the water levels at Jiahetan
computed using various roughness coefficients
with the measurements. In Delft3D (Figure4a), a
roughness coefficient of 0.012 provides the best
agreement between the simulated and measured
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levels. 2DLLCDM can satisfactorily simulate the
water levels when Eq. (4) is used. In Figure 4c,
the water levels calculated by 2DRPM are in close
agreement with the measurements if a constant
roughness value of 0.015 is used. If a value of
0.010 is used, the water levels are greatly underestimated. In addition, the calculated levels disagree
with the observed data in the early tens of hours
for any roughness value due to the incorrect input
of initial conditions. Therefore, the initial values
influence the calculated results during the early
period. It is necessary to input the appropriate ini77.5

(a)Delft3D

4.3 Effect of bed roughness on concentration
Figure 6 compares the sediment concentrations of
suspended load at Gaocun calculated using different roughness coefficients with the observed data.
Temporal variation in suspended load concentration calculated by Delft3D (Figure 6a) is similar
to that in the observed data, and the concentra78.0
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the simulated results; and (ii) in order to avoid
unphysical oscillation in the calculations, a spinup period is required for all the models.
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Figure 4 Comparison between the calculated levels using different roughness values and observed data
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Figure 5 Comparison between the calculated discharges using different roughness values and observed data

tions computed with a roughness value of 0.012
agree better with the observations. In 2DLLCDM
(Figure 6b), the concentrations computed using
the roughness predictor are in close agreement
with the measurements during the early period,
while they are underestimated during the second
flood peak. The concentrations computed by
2DRPM (Figure6c) with various roughness values
can not agree with the measurements. The above
results indicate: (i) the concentrations predicted
by Delft3D and 2DLLCDM are in close agreement with the measurements if an appropriate
roughness coefficient is used; and (ii) as compared with the capability of predicting the water
levels and discharges, the capability of predicting
the concentrations by 2DRPM is relatively weak,
which means the accuracy of the sediment transport capacity formulation needs to be improved.

tial conditions. The common way to deal with this
is to adopt a spin-up period for all the models.
4.2 Effect of bed roughness on discharge
Figure 5 compares the discharge hydrographs at
Gaocun calculated by different roughness coefficients with the observed data. The effect of bed
roughness on the discharges predicted by Delft3D
is slight, as shown in Figure 5a. The calculated
two peak discharges are in good agreement with
those observed. Figure 5b indicates that different
roughness coefficients have a slight influence on
the predicted discharges by 2DLLCDM. Some oscillations occur in the discharges calculated by
2DRPM during the early 120 hours (Figure5c),
which was caused by the input of inappropriate initial values. This comparison indicates that: (i) the
roughness coefficient only has a little effect on the
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4.4 Effect of bed roughness on lateral profiles
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Figure 7 Comparison between the calculated profiles using different roughness values and that observed

Figure 7 compares the predicted changes in crosssectional geometry at section of CS29 with different roughness coefficients with that observed.
CS29 was located about 48 km downstream of the
inlet section. In Delft3D (Figure 7a), the simulated profiles with different roughness values are
characterized by about 390 m retreat of the right
floodplain bank, independent of any roughness
value used. However, this section did not experience any bank erosion. In 2DLLCDM (Figure
7b), different values of the bed roughness only
have a slight effect on the changes of lateral profile at CS29, and all the simulated profiles with
different roughness values show bank erosion although no bank erosion was observed. 2DRPM
(Figure 7c) predicts great channel shifting in the
profile at CS29, whereas only channel deepening
was observed. In addition, different roughness
values caused considerable diversity in the predicted profiles, and
this phenomenon could be
caused by the adoption of the formulations of sediment transport capacity and saturation recovery
coefficient in 2DRPM. It can be seen from the simulations that these models cannot predict accurately the changes in cross-sectional geometry,
which may be caused by the models themselves,
and initial conditions input.

5 DISCUSSION
All the three models are unable to accurately predict the observed changes in cross-sectional geometry due to the complex morphology in the
LYR. It should be pointed out that some discrepancy between the simulated and observed data
was caused by the inaccuracy of input data, and a
part of discrepancy was induced by the model limitations themselves.
5.1

Inaccuracy of input data

Inaccuracy of input data in these models concerns
both the initial bathymetry and initial composition
of bed material. The inaccuracy of initial bathymetry results from three aspects: (i) large spacing
(2 km) existed between the two observed consecutive sections; (ii) the latest bathymetry was not
available; and (iii) coarse mesh dimensions could
not provide the accurate bathymetry. In addition,
local sediment transport capacity is closely related
to the local composition of bed material, the composition of bed material and its spatial variation
influence the pattern of erosion or deposition.
However, this spatial variation was not known
with insufficient details.
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5.2 Model limitations
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6 CONCLUSIONS
In the present study, three morphodynamic models
(Delft3D, 2DLLCDM and 2DRPM) were intercompared as they were used to simulate the morphodynamic processes in the LYR. The simulated
results indicate that the predicted water levels and
discharges from these three models can agree well
with the observed data with an appropriately selected bed roughness coefficient. The predicted
concentrations of suspended load at the downstream section from Delft3D and 2DLLCDM
agree closely with the measurements, but the predicted concentrations from 2DRPM are much
higher than the observed data. None of the three
models is able to predict accurately the observed
changes of cross-sectional profiles. Further discussion indicates that two factors causing the inaccuracy of simulated results were presented, including the inaccuracy of input data and model
limitations. Three urgent improvements for these
models have been identified, which are: the development of bed roughness predictor, the introduction of graded sediment transport capacity
formulation, and the consideration of bank erosion
module.
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One-dimensional numerical modelling of turbidity currents:
hydrodynamics and deposition
Elsa Alves
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Brasil, 101, 1700-066 Lisboa, Portugal
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ABSTRACT: Turbidity currents may play an important role on reservoir sedimentation as they are capable of transporting large quantities of fine sediments over long distances towards the dam. In this paper, a
one-dimensional numerical model for the simulation of turbidity currents driven by non-cohesioneless
uniform sediment is presented. The layer-averaged governing equations are solved numerically using a
second-order total variation diminishing method of the Godunov-type. The HLLC approximate Riemann
solver is used for the computation of numerical fluxes. The performance of the numerical model is verified against laboratory experiments performed for this study and with laboratory data from other authors.
Close agreement is achieved in reproducing the mean current features and deposits.
Keywords: Turbidity currents; Numerical models; HLLC approximate Riemann solver; WAF
1 INTRODUCTION

Over the last decades, continuing effort has
been made to develop numerical models for unsteady turbidity currents simulation. Most of these
models are based on one and two-dimensional (1D
and 2D) depth-averaged single layer formulations
(1D: Choi & García 1995, Sloff 1997, Kostic &
Parker 2003, Kostic & Parker 2006; 2D: Choi
1998, Bradford & Katopodes 1999). The depthaveraged formulation consists of a hyperbolic system of partial differential equations derived by
Parker et al. (1986) by averaging the vertical
structure of the flow over the depth.
An important concern for numerical methods
when solving hyperbolic equations is the ability to
deal with discontinuities in the flow variables. In
particular, to simulate turbidity currents the model
must be able not only to predict the flow hydrodynamics, erosion and deposition but also to deal
with the propagation of a front and the possible
occurrence of internal hydraulic jumps.
Godunov-type schemes are especially suitable
for capturing discontinuities in the flow. Several
researchers have applied successfully the HLL
(Harten, Lax and van Leer) approximated Riemann Solver for the Euler equations (Toro et al.
1994) and for the shallow water equations (Fraccarollo & Toro 1995, Fraccarollo et al. 2003, Cao
et al. 2004). The robustness and simplicity of this

In many reservoirs, the transport and deposition of
fine sediments are associated with turbidity currents events. These currents are generated when
the sediment-laden river inflow enters a reservoir
and plunges below the clear quiescent water and
continues as a dense underflow. Driven by the
density difference caused by suspended fine sediments, turbidity currents are capable of transport
large amounts of sediments over long distances
and eventually reach the dam.
Prediction of the evolution of turbidity currents
is of great interest to many reservoir engineering
problems. Sediment deposition by turbidity currents will contribute to reservoir loss of water storage capacity, obstruction of the bottom outlets, or
interfere with the operation of the intake structures and affect the reservoir ecology. In reservoirs where turbidity currents are frequent events,
the control of sedimentation can be done by venting these currents through the opening of the lowlevel outlets at the dam (Fan & Morris 1992,
ICOLD 1999) or by controlling the phenomena
using obstacles placed in the reservoirs (Oehy &
Schleiss 2007). For the success of these measures,
turbidity currents characteristics must be known
or predicted using adequate numerical models.
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solver provided the motivation for its application
to the simulation of turbidity currents.
In this paper, the HLLC Riemann solver proposed by Toro et al. (1994) has been implemented
in a second-order total variation diminishing method. The numerical model results were verified
using available laboratory data.
This paper is organized as follows: In section 2
the governing equations of the flow are presented
and in section 3 the proposed numerical scheme is
described. In section 4 the computational scheme
is applied to the simulation of turbidity currents
and the results are compared with laboratory data.
Finally, conclusions are drawn in section 5.

(1 − λ ) ∂z = w s (c b − E s )
∂t

where z = bed elevation and λ = porosity of the
bed.
In order to solve the governing equations given
above, closure relationships for the fluid and sediment entrainment coefficients, shear velocity
and concentration near the bed must be specified.
Based on experimental data, Parker et al. (1987)
obtained the following expression for the ambient
fluid entrainment coefficient:
EW =

The spatial development of an unsteady, onedimensional, turbidity current flowing in deep
ambient fluid (Fig. 1) can be described by the following set of layer-averaged partial differential
equations derived by Parker et al. (1986):
(1)

∂Uh ∂U 2 h
1
∂Ch 2
2
+
= − Rg
+ RCghS − u *
∂t
∂x
2
∂x

(2)

∂Ch ∂CUh
+
= w s (E s − c b )
∂t
∂x

(3)

0.075

(1 + 718Ri )

2.4 0.5

(5)

where Ri = gRhC U 2 is the bulk Richardson
number. The sediment entrainment coefficient is
determined from the empirical relationship proposed by Parker et al. (1987):

2 GOVERNING EQUATIONS

∂h ∂Uh
= EwU
+
∂x
∂t

(4)

Es =

3 × 10 −11 ζ 7
1 + 10 −10 ζ 7

(6)

where ζ is defined by
ζ=

u*
0.75
Re p
ws

(7)

and Re p denotes the particle Reynolds number
( Re p = (gRD 3 ) 0.5 ν where D = particle diameter).
In the experiments conducted by Parker et al.
(1987), a simple relation between near-bed and
layer-averaged concentrations was found:

where h = current thickness, U = layer-averaged
velocity, C = layer-averaged suspended sediment
concentration, R = (ρ s − ρ) ρ , where ρ s = sediment density and ρ = density of the ambient fluid,
S = bottom slope, g = acceleration due to gravity,
u * = shear velocity, E w = ambient fluid entrainment coefficient, E s = sediment entrainment coefficient, w s = particle fall velocity, and c b = nearbed sediment concentration.

cb
≅2
C

(8)

The relation for shear velocity is
u *2 = C D U 2

(9)

where C D is a coefficient of bed friction. A typical range of CD values is 0.002-0.1 including experimental and field data (Parker et al. 1987).
3 NUMERICAL MODEL
The governing equations are of hyperbolic type
(Bradford et al. 1997), admitting shocks and discontinuities. The one-dimensional equations in the
conservative form can be written as:

Figure 1. Definition sketch

Equations (1) and (3) are the fluid and sediment mass continuity equations and Equation (2)
the momentum equation. In the continuity equation the term E w U represents the rate of ambient
fluid entrainment into the current. The term
w s (E s − c b ) is the net entrainment flux from the
bed to the current due to erosion and deposition.
The dependent variables are h , U and C .
The bed-sediment conservation equation is

∂U ∂F
+
=Q
∂t ∂x

(10)

where U = vector of conservative variables,
F = flux vector and Q = source term vector given
by
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⎤
⎡hU
⎡h ⎤
⎥
⎢
1
U = ⎢⎢hU ⎥⎥ , F = ⎢hU 2 + gRh 2 C⎥
2
⎥
⎢
⎢⎣hC ⎥⎦
⎥
⎢hUC
⎦
⎣

U *L, R

(11a,b)

(11c)

=

(

)

Δt n
−
Fi +1 / 2 − Fin−1 / 2 + ΔtQ in
Δx

t

U *L

S*

}

U* =

(12)

a* =

1
(a L + a R ) + 1 (U L − U R )
2
4

(15e)

N
1
(Fi + Fi+1 ) − 1 ∑ sign (c k ) ϕik+1 / 2 ΔFik+1 / 2 (16)
2
2 k =1

where c k = S k Δt Δx = Courant number associated
to the wave speed S k , ϕik+1 / 2 = WAF limiter function and ΔFik+1 / 2 = Fik++11/ 2 − Fik+1 / 2 .
The source term Q in is evaluated using the values at cell center i . For the calculation of the bed
slope term at the cell center i , the bed elevations
at the adjacent cells are used.
The bed evolution is computed from Eq. (4)
explicitly
z in +1 = z in +

S L ≤ 0 ≤ S*
S* ≤ 0 ≤ S R

[

w s Δt
(c b − E s ) in +1 + (c b − E s ) in
2(1 − λ )

]

(17)

where z i = cell average bed elevation.
For the application of the numerical model, the
flow variables at the boundaries x = 0 and x = L
must be known. Boundary conditions were implemented considering two fictitious cells outside
the computational domain. The number and type
of boundary conditions were defined based on the
theory of characteristics (Hirsch, 1990). For a hyperbolic system of equations, the number of specified boundary conditions is the number of characteristics that propagate into the flow domain. The
additional required information at the boundaries

SL ≥ 0

)

(15d)

FiWAF
+1 / 2 =

The HLLC Riemann solver is given by

)

1
(U L + U R ) + a L − a R
2

The numerical scheme previously described is
first-order accurate in space and time. An extension to second-order accuracy is achieved with the
TVD version of the second-order accurate
weighted average flux (WAF) method given by

Figure 2. Wave structure for the HLLC Riemann solver

⎧FL
⎪ *
*
⎪F = FL + S L U L − U L
= ⎨ L*
*
⎪FR = FR + S R U R − U R
⎪F
⎩ R

(15c)

and

x

0

(15b)

where

UR

(
(

{

(15a)

S* = U *

SR

U *R

UL

Fi +1 / 2

}

S R = max U R + a R , U * + a *

where U in = average of U in cell i at time level
n , Δx = width of the cell i , Δt = time step, Fin+1 / 2 ,
Fin−1 / 2 = fluxes at cell interfaces and Q in = average
of Q in cell i .
In Godunov-type schemes the numerical flux
Fin+1 / 2 is computed from the exact or approximate
solution of a Riemann problem at the interface
i + 1/ 2 .
In the present model, the HLLC (Harten, Lax
and van Leer and Contact surface) approximate
Riemann solver (Toro et al. 1994 and Toro 1999)
is adopted to calculate the flux vector at each cell
interface. This solver assumes a simplified wave
configuration for the solution of the Riemann
problem consisting of three waves of speed SL, SR
and S* separating four constant states (see Fig. 2).
SL

{

S L = min U L − a L , U * − a *

A cell-centered finite volume method is formulated for Eq. (10). The computational domain
[0,L] is divided into N cells and the points x i are
the centres of the cells. An explicit conservative
discretization form of Eq. (10) can be written as
U in

(14)

and S L,R ,* can be estimated by the following equations proposed by Fraccarollo and Toro (1995)

⎡E w U
⎤
⎢
⎥
∂z
Q = ⎢− gRhC
− u *2 ⎥
⎢
⎥
∂x
⎥
⎢ w (E − c )
b
⎣ s s
⎦

U in +1

⎡1
⎤
h L, R (S L ,R − U L ,R ) ⎢ * ⎥
=
⎢S ⎥
S L , R − S*
⎢C ⎥
⎣ L,R ⎦

(13)

SR ≤ 0

where
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was obtained through numerical extrapolation
from the interior cells.
The propagation of a turbidity current poses the
problem analogous to that of a surge propagation
over an initial dry bed. In case of a turbidity current, the initial bed is actually covered with ambient fluid but from a numerical point of view the
bed is dry. If a dry bed occurs, then no shock exists and the wave speeds must be estimated by another approach. For the right dry bed case ( h L > 0
and h R = 0 ) the wave speeds are:
SL = U L − a L

(18a)

S R = U L + 2a L

(18b)

S* = S R

(18c)

The channel bottom profile was designed with a
special configuration to make it possible to simulate plunging turbidity currents in reservoirs
(Fig. 3). The sediment used in the experiments
was silica flour with a mean diameter of 20 μm
and a density of 2650 kg/m3. Velocity profiles
were obtained in seven sections by using an Ultrasound Velocity Profiling (UVP) system. Suspended sediment concentration profiles were obtained at two measuring stations by the filtration
of siphoned samples collected at different heights
above the bed. The results of this laboratory study
are also reported in Alves et al. (2008).

and for the left dry bed ( h R > 0 and h L = 0 ) the
wave speeds are calculate by
S L = U R − 2a R

(19a)

SR = U R + a R

(19b)

S* = S L

(19c)

Figure 3. Schematic of the experimental channel (Alves,
2008)

Oehy (2003) performed measurements of the
evolution of the sediment layer thickness along
the channel due to turbidity currents. The experiments were conducted in a multipurpose flume
0.27 m wide, 8.55 m long and 0.9 m deep. The
channel had a bottom slope of 0.0464. The turbidity currents were simulated by the sudden
opening of a sluice gate between the mixing tank
and the channel. The suspended material used was
a fine ground polymer with a density of
1135 kg/m3 and a mean diameter of 90 μm. Velocity profiles were measured with a UVP device
in four sections of the flow. The evolution of the
sediment deposits thickness was measured with a
special device based on the relation between the
electrical resistance of a layer of particles and its
thickness (Oehy 2003 and Oehy & Schleiss 2007).

For the application of the dry bed methodology, the value of the tolerance ε must be defined in
order to differentiate between dry and wet cells,
i.e. a wet cell will be considered when h > ε .
Finally, since the numerical scheme is explicit,
the time step is restricted by a Courant-Friedrichs
Lewy (CFL) type condition
Δt = Cr

{

Δx

max U i + gRh i C i
i

}

(20)

where Cr = Courant number.
4 APPLICATIONS OF THE MODEL

Table 1. Inlet conditions of selected experiments

In this section the numerical model results are
compared with data from laboratory experiments
obtained by Alves (2008). Essentially, the experiments were conducted to investigate the characteristics of plunging turbidity currents in reservoirs. Furthermore, depositional records of
turbidity currents obtained by Oehy (2003) are
used to evaluate the performance of the numerical
model.

Author
Alves
(2008)
Oehy
(2003)

Exp.
No.
S1.15
S1.16
S1.19
S1.20
A04
A06
A07

h0
(m)
0.036
0.036
0.036
0.036
0.045
0.045
0.045

U0
(m/s)
0.121
0.159
0.097
0.148
0.069
0.070
0.041

C0
(-)
0.00224
0.01250
0.00644
0.00920
0.02066
0.02610
0.03448

B0×10-6
(m3/s3)
158.2
1158.9
364.5
793.4
85.5
109.5
84.3

Among the several experiments conducted by
Alves (2008) and Oehy (2003), seven were selected for numerical simulation. The initial conditions for selected experiments are given in Table 1. The inlet Richardson number, defined as
2
Ri = gRC 0 h 0 / U 0 , was less than unity, i.e., the

4.1 Description of the laboratory experiments
Alves (2008) conducted a laboratory study of
plunging turbidity currents in an experimental facility located at LNEC. The channel is 0.30 m
wide, 16.45 m long and 0.75 m deep (maximum).
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dinal direction, is given in Fig. 4 for experiment
S1.16.During the progression of the turbidity current, a strong decrease of the suspended sediment
concentration and an increase of flow thickness
occur primarily due to water entrainment along
the flume. Furthermore, the currents are also depositing sediments and so they are slowly decelerating.
The front of a turbidity current is characterized
by strong gradients in height, velocity and concentration, since these variables are zero downstream.
The computational results yields steep fronts
without numerical oscillations.

generated turbidity currents were supercritical.
Also, the Reynolds numbers were high enough to
ensure turbulent flows.
For the numerical computations a spatial step
Δx = 0.05 m and a Courant number Cr = 0.98 are
used. The values of other input parameters like the
tolerance ε for the application of the dry be methodology, the bed friction coefficient, C D , and
the relation c b C are listed in Table 2. The experiments used sediments with an almost uniform
grain size distribution. The particle fall velocity
( w s ) was determined by the Stokes law considering the particles mean diameter.
Table 2. Values of the input parameters used in the numerical simulations
Author
Alves
(2008)
Oehy
(2003)

Exp.
No.
S1.15
S1.16
S1.19
S1.20
A04
A06
A07

Δx

Cr
(-)

(m)

0.05

0.98

10-3

0.05

CD

ε

(m)

0.98

5×10-3

(-)
0.02
0.02
0.02
0.02
0.01
0.01
0.015

0.6

cb C

model

0.4

(-)
1.5
1.8
1.9
1.9
1.3
1.3
1.8

experiment

z+h
(m) 0.2
0
3.5

6

8.5
x (m)

11

0.25

4.2 Results of numerical simulations and
comparisons with laboratory experiments

z+h
(m)

U 0.15
(m/s)
0.10
0.05

0.4

0.00

0.2

3.5

6

0.0
3.5

6

8.5

x (m)

11

13.5

16

C

0.1
0.0
3.5

6

8.5

x (m)

11

13.5

16

0.000
8.5
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13.5
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8.5
11
x (m)
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model
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Figure 4. Numerical simulation of a turbidity current propagation along the flume (experiment S1.16)
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Figure 5. Comparison of numerical results with laboratory
measurements (experiment S1.16)

An example of numerical results obtained for
Alves (2008) experiments, showing timedependent profiles of current height, z+h, depthaveraged velocity, U, and depth-averaged suspended sediment concentration, C, in the longitu-

The comparison between the numerical results
and the observed values of current thickness,
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depth-averaged velocity, suspended sediment
concentration and Richardson number are presented in Fig. 5 and Fig. 6 for experiments S1.16
and S1.15, respectively.

den change in the flow depth. In this region, high
values of the mixing coefficient of ambient fluid
into the underflow were obtained, which was attributed to the effect of the steepness of the channel bottom on the mixing process.
In the channel slope transition, although an increase of the current thickness was observed no
change in the flow regime could be confirmed.
For the currents where suspended sediment concentration profiles were measured, the Richardson
number, Ri, remained less than the unity (Fig. 5
and Fig. 6).
Fig. 7 shows a comparison of the predicted and
measured front velocities ( U f ). In the same figure
values for Oehy experiments are also included.
From this figure it is seen that the model overpredicts the front propagation velocity. This result
may be related with the fact that the majority of
the laboratory experiments are conducted in relatively shallow waters and not in a deep ambient
fluid as assumed in depth-averaged model formulation. Furthermore, the measured velocity profiles exhibit a reverse flow produced by the shear
stress at the interface of the turbidity current and
the ambient fluid (Oehy 2003 and Alves 2008).
This reverse flow may act to increase the interfacial friction thus decreasing the current front velocity observed in the experiments.
A similar tendency to over estimate the current
front velocity was observed by other authors that
used the layer-averaged formulation but different
numerical schemes (Choi & García 1995, Sloff
1997 and Bradford & Katopodes 1999).
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Figure 6. Comparison of numerical results with laboratory
measurements (experiment S1.15)
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In general, the agreement between computed
and observed values is good, except immediately
downstream the abrupt slope transition where the
model underpredicts the currents thickness and
overpredicts its suspended sediment concentration. This is most likely due to the intense mixing
process between the underflow and the ambient
fluid in the plunging region. In the experiments
reported in Alves (2008), the plunging occurs
immediately after the slope break due to the sud-

Figure 7. Comparison of numerical results with laboratory
measurements (experiment S1.15)

To verify the numerical model ability to predict
bed level evolution, a comparison of the numerical and measured bed deposition profiles for three
experiments conducted by Oehy (2003) is presented in Fig. 8. As the current moves downstream, the suspended sediment settles out of the
turbidity current and deposits along the channel.
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5 CONCLUSIONS

The agreement between numerical results and
measurements is very good. In case of experiment
A07, there is a disagreement between calculations
and measurements of the bed levels in the initial
part of the channel. These differences seem to be
attributable to the influence of the inlet conditions
in the laboratory experiments and not to any
shortcoming of the numerical scheme. Indeed, as
reported by Oehy (2003) and Oehy & Schleiss
(2007), near the channel inlet the intense mixing
and high velocity of the current tended to make
the sedimentation pattern irregular in some experiments. Downstream of this region the bed levels
are well reproduced by the numerical model.
10

A numerical model for one-dimensional turbidity
currents driven by uniform sediments is proposed
in this paper. The model is based on the layeraveraged formulation which consists of a system
of hyperbolic partial differential equations. To
solve the governing equations, a finite volume
method was adopted. The HLLC Riemann solver
has been implemented in the TVD version of the
second-order WAF method.
The numerical model has been applied to the
simulation of turbidity currents based on the laboratory experiments conducted by Alves (2008)
and Oehy (2003). The model is able to simulate
the current’s hydrodynamics and deposition. The
computed profiles of the current thickness, layeraveraged velocity, layer-averaged suspended sediment concentrations and bed deposits show
good agreement with the experimental data. The
computed velocity of the turbidity current front is
generally overestimated which is attributable to
the limitations of single layer formulation and to
relatively small scale laboratory facilities. Future
research will include extensions to twodimensional flows and the transport of nonuniform sediments.
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Free surface algorithms for 3D numerical modelling of reservoir
flushing
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ABSTRACT: Three-dimensional numerical modelling of sediment flushing from water reservoirs shows
particular problems when the free surface moves. The current paper presents some algorithms for computing the changes in the free surface for these cases. An adaptive grid is used when the bed and the free
surface are moving vertically. The unstructured grid allows a variable number of grid cells in the vertical
direction, depending on the water depth. This approach has the advantage that only the water phase is
modelled. A fixed grid solution would need to include two-phase algorithms with the air. The algorithms
presented here are based on the computed pressure field. Earlier studies applied a direct method to compute the water level. This caused some problem when the Froude numbers were close to unity during
drawdown of the water level in the reservoir. The alternative algorithm presented in the paper is iterative
and more stable for higher Froude numbers. The proposed method is tested for the Kali Gandaki reservoir
in Nepal, where laboratory experiments have been conducted to investigate the reservoir flushing process.
Comparisons between computed and measured bed elevation changes are presented in the paper, together
with figures of the adaptive grid changes during the computation.
Keywords: Numerical modelling, Reservoir flushing, Free surface, Free surface algorithms
1 INTRODUCTION

the reservoir. This must be weighed against the
increased value of the added reservoir water volume after the flushing. Another question is how
much sediments can be flushed out? And is where
erosion taking place? Are sediments removed
from most of the reservoir, or only from a part of
it? A very wide reservoir might result in a relatively narrow erosion channel, as for example the
Cachi reservoir in Costa Rica (Jansson, 1992). To
reduce this problem, it is possible to construct
guide walls in the reservoir to increase the eroded
volume (Badura, 2007). Then the question becomes how effective these guide walls are.
Yet another problem comes from an environmental point of view. During flushing the water
downstream of the reservoir will have a relatively
high sediment concentration and this can be harmful to the downstream habitat (e.g., fish). Strict
regulations are therefore often imposed on reservoir flushing programmes, for example in the
Bodendorf reservoir in Austria and the Penas
Blancas reservoir in Costa Rica. An estimate of
the downstream sediment concentration as a func-

Between 1 and 2 % of the volumes in the worlds
water reservoirs are lost annually due to sedimentation (Mahmood, 1987). The water in the rivers
flowing into the reservoirs may contain high concentrations of sand, silt and clay. As turbulence
and bed shear stress is reduced when water enters
the reservoir, the particles settle. Bed levels rise
and the storage volume of the reservoir is reduced.
This represents a substantial loss in economical
value and it has a negative effect on food supply
through a decrease in the availability of irrigation
water.
The most common way of reducing the problem is by flushing the water reservoirs. The water
level is drawn down to a level where the velocity
and turbulence is fairly high throughout the reservoir. The increased shear stress on the reservoir
bed causes erosion, and the turbulence keeps particles in suspension passing the dam. However,
before using the procedure, there are some problems that must be considered. First, the drawdown
of the water level will cause a loss of the water in
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tion of different flushing scenarios is therefore
very useful.
From an economical, engineering and environmental point of view it is very important to
have reliable answers to these questions before a
flushing operation is to be carried out. To answer
the questions, it is possible to use physical model
test. However, the scaling of the sediments is very
difficult, especially since the reservoirs are very
large and the scale of the physical model must be
small from a practical point of view. It is almost
impossible to correctly model all the effects of
critical shear, bed load, suspended load, secondary
currents and possible bed forms in a physical
model.
Instead of using a physical model, the current
paper describes the use of a numerical model as an
alternative. The numerical model does not suffer
from scaling problems, and it also has two other
advantages: Its economical cost is much smaller
than the physical model and the time to carry out
the study is also shorter (Gessler, 2005; Chandler
et al, 2003).
A numerical model for reservoir flushing has to
include three-dimensional effects if the reservoir
is not completely straight and narrow, or if effects
of guide walls are to be included in the investigations. Only a three-dimensional numerical model
can take the secondary currents fully into account.
The secondary currents will be important when
assessing the effect of the flushing in bends of the
reservoir/river, or any deflections due to guide
walls.

the distance from each cell to the water surface.
The value is used instead of the f parameter in the
VOF method. A transport equation is solved for l
to estimate its value in each cell. Reconstructing
the free water surface from the l field is much
more straightforward than using the f values from
the volume of fluid method.
The fixed grid methods have a few drawbacks.
Firstly, it is not always easy to keep water continuity correct. The second drawback is that the
cells filled with air also have to be computed.
These cells are actually not interesting for our
computation of the flushing process. The velocity
and turbulence values in the air-filled cells are not
necessary to compute the sediment transport.
The alternative to these two fixed-grid methods
is the use of an adaptive grid which follows the
water surface. This approach is used in the current
study. Then only the water is modelled. The water
surface is recomputed after each time step, and a
new grid is generated based on the magnitude of
the water depth. At large depths, up to for example 20 cells can be generated. In fairly shallow areas (in the current study between 2 and 4 cm),
only one cell is generated and a two-dimensional
computation is done.
Where the water depth is below 2 cm, no cells
are generated in the current case. This procedure
is then very well suited for computing wetting and
drying problems.
The parameter for the number of grid cells in
the vertical direction as a function of the water
depth was for this case also modified. The value
(p) was chosen with 0.5 for the Eq. 1:

2 FREE SURFACE ALGORITHMS

⎛ depth ⎞
n = nmax × ⎜
⎟
⎝ depthmax ⎠

During reservoir flushing, the water level is drawn
down. The three-dimensional model therefore
needs to include an algorithm for the movement of
the free surface. Commercial programs often do
this by using a two-phase approach. A fixed grid
is used with two phases: water and air. Then several algorithms can be used to compute the
changes in the location of the water surface. The
most common methods are volume of fluid (VOF)
methods, used for example by Flow-3D (Hirth and
Nicols, 1981). The algorithm defines a volume
fraction, f, of water in each cell. The value of f is
between zero (only air) and unity (only water) in
every cell of the grid. A transport equation is used
to compute how f changes over a time step, as a
function of the flow field. A filtering method is
used to compute the location of the water surface
given the values of f in the grid. This filtering
method is not straightforward. Another method
that has been popular more recently is the level set
method. This method uses a variable l, which is

p

(1)

where n = number of grid cells in the vertical direction, nmax = maximum number of grid cells in
the vertical direction, p = parameter for number of
grid cells.
A fixed grid algorithm uses the velocities for
both the water and the air phase. The algorithm
proposed in the current paper only uses the water
phase. Also, a known or given pressure and water
level is assumed at one reference point, typically
the downstream boundary or the spillway. The 3D
Navier-Stokes solver computes the pressure by the
SIMPLE method in all cells. The pressure difference (dp) between the reference point and any
other surface cell in the grid must be related to the
elevation difference (dz) between the two points:

dz = dp / ρ g

(2)

where ρ = fluid density and g = gravity acceleration.
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This is similar to saying the free surface is
moved to at the pressure line of computation with
a lid that is fixed within each time step. The
method has been tested on a number of cases, for
example the Danube (Tritthart and Gutknecht,
2007).
Assuming the water level is located at the pressure line will be correct as long as the CFD program computes the energy loss correctly. In some
cases, that can be difficult. A typical example is
the hydraulic jump. When the Froude number approaches one, the algorithm can become unstable.
Also, the energy loss may not be computed correctly in a relatively coarse grid, leading to incorrect water elevation differences between the upstream and downstream side of the jump. The
current paper focuses on an improved method to
compute the water levels.
The currently proposed numerical algorithm is
based on a similar principle as the previously described method. However, when computing the
water elevation differences between cells, only local differences between neighbouring cells are
used. The water level difference between two cells
is computed by the same equation as before (Eq.
2), but is now only applied to neighbour cells, instead of the difference between any cell and the
reference cell. An iterative method is used, as the
new water level in a cell is unknown for all the
cells. In the proposed method, a reference cell
may in principle not be needed, but it is used
anyway, as it is necessary to specify the downstream water level. Also, the reference cell specification gives added stability.
The surface cells make up a 2D grid, so that all
cells have four neighbours. The application of Eq.
2 in one cell will therefore give four values for the
level in that cell. A weighed average of these values is proposed in the current algorithm, where
the weighting factors are functions of the Froude
number and a parameter telling if the neighbour
cell is upstream or downstream of the current cell.
The upwind approach is very much used in numerical modelling to get a stable solution. Also in
1D models, the computational direction depends
on the flow direction and the Froude number. For
subcritical flow, a 1D steady model will start at
the downstream cross-section and compute sections in the upstream direction. And it will go in
the other direction for supercritical flow. The following formula is therefore suggested for the
weighting factor, coeff:

} else if (Froude < 1.0 and m > 0.0) {
coeff = m;
(3)
if (m < 0.1) coeff *= 10.0 * m;
if (Froude < 0.75) coeff *= (4.0-4.0*Froude);
coeff += 0.03;
} else {
coeff = 0.0;
}
where m = the dot product of the velocity vector
and the direction vector between the centre of the
cell and the centre of the neighbour cell to take the
upstream/downstream effect into account.
To avoid instabilities, it is important that the
function is as continuous as possible. Several alternatives for Eq. 3 were tested, but the combinations given above seemed to give good results.
The new algorithm must be tested to see how
accurate and stable it is, especially for Froude
numbers close unity. As example a test of the new
algorithm on a broad crested weir is shown in Fig.
1.

Figure 1. Longitudinal Section of the grid for testing the
new free surface algorithm for a flow over a broad crested
weir

A method similar to the currently proposed algorithm was actually used by Rüther and Olsen
(2007) computing the development of meandering
channel from an original straight planform. However, the most relevant case the method has been
used for reservoir flushing is the Kali Gandaki
hydropower plant in Nepal. The case and the testing of the algorithm are described later.
3 NUMERICAL ALGORITHMS FOR
SEDIMENTS
A large number of different empirical formulas
exist for computation of the sediment transport. A
summary of the methods used in the current paper
is given.
The suspended sediment transport was computed by solving the transient convectiondiffusion equation. For the sediment concentration
the formula by Van Rijn (1984b) was used. The
bed load was calculated with an empirical formula
by Van Rijn (1984a). When the vertical height of
the centre of the bed cell was different from what
Van Rijn subscribed, the Hunter-Rouse extrapolation was invoked (Rouse 1937). For the bed cells
an algorithm was used where the sediment concentration formula was converted into an entrain-

if (Froude > 1.0 and m < 0.0) {
coeff = -m;
if (m > -0.2) coeff *= -5.0 * m;
if (Froude < 2.0) coeff *= (Froude-1.0);
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ment rate. The value for the fraction of compacted
sediments in bed deposits was 50 %. A sand slide
algorithm was used with the tangent of the angle
of repose set to 0.69. Furthermore the thickness of
the upper active sediment layer was given as 0.01
m.

tion in the bed were simulated in the numerical
model. The average diameters of the four sizes
were: 0.35 mm, 0.85 mm, 1.7 mm and 3.3 mm.
5 RESULTS AND DISCUSSION
The numerical model was used to compute the
water and bed elevation changes during the flushing process in the physical model of the Kali
Gandaki reservoir.
The numerical algorithms described earlier for
computing the water flow, sediment transport, water surface and grid described were used. The resulting changes in the water level over time during
the flushing process are given in Fig. 3 with the
corresponding changes in the grid given in Fig. 4.

4 PHYSICAL MODEL STUDY OF THE KALI
GANDAKI HYDROPOWER RESERVOIR
The chosen test case was the Kali Gandaki Hydropower Reservoir in Nepal. The reservoir had a
volume of 6.9 million m3, and supplied water for a
run-of-the-river hydropower plant. It was assumed
that the prototype reservoir would fill up completely in a very short time if it was not flushed. A
physical model study of the project had been carried out at the Norwegian Hydrotechnical Laboratory in 1994. The physical model was 12 m long
and 6 m wide and was built of concrete in a scale
of 1:50. A photo of the model is given in Fig. 2.

Figure 3. Water level (in cm) after the flushing progresses
(t = 9000 s)

Figure 2. Photograph of the physical model (© by SINTEF,
used with permission)

Initially, sand was filled up to a horizontal
level 14 cm above the spillway crest. A flushing
discharge of 28 l/s was used. Before the flushing
started, the gates were closed while the water
filled the reservoir gradually to prevent disturbance of the sand bed. When the water reached 35
cm above the spillway, the gates were opened (all
water levels from the physical model test are in
cm). The water level was drawn down to 15 cm
above the spillway during 5 minutes. In this situation, the flow became supercritical right upstream
of the dam. The gates were kept open for 2 1/2
hours, giving the water time to erode a large part
of the sand in the model. After 2 1/2 hours the water level was down to 5 cm above the spillway.
The flushing was then stopped and the bed levels
were measured at six cross-sections.
The sand used in the physical model was
sieved, and a grain size distribution obtained.
Based on this, four sediment sizes of equal frac1108

Figure 5. Computed and measured bed elevation in the bend

There is reasonable agreement between the computations and the measurements. The results from
the 3D computation show the deepest part of the
channel to be on the outside of the bend, similarly
to the measurements. The earlier results from the
2D model are not able to capture the secondary
current, and predicts the deepest part of the crosssection to be on the inside of the bend.
Downstream of the bend, the computed channel
becomes too narrow compared with the observations from the physical model study. Future research will focus on improved formulas for the
sediment transport process for this case in order to
achieve better results here.
6 CONCLUSIONS
New algorithms for computation of the changes in
the free water surface location for a 3D numerical
model with an adaptive grid have been proposed.
The algorithms were tested on a reservoir flushing
case where laboratory data had been obtained.
Reasonable results were obtained for the pattern
of the water level lowering and the corresponding
drying in the sides of the geometry. Fig. 6 (at the
end of the paper) shows the secondary currents in
a bend of a reservoir that is being flushed. The
computed bed elevation changes in a bend also
compared reasonably well with measurements
from the physical model study.

Figure 4. Plan view of the grid a) t = 0 s, b) t = 4500 s,
c) t = 9000 s

The figures show that as the water level is lowered, erosion of sediments takes place in areas of
high velocity. A channel is then formed. The
channel becomes deeper over time and further
drying on the channel sides occur. In the bend this
process is very much in accordance with observations from the physical model study. The channel
moves to the outside of the curve in the reservoir.
A cross-section taken at the bend is given in Fig. 5
showing the computed and measured bed elevation after the flushing. The left side of the figure is
the outside of the bend. The location of the crosssection is given in Fig. 4 a. Fig. 5 also shows results from an earlier 2D computation of the case
(Olsen, 1999).
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ABSTRACT: The reservoir trap efficiency is defined as the ratio of deposited sediment to the total sediment
inflow for a given period within the reservoirs economic life time. The curves presented by Brune are still
widely used to estimate the reservoir trap efficiencies. These curves are based on data collected from 40 normal ponded reservoirs in the USA. In the Nile River, the transported sediment is mainly cohesive material
from which about 85% to 95% are suspended sediment. Data from the Roseires Reservoir on the Blue Nile
show that trap efficiency decreased from 45.5% after 10 years to 26% after 30 years of operation. However,
by applying Brune’s curves the estimated trap efficiency is about 79%. Recently, Siyam (2000) showed that
Brune’s curves are a special case of a more general trap efficiency function which can be described by an exponential decay function. The so-called sedimentation factor β which is integrated in the equation of Siyam
reflects the reduction in reservoir storage capacity. The upper and lower Brune’s trap efficiency curves can be
well described with β=0.0055 and β=0.015 respectively for normal ponded reservoirs. Siyam (2000) provided
an explanation for Brune’s extreme data in the semi-dry reservoirs (β=0.75) and de-silting basins
(β=0.00012). The observed trap efficiency in the Roseires reservoir can be well estimated using a value of
β=0.056. The simulation of the long-term morphological changes in the Nile River due to construction of
Merowe and Shereik dams in Sudan using 1D numerical morphological model revealed that the trap efficiencies of these reservoirs did not follow Brune’s curves for normal ponded reservoirs. The calculated sedimentation factor β has a range between 0.015 and 0.056. In addition, the relation between trap efficiency and
years of operation in these reservoirs is presented.
Keywords: Trap efficiency, Reservoir Sedimentation, Nile River, Numerical Modelling
1 INTRODUCTION

on the White Nile, where almost all suspended
sediments are being deposited.
Reservoir trap efficiency is defined as the ratio
of deposited sediment to the total sediment inflow
for a given period within the reservoir economic
life time. Trap efficiency is influenced by many
factors, of which primarily factors are: the sediment fall velocity, the flow rate through the reservoir and the reservoir operation rules. The relative
influence of each of these factors on the trap efficiency has not been evaluated to the extent that
quantitative values can be assigned to individual
factors. The detention-storage time with respect to
character of sediment appears to be the most significant governing factor in most reservoirs
(Gottschalk, 1964). Trap efficiency estimates are
empirically based upon measurements of deposited sediment in a large number of reservoirs
mainly in the USA. Among others, Brune’s curves
are the most widely used (Figure 1). Brune presented a set of envelope curves applicable to nor-

Reservoirs are built either as single or multipurpose reservoirs. Most reservoirs are multipurpose schemes combining two or more of the
following requirements: irrigation, hydropower,
water supply, flood control, navigation, fishery,
recreation, and environmental issues. On the Nile
River system, there are several man-made reservoirs, e.g. in Uganda, Ethiopia, Sudan and Egypt.
Further plans for new dams however are under
way (Abdelsalam, 2008).
Normally, smaller reservoirs (e.g. Angereb,
Koka, Sennar, and Khashm El Girba) are affected
more by sedimentation than the larger ones (e.g.
Aswan and Merowe) because the relative loss in
capacity is faster. However, Owen and Bujagali
reservoirs receive almost negligible or limited
amount of sediment since they are located only
few kilometres downstream of the Victoria Lake
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1973. Figure 3 shows the longitudinal profiles of
deposited sediment along AHD reservoir, which
indicates that the accumulative volume of the deposited sediment during the period from 1964 to
2003 was estimated to be 3.1 billion m3 (Makary
et al., 2004). The annual suspended sediment rate
entering the reservoir varied from 50 to 300 billion tons as shown in Figure 4. Up to now the trap
efficiency of AHD reservoir is almost 98%. The
average annual flow rate of the Nile River was estimated to be 84 billion m3. This estimation was
based on the records during the period from 1905
to 1959. However the long term average inflow of
the Nile River at Dongola gauging station
amounts to 73 billion m3 as shown in Figure 5.

mal ponded reservoirs using the capacity-inflow
relationship.

Figure 1. Reservoir trap efficiency as a function of capacity
inflow ratio (Brune, 1953).

Recently, Siyam (2000) developed a new relationship for the trap efficiency of reservoirs showing that Brune’s curves are a special case of a
more general trap efficiency relation given in the
form of an exponential function:
E (%) = 100.e − β I / C

(1)

where I/C is the ratio between average annual inflow and reservoir capacity, β is a sedimentation
parameter that reflects the reduction in the reservoir storage capacity due to the sedimentation
processes as shown in Figure 2. Siyam (2000)
demonstrated that Eq.1 with β equal to 0.0055,
0.0079 and 0.015 describes well the upper, median, and lower Brune’s curves. Figure 2 shows
Brune’s data for semi-dry reservoirs i.e. β=0.75
and in case of mixer tank, where all the sediment
is kept in suspension i.e. β=1.0.

Figure 3. Longitudinal bed profiles in AHD Reservoir.

Figure 4. Suspended sediment entering AHD Reservoir.

Figure 2. Brune’s 1953 data compared with the generalized
trap efficiency function (Siyam, 2000).

Figure 5. Average long-term flow rate at Dongola.

2 EXISTING NILE RESERVOIRS

2.2 Roseires Reservoir

2.1 Aswan High Dam Reservoir

Roseires dam was constructed in 1966 on the Blue
Nile about 700 km south of the city of Khartoum
(Figure 6) with an initial reservoir capacity of 3.3
billion m3 at retention level 481 m asl. Based on
Brune’s curves the estimated value of the trap efficiency of the Roseires reservoir was estimated to
be about 79%. However, after 10 years of opera-

The Aswan High Dam (AHD) was built in 19641968 on the Main Nile River in Egypt (Figure 6).
It created a storage reservoir with a total capacity
of 162 billion m3. Investigations and analyses of
sediment depositions have been carried out since
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tion the sediment deposited in the reservoir revealed that the trap efficiency was 45.5% and then
decreased dramatically to 26.2% after 30 years
(see Figure 12). After 30 years, the total remaining storage volume was 63% (see Figure 12); it is
noticeable that Brune’s method overestimated the
trap efficiency of the Roseires reservoir considerably. The observed trap efficiencies of the Roseires reservoir are between Brunes’s data for
normally ponded and for semi-dry reservoirs. Siyam (2000) showed that the trap efficiencies in
the Roseires reservoir can be well estimated using
Eq.1 with a sedimentation parameter β=0.056.
Further, the relation between the observed trap efficiency E and the years of operation T can be expressed as E∼T-0.5 (see Figure 12). From Figure 12
the predicted trap efficiency of Roseires reservoir
after 100 years will reach a value of 14% (Hussein
et al., 2005).

the efficiency of the reservoir flushing operation
modes. A 1D numerical model using the commercial software MIKE11 developed by the Danish
Hydraulic Institute (DHI) has been setup by LI
with geo-referenced data points obtained from a
bathymetric survey. The model consists of a hydraulic module coupled with a sediment transport
module for cohesive and non-cohesive material.
It is known that reservoir sedimentation can be
reduced by flushing activities, which means that
for certain periods the reservoir level is lowered in
order to increase the flow velocity so that larger
amounts of sediment can be passed through the
reservoir. The numerical simulations were carried
out by LI for two proposed reservoir operation
rules (with and without flushing) to quantify their
effects on reservoir sedimentation. The model was
setup with sediment input data based on measurements of the hydrological department of Egypt
from 1929 to 1955 at Kajnarty, located 399 km
upstream of the AHD. These measurements were
evaluated and summarized by Shalash (1982) as
shown in Figure 7. According to these measurements, the average annual suspended sediment
load amounts to about 137 million tons. The numerical model assumed that 15% of the total load
was non-cohesive sediment. Further, from the historical data series at Dongola gauging station, the
mean annual inflow was estimated to be 72.5 billion m3. The recorded discharges of the year 1977
were used as input flow data in the long term
morphological simulation. The maximum daily
discharge in this year was 9,436 m3/s (see
MDPIU, 2007).
The calculated trap efficiency for the case
without flushing will decrease from 86 % after 10
years up to 67.2 % after 100 years. Due to flushing operations the trap efficiency was reduced
with a rate of about 6% compared to that in the
case without flushing (see Figure 12). Based on
Brune’s curves, the trap efficiency of the Merowe
reservoir was estimated to 94%. Comparing these
values indicates that Brune’s curves overestimate
the trap efficiencies in Merowe as well as in Roseires reservoirs. Based on the LI numerical results and Eq.1, the sedimentation parameter β of
the Merowe reservoir was found for the two considered cases:
without flushing
Æ β = (0.020 – 0.032)
with flushing
Æ β = (0.030 – 0.045)
Figure 11 shows that the reservoir will lose
about 41% of its storage capacity due to sedimentation after 100 years with flushing schemes. Further, the relation between expected trap efficiency
E and years of operation T can be expressed as:
E∼T-0.11.

Figure 6. Location of the Roseires Reservoir.

2.3 Merowe Reservoir
The Merowe dam reservoir is located some 350
km north of Khartoum near the 4th cataract of Nile
River (Figure 6) and some 550 km upstream of the
Aswan High Dam in Egypt.
In 2007 Lahmeyer International (LI) conducted
a study in the Nile River for a reach extending 220
km upstream of Merowe dam to determine the
reservoir boundaries after 10, 30, 50, and 100
years of dam operation, the losses of reservoir
storage volume due to sediment deposition, and
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jor flood events in 2005 and 2007 with a maximum discharge of Q = 9,200 m3/s and 11,300 m3/s
respectively were observed. The annual inflow
during these years amounted to 73.5 km3 and 106
km3 respectively.
Based on the measurements of suspended
sediment load, which were conducted by DIU on
several days during the flood in 2005 at El Koro,
TU Braunschweig developed a functional relationship between discharge and suspended sediment concentration (Koll, 2007). Figure 9 shows a
predicted suspended sediment hydrograph. By applying these functions for the flow discharges in
2005 the annual amount of the suspended sediment is 262 million tons.
Related to the large difference between the two
data sets for suspended sediment rates (see Figs.7
and 9) it was decided to use two scenarios for the
long-term simulation of the hydro-morphological
changes. These scenarios are presented in Tab.1.

Figure 7. Suspended sediment rates (Shalash, 1982).

3 PROPOSED SHEREIK RESERVOIR
In the 5th cataract of the Nile River, the Dams Implementation Unit (DIU) plans to build the
Shereik Dam in northern Sudan with a total capacity of 3 billion m3. The Shereik Hydropower project will form a significant part of the hydropower
development scheme of the main Nile River
downstream of the confluence of the White Nile
and Blue Nile at Khartoum. The Shereik hydropower plant is located about 478 km north of
Khartoum.
A numerical study using one, two and three
dimensional models has been carried out by the
Institute of Hydraulic and Water Resources Engineering and the Oskar-von Miller Laboratory,
Technical University of Munich (TUM) for a 236
km long river reach from the city of Atbara (km
327.5) to the El-Koro gauging station (km 563.5).
For the 1D numerical model MIKE11 was used as
required by the consultant (LI) to estimate the
long-term water and bed level changes due to reservoir impounding and to optimize the effects of
sediment flushing activities during flood times
both on the reservoir capacity and on backwater
effects.

Table
1. Two Scenarios of data used in numerical model.
________________________________________________
Data
number Flow hydrograph +Sediment Hydrograph
________________________________________________
1
2007 + Shalash, 1982 (Figure 7)
2________________________________________________
2005 + Koll, 2007 (Figure 9)

Available data of sediment transport in the Nile
River system suggested that the suspended sediment rate commonly accounts for approximately
90% of the total load (Abdelsalam, 2008). Hence,
in the numerical model bed load was assumed to
be 15 % and 9% of the total load for data sets no.1
and no.2 respectively.
3.2 Hydraulic Model Calibration and Validation
Initially, the hydraulic model was calibrated by altering model parameters within reasonable ranges
and then comparing calculated results with measured data. In this study, differing Manning’s
roughness factors were specified for the entire
river reach based on the type of profile and the
water discharges.
In the first step, calculations were carried out
for different steady flow discharges ranging from
430 m3/s to 19,900 m3/s. These discharge values
were applied in the model as inflow boundary
conditions. The water levels from the discharge/stage relation measured at El Koro gauging
station were used as outlet boundary condition. It
was found that Manning’s coefficients varied between n=0.0169 s/m1/3 and n=0.0434 s/m1/3 in the
upstream reach (from Atbara to Shereik dam) and
between n=0.0384 s/m1/3 and n=0.0555 s/m1/3 in
the downstream reach (from Shereik dam to El
Koro). Using these Manning’s coefficient values a

3.1 1D Model Setup and Available Data
The model geometry has been setup by using 92
cross sections covering a 150 km long river reach
upstream of the proposed dam site, from Atbara
(km 327.5) to the dam site (km 478.0). Another
and 79 cross sections were used, these cross sections covering an 85 km long stretch of the downstream river reach from the dam site to El Koro
(km 563.5). Each cross section consists of about
700 to 2600 Geo-referenced points, which were
provided by DIU and LI (see Figure 8).
A set of rating curves at Berber (km 366.2),
Shereik Ferry (km 479.3), Shereik Old (km
481.7), and El Koro (km 563.5) were used for
calibration of the hydraulic model. Minor and ma1114

good agreement between the predicted and observed water elevations was obtained.

Figure 10. Water level change at Shereik Ferry.

3.3 Sediment Transport Model Calibration
It is well known that the Van Rijn bed load approach was developed on the basis of a range of
fine sediments (0.2 mm to 2.0 mm). By comparing
several sediment formulas with measured sediment records in the Nile reach downstream of the
Aswan High Dam, Abdel-Fattah et al. (2004)
found out that the Van Rijn formula is well suited
to determine the bed and suspended sediment
transport rate in the Nile River. Hence, this formula was applied in our model.
The sediment transport model was calibrated at
first only for bed load. The so-called calibration
coefficients of bed load rates in the MIKE11
model were adjusted. By assuming that the river
reach before dam construction was in a quasiequilibrium state, the deviation in bed load transport at different cross sections of the domain
should be small after simulation of several years.
In the numerical model, the calibration of bed load
has been carried out for several simulation-years
with the assumption that the deviation values of
the calculated bed load rates along the river reach
were not larger than 20 % from the maximum bed
load rate at the inlet. The calibration results
showed that most morphological changes occurred
during the first 5 years and after that, a quasistable bed was obtained.
For the cohesive sediment the values for fall
velocity 0.04 mm/s and critical shear velocity
0.035 m/s which resulted from calibration at
Merowe Dam (see MDPIU, 2007) were used in
the numerical model. The model prediction results
show that deviation from observed suspended load
at different cross sections along the river reach is
quite small. Changing these values by ± 20% did
not affect the calculated suspended sediment and
bed change in case without dam. Suspended sediment load had only minor effects on the bed
changes for the case without dam.

Figure 8. Model setup area (MIKE 11).

Figure 9. predicted suspended sediment based on flow hydrograph at El Koro 2005 (Koll, 2007).

MIKE 11 provides an option where Manning’s
n can be calculated as a function of hydraulic parameters such as water depth, hydraulic radius,
and flow velocity (MIKE11, 2008). In our model
the bed resistance was calculated as a function of
the flow velocity according to the equation n = aV b , where a and b are calibration coefficients, and V is the flow velocity. From the calibrated results a set of coefficients a and b were
defined for different river cross sections.
Further, the hydraulic model was validated by
applying it to the unsteady flow observations in
2007. The calculated variation in the water levels
were then compared with the measurements obtained at Berber, Shereik Ferry and Shereik Old,
and El Koro gauging stations, which were in an
exemplary agreement with the measured data
(Figure 10).
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 Data no.1 without flushing Æ E ∼ T-0.11
 Data no.1 with flushing
Æ E ∼ T-0.045
 Data no.2 without flushing Æ E ∼ T-0.085
 Data no.2 with flushing
Æ E ∼ T-0.027
This relationship can be depicted also in Figure
12.

3.4 Model Application for Expected Hydromorphological Changes
The calibrated model was applied for the prediction of long-term simulations of the water and bed
level changes in the river reach and the effect of
flushing activities on the trap efficiency of the
reservoir. Figure 11 presents the predicted results
of reservoir capacity changes due to sedimentation
for a long time period. It can be seen that after 100
years the reservoir will lose between 41.6%
(based on data set no.1) and 66.3% (based on data
set no.2) of its initial volume. By applying flushing schemes we can reasonably extend the reservoirs life time; after 100 years the reservoir will
lose only 35.6% storage volume (based on data set
no.1).
The predicted trap efficiencies will decrease
due to the reduction of reservoir storage capacity.
Based on the numerical results using data set no.1,
the trap efficiency will decrease from 39% after
10 years to 30.3% after 100 years for the case
without flushing. Applying flushing schemes, the
trap efficiency will decrease from 25.5% after 10
years to 23% after 100 years. Using the data set
no.2, the trap efficiency will decrease from 53.1%
after 10 years to 28.1% after 100 years for the
case without flushing. For the flushing scheme,
the trap efficiency will decrease from 22.5% after
10 years to 18.3% after 100 years. According to
Brune’s curves, the estimated trap efficiency of
Shereik reservoir is 64%, which is greater than
that based on numerical results, showing a significant overestimation.

Figure 12. Relation between trap efficiency and years of
reservoir operation.

4 CONCLUSIONS
Brune’s curves overestimate the trap efficiencies
of the Nile Reservoirs. Observations and hydromorphological numerical simulations showed that
the equation proposed by Siyam (2000) with definition of the sedimentation parameter β can better
describe the relationship between trap efficiency
of the reservoir and the average annual inflow as
well as the reservoir capacity.
Based on the observed data, the trap efficiency
of the Roseires reservoir after 30 years of operation can be calculated by using a sedimentation
parameter of β=0.056 Analysing the hydromorphological numerical results, it was found that the
calculated trap efficiencies for Merowe and
Shereik reservoirs within 100 years of operation
fitted best with β values within the range of β
=0.015 to β =0.056. For any reservoir, which is or
will be constructed in the Nile River, the trap efficiency can be calculated by using Eq.1 with a
sedimentation parameter ranging between
β=0.015 and β=0.056. Furthermore the trap efficiency and the reservoirs lifetime within the Nile
River basin can be well quantified using these
findings.

Figure 11. Remaining storage volume.

Evaluating the numerical results for Shereik
reservoir, the sedimentation parameter β in Eq. (1)
can be estimated as follows:
 Data 1 without flushing Æ β={0.019 - 0.026}
 Data 1 with flushing
Æ β={0.026 - 0.038}
 Data 2 without flushing Æ β={0.016 - 0.026}
 Data 2 with flushing
Æ β={0.034 - 0.061}
In addition, the relationship between expected
trap efficiency and years of operation can be expressed as:

NOTATION
The following symbols are used in this paper:
C = reservoir capacity [m3]
E = trap efficiency
I = average annual inflow [m3/year]
T = years of operation [years]
β = sedimentation parameter
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Trap efficiency of a forebay in a low mountain range
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ABSTRACT: For storage reservoirs, a sustainable management of sediments is necessary that fulfils economic and ecological requirements. The process of silting reduces the storage volume and, thus, diminishes the functional capability. Hence for barrages, the aim is to allow great amounts of sediments to
pass through the dam or to prevent the sediment deposition by collecting the materials by means of sedimentation. It is essential to achieve high trap efficiency for a forebay. This function is especially of great
importance for drinking water reservoirs in order to provide a good water quality. In the course of time,
the trap efficiency decreases due to the deposition of sediment in the reservoir. For the economic life-time
of a forebay, it is essential to know to what extend the decreased reservoir storage capacity influences the
trap efficiency. The following work deals with an analysis of trap efficiency of the forebay of a reservoir
in the low mountain range of the region Harz in Germany. For this purpose, Churchill’s Method is applied. The changes in trap efficiency since the commissioning of the forebay are modelled. During the last
73 years, about 10% of the forebay volume has already silted up. On the basis of the model calibrated to
the measured values, a forecast is made regarding the forebay’s settling properties during the next decades.
Keywords: Forebay, Trap efficiency, Sedimentation
many. It deals with the question which effects the
deposited sediment has on the forebay’s settling
properties and at which point in time the forebay
volume will have reduced itself to such a degree
that the forebay will have to be evacuated in order
to guarantee a certain extent of retention.
It is to be examined, in particular, whether it
will become necessary to evacuate the forebay as
a result of the altered settling properties after it
has been in operation for more than 70 years.
Which effects will the sediments have on the settling properties of the forebay if they remain
where they are during the next 70 years?

1 INTRODUCTION
Solids enter the storage reservoir via the inflows
in reservoirs and forebays. There, the solids settle
more or less completely and, thus, contribute to a
reduction of the storage capacity. This effect
causes a decrease in the storage volume and, thus,
reduces the trap efficiency of the reservoir since
the retention time of the water in the storage reservoir is more and more reduced.
Smaller sedimentary basins are built in front of
large dams to prevent the latter from silting up. In
these basins, the sediments introduced with the inflow are supposed to settle. Since the sediments
are also frequently polluted with harmful substances, a trapping of the sediments in the forebay
prevents the harmful substances from entering the
barrage. In view of that fact, the trap efficiency of
forebays is important for the latter’s dimensioning
and maintenance.
This article examines the trap efficiency of a
forebay in the low mountain range of the Harz region situated in the geographical centre of Ger-

2 INVESTIGATION AREA
The investigated forebay of a large drinking water
reservoir is supposed to reduce or, if possible,
prevent solids, in particular fine particles and nutrients, from entering the barrage. Owing to this, a
good raw water quality is to be guaranteed for the
abstraction of drinking water from the barrage.
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ficiency of the dam system in the Tennessee Valley in the USA. In particular, the data related to
the Hales Bar Dam and the Wilson Dam was applied. The sediment examined in the Tennessee
Valley is classified as fine and is, therefore,
mainly transported in suspension.
The curve determined empirically according to
Churchill is given in Figure 1. The values for the
sedimentation index SEDI are shown on the xaxis. In this context, the sedimentation index is
described as the relation between the retention
time t [s] and the mean flow velocity v [m/s]:

The dam structure of the forebay consists of a dam
body with a loam core. The dam is about 20 m
higher than the original ground level and the crest
is about 200 m long.
The main data of the forebay is as follows:
Length of the forebay
Annual discharge
Catchment area
Water volume V1 1931
Water volume V2 2004
Sediment volume since 1931
Flooded area
Mean retention time

500 m
32.4·106 m³/a
38.3 km2
699,600 m3
634,600 m3
65,000 m3
128,500 m²
7.1 d

t
v

SEDI =

(2)

It is also possible to present the sedimentation index in another way

With regard to the forebay’s trap efficiency, it is
known that a sediment volume of about 65,000 m³
has settled since the time of the forebay’s commissioning. The sediment quantity was estimated
on the basis of differential data from the original
topographical survey in 1931 and the recording of
the present condition by means of an aerial laser
scan survey.
High trap efficiency is essential for the forebay.
Otherwise, problems with the drinking water purification could arise in the subsequent barrage.

t=

V
Q
V
, v=
and A =
Q
A
L

result in:

SEDI =

V ⋅ A V V (V / Q )
= 2⋅ =
L
Q2
Q L

2

(3)

with V = storage volume [m³] Q = inflow [m³/s],
A = mean perfused cross-section of the forebay
[m²] L = length of the reservoir (flow path) [m]
and SEDI = sedimentation index [s²/m].

3 MODELLING TRAP EFFICIENCY
The article by Verstraeten and Poesen (Verstraeten, Poesen, 2000) gives a good review of the
currently available empirical and theoretical models for estimating the trap efficiency of water reservoirs.
From the existing models, amongst others according to Borland & Miller (Borland and Miller
1958) Brown (Brown, 1943), Brune (Brune,
1953), Churchill (Churchill, 1948) and Camp
(Camp, 1945), the method according to Churchill
was chosen for the issue on hand.

Figure 1. Trap efficiency (TE) related to sedimentation index (Churchill, 1948)

3.1 Churchill’s Method

The Churchill curve for the local sediment in Figure 1 is represented by the following equation

The model developed by Churchill in 1948 estimates the trap efficiency of a reservoir by means
of a sedimentation index SEDI. With the Churchill
Method, in contrast to other models, the y-axis of
the plotted empirical curve is related to the percentage rate of the sediments passing through the
reservoir
S A = 100 − TE [%]

S A = 1600 ⋅ [SEDI ⋅ g ]

−0 , 2

− 12

(4)

with SA = percentage of the sediment quantity in
the discharge [%] and SEDI = sedimentation index [s²/m].
The non-dimensional retardation factor R is difined as

(1)

with TE standing for trap efficiency.
The method is based on data measured by the
Tennessee Valley Authority regarding the trap ef-

(

R = 100 − 1600 ⋅ [SEDI ⋅ g ]
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−0 , 2

− 12

)

(5)

with R = sediment retained [%], SEDI [s2/m] and
g = gravitational acceleration [m/s2].
Since Churchill has carried out his investigations in the area of the Tennessee Valley in which
the dams are set up in a row, he had to make a further differentiation. Thus, he differentiates between local and fine sediment. The local sediment
comes from that part of the river’s course which
does not feature any reservoir. In the first storage
reservoir, the retention is going to be exceptionally high (lower Churchill curve) since the coarse
material can quickly settle there. After that, only
finer sediment is passed with less sedimentation
velocity to the dams at the downstream face so
that the percentage of sediments in the discharge
increases (upper Churchill curve). In this context,
only the lower curve according to (4) is of any
importance.
Owing to the sedimentation index and the taking into consideration of the retention duration
and the flow velocity in the reservoir, Churchill’s
Method is able to describe the hydraulic conditions more precisely than other methods and, thus,
is most suitable to estimate the trap efficiency in
the present case.
Studies conducted by Borland (Borland, 1971)
were able to confirm that Churchill’s empirical
approach would also deliver plausible results in
case of reservoirs and sedimentary basins falling
temporarily dry. In addition to this, the theory
may easily be applied to smaller reservoirs as
well.

measured data has to be used. Oftentimes, a linear
relationship
cF = k ⋅ Q

is used as a basis, in this context, with cF total
solid in kg/m³. It follows
Qbl = k ⋅ Q 2

(7b)

where Qbl results in kg/s. For the present case, it is
known that about 65,000 m³ of sediment has settled in the forebay between 1931 and 2004. A
random sample taken during a flood showed a
solid concentration of about 0,530 kg/m³ solid at
an inflow of about Q = 33 m³/s for the inflow to
the forebay. According to this pair of values, k
would result in about 0,016 pursuant to equation
(7).
In order to convert the settled solids into a volume, it is assumed that the grain density corresponds to a value of 2650 kg/m³ as is common in
the region. The density of the materials settled at
the forebay’s base is estimated with 1325 kg/m³.
If approach (7) is combined with the daily inflow to the forebay, the changes in the forebay
volume may be calculated depending on the sedimentation rate. In this context, the relationship
(7b) may be calibrated in such a way that it results
exactly in the measured value of 65,000 m³ of
sediment for the period between 1931 and 2004.
If this approach is used, the following calculation
formula applies to interval t1,

⎛
⎞
Q12 ⋅ L
⎜
⎟
R1 = 100 − 1600 ⋅ 5
−
12
2
⎜
⎟
g
V
⋅
0
⎝
⎠

3.2 Application of the Method
In order to apply the empirical model according to
Churchill, the sedimentation index has to be calculated. In the present case, it is recommendable
to express the equation (5) in a different form

⎛
⎞
v
− 12 ⎟⎟
R = 100 − ⎜⎜1600 ⋅ 5
g ⋅t
⎝
⎠

(7a)

FF1 =

R1
⋅ k ⋅ Q1 ⋅ Δt
100%

ΔV1 =

(8)

FF1

(9)

ρ

and to interval tn+1

(6)

Rn +1

It can be recorded: the longer the retention time t
in the forebay, the larger the factor R. That means,
the longer the sediment particle can remain in the
forebay, the higher the probability that the sediments settle and the higher the retardation factor
R.
Moreover, the factor R is going to be smaller in
case of an increasing flow velocity v within the
forebay. That means, if the inflow increases in relation to the forebay volume V, the sediments will
have less time to sediment.
In order to be able to make a statement about
the forebay’s trap efficiency in case of different
discharges, the water inflow has to be linked with
the respective bed load Qbl. For this purpose,

⎡
⎛
⎜
Qn2+1 ⋅ L
⎢
= ⎢100 − ⎜1600 ⋅ 5
n
⎜
g ⋅ V0 − ∑i =1 ΔVi
⎢⎣
⎝

(

FFn +1 =

Rn +1
⋅ k ⋅ Qn +1 ⋅ Δt
100%

ΔVn +1 =

)

2

⎞⎤
⎟
− 12 ⎟⎥⎥ (10)
⎟⎥
⎠⎦

FFn +1

ρ

(11)

with FF = the mass of sediment retained in the
forebay during one time step Δt.
As a whole, the following has to apply for the
period between 1931 and 2004 for m time steps:

∑

m

i =1

ΔV = 65,000 m 3

(12)

Figure 2 shows the measured daily discharge of
the river for the years 1931 to 2004.
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Daily Discharge (1.11.1931 bis 31.10.2004)
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120

25

1931

Sediment retained [%]

Discharge [m³/s]

15

10

2077

80
60
40
20

5

0
Mai. Nov. Mai. Nov. Mai. Nov. Mai. Nov. Mai. Nov. Mai. Nov. Mai. Okt. Apr. Okt.
27
30
34
37
41
44
48
51
55
58
62
65
69
72
76
79

0
Apr. Okt. Apr. Okt. Apr. Okt.
83
86
90
93
97
00

0

Apr. Okt.
04
07

10

20

30

40

50

60

70

80

90

100

Discharge [m³/s]

Date

Figure 2. Daily measured discharge upstream of the forebay

Figure 3. Computed trap efficiency for 1931, 2004, 2077 for
the forebay

Since the hydrograph of the inflow in Figure 2 has
a resolution of one day, the time step Δt = 1d was
chosen. The solution of the system of equations
(8), (9), (10), (11) and (12) is

Qbl = 0.014 ⋅ Q

2004

100

20

4 SUMMARY AND OUTLOOK

(13)

By means of the mean daily discharge value of the
past 73 years, it was possible to model the forebay’s trap efficiency for the period from its commissioning to today. In this connection, the inflow
/bed load ratio was calibrated in such a way that it
resulted in a sediment volume of 65,000 m³ measured up to today.
Based on today’s condition of the forebay and
the assumption that the forebay’s future inflow
behaviour remains the same as in the past 73
years, the modelling with identical assumptions
shows that the forebay’s trap efficiency will not
change noticeably during the next 73 years in case
of normal discharge. Only in case of higher discharges (Q > 20 m³/s), the retardation factor R is
reduced by a few percent.
All in all, it can be said that, in case of constant
boundary conditions and with a high probability,
the trap efficiency of the investigated forebay will
not significantly change in the future.
A further step to improve the forecast’s accuracy would be a comparison with other methods
as described in section (3).
In order to make even more detailed statements, precise measurements of the bed load at
the inflow and outflow of the forebay would be
necessary. By means of these data, the established
model could be tested. In this context, other methods could be called upon for comparison as well.

with Qbl = discharge of bed load [kg/s] and Q =
discharge of the river [m³/s].
Afterwards, the calculation for the period between 2005 and 2077 is carried out on the basis of
the same discharge hydrograph from 1931 to 2004
according to Figure 2. In this context, however,
the volume of the forebay is reduced by 65,000 m³
(in comparison to 1931) resulting in a volume of
634,600 m³ which is applied as the storage volume V for 2004.
According to the result, a new sedimentation
volume of 64,424 m³ will settle in the forebay during the next 73 years while the conditions and assumptions remain the same. Thus, the trap efficiency is diminished by 576 m³ or 8.86 % in the
period from 2004-2077 as compared to the period
from 1931-2004.
According to relation (8), the retention R of the
forebay in its original condition in 1931, in 2004
and in 2077 may be calculated and compared depending on the inflow Q.
The result of this calculation is presented in
Figure 3. It can be noted for the years 1931, 2004
and 2077 that recognisable differences in the retention R of the forebay can only be found in case
of larger discharges (Q > 20 m³/s). In case of a
medium inflow or even smaller inflows in the
forebay, however, no noticeable changes have to
be expected for the retention capacity in the future.
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ABSTRACT: The Demirköprü Reservoir is located on the Gediz River in West Central Turkey and has a
storage capacity of 1.32x109 m3 at Normal Water Surface Elevation. Construction of the dam was started
in 1954 and completed in 1960. Sediment accumulation within the Demirköprü Reservoir influences the
operation life of the dam. In the present study, reservoir sedimentation was assessed by two ways: comparison between successive hydrographic surveys and suspended sediment measurements. Since 1960,
two hydrographic surveys were carried out at Demirköprü Reservoir, i.e., in 1977 and 1991. It is seen
from the final measurement that 33% of the total storage volume of the reservoir was lost due to sediment
deposition. There exists only one sediment gauging station in the drainage area of the Demirköprü Reservoir. The drainage area of the gauging station is about 50% of the total drainage area. In this study, the
comparison of the two hydrographic maps together with the suspended sediment measurements is investigated thoroughly. Additionally, the sediment yield of the Demirköprü drainage area is estimated using
both hydrographic and suspended sediment data. It is found that the sediment yield rate calculated from
hydrographic surveys is almost 5.3 times that of the rate obtained from the suspended sediment measurements.
Keywords: Reservoir sedimentation, Demirköprü Dam, Suspended sediment measurement, Reservoir resurvey, Sediment yield
1 INTRODUCTION

Dam is a typical example in Turkey encountering
reservoir sedimentation problem. The Demirköprü Dam, located on the Gediz River in the
west of Turkey, was constructed between 1954
and 1960 to irrigate the Gediz Plain, to control
floods, and to generate hydropower energy. The
dam has a drainage area of about 6590 km2 in extend as shown in Figure 1. The original storage
capacity is 1.32 km3 at the Normal Water Surface
Elevation (NWSE) of 244.2 m above sea level.
The reservoir, 18 km long, was formed by a 74 m
high earth-fill embankment dam.
Analysis of the sedimentation problem in the
Demirköprü Dam reservoir was investigated by
evaluating hydrographic surveys. In the present
study, the amount of reservoir sedimentation in
the Demirköprü Dam is calculated from the comparison of two successive hydrographic surveys
executed in 1977 and 1991. The Sediment Yield
Rate (SYR) values calculated from hydrographic
surveys and suspended sediment measurements
are also compared in this context.

Engineering projects involving reservoirs, from
feasibility to the operation stages, necessitate reliable studies for evaluation and prediction of sediment distribution in the reservoir basins. All reservoirs formed by construction of dams on rivers
are subject to the problem of sedimentation. A
thorough knowledge of the reservoir sedimentation process, its evaluation, magnitude and effects, is essential for the ultimate success of the
entire engineering project. The prediction of rate
and formation of reservoir sedimentation with a
sufficient accuracy is of interest to hydraulic engineers for a long time. The interest in general is
due to the estimation of economic life of a reservoir in planning stage or prolonging at the existing one.
In Turkey, many reservoirs have lost their capacity rapidly as a result of high sedimentation
rate, occurring mainly due to the change of land
use and failure to take adequate measures to control soil erosion. The reservoir of the Demirköprü
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hydrographic maps based on these survey data.
Digital Elevation Models (DEMs) used in the
computation of the reservoir surface area and reservoir volume are obtained from these two hydrographic maps. Depending on the hydrographic
surveys, elevation versus reservoir area and elevation versus reservoir volume values are plotted
above the water surface elevation 230 on Figures
3 and 4, respectively.
As seen from Figure 3, the variation of reservoir water surface level (elevation) with surface
area above and below the elevation 235 has a different tendency in years 1977 and 1991. Above
elevation 235, the reservoir surface area in 1991
is larger than the area that of the year 1977. Possible reasons for this increase may be due to the
combined effects of shoreline erosion, landslides
and locally sediment accumulations at the reservoir upstream due to excessive reservoir water
level variations, but their particular effects could
not be predicted completely for the Demirköprü
Dam reservoir.

Figure 1. Drainage Area of the Gediz River and location of
Sediment gauging station 523

Figure 2. Images of hydrographic surveys; a) 1977, b) 1991

2 ANALYSIS OF RESERVOIR
SEDIMENTATION IN THE DEMIRKÖPRÜ
DAM

Figure 3. Variation of reservoir surface area with elevation

2.1 Reservoir surveys and loss of reservoir
capacity
The primary objective of a reservoir survey is to
measure the current reservoir area and capacity.
The main cause of storage change is sediment deposition. Typical results from reservoir survey data collection and analysis include measured sediment deposition since dam closure and previous
surveys, sediment yield from the contributing
drainage, and future storage-depletion trends.
Survey results can also include location of deposited sediment (lateral and longitudinal distribution), sediment density, reservoir trap efficiency,
and evolution of project operation (Erosion and
Sedimentation Manual, 2006).
Two reservoir capacity surveys were carried out
in the Demirköprü Dam reservoir in 1977 and
1991, respectively. Figure 2 shows two images of

Figure 4. Variation of reservoir capacity with elevation

When the elevation-volume curve in Figure 4 is
examined at the NWSE, it can be predicted that
approximately 36 million cubic meters of the re1126

servoir capacity was decreased from years 1977
to 1991. In other words, the reservoir was realized approximately 2.7% reduction in the capacity between 1977 and 1991.
Based on the value of the original reservoir capacity, calculations on the reservoir volume reduction can be done with using two successive
hydrographic survey data. For this purpose, reservoir capacity loss versus operation year is plotted in Figure 5.

where Vres is the initial reservoir storage capacity
and Qinflow is the mean annual inflow. The median
Brune curve can be approximated as a series of
logarithmic equations for Vres/Qinflow< 1, if not
TE=97.5 % for Vres/Qinflow ≥ 1

(3)

In order to determine the trap efficiency of the
Demirköprü Dam, first of all, the mean annual inflow of the Gediz River is calculated by using the
monthly inflow data. The mean annual inflow is
calculated as 708x106 m3 for the time period of
1971 to 1999 based on the hydrologic data. Consequently, with this interpretation, the ratio of reservoir capacity to average annual inflow is found
to be 1.86 for the original reservoir capacity of
1.32 km3. The trap efficiency value is found to be
97.5% from the Brune Curve.
2.3 Formation of Deposits in the Reservoir
In order to find out the formation of delta deposits
in the reservoir, the bottom profile passing
through the centerline of the reservoir is drawn
from the DEM data based on the hydrographic
surveys conducted in 1977 and 1991 as shown in
Figure 6. With the comparison of these two hydrographic surveys, two types of deposition pattern can be clearly observed from the bottom profile; i.e. bottom-set deposits and delta deposits.

Figure 5. Reservoir capacity loss of the Demirköprü

At early periods of the reservoir operation,
about 17 years of operation, the sedimentation
rate in the reservoir shows a very rapid trend (i.e.
about 1.15% per year). However, for the next 15
years of operation, the rate of sedimentation decreases remarkably to a value of 0.24% per year.
Knowing that there is no upstream control of the
Demirköprü Dam, technically it is difficult to explain about this 5 fold reduction in the sedimentation rate.
If the last survey value in 1991 compared with
the original capacity value of 1.32 km3, the total
amount of volume reduction is calculated as
22.3% in 1991; i.e. the amount of volumetric reduction was 0.72% on annual basis. On the basis
of this annual sedimentation rate, 36% of volume
reduction may be expected in 2010.

Figure 6. The profile of delta formation along the reservoir
axis

2.2 Trap efficiency

The bottom-set deposits are developed in the
main body of the reservoir basin and close to the
dam as well, and built-up from fine and very fine
suspended sediment transported by turbulent suspensions and by turbidity currents when they occur, and are deposited in quiescent water. In the
case of Demirköprü Dam reservoir, according to
the hydrographic survey data of 1977, the slope
of the bottom-set deposits next to the dam is approximately equal to 4.14x10-4. However, in
1991, the slope of the bottom-set deposits next to
the dam body becomes nearly horizontal and re-

The trap efficiency (TE) of a reservoir is defined
as the ratio of the volume of the deposited sediment (Vdep) to total sediment inflow (QTS), that is:
TE=Vdep/QTS

(1)

One of the most popular methods to determine
the trap efficiency of reservoirs was developed by
Brune (1953) assuming that the trap efficiency
depends only on the capacity-inflow (mean annual runoff) ratio:
TE=f (Vres/Qinflow)

(2)
1127

duced to a value of 3.40x10-4. In addition, within
this period approximate increase in the bed level
just upstream of the dam body due to the fine sediment deposits is 3.2 m in total, i.e. 0.23 m increase per year.
The bed-load transported in the Gediz River,
which is the coarse-grained particles, begin to deposit immediately at the head reaches of backwater. This is due to an increase in the depth and the
cross-sectional area of the flow which results in a
reduction of velocity, and thus, in the sediment
transport capacity. This deposition continues
along the reservoir until a section where the velocity becomes too small to maintain any transportation. The result is the formation of a delta as
given in Fig. 6. It is clearly seen that at the upstream region of the reservoir, a deltaic-shaped
deposit formation exists in the reservoir which is
a typical non-uniform two-phase inflow case into
shallow reservoirs. The topset slopes of the deltaic deposit formations can be determined as
1.99x10-3 for 1977 and 1.36x10-3 for 1991, respectively. Similarly, the foreset slopes formed at
the head of the delta formation have been found
to be 8.93x10-3 for 1977 and 1.36x10-2 for 1991,
respectively. The ratios of the foreset slope to thetopset slope are calculated as 4.48 and 10 for
years 1977 and 1991, respectively. Borland
(1971) found that the average foreset slope is 6.5
times the topset slope in the reservoirs of United
States. However, Smith et al. (1964) reported that
some steeper slopes have been observed, where
the measured foreset slope of delta was 100 times
the topset slope (Batuca and Jordaan, 2000).
Therefore, it may vary from one reservoir to
another. For example, Kokpinar et al. (2008)
found the ratio of the foreset to topset slope as
37.9 at the Seyhan Dam reservoir in Turkey.
The separation between the topset and foreset
deposits occurs by virtue of a pivot point at a location which depends primarily on the reservoir
operation and on the existing channel slope in the
delta area. The pivot points at the delta of the
Demirköprü Dam deposits in years 1977 and
1991 are clearly seen in Figure 6. Referring to
this figure one can conclude that the progress
speed of the delta towards the dam body is 25
m/year in the Demirköprü Dam reservoir between
1977 and 1991. However, Batuca and Jordaan
(2000) noted that depending on the reservoir hydrology, hydraulics, sediment transport, size and
configuration, the speed of progress of the delta is
variable from 50 to 200 m per annum.
In Figure 7, Section 1-1 (indicated in Fig.2) is
given to show the cross-sectional change in the
lateral direction of the reservoir between 1977
and 1991. This section also indicates the encountering region of the Gediz River to the reservoir

lake and shows morphological changes of the region (see the image showing the region in Figure
8). Even it is expected that sediment deposition is
initially focused in the deepest part of the crosssection, creating deposits having a nearhorizontal surface regardless of the original section shape; this is not the case for Section 1-1.
This is actually due to locally sediment inflow
from the Gediz River and channel erosion during
drawdown in dry seasons. Therefore, it is clearly
observed from Figure 7 that while the cross sectional shape in 1977 is almost horizontal, in 1991
the central part is scoured forming a main channel
with deposited sediments at the banks of the
channel.

Figure 7. Cross-sectional change at Section 1-1 from 1971
to 1999, showing the deposition of sediment in the transverse direction

Figure 8. Image showing delta front taken at dry season of
the reservoir water level (source: Google Earth© 2010)
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3 SUSPENDED SEDIMENT
MEASUREMENTS

as 20% of the suspended sediment load (Morris
and Fan, 1990).

The earliest and very limited sediment measurements on the Gediz River were made in the planning stage of the Demirköprü Dam Project. Before this date, no measurements of sediment
concentration were available in the Gediz River
except for a single series at a gauging station during February 1941. Even though these measurements showed a sediment concentration of 2% to
4.5 % by volume, it was considered that these
values did not indicate the average concentration.
Therefore, in the planning stage, a value of 0.5%
was estimated to be representative of the sediment concentration of the average annual reservoir inflow of 22.4 m3/s (annual inflow volume is
708x106 m3).
To construct a more comprehensive sediment
budget for the Demirköprü Dam reservoir, the
suspended sediment data that had been collected
by the General Directorate of Electrical Power
Resources Survey and Development Administration (EIE) between the periods of 1971 to 1984
for the gauging station 523 were used (EIE,
1987). Because of the location of this gauging
station on the drainage area of the Gediz River
(Figure 1), the measurements conducted at this
station is important to get some information on
the suspended sediment transport rate in the Gediz River. The hydrological characteristics of the
gauging station 523 are given in Table 1. The
drainage area of the station corresponds to 50%
of the Gediz Dam drainage area, which gives representative hydrological characteristics for the
whole drainage area. The suspended sediment
samples taken at this gauging station was used to
develop the sediment rating curves. The mean sediment concentrations were converted into tons
per day of sediment load according to the instantaneous discharge. The sediment load was plotted
against the instantaneous discharge on log-log
scale and a straight line of power function was fitted by regression analysis as shown in Figure 9.
The expression of the best fit line obtained from
the data of the gauging station is in the following
form with a correlation coefficient of R2=0.82:
Qs=4.08Q1.91

Figure 9. Variation of suspended sediment discharge with
water discharge for gauging station 523
Table 1. Hydrological characteristics of gauging station
523
Mean annual disStation no
Drainage Area
charge (m3/s)
(km2)
523
3228
12.76

4 SEDIMENT YIELD RATE OF THE
DEMIRKÖPRÜ DAM DRAINAGE AREA
Sediment yield refers to the amount of sediment
exported by a basin over a period of time, which
is also the amount which will enter a reservoir located at the downstream limit of the basin. Sediment yield can be computed from reservoir surveys or a fluvial sediment monitoring program.
Although both methods have potentially important sources of error, reservoir survey data generally represent a more reliable measure of longterm basin sediment yield (Morris and Fan,
1990).
In this part of the present study, by evaluating
hydrographic surveys of the Demirköprü Dam reservoir, the comparison was made between sediment yield rates calculated using suspended sediment measurements and actual resurvey values.
Based on the hydrographic surveys in 1977 and
1991, annually deposited sediment volume is
found from;

(4)

Vdep=(ΔV)ΔT/ΔT=(36x106)/14=2.57x106 m3/year

where Qs is the suspended sediment discharge in
tons per day and Q is the instantaneous water discharge in the Gediz River in m3/s. The total sediment load was computed by applying this rating
curve to the mean discharges at the gauging station 532. Using this sediment rating curve, the
suspended sediment part of the total sediment
budget for this station was estimated. Since there
were no bed-load measurements, it was estimated

where Vdep is the annually deposited sediment volume, ΔV is the volumetric difference of sedimentation between two successive hydrographic
surveys, and ΔT is the year difference between
two successive hydrographic surveys.
Using this annual deposition volume,
Vdep=2.57x106 m3/year, the corresponding Sediment Yield Rate from the hydrographic surveys
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and 1.36x10-2 for 1991, respectively. The ratios of the foreset slope to the topset slope are
calculated as 4.48 and 10 for years 1977 and
1991, respectively.
3. Depending on the last hydrographic survey data in 1991, it was measured that the distance
between the pivot of the delta deposits and
the dam body was about 12.5 km. It was observed that the delta deposit approaches towards the dam body with a speed of 25
m/year.
4. Both using deposited volumes obtained from
the hydrographic survey data and suspended
sediment measurement data obtained from
the sampling station, SYR of the Gediz River
Drainage Area was calculated as 389
m3/year/km2 and 73.46 m3/yr/km2, respectively. The difference between these two
SYR values is expected mainly due to lack of
insufficient number of measurements for
suspended load and no bed-load measurements during flood events.

(SYR)HS can be calculated with a drainage area A
of 6590 km2 as,
(SYR)HS= Vdep/A=389 m3/year/km2
On the other hand, using Eq. (4) and the mean
annual inflow discharge, Q=22.4 m3/s into the reservoir, the weight of the daily transported suspended sediment can be obtained as Qs=1547.5
tons/day. On annual basis it will be, Qs=564841
tons/year. When no field measurement data are
available, US Soil Conservation Service recommended some design values for the 50 years’ specific weight of deposited sediments (Batuca and
Jordan, 2000). A value of 1400 kg/m3 is accepted
in this study, as nearly the average value of the
mixture in equal parts of silt and sand. Including
the bed-load to suspended sediment load as 20%
of suspended load, then the volume of the deposited sediment can be estimated as, Vdep=484148
m3/year. The corresponding Sediment Yield Rate
from the suspended sediment measurements
(SYR)meas can be calculated with a drainage area
A of 6590 km2 as,
(SYR)meas= Vdep/A=73.46 m3/year/km2
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5 CONCLUSIONS
The following conclusions can be drawn from the
results of this study:
1. The hydrographic surveys indicated that 36
percent of the total capacity of the Demirköprü Dam was lost within 50 years of
the reservoir operation.
2. The forms of the delta deposits are investigated
in detail. The topset slopes of the delta were
calculated as 1.99x10-3 for 1977 and 1.36x103
for 1991, respectively. Foreset slopes of the
delta were calculated as 8.93x10-3 for 1977
1130

River Flow 2010 - Dittrich, Koll, Aberle & Geisenhainer (eds) - © 2010 Bundesanstalt für Wasserbau ISBN 978-3-939230-00-7

Numerical Modeling of Sedimentation in the Sefid-Rood Reservoir,
Iran
Bayram Ali Mohammadnezhad

Department of Water Engineering, University of Umiah, Iran

Majid Mohammadian

Department of Civil Engineering, University of Ottawa, Canada

Vahid Mohammadian

Department of Civil Engineering, Chabahar Maritime University, Iran

ABSTRACT: Sedimentation is one of the major problems in dam reservoirs. Accumulation of sediment
in reservoirs reduces the water capacity of the reservoirs and also leads to erosion problems in the rivers
downstream since the sediment load in the river is no longer in a condition of equilibrium. Opening of
sluice gates is a common method for the evacuation of sediment. However, optimal opening and closing
of gates requires accurate information about the density current in the reservoir. In this paper, the evolution of density current in the reservoir of the Sefid-Rood Dam in Iran is simulated using the Mike 3 model
with an unstructured grid, and the numerical results are compared with field measurements.
Keywords: Density current, Sedimentation, Sediment evacuation, Sluice gates, Numerical modeling
present study deals with sedimentation in reservoirs and the case study of the Sefid-Rood Dam.

1 INTRODUCTION
The Sefid-Rood Dam is situated about 200 km
northwest of Iran at the intersection of GhezelOzan and Shah-Rood Rivers. The Ghezel-Ozan
River, which is the main branch of Sefid-Rood,
originates from mountains in Kurdistan and Azerbaijan, with a maximum discharge of 2000 m3/s
and a minimum discharge of 50 L/s and is 500 km
long upstream of the dam. The Shah-Rood River
originates from the Alamot and Taleghan Mountains with a discharge between 4.2-800 m3/s, and
is 180 km long upstream of the dam. The maximum total inflow discharge occurs in April. The
Sefid-Rood Dam, constructed in 1960, is a concrete dam with a capacity of 1.8 x 109 m3. It is
106m high from its foundation and the dam crown
is 86m higher than the riverbed. The length of the
dam at the crown is 425m and its width is 5m at
the crown and 106m at the foundation. The main
purposes of the dam are retaining water, controlling floods, and power generation. The maximum
surface area of the reservoir is 56 km2 and the surface of the watershed basin is 56,200 km2. The
dam has three sluice gates at the bottom with a total capacity of 550 m3/s, two mid-depth outlets
with a total capacity of 2,000 m3/s, and two spillways with a total capacity of 3,200 m3/s. Downstream of the Sefid Rood Dam, there are two
smaller dams, the Tarik and Sangar Dams. The

Figure 1. The Sefid-Rood Dam at the intersection of two
rivers.

Figure 2. The downstream river of the Sefid-Rood dam.

The circulation of water in dam reservoirs in
general is a three-dimensional current which depends on various parameters, such as bathymetry,
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climate, and hydrologic conditions. A large volume of sediment enters into the reservoir during
flood conditions over a short period of time. Such
flows have a high density due to their carrying a
large volume of sediment. Therefore, because of
the difference between the density of the flood
and the reservoir waters, the floodwater flows under the reservoir clear-water as a stratified flow.
This under-flow, which is called density current,
carries a large volume of sediment towards the
dam. Therefore, in order to perform optimal opening and closing of the gates, it is essential to predict and simulate the density current, which is the
subject of this paper, for the Sefid-Rood Dam.

U2
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⎜
⎟ gh
⎜ ρ
⎟
s
⎝
⎠

(1)

< Const

where U is the mean flow velocity, h = the
flow depth, ρs = the density of turbidity current, ρ
is the density of the reservoir fluid above turbidity
current, g is the gravitational acceleration and
const= 0.6 (after Zhang Hao et al.1976) or 1.0-2.0
(after Buttling & Shaw 1973 [1] ), or by criterion
proposed by Rooseboom (1975):
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2 DENSITY CURRENT

+

Density currents are caused by gravity effects and
are controlled by several factors, such as the geometry of the reservoir (slope, depth, and width),
stratification, the difference between the density
of the inflow and reservoir water, and the flow regime in the river. Such currents may occur in the
form of jets or plumes, flowing upward or downward.
The difference in density may be caused by
temperature, sediment, dissolved salt, etc. Temperature difference leads to convective flows; e.g.,
in cooling systems of power plants, or in reservoirs due to seasonal weather changes. For example, cold winter weather leads to an overturn in reservoirs. Suspended sediments also increase the
density which leads to underflows (or mid-depth
currents) and has a great impact on sedimentation
processes in reservoirs. Density currents can also
carry considerable nutrients or chemical material
and therefore are very important in environmental
studies. Field measurements have revealed that
such flows can reach a speed of 2 m/s and extend
over 100 km.
Density currents are more apparent in deep reservoirs with a steep bed slope when the sediment
concentration of the inflow is high. The favorable
conditions for turbidity current development in reservoirs are:
• Significant density difference (high concentration),
• deep reservoir,
• Low flow velocity,
• Steep slope of the channel entrance,
A straight alignment of the ground channel at
the bottom through which the current flows as a
compact jet under the clear water (Scheuerlein
1987). Density current may be characterized by
the following criterion:
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where S0 is the average bed slope, C = the Chezy
roughness coefficient, D = the average reservoir
depth and Q = the discharge.
When the above condition is met, the flow may be
characterized as a density current.
The density current moves towards the dam
due to the gravity effect. Once the flow reaches
the dam, a lake of mud is created and the sediment
is gradually deposited.
3 THE MIKE 3 MODEL
Mike 3 is a three-dimensional numerical model
developed by the Danish Hydraulic Institute for
simulation of free-surface flows, cohesive/noncohesive sediment transport, and water quality,
using structured or unstructured grids. The employed equations are given by where x, y, and z
are Cartesian coordinates, u, v, and w are the corresponding velocity components, η is the water
surface elevation, f = 2Ω sin φ is the Coriolis parameter, p is the pressure, Pa is the atmospheric
pressure, ρ is the density of water, ρ0 is a reference density, νt and A are horizontal and vertical
eddy viscosity respectively, and S is the source or
sink of water (with velocities us and vs). We refer
the reader to Mike 3 manual for the sediment
transport equations and further details.
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close to the main stream and also vertical layers
are closer to one another at the bottom for a better
representation of the density current.

The model uses a finite volume method for
numerical integration of equations. An unstructured grid is used in this study.
4 BOUNDARY CONDITIONS
Boundary conditions were specified at the inflow
boundaries (Sefid-Rood and Shahrood Rivers) and
outflow gates. The daily discharge hydrograph for
36 days (April 11, 2007 to May 16, 2007) was
used because a flood condition occurred in that
period of time and field measurements of the density current were also conducted.
The sediment concentrations at the inflow and
at the downstream river were determined by sampling at 8:00 AM. The sediment samples were divided into three parts: clay, silt, and sand. The individual concentrations of sediment at each gate
were estimated from the computational points upstream of the outlets, which is an approach commonly used for outflow boundary conditions. Daily measurements of precipitation and evaporation
were available and were used as mass source/sink
terms.

Figure 4. Horizontal grid and a typical vertical section

6 SIMULATIONS
Both Mike 21 and Mike 3 models were employed
in this study and compared with measured field
data over the simulation period. The field measurements were performed by the Water Research
Institute. The inflow hydrographs for the two rivers, the outflow hydrographs corresponding to
each outlet, and suspended sediment concentration
hydrographs for two rivers at the entrance of reservoir are shown in Figures 5-a, 5-b, and 5-c respectively.

5 OTHER INPUT DATA
A time step size of 60s was chosen due to stability
considerations. The maximum resulting CFL
number for the hydrodynamic model is 0.26, and
for the advection-diffusion model 0.48, which are
both in the stability range of the model.
The effects of temperature and salinity on the
density were negligible and were ignored. Wetting
and drying of computational cells were allowed in
the simulations. Turbulence was modeled using a
combined k-ε and Smagourinski model. The Coriolis and wind effects were small in this case and
were ignored. The bed roughness height was assumed to be 0.05 m based on bed material samples. The initial water surface elevation based on
measured data was 264.93m above sea level. The
initial sediment concentration of water in the reservoir was assumed to be zero (i.e. clear water).
Ten vertical levels employed in the model were
uniformly distributed as shown in Figure 3.

Figure 5-a. The inflow hydrographs of the two rivers

Figure 5-b. The outflow hydrographs of the outlets

Figure 3. A schematic view of the numerical grid

The computational grid developed for this system is shown in Figure 3. The grid size is smaller
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Figure 5-c. The suspended sediment concentration of the
two rivers Inflows

Daily measurements of the Sefid-Rood and
Shahrood Rivers at two stations just upstream of
the reservoir were performed. The concentration
of sediment close to the bed was measured. If the
concentration was high, the flow was considered
to be dense, and consequently sampling and sediment measurements were performed at all stations
shown in Figure 6. Those data were employed in
calibration of the model.

Figure 6. Location of sampling and concentration measurements on the dam reservoir

Numerical results of the Mike 21 model were
largely different than the Mike 3, as expected due
to existence of a non-uniform velocity profile
throughout the water column. Therefore, we only
present the results of the 3D model. Figure 8
shows the concentration of sediment on April 11,
2007 (2:00 PM) at a vertical section of the Ghezel-Ozan branch. The front of the density current
can be clearly observed in this figure. A vertical
section of the concentration of sediment at the
Shahrood branch is also shown in Figure 8, which
shows that the model can qualitatively represent
the general form of density currents.

Figure 7. The concentration plots with time after initiation
of the flood
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Figure 10. Contours of the u (up) and v (down)components
of the velocity vector

Figure 8. Vertical section of the concentration of sediment
on April, 11, 2007 at 2:00 PM at the Ghezel-Ozan branch
(up) and Shahrood branch (down).

Figure 9 shows a comparison of simulated and
measured flow velocities at the section specified
in Figure A-2. As can be seen, a reasonable
agreement is observed between measurements and
simulation.

Figure 9. A comparison of the simulated current speed with
field measurements at the section specified in Figure A-2

Once the accuracy of the model is confirmed, it
can be used to gain an insight into the flow field in
the reservoir. We begin with a general overview
of the flow field, and then we will analyze the velocity profile in several sections of the two rivers
and the reservoir. Figure 10 shows the contours of
the u and v components of the velocity vector on
day 11 of the simulation. As can be seen, the flow
velocity is high on the Gazal-Ozan branch (around
1.5 m/s). The flow undergoes a meandering form
and the velocity is reduced when the flow enters
the reservoir. However, in the Shahrood branch,
the length of the flow channel is less than the
Gazal-Ozan branch and its flow reaches the dam
sooner. The vertical velocity (w) is small everywhere and does not exceed 0.02 m/s.

Figure 11. Velocity vectors and contours of the u component
of the velocity vector.

Figure 11 shows the velocity vectors on day
11. The meandering form of the Gazal Ozan River
is clear in this figure and shows that the flow
maintains its high velocity over a long distance.
This behavior significantly influences the travel
time of the density current towards the dam. The
Gazal-Ozan branch has a greater impact on the
flow field than the Shahrood River; however, the
density current of the Shahrood River reaches the
dam faster and therefore determines the opening
time of the gates. Several cross-sections on the
two rivers and the reservoir are considered here
(Figure 11) to gain an insight into the flow field
and the evolution of the density current. Figure 12
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shows the total velocity contour and its three
components at section 1 on day 11. Two main
channels with roughly equal depths are observed
in this section. Maximum velocities of about 1.9
m/s occur at the sides, which is counter-intuitive.
The w component of the velocity field is very
small. The flow is more directed to the right side
(when facing downstream) of the island and the
maximum velocity occurs at the right side. Figure
13 shows the velocity contours at sections 7 and 9
on day 11. Section 7 is inside the reservoir, and
water depth exceeds 40m in this section. The flow
velocity is considerably decreased in this section
and the main channel flow is diminished. Maximum velocity is less than 0.03 m/s close to the left
side. Section 9 is just behind the dam, in which
the maximum water depth is about 70m. The maximum velocity is observed around the center,
which is due to the sluice gates. Figure 14 shows
the velocity contours at sections 10 and 12 on the
Shahrood River section. The maximum water velocity in section 10 occurs in the center, and
another local maximum is observed on the right
side. The maximum velocity in section 12 is about
0.44 m/s and is located around the center. Therefore, the flow in the Shahrood branch is roughly
symmetric, unlike the Ghezel-Ozan branch. This
leads to more mixing of the density current before
reaching the dam than the Ghezel-Ozan flow, and
therefore opening the gates is less effective for
this branch.

Figure 12. From top to bottom respectively, total velocity, u
component, v component and w component of the velocity
field on day 11 of simulation.

Figure 13. Velocity profile at sections 7 (top) and 9 (bottom)
on day 11 of simulation.
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Figure 14. Velocity profile at sections 10 (up) and 12
(down) on day 11 of simulation.

7 CONCLUSION
In this case study, the maximum velocity of the
density current is about 2 m/s at the Gazal-Ozan
River inflow to the reservoir, but it decreases to
about 0.3 m/s when the density current reaches the
dam. Maximum velocity is observed at the center
of the channel but at some places it is close to the
lateral boundaries due to topographic forms. The
vertical velocity component is small (less than
0.02 m/s).
The numerical results show good accuracy in
simulating the evolution of the density current in
the reservoir. Therefore, the model can be reliably
used in simulations of flow, sediment transport,
and the travel time of the density current in reservoirs, which is needed for the optimal opening and
closing of gates for the evacuation of sediments.
Another application of such simulations is to determine the operation time of power plants according to the allowed concentration of sediment.
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Influence of pumped storage operation on flow conditions near
intake/outlet structures: in situ measurement using ADCP
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ABSTRACT: In the framework of a research project studying the influences of pumping/turbine modes
on turbulence, flow fields and suspended sediments in reservoirs, prototype measurements are carried out
at the Grimsel II pumped storage plant (Switzerland). In situ recordings comprise flow and velocity patterns in the lower reservoir. For the measurement of flow velocities, Acoustic Doppler Current Profiler
(ADCP) devices have been fixed on the reservoir bottom in front of the intake/outlet structure. The temporal evolution of three-dimensional velocity profiles in front of the intake is compared to the operation
data provided by the hydropower producer. Flow fields corresponding to the expected main direction of
the in- and out-flowing jet are observed during both pumping and generating activity. Periods, where their
orientation and the expected main direction of the jet do not correspond clearly are studied in more detail,
splitting up data series in characteristic sequences and applying frequency analysis. Such signal
processing reveals the correlation between the velocity profiles in front of the intake/outlet and the change
between pumping and turbine mode.
Keywords: Pumped storage hydropower plant, Reservoir sedimentation, Turbulence, Flow and velocity
patterns in reservoirs, Acoustic Doppler Current Profilers
However, the direct link between sedimentation
problems and the more recent pumped storage hydropower projects remains poorly treated. Due to
pumped storage operations suspended sediments
are transferred from one reservoir of the system to
the other. As the pumped storage activity is growing, flow conditions in the reservoir are alternating from one state to another during relatively
short laps of time.
What are the effects of such changes between
pumping and generating mode on the turbulence
in the reservoirs and consequently the sedimentation process by fine sediments? How do discharge
and duration of pumped storage operations affect
the sedimentation processes in a reservoir? Are
there conceptual solutions during the operation
time of a pumped storage plant which allow using
the alternating pumping and generating activities
to positively influence the reservoir sustainability?
These are some of the questions which are to
be examined in physical and numerical modeling
in the framework of the Ph.D. thesis. As the HydroNet project focuses on prototype monitoring

1 INTRODUCTION
Modern power plants are expected to operate at
variable speed in a wide range of output power
with improved efficiency, flexibility and safety.
Therefore, the pumped storage power generation
has gained in importance since it allows storing
and generating electricity to supply high peak demands by moving water back and forth between
reservoirs at different elevations.
In the context of a project consortium called
HydroNet – Modern Methodologies for Design,
Manufacturing and Operation of pumped storage
power plants aiming to converge towards a consistent standardized methodology for design,
manufacturing, operation, monitoring and control
of pumped storage power plants, a research
project consists in the description and the control
of sedimentation issues in the reservoirs of such
hydropower schemes.
Reservoir sedimentation and the main measurements against reservoir sedimentation are well
described (Morris et al., 2008, Nicklow, 2000, De
Cesare et al., 2005, Morris, 1996, Oehy, 2002).
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and control, fundamental research is completed
with in situ measurements.
Such prototype data collection was carried out
in autumn 2008 on the occasion of two field campaigns. With the objective of investigating flow
conditions near an intake/outlet structure of a
pumped storage plant, Acoustic Doppler Profilers
were placed on the reservoir bottom, recording
flow velocities over a period of three weeks. After
data extraction, three-dimensional velocity profiles are established, their temporal evolution is
compared to the pumped storage operation data
provided by the power producer, and correlation
between the flow fields in front of the intake/outlet structure and the pumped storage activity is studied.
The present paper covers the main characteristics of the study site and the measuring device and
discusses the results of these first in situ recordings.

The underground powerhouse of this pumped storage plant exploits water of the upper reservoir
Lake Oberaar (2303 m a.s.l.) and the lower reservoir Lake Grimsel (1909 m a.s.l.), where the
present study of flow conditions near intake and
outlet structure has been carried out. Lake Grimsel, impounded by the Spittellamm arch dam and
the Seeuferegg gravity dam, is characterized by a
surface of 2.72 km2, a gross storage volume of
95 × 106 m3 and a maximum depth of 100 m.
The major driving forces for sediment movement in narrow and rather steep alpine reservoirs
such as Lake Grimsel are turbidity currents (Fan
& Morris, 1992, De Cesare et al., 2001, Schleiss
& Oehy, 2002). This mechanism, mainly occurring during flood events and transporting large
amounts of suspended sediments to the deepest
zones of the reservoir near the dam, has been investigated and applied to the lower reservoir of
Grimsel II power plant by Oehy (2002).
The Lake Grimsel intake/outlet is characterized
by a shape similar to a morning glory spillway
embedded in a recess of the lake topography with
its foundation platform situated at a level of
1942 m a.s.l. The lateral open cylinder has an effective height of 6.25 m and a diameter of
21.70 m and is equipped with ten guiding walls
which are supposed to distribute the out-flowing
discharge equally on the ten side openings of the
tulip (Figure 2).

2 METHODS AND ANALYSIS
2.1 Prototype characteristics
In collaboration with the Swiss power producer
Kraftwerke Oberhasli AG (KWO) prototype data
recording and monitoring is carried out at the
Grimsel II pumped storage plant, situated in the
Central Alps of Switzerland downstream of the
two glaciers of Ober- and Unteraar and upstream
of Lake Brienz (Figure 1).

Figure 2. Grimsel II intake/outlet structure in Lake Grimsel;
schematic plan view (left) and cross section (right)

The connection to the Grimsel II powerhouse is
assured by a pressure conduit of 7.50 m in diameter which, during generating activity, ejects discharges up to 100 m3/s through the cylinder and
into Lake Grimsel. During pumping mode, a maximum discharge of 80 m3/s is ingested by the intake structure and led to the four pumped storage
units of Grimsel II.

N
Inlet/Outlet
Grimsel 2
power plant

Lower reservoir:
Lake Grimsel
Pressurized
shaft
Upper reservoir:
Lake Oberaar

1 km

Figure 1. Location map and situation of the pumped storage
scheme Grimsel II, Switzerland
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2.2 Data collection
2.2.1 Acoustic Doppler Current Profilers

Measurements September 2008

Intake/Outlet

3D flow velocity data was collected by using three
300 kHz Acoustic Doppler Current Profilers
(ADCPs). The three Teledyne RDI units were
frame-mounted and placed on the bottom of the
Grimsel reservoir. In early autumn 2008, the
ADCP data were recorded for 5 days from September 15th to 20th. In November 2008, sampling
went on for two more weeks from November 6th
to 20th.
The RDI profilers covered the whole water
column and operated with 85 1-meter size bins
and recorded mean currents every 5 minutes. The
mooring of the device on the bottom and the blind
zone of the instrument place the first bin at about
5.0 m above the lake bottom. Since acoustic backscattering at the free surface strongly disturbs current data for the bins near the surface, the last bins
were omitted. Consequently, current profiles from
5.0 m up to 80 m above the lake bottom (depending on the reservoir level) were recorded. Horizontal velocity resolution is better than 0.12 m/s in
this configuration.

N
2nd measurements November 2008
1st measurements November 2008

Figure 3. Lake Grimsel bathymetry and positions of the
Acoustic Doppler Current Profilers for the three measurement campaigns

This NE-ESE sector of the plain suits best for the
velocity sampling since it guarantees a stable position of the frame-mounted ADCP and limits the
risk of losing important velocity data within the
blind zone of the instrument.
The September 2008 measurement axis is thus
orientated in ENE direction and situated in the flat
part of the reservoir bottom. Concurrently, this
alignment corresponds to the principal geographical orientation of Lake Grimsel. According to the
results of this sampling period, two additional
measurement axes have been determined, the first
one almost exactly in N-S, the other one in ESEdirection. Apart from revealing influences of reservoir bathymetry and pumped storage operation
on flow conditions near the intake/outlet, this
measurement configuration could allow detecting
eventual internal longitudinal or transversal
movement of the entire lake (internal seiches).
Such large scale dynamics have been investigated
by Stevens & Lawrence (1997) for several reservoirs in Canada, as well as by Bouffard (2008)
and Lemmin (2005) for Lake Geneva and could
also occur in Lake Grimsel. Whether these oscillations are affected by the pumped storage operation
remains to be studied.
The correct position of the ADCPs was determined by GPS from a small vessel and controlled
measuring the water depth at the lowering point
by manual echo sounder. When the profiler reaches the reservoir bottom, a system of a two plane
articulation allows orientating the measuring device in an exact upward-looking position. The two
angles related to vertical and horizontal positions
are recorded by the instrument, in order to know
at what moment the measuring device stabilizes.
Constant values of these two angular parameters
indicate the beginning of a reliable recording period.

2.2.2 Profiler position
The location of the ADCP near the intake/outlet
structure takes into account implementation criteria for the RDI units. Minimal distance of 25 m
from the intake/outlet structure and 5 m below the
horizontal intake axis limits interference between
the emitted beam and the concrete civil engineering works. Sidelobe interference between the instruments can be limited by respecting a distance
of 50 m between two profilers.
Furthermore, the alignment of the three ADCPs
is based on the intake/outlet geometry. It is assumed that at the ten outlet sectors shown in Figure 2 the main direction of the out-flowing jet corresponds to the axis of these sectors. Hence,
measurement axes are orientated in this same direction as the axes of intake/outlet sectors.
However, Lake Grimsel bathymetry is the main
parameter governing the implementation position
of the measuring devices. To the West, the structure is surrounded by relatively steep rock slopes
and to the East, in the direction of Spittellamm
dam, the reservoir bottom is flat and situated almost 10 m below the intake level (Figure 3).
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2.3 Data analysis

Discharge[m3/s]
100.0

During the entire measuring periods, KWO provided relevant data related to the Grimsel II plant,
namely pumped storage discharge and the level of
Lake Grimsel. Comparing the reservoir level to
the pressure measurement given by the ADCPs, a
second control of depth at the lowering point was
possible and correct positioning of the instruments
could be confirmed.
Water temperature is measured and registered
by the ADCP and provides additional information
about the conditions on the lake bottom near the
intake/outlet structure and about the temperature
difference between the two reservoirs. Generally,
in winter, the reservoirs are covered by ice and inversely stratified, with increasing temperature
from 0 °C at the surface to 2.5 °C at the bottom. In
summer, both reservoirs are ice-free and thermally
normally stratified, with surface temperatures
reaching 10 °C. In the upper reservoir, the thermocline is located at 15 m depth and bottom temperature is about 4 °C. In Lake Grimsel, no well
defined thermocline is measured and bottom temperature reaches some 5 °C (Bonalumi, 2009).
These observations are confirmed by the ADCP
recordings which do not reveal temperature differences due to pumped storage operation at the
intake/outlet depth.
For the reliable recording period, each RDI unit
provides North and East velocity components of
the flow on every meter of the water column. In a
first step, data points with either velocity values
smaller than the measurement error or no reasonable record (indicated by the ADCP setting the velocity to a very high specific value) are set to zero.
This process leads to gaps in the velocity time series at correspondent water depths and to abrupt
unreasonable changes between reliable velocity
value and zero within the given time step of
5 minutes. Therefore, the velocity has been averaged over five time steps at every position, allowing smoothing the series without losing information about the dynamics of the movements in the
Lake.
During the first field campaign in September
2008, reliable data is available for a period of
three and a half weekdays, from September 16th to
19th (midday). As shown in figure 4a, this measuring term is characterized by three main generating
sequences, with only marginal pumping activity at
night.
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Figure 4. Pumped storage operation data of Grimsel II plant
during the velocity sampling periods in a) September 2008,
b) and c) November 2008

When extracting data from the RDI units after
the second measurement campaign, one instrument turned out to have suffered from a short circuit probably when lowered onto the reservoir
bottom. Consequently, results from only two
ADCPs are available for the period in November 2008. This time, the instruments remained in
the lake during 15 days, resulting in velocity profiles for periods of six (1st measurement axis) and
eight days (2nd measurement axis, Figure 3). As
shown in Figures 4b and 4c, data has been gathered not only for weekly pumped storage operation with main generating sequences interrupted
by short terms of pumping activity, but also during weekends when water is pumped back into the
upper reservoir during several hours of the day.
Consequently, the two campaigns allowed recording flow velocities related to short term se1142

quences, with generating mode during the day,
and pumping activity at night, as well as midterm
sequences consisting of successive upper reservoir
drawdown along the week and pumping activity
during weekends.

Altitude [m a.s.l.]

a)

1900

1880

3 RESULTS AND DISCUSSION

1860

3.1 3D velocity fields in front of intake and outlet
1840

After data extraction and treatment, time dependent, three-dimensional velocity profiles are generated in the reservoir with the objective to obtain
information about flow conditions in front of the
intake/outlet structure. The visualization by a
movie allows comparing the temporal evolution of
the velocity profiles to the pumped storage operation data provided by the power producer in order
to detect whether the orientation of the flow field
could be linked to the expected main direction of
the in- or out-flowing water masses.
Characteristic velocity profiles, averaged over
five time steps, observed while the power plant
operates in generating mode are shown in Figures 5a to 5c, for the three different measurement
axes. In the plain to the East of the outlet, the velocity vectors are leading away from the outlet in
a radial direction, which corresponds to the expected orientation of the jet (5a and 5c). In contrast, the velocity profiles recorded to the North
and South of the outlet do not point away from the
structure but are directed eastwards again towards
the flat reservoir bottom (5b). This redirection of
the out-flowing jet is probably due to the lake topography with its steep slopes to the West of the
outlet which do not allow a uniform circular flow
distribution around the structure.
Apart from the orientation of velocity vectors,
some general properties of the profiles can be
pointed out which are observed for either measurement axes. Each profile can be divided in four
zones on the water column.
From the reservoir bottom up to the top of the
intake/outlet structure only small or even no velocities have been registered. Thus, the bottom
layer of the lake seems not to be influenced by the
pumped storage activity due to its position on a
small platform situated about 10 m above the reservoir bottom.
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Figure 5. Velocity profiles during generating mode (outflowing jet) in front of the Grimsel II intake/outlet structure;
a) September 2008, b) 1st measurements in November 2008,
c) 2nd measurements in November 2008
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The main velocity field induced by the generating
activity of Grimsel II plant has a height of 5 to
10 m and is not situated on the level of the horizontal axis of the outlet, but slightly above. When
being ejected from the pressure conduit into the
cylinder, the jet has an important vertical velocity
component which could lead to this vertical shift
of the velocity profile.
In the central part of the lake, as for the bottom
layer, no velocities were recorded by the instruments. Apparently, no horizontal movement is occurring in this zone of the reservoir.
The water masses close to the lake surface
present small velocities often pointing in opposite
direction of the velocity vectors in the jet zone,
indicating a circulation of the lake. Nevertheless,
as surface velocities are strongly affected by wind,
it cannot be assumed that only the leaving the outlet jet is provoking a big circulation cell in the entire lake.

they seem presenting mainly random directions or
the same orientation as during generating mode.
3.2 Statistical signal processing
Flow fields corresponding to the expected main
direction of the in- and out-flowing jet are observed during both pumping and generating activity. However, there are periods where the orientation of the velocity vectors and the expected main
direction of the jet do not correspond clearly. Especially right after changes from one operation
mode to the other, velocity profiles keep their initial orientation during a certain time before redirecting according to pumping or generating mode.
Furthermore, water masses are in movement even
though there is no pumped storage activity. At
first view, no preferential orientation of the flow
direction can be observed in these periods.
In order to determine whether the recorded velocities are directly correlated to the pumped storage activity, power spectra of the data series and
the discharge data have been compared. This approach, based on the Fast Fourier Transform
(FFT) method, is often used in signal processing
and allows finding the main frequencies of a data
series (Lyons 2004).
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Figure 6. Velocity profiles during pumping mode (inflowing
discharge) in front of the Grimsel II intake/outlet structure;
September 2008 measurement axis
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Figure 7. Power spectra of East velocity component and discharge data, 1st measurement November 2008, profiler 1 (to
the north of the intake/outlet, Figure 3)

Figure 6 shows the flow field in front of the intake measured during a pumping sequence in September 2008. The velocity vectors are this time directed towards the intake structure, again
orientated quite precisely in the axis of one of the
ten intake sectors. Except for the orientation, the
profile characteristics are similar to what has been
observed in generating mode. The main field covers between 5 and 10 m of the water column and
is situated slightly above the level of the intake.
Again, neither the zone close to the reservoir bottom nor the central layer present measurable velocities, they remain stable and are not affected by
the pumping activity. Surface velocities cannot be
linked to the direction of inflowing discharge,

Figure 7 reveals that the main frequencies of
the two signals (peaks) are close to each other and
therefore foreshadow a direct link between the
recorded velocities and the pumped storage discharge.
In order to get better information about correlation between velocity and discharge, raw ADCP
data is used for the establishment of power spectra. Velocity has thus been split into its two components (North and East) and signal processing
reveals that East velocity shows equal main frequency as discharge data while North velocity
cannot be linked to the pumped storage activity.
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3.3 Outlook

4 REFERENCES

The processes induced by pumped storage activity
in Lake Grimsel are to be studied in more detail in
order to confirm the observations presented in this
paper and to understand the ongoing flow phenomena more in detail.
Especially the influence of bathymetrical conditions have to be analyzed since the Grimsel II
intake/outlet structure is embedded in a very complex topography which influences directly on the
flow conditions and the redirection of the outflowing jet. The importance of such topographical
effects on flow distribution near intake/outlet
structures has been revealed by earlier field investigations using ADCP, for example in the reservoirs of the Okumino hydropower plant (Goto &
Tsuchiyama, 1998). A numerical model of Lake
Grimsel will therefore be set up containing the
Grimsel II intake/outlet structure, but also all other hydraulic works which are supposed to interact
with the flow fields in the lake. ANSYS CFX 12,
a CFD package including a solver based on finite
volume method and pre- and post processing
tools, will then be used for the calculation of flow
fields.
Surface velocity profiles will be compared to
wind data provided by KWO and the Swiss Federal Office of Meteorology and Climatology in
order to evaluate the origin of circulation cells in
Lake Grimsel and eventually link them to the
pumped storage operations.
Additional signal processing is carried out in
order to detect or reject correlations between the
flow velocities and the in- and out-flowing jet.
Further research includes physical modeling of
the influence of turbulence induced by pumped
storage activity on the suspended sediments in a
simple reservoir geometry.
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ABSTRACT: Sedimentary deposits in reservoir lakes record the sediment transport capacity of the upstream river and past water levels of the downstream basin. Volumes and morphologies of deltas can be
used to calculate flow and sediment dynamics. We constructed circular basins to which we fed constant
flow discharge over a feeder channel of gravelly sand with different ratios of added silica flour. During
water level rise, the fan radius decreased over time. During water level fall, after dam removal, the deltas
were partially destroyed. Surprisingly, for low discharges the channel markedly destroyed the deposit
through transverse movements of the initial channel whereas for higher discharges the terraces were preserved for a longer time. Our results indicate that dam removal at wide lakes may lead to an unexpected
inverse relation between discharge and erosion of the deposit, which has consequences for the subsequent
sediment pulse magnitude. Point-modelling of sediment transport capacity yielded volumes in good
agreement with observed volumes, proving that the time scale of activity can be inferred from feeder
channel dimensions and delta volume. Our results suggest that these parameters can yield consistent reconstruction of formative time scale also on Mars, which has consequences for interpretation of ancient
climate.
Keywords: Dam failures, Sediment transport, Deltas
1 INTRODUCTION

Our objectives are twofold. Firstly, to understand the morphodynamics and formative time
scale of deposits in a lake while the lake fills with
water, so that we can predict past hydrology in
cases on Mars where this is unknown. Secondly,
to understand the morphodynamics and erosive
time scale of these deposits while the basin empties following dam removal or basin rim breaching, so that we can predict the fate of the deposit
following dam removal on Earth and again so that
we can interpret past hydrology from the morphology of Martian deltas.
As the sediment accumulates in the reservoir,
the reservoir loses its potential to store water
(McCully 1996; Cantelli et al. 2004). Trap efficiency of reservoirs depends on the ratio between
storage capacity and inflow, the reservoir age and
shape, the types and number of outlets, and the
properties of the sediment (Brune 1953). When
large amounts of catastrophic discharge are released, the sediment trap efficiency may go down
with 30% as more sediment, especially fines, is
washed out of the reservoir (Brune 1953). If the
reservoir traps less sediment, a smaller delta depo-

Sediment is deposited where rivers enter plains or
lakes. For plains and lakes much wider than the
river, these deposits are fan-shaped because discharge spreads out as un-channelized sheet flow
or channels avulse over the plain (Bull 1968; Blair
and McPherson 1994; Leeder 1999; Parker 1999).
We study delta formation and destruction and apply it to two completely different contexts: in crater lake sedimentation on Mars and in delta sedimentation and erosion in reservoirs following dam
removal on Earth.
Deltas are found all over the Earth in various
different environments, including in wide hydropower reservoirs. Deltas are also found all over
Mars, usually in impact craters, indicating that
these must have been lakes. Some crater rims
were breached, causing water to flow out of the
lake. If water level remained constant then a delta
built out analogous to reservoir sedimentation. If
the water level fell then the delta eroded analogous to those found in wide reservoirs on Earth
upon dam removal.
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that is delivered to the downstream system will be
coarse-grained.
Thus, for prediction of reservoir lifetime it is
important to understand how the deltaic sedimentary deposits are formed yet for environmental
impact it is important to understand how the deposits are modified upon dam removal. The formation of delta deposits and their subsequent
modification are not mirror image processes deposition of the delta fills the entire accommodation space whereas erosion of the delta takes place
through a river channel that cuts deeply into the
delta and leaves terraces that require time to be
removed (Cantelli et al. 2004). To know this timescale of erosion, as well as the subsequent location of the eroded sediment, is of importance for
estimating sediment overfeeding to the downstream channel. Though narrow delta deposits
(e.g. cases where the feeder channel is almost as
wide as the deposit – also described as line feeder
systems (Postma 1990)) have been studied experimentally, little is known about sediment terrace erosion in the case of wide delta deposits
(e.g. cases where the feeder channel is much narrower than the resulting deposit – also described
as point feeder systems (Postma 1990)).
By investigating the geomorphology of fanshaped landforms (both on Earth and on Mars)
one can deduce important features indicative of
upstream (e.g. discharge, duration and sediment
properties) and downstream (e.g. basin hypsometry) conditions at the time of formation. Furthermore, from studies of this nature, scientists can
predict how rivers may react to various conditions
in real life.

sit may therefore be formed. Using measured delta
volume, sediment transport predictors and the
properties of the upstream feeder channel, we can
obtain a first-order estimate of the length of time
required to form such a sedimentary body (Kleinhans 2005a) and hence we can speculate about the
type of climate that might have been present at the
time of formation. This is relevant for Mars where
we can measure the delta volume but would like
to infer the amount of discharge and the implications for past climate.
On Earth, in cases of dam removal, both formative discharge and volume of the deposit is
known, but sediment delivery is not well understood, especially not in the cases of wide reservoirs (Cantelli et al. 2004). The deposit provides a
large source of sediment to the downstream river
upon basin rim breach or dam removal. Hence,
not only is it important to understand how much
sediment is trapped in the reservoir, but also what
the nature of this sedimentary deposit is. Fine
sediments such as silt and clay can be a problem
for ecosystems as it may cover vegetation, kill
fish species or raise water levels (Doyle et al.
2002). It might also affect local downstream structures such as bridge foundations or irrigation
channels. Not many experiments with fines (silt
and clay particles less than 0.075 mm in diameter)
in the sediment feed have been done (Cantelli et
al. 2004), hence our experiments also shed light
on the grain size distributions and profiles for rivers that may contain significant percentages of
fine material. The longitudinal profile of a reservoir delta is characterised by a coarse-grained topset and fine-grained bottomset (Leeder 1999;
Cantelli et al. 2004). The coarser, heavier sediments, such as gravel and sand, tend to settle out
at the upper end of the reservoir, forming a
"backwater" delta which gradually advances toward the dam. The lighter sediments, the silt and
clay, tend to be deposited nearer to the dam
(McCully 1996). This longitudinal grain size profile is typical in the formation of deltas on Earth
and could be also for those formed on Mars, if the
grain size distribution is bimodal at least. In systems with many narrow feeder channels (line
feeders as defined by Postma 1990), this simple
upward fining sequence is often displayed, but in
systems with a single wide feeder channel (point
feeders as defined by Postma 1990), the fining
upwards cycle repeats and also intersects laterally
as the channel on the surface of the fan migrates
and avulses (Kleinhans 2005b). Either way, since
the coarse grains are located within the delta topset and foreset, and it is particularly the topset and
foreset that is eroded by the down-cutting channel,
we hypothesise that the majority of the sediment

2 METHODS
The experiments were performed in the Eurotank
facility at Utrecht University. The Eurotank is a
6.3x11.4x1.2 m flume that can be filled with any
type of sediment. Water flow to the tank is regulated with a series of calibrated valves and pumps
and sediment supply (when used) is controlled
with a worm screw sediment feeder. Sediment
was only added to the system in two experiments;
usually the channel was left to erode itself. This
was done because we do not know what the sediment availability on Mars was like. It is possible
that there was not a large supply of sediment
available in the upstream channel and that the
channel had to excavate its own supply. We constructed a circular basin with a fixed diameter of
two meters, (similar in shape to that of a complex
impact crater) that has a feeder channel leading into the basin and that could be breached at any
point to let the water out of the basin (Figure 1).
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Into these basins we fed constant flow discharge
over a feed channel of gravelly sand with different
ratios of bed load versus suspended load forced by
addition of silica flour.

Table
1. Experimental conditions and variables.
______________________________________________
Silica
Run
Discharge (Q) Grain Size (D50)
3
/s)
(mm)
(%)
(m
______________________________________________
A
0.07
0.475
0
B
0.21
0.475
0
C
0.35
0.475
0
D
0.35
0.450
0
E
0.07
0.450
0
F
0.35
0.225
0
G
0.07
0.225
0
H
0.07
0.400
0
I
0.35
0.400
0
J
1.08
0.450
0
K
0.35
0.450
20
L
0.07
0.450
20
M
0.35
0.450
40
N
0.35
0.450
40
_____________________________________________

Figure 1. Experimental set-up in the Eurotank Flume.

Most of the experiments were done with no addition of fines (0% silica), but only river sand or
beach sand. The unsieved river sand can be classified as very coarse or even gravelly due to the
presence of grains with larger than 4.75 mm diameters, even though the average grain diameter
is only 0.475 mm. The sieved river sand (both
with D50 = 0.450 mm and D50 = 0.400 mm) can by
classified as coarse sand and medium sand respectively due to the presence of grains with larger
than 2 mm diameters in the first and their absence
in the second. The beach sand with an average
grain diameter of 0.225 mm can be classified as
fine sand. Some experiments were thus done with
poorly sorted, bimodal river sand (D50 =
0.475 mm); some with slightly better sorted, yet
still bimodal river sand (D50 = 0.450 mm); some
with much better sorted, almost unimodal river
sand (D50 = 0.400 mm); and some with well
sorted, unimodal beach sand (D50 = 0.225 mm).
The sorting in the river sand was improved by
dry-sieving with different sieves. Further experiments were done with a 20% or 40% volumetric
concentration of silica flour mixed into the bimodal river sand(original D50 = 0.450 mm, new
D50 is not measured, but should be considerably
less). We did not experiment with volumetric ratios of silica flour higher than 40% because
Kleinhans et al. (this volume) found that above
40% silica flour the sediment either hardened
completely or entirely fluidized, as expected from
the decrease in porosity due to infilling of silica
flour into the pore spaces of the sand.
Morphology before, during and after each experiment was measured by photogrammetry on an
automated positioning system, designed to make
high-resolution scans (0.5 mm). DEMs were created from stereo pairs using the dedicated software SANDPHOX and analysed in MATLAB.
We created fourteen deltaic deposits in the
flume laboratory, all of which were formed as the

Each experimental run was performed in two
stages (Figure 2). During the first stage, the basin
was allowed to fill with water from an upstream
feeder channel (basin water level rise). During the
second stage, the basin was breached so that some
water was lost to the surrounding areas (basin water level fall, or constant in exceptional cases).

Figure 2. Schematic drawing of the two stages in each experimental run. Basin is constructed in the shape of a complex impact crater with diameter D (2 m) and depth d.

Between the two stages, the experiment was
paused, the water drained and the deposit measured and photographed. In order to continue with
the second stage as if no interruption took place,
the crater lake was again filled with water (with
use of an external hose pipe) after which flow in
the original channel was recommenced.
Important parameters such as water discharge
and sediment grain size were varied systematically (Table 1). These variations were responsible
for further small morphological differences in the
deltaic deposits. However, during the experiments
discharge was kept constant. Furthermore, we also
varied the degree of sorting through removing the
course tail as well as the volume percentage of
fine material (silica flour) in the upstream feeder
channel and in the downstream basin rim in order
to experiment with bank strength.
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basin filled with water (Table 1). Once full, the
basin was breached by manually removing the
crater wall (similar to dam removal) and in all
cases the sedimentary deposit was at least somewhat destroyed by the incising stream. Incision
into the deltaic deposit was more intense with
higher discharges, leaving large terraces in the basin.
Sediment transport rates and volumes were calculated for all experiments with the use of sediment transport predictors (overview in Kleinhans
2005a). We assumed that Froude number is close
to unity ( Fr ≈ 0.9 ) based on occasional observations of localised non-moving antidunes and we
calculate the depth of the stream from the measured discharge and width. We also measured the
channel slopes. By using a poorly sorted mixture,
including coarse sand and fine gravel, the flow
remained hydraulically rough or at least transitional, so that scour holes and tendency to form
ripples were prevented (Kleinhans et al., this volume). Flow was transitional to turbulent in all experiments. To calculate velocity, the Chézy law
was used:
u = C RS

3 RESULTS
3.1 Phases of Development
Two stages of system development were created.
First, the crater was allowed to fill with a constant
discharge delivered through the upstream channel.
This resulted in a rising water level. At the same
time, sediment deposited as a delta, where the rising water level caused back-stepping of the delta
deposit (Fig. 3 top). We found that all basin deposits exhibit a decreasing fan radius over time
during water level rise as transport capacity of the
feeder channel decreased with decreasing gradient.
Second, the experiment was continued after
measurements and refilling by creating a breach in
the crater wall and allowing the water to escape
from the basin whilst maintaining upstream flow
discharge. In most cases, the crater rim eroded in
a short time period and the water level dropped
rapidly. This resulted in a lowering water level
which caused incision on the delta deposit. Deep
incisions occurred on the fan surface and terraces
were formed as the channel cut down rapidly into
the deposit (Fig. 3 bottom).
Our results showed firstly that different types
of deltas emerge as the result of the rising or falling of the base water level, which agrees well
with the fact that it has been often stated that water level in the receiving basin is an important parameter in the study of fan architecture (e.g.
Leeder 1999). The mere differences between rising, constant and falling water levels are responsible for large morphological differences and can be
used to classify different types of deltas. Stepped
deltas (with multiple steep foresets) and Gilberttype deltas (with single steep foresets) are thus
created when the water level is rising (transgression) or falling (regression), respectively.
Formation of incisions and terraces on the fan
surface can only be avoided if the water level is
kept constant for some time, i.e. the water leaves
the basin at the same rate that it enters, whilst
maintaining some ponding water in the basin. This
was never the case in our experiments because the
crater rim was easily erodible and continued to
erode much faster than expected, even when cohesive materials such as silica flour were added to
the gravelly river sand. Had the rim not been
eroded, a Gilbert delta would have formed under
constant water level. We demonstrated this in a
different setup, not further reported here, wherein
the water level was kept constant for a certain period, resulting in a Gilbert-type delta.

(1)

where u = flow velocity (m/s), C = Chézy roughness coefficient (m0.5/s), R = hydraulic radius (m),
calculated as Wh/(2h+W) where h = water depth
and W = channel width, and S = channel gradient.
Colebrook-White was used to calculate hydraulic
roughness:
⎛ 12 R ⎞
⎟⎟
C = 18 log⎜⎜
⎝ ks ⎠

(2)

where ks = Nikuradse roughness length (m). The
ks can be calibrated (ranging from ks = D90 to ks =
7D90). We used Meyer-Peter and Müller (1948)
for bed load transport predictions:

ϕ b = α (θ '−θ c )β

(3)

where φ = non-dimensional transport rate, α = 8,
θ’ = Shields number assuming skin friction following Van Rijn (1984) and β = 1.5. The values
for α and β are non-dimensional calibration coefficients and were derived from flume experiments
with well-sorted gravel, however, these values can
be modified to optimise the transport prediction.
We assumed a perfect trapping of sediment in
the basin and we used the Exner equation for the
sediment mass balance. The volumes of all deposits were measured from DEMs (if possible) and
compared to the values predicted by bed load
sediment transport predictors.
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3.2 Effect of discharge

delta is eroded, but in the high discharge case,
much of the original deposit is preserved in the
form of terraces.

During the ponding event (water level rise), high
discharges showed much less channelization on
the delta surface than low discharges. This was
possibly due to the tendency for a wide sheet flow
to dominate in these cases, and resulted in a more
evenly distributed stepped-sheets delta with
smooth edges. Low discharge experiments clearly
showed channelization on the delta surface and
resulted in a more erratic, lobate stacking due to
nodal avulsion (Figure 3). The profiles of these
deposits also clearly show their stepped nature.

Figure 4. Numerous small incisions on the delta within the
crater basin, with hardly any visible terraces. Flow is from
top right to bottom left. D50 was 0.4 mm and discharge was
0.07 m3/s. Flow direction indicated by white arrow, crater
rim outlined with white dotted line.

Figure 3. Top: Shaded DEMs of the circular crater-shaped
lakes (diameter 2 m) with deltas. Flow is from the bottom
(breach was manually created after the flow event). Left
panel: low discharge (0.07 m3/s); right panel: high discharge
(0.35 m3/s). Bottom: Profiles of the respective deltas (location of profile shown by white dashed lines in DEM). Flow
is from left to right. Upper profile is of the delta in the left
panel above, lower profile is of the delta in the right panel
above.

Figure 5. In contrast to Figure 4, large incised channel on
the delta within the crater basin, with clearly visible terraces
on each side of incised channel. Flow is from top left to bottom right. D50 was 0.4 mm and discharge was 0.35 m3/s.
Flow direction indicated by white arrow, crater rim outlined
with white dotted line.

During the breaching event (downstream water
level fall), it seemed that the higher discharges
created deeper incisions into the deltaic deposit.
This could be due to higher transport capacity, allowing more change in a short period, and due to
the higher momentum which did not allow much
transverse movement. Incision occurs regardless
of discharge amount; however we do observe
morphological differences in the incisions based
on the amount of discharge. Figure 4 shows the
formation of a prograding delta under low discharge conditions, and Figure 5 shows the formation of a prograding delta under high discharge
conditions. Both deltas were formed with relatively well-sorted, course-grained sediment with
D50 of 0.4 mm. In both cases the original stepped

Based on our observations, lateral variability due
to channel avulsion is crucial in the development
of a wide-basin delta after dam removal, especially during low discharge events.
3.3 Effect of particle size
In both the ponding and the breaching events,
coarser grain sizes resulted in a more lobate delta
shape and exhibited less developed steps. Finer
grained experiments showed better developed
steps due to the higher mobility of the sediment,
but the overall shape is less lobate (Figure 6).
Profiles of these deposits also clearly show their
back-stepping morphology.
1151

8 shows the thin draping of fine sediment that is
found throughout the basin after evaporation. If
released instantaneously, these fines could potentially be a problem for downstream ecologies.
However, the experiments show that most of the
fine material is not removed from the basin at the
time of incision due to the relatively fixed location
of the incising channel. Figure 8 also shows partial erosion of the fine material and indicates that
the fines were not completely flushed downstream
but most of the fine material was left in the basin
and was only slowly released back into the downstream environment with time. In both figures,
flow direction is indicated by the white arrow and
the crater rim outlined with a white dotted line.

Figure 6. Top: Shaded DEMs of the circular crater-shaped
lakes (diameter 2 m) with deltas. Flow is from the bottom
(breach was manually created after the flow event). Left
panel: small particle size (0.225 mm); right panel: large particle size (0.45 mm). Bottom: Profiles of the respective deltas (location of profile shown by white dashed lines in
DEM). Flow is from left to right. Upper profile is of the
delta in the left panel above, lower profile is of the delta in
the right panel above.

Deltas formed with a clear sorting pattern in the
poorly sorted sediments. The topset was coarse
and often armoured. The foreset was locally fining-upward but varied strongly spatially as each
lobe and avulsion formed its own foreset. The toeset, overrun by the delta to form a bottom set,
consisted of very fine sand to silt (when a significant amount of fine material was supplied to the
system). Upon manual crater rim breaching most
of the erosion took place in the relatively coarse
topset and foreset whilst the fine bottomset was
commonly largely preserved.

Figure 7. Thin layer of fine sediment draped over the deltaic
deposit in the crater lake basin. Note the distinct elongate
nature of the individual lobes, brought on by the increase in
channel cohesion. Flow from right to left, with low discharge, and 20 % volumetric percentage of silica flour
mixed with river sand.

3.4 Effect of silica flour
The river sand with silica flour eroded much
slower in the upstream feeder channel, yet it did
not have much impact in the erosion rate of the
downstream crater rim. Furthermore, little difference was observed in the erosion rates between
20% and 40% silica flour (in agreement with
Kleinhans et al., this volume).
In Figure 7 one can see the slightly more elongate nature of the individual lobes, as derived
from small channels on the delta surface. These
channels are more stable than those on the previous deposits due to the added silica flour. As expected, the whole deposit was covered in fine material from settling when the water in the crater
was left to evaporate rather than overflow. Figure

Figure 8. Thin layer of fine sediment draped over the deltaic
deposit in the crater lake basin after evaporation, partially
eroded by early channel incisions on the delta front. Flow
from right to left, with high discharge, and 40% volumetric
percentage of silica flour mixed with river sand.
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3.5 Sediment transport

4 DISCUSSION

From the transport rate predictors one can estimate the volume of the delta deposit. We assumed
bed load transport to be the major component.
Predicted delta volumes differ from measured volumes mostly within an order of magnitude. Sediment transport values were incorrectly predicted, possibly due to armouring in the feeder
channel or differences in the expected mobilities,
or also possibly due to discrepancies in the time of
formation.
Due to heavy armouring in run A (Table 1) and
due to under-predicted mobility in run F (Table
1), these values are outside the order of magnitude
boundaries. When α = 11 in equation (3) for sediment transport and ks = 7D90, the delta volumes
are best predicted; most lie within an order of
magnitude from the predicted value (Figure 9).
The outlier above the y = 10x line can be explained by the heavy armouring that occurred in
the channels in this experiments (A). Armouring
inhibits sedimentation as the system is starved of
sediment. The outlier below the y = 0.1x line can
be explained by the much higher mobility of the
sediment in reality in this experiment (F). We
found that mobility is less for the finer grained
deltas due to the lesser effect that turbulence has
on smaller grains. More mobile sediment yields
more sediment in the delta than predicted. Our sediment mobility predictions may have been inaccurate due to insufficient slope measurements
while active sediment transport was taking place,
or may have been affected by small errors in slope
and water depth measurements.

4.1 Application to hydrological reconstruction on
Mars
We show that water level in the crater lake determines overall fan shape. Variation in basin water
level, caused by the different stages of crater filling and emptying, is enough to stimulate the formation of different types of deltas. They are all
basically deposits arrested in a different phase of
their development because the hydrological event
ended, probably abruptly. Figure 10 shows some
of the different types of deltaic deposits that can
be found on Mars, including stepped deltas (from
rising water levels) and smooth or branched Gilbert-type deltas (from constant or falling water
levels).

1000
y = 10x
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100
y =x

10
y = 0.1x

1
1

0.1

10

100

Measured Volume (L)

Figure 10. Different types of deltaic deposits on Mars.
Clockwise from top left: Stepped delta, branched Gilberttype delta, branched Gilbert-type delta, smooth Gilbert-type
delta, smooth Gilbert-type delta, and stepped delta. These
different morphological types of sedimentary deposits can
be explained by merely changing the base water level.

Further variations in morphology can perhaps be
explained by channel width (discharge) relative to
delta size (crater size), and by sediment properties
which are basically unknown for Mars.
Finally, these experiments show that all these
deltas can have formed in one event. Also evident
is that upstream channel characteristics can be
used to predict sediment transport capacity, from
which, given the relatively easily measurable delta
volume, a time scale of formation can be derived.
Elsewhere we have compared volumes of Martian

Figure 9. Predicted versus measured delta volumes for some
delta deposits. See text for further explanation.
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deltas for some examples to predicted volumes,
and the results indicated that these deposits
formed in a very short period of time, on the scale
of a few months (Kleinhans et al. 2009).

•

4.2 Application to dam removal
This study investigated the formation and modification of coarse-grained deltas in wide lakes or
reservoirs. There are some similarities to coursegrained deltas formed in narrow lakes (Cantelli et
al. 2004; Kleinhans 2005b). Major differences
however, include the increase in the number of
channel avulsions due to a larger delta area and
thus an increase in lateral variability; as well as
the increase in terracing that is observed due to
one large channel cutting rapidly very deeply into
the deposit. This implies that the concepts of
Cantelli et al. (2004) cannot be transplanted on
wider delta cases without modification. It also implies that the former delta deposit will not deliver
a large amount of sediment instantaneously to the
downstream river, but will spread it out over a
longer time period (if the terraces are eroded at
all).
Surprisingly, for low discharges the incising
channel destroyed the deposit through transverse
movements and avulsion of the initially excavated
channel whereas for higher discharges the terraces
were preserved for a much longer time. Our results indicate that dam removal at wide lakes may
lead to an unexpected inverse relation between
discharge and erosion of the deposit, which has
consequences for the subsequent sediment pulse
magnitude.
Furthermore, we observed a clear sorting trend
in the longitudinal profile of the deltas. Coarse
grains are located on the delta topset and foreset,
whereas fines are located in the bottomset. However, the down-cutting channel only removes the
fine sediment partially, hence also a large amount
of fines remain behind in the sediment trap. This
effect is much larger with a higher discharge due
to the force of the down-cutting channel and its
inclination to stick to a certain path once the surrounding terraces are too high to cross with an
avulsing channel.
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5 CONCLUSIONS
•

•

formation of coarse-grained deltas in narrow
lakes, which are mainly formed by sheet flow.
Most of the deltas on Mars are formed in wide
lakes (impact crater basins).
In most cases, a large part of the delta deposit
remains in the basin after dam removal. During the period of falling water level, incision
of the delta results in terraces. Comparable terraces are not observed in Martian deposits and
hence we assume that the water discharge
stopped abruptly.

The volumes of deltaic deposits are predictable within an order of magnitude from total
time of formation and upstream channel and
sediment characteristics.
Coarse-grained deltas in wide lakes are mainly
formed by lateral channel migration (bifurcations and avulsions). This is in contrast to the
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Geomorphic response of rivers below dams by sediment
replenishment technique
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ABSTRACT: Sedimentation problems on regulated rivers are considerably different from natural rivers.
An effective means of reservoir sediment management is to excavate deposited sediments within reservoir and transport to the river downstream of a dam. The flood is designed to erode the placed sediment at
the banks of Nunome River, in an effort to restore the lower reach of the river to a more natural ecosystem. Since 2004, six attempts of sediment replenishment to rebuilding vital sediment sand bars below
Nunome dam are in progressing. Monitoring measurements pre- and post- replenishment show the effect
of improvements in riverbed formation, grain size distribution, and erosion processes. Actual field experiments are presented and compared with scaled laboratory experiments, with the objective of identifying
parameters and process of sediment replenishment characteristics. The paper investigates the influence of
sediment replenishment below Nunome Dam on changes of river bed. Appropriate sediment materials,
which are excavated and treated from the upper part of the Nunome reservoir, and supplied to downstream rivers contributes to rebuilt sand bars, mitigate the armouring of river bed, and management of reservoir sedimentation. With the field experiments, the processes are directly visible and a wealth of valuable data is obtained, and will be used for numerical modeling in future application.
Keywords: Dam impacts, Reservoir sediment replenishment, Sediment management, River restoration,
Revitalization of regulated rivers, Sediment feeding, Geomorphic response
1 INTRODUCTION

Dam Impacts on:
Morphological

1.1 Dam Impacts
Dams greatly influence flow and sediment discharge regimes and can have significant impacts
on downstream reaches below dam. Bed load sediment management is required to preserve the
capabilities of water resources facilities and to
conserve the environment in rivers downstream of
the reservoir. The sediment deficit produces a
large variety of physical, ecological and environmental effects. To mitigate that coarse sediments,
by grain diameter, with specific grain size distributions artificially replenished to satisfy the river
bed load capacity (sediment replenishment). Figure 1 classifies the impacts of sediment deficit below dams to three groups; morphological, hydrological, and ecological effects. Sediment deficit is
not only an environmental issue but also a socioeconomic problem, for instance due to loss of reservoir capacity (Fan and Springer, 1993).

Hydrological

Ecological

River bank
instability

Water table lowering

Loss of aquatic and
riparian habitats

Bed armouring

Reduction in overall flows

oxygen stratification

Changes in flood
frequency and magnitude

Nutrient exchange

Changes in seasonal flow

Gas-bubble disease

Changes hydrodynamic
within estuaries

Adverse effect on
water quality

River incision and
bed degradation
Impacts on
infrastructures
Sediment deficit to
coastal zones

Figure 1. Possible impacts due to lack of sediment transport
in the downstream reach below dams

In addition, dams alter the downstream flow
regime of rivers (Williams and Wolman, 1984),
which controls many physical and ecological aspects of river form and processes, including sediment transport and nutrient exchange (Poff et al.,
1997). Morphological effects on the river channel
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(e.g., Kondolf and Matthews, 1993; Shields et al.,
2000) that includes riverbed incision, riverbank
instability, upstream erosion in tributaries, damage to bridges, embankments and levees (e.g.,
Kondolf, 1997), and changes in channel width
(e.g., Wilcock et al., 1996). Hydrological effects
caused by dams include changes in flood frequency and magnitude, reduction in overall flows,
changes in seasonal flows, and altered timing of
releases (Ligon et al., 1995).

geometry are influenced by variability in water
and sediment release. Sediment replenishment
scenarios may, induce undesirable morphological
and ecological consequences as well as significant
channel adjustments that can result in failure of
the restoration project itself. That is, it is necessary to better understand reversibility, direction
and time scale of changes, and the sustainability
of a replenishment intervention before it is implemented.

1.2 Sediment Replenishment Projects in Japan

1.3 Objectives

Large Japanese rivers are often trained to a large
extent, to maintain services such as navigation,
hydropower generation and flood defense. Okano
et al., (2004) summarized sediment replenishment
projects in Japanese Rivers, such as Tenryu, Otakine, Abukuma, Ara, Oi, Naka, Kuzuryu, Yodo,
Kanna, and Tone, have been conducted by Ministry of Land, Infrastructure and Transport (MLIT).
Kantoush et al. (2010) investigated the morphological evolution and corresponding flow field
during replenishment experiments in Uda River,
Japan. Sediment treatment system is applied by
Sumi et al. (2009), to produce appropriate grain
sized material with less turbidity. Seto et al.
(2009), analyzed sediment replenishment effects
on the downstream river of Yahagi dam.

The study focuses on the design criteria for sediment replenishment project in Japan to improve
river bed conditions. The investigations are based
on field and laboratory experiments. The objectives of this paper are: (a) to make a general review of impacts of dam on downstream reach; (b)
to discuss the role of different factors influencing
the sediment replenishment research; (c) to illustrate and analyze the sediment replenishment
through a regulated fluvial system during actual
field tests.
2 FIELD EXPERIMENTS FOR SEDIMENT
REPLENISHMENT IN NUNOME RIVER
2.1 Test Procedure and Replenishing Concept

Factors of Sediment Replenishment
Sediment
Physical
Characteristics

Flow Physical
Characteristics

River Physical
Characteristics

Replenishment
Characteristics

Monitoring
Characteristics

Economics
Characteristics

Porosity and
density

Flood flow
discharges (Flood
hydrographs)

Initial bed
morphology and
slopes

Placed sediment
volume and
geometry shape

Water quality
(turbidity, Ph,
temperature,

Excavation and
sediment
treatment costs

Sediment type and
cohesion

Flow water depths

Bed material size,
gradation and
permeability

Submerged or
partial or un
submerged state

Environmental (fish
species, stream
invertebrates,
algae)

Transportation cost

Grain size
distribution, and
percentage of fine
sediment

Flow duration
curve and
frequency

Sediment rating
curve (suspended
and bed loads)

Locations and
placement
arrangement along
the river

Flow field and
vertical velocity
profiles

Treatment of
excavated and
dredged sediment

Flow patterns and
velocity profiles

River bank
vegetation

Frequency of
feeding per year
and season

Cross sectional
survey and precise
surveying of riffles
and pools

Erosion rate and
type (side bank or
vortex types)

Volume of Trapped
sediment in
reservoirs

Indirect (side bank
feeding) or direct
(in river) feeding
method

Visual inspection
and grain size
analysis

Sediment source

Feeding cost

Monitoring cost

Project benefits

Figure 2. Main groups of sediment replenishment characteristics and managing factors

Sediment transport and associated channel bed
mobility are recognized as key processes for
creating and maintaining physical habitats, aquatic
and riparian ecosystems. In Japan, sediment replenishment projects are undertaking with different
configurations and characteristics of sediment and
discharges. Figure 2 summarizes factors that influence the sediment replenishment research.
These factors are classified in six groups as shown
in Figure 2. Several significant gaps in the scientific understanding of these processes remain, particularly concerning how riverbed deposition and

In Japan, it is common practice to remove accumulated coarse sediment by excavation and dredging, and to make effective use of the removed sediment. Sediment replenishment method is one of
new measures of sediment management. In this
method, trapped sediment is periodically excavated and then transported to be placed temporarily downstream of the dam. In a manner decided
according to the sediment transport capacity of the
channel and the environmental conditions. Therefore, the sediment is returned to the channel
downstream in the natural flooding processes. The
procedure of the experiments consists of four
steps: (1) extracting mechanically the accumulated sediment at check dam; (2) transporting it by
truck to downstream river; (3) placing the sediment with specific geometry (Figure 3), and (4)
monitoring flow, sediment, and environmental parameters.
Flood stage

Placed sediment
geometry

Normal stage

Figure 3. Concept of sediment replenishment and placed sediment geometry on the bank of Nunome River
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2.4 Case Study of Nunome Dam Actual Sediment
Replenishment Tests

The replenished sediment is placed at such an
elevation; in order to reduce the turbidity during
normal flow period. The top of the sediment is adjusted so that the sediment is completely submerged during flood at several times a year and
all sediment is eventually transported downstream
(Figure 3). Concrete means are being explored,
taking into consideration the particle sizes of sediment, such as the scale of flood suitable for the
safe implementation, and appropriate ways to
place sediment.

Since 2004, six experiments of sediment replenishment projects with different sediment volumes
are undertaken below Nunome dam. Tracking the
history and performance of these projects is helping to understand the evolution of sandbars. Table
2 summarizes the replenishment history, flushing
flow and sediments characteristics. The volume of
placed sediment is limited to several hundreds of
cubic meters each time. To implement this method, consideration has to be given to environmental problems in the lower river basins, to the
occurrence of turbid water, and to safety risks due
to sediment deposition in the channel. The data in
Table 2 indicates that there is a need to increase
the amount of the supplied sediments in Nunome
River every year.

2.2 The Study Area
Yodo River (Yodo-gawa) system is 75 km in
length, located in the central part of Japan, is the
seventh largest river basin in Japan with a catchment area of 8,240 km2. Flowing south out of
Lake Biwa first as the Seta River, and then the Uji
River, it merges with the Kizu and Katsura Rivers
near the border between Kyoto and Osaka Prefectures. There are five completed dams in the Kizu
River System, Nunome, Shourenji, Hinachi, Takayama, and Murou dams. Nunome dam is a gravity dam for flood control and water supply, completed on 1994, 16 years ago.

Table 2. History of the sediment replenishment tests downstream of Nunome dam
Year
2004
2005
2006
2007
2008

2.3 Cumulative Sediment in Kizu River Upstream
Reservoirs

2009

Actual
Planned
sedimentation sedimentation
in 2006
capacity in 100
(MCM)*
years (MCM)*
Nunome
16
1.9
0.243
Shorenji
36
3.4
1.484
Murou
32
2.6
1.12
Hinachi
9
2.4
0.41
Takayama
37
7.6
3.648
* MCM is Million Cubic Meter

29-9-2004
4, 5-10-2005
19, 21-7-2006
23, 29-8-2007
8-7-2008
5, 19 -9-2008
NA
2-8-2009
7,8-10-2009

Volume of
remained
sediment (m3 )
0
0
460
90
0
0*
0
500
0

Volume of
Volume of
placed
eroded
3
sediment (m ) sediment (m3 )
190
190
540
80
0
370
720
810
100
35
100
100
500
0
0
500
500
500

NA: No placed sediment or No flood occurred

Supplied sediment geometry of 500 m3
Supplied sediment geometry of 100 m3
L: Length; W: Width; t: thickness

500 m3
L =40m

100 m3

L = 40 m

W=10m

t = 0.5 m
W=5m

Figure 4. Dimensions and shapes of two different sediment
geometries placed on the left bank of Nunome River

Table 1. Sedimentation rate of Kizu River upstream dams
Elapsed
time
(Years)

Flood period

* The remained 65 m3 sediment is removed.

Dam reservoirs are normally designed to have a
capacity to store 100 years, worth of sediment in
the deepest parts close to the dams. Sediment accumulation in the Kizu River upstream group
dams up to the end of fiscal 2006 are shown in
Table 1. The table shows that sedimentation in all
five dams has progressed faster than that of the
original plan. In Japan, the planned sedimentation
capacity is set by the sedimentation of 100 years.
Sedimentation of Nunome dam has already
reached 12 to 18% of planned sedimentation. Regarding annual fluctuation of sediment load of
Nunome dam, maximum annual sedimentation in
a single year is 230,000 m3.
Name of
Dam

Setting
sediment
period
28-9-2004
9-8-2005
NA
9-8-2007
27-6-2008
7-8-2008
12-11-2008
NA
2-10-2009

The increasing amount of the placed sediment
should be proportional to the bed load transport
capacity of the river. Furthermore, the period and
the discharge of artificial flow flushing should be
suitable for the sediment transport capacity. The
natural flood duration for Nunome dam in 2008 is
approximately 10 hours during one day only. Neither the flushing discharge nor the flushing period
is able to transport all the placed sediment volume. Figure 4 shows two geometries with the
same length of 40 m and two reduced widths of 10

Sedimentation
rate
(%)
12.8
43.6
43.1
17.1
48.1
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and 5 m, and geometry thicknesses of 1.2 and 0.6
m, which have rectangular shape in the plan view.

100
90
80

Percent finer (％)

70

2.5 Experimental conditions

60
50

The test site is placed by the Japan Water Agency
(JWA) on the left side bank of Nunome River
(Figure 5). The sediment is located in the downstream reach at 300 m from the Nunome dam.
Planning, design, implementation and long-term
monitoring of tests are guided by JWA. Figure 5
shows the location map of the placed sediment
and reservoir shape. Check dam is a small dam
constructed at the upstream end of the reservoir. It
has low trap efficiency for suspended sediments
and traps primarily sand and gravel sediment. In
general, reservoir deposits are attractive sources
of aggregates to the extent that they are sorted by
size. Designers of replenishments projects are
faced with the challenges of estimating the sediment deficit volume and determine sediment grain
size distribution. Sand can be obtained from the
deposition upstream of check dam.

40
30
20
10
0
0.001

0.01

0.1

1
10
Grain size (mm)

100

Check dam

Nunome Dam

Nunome
reservoir

Check dam

2009 Natural flood

Inflow
Outflow
Storage capacity

Maximum inflow = 188.82m3/s
Maximum outflow = 81.01

m3 /s

Monitoring after flood
Preparation and placing
sediment before flushing

May 2009

June

July

August

September

Monitoring after
natural flood

October

Storage capacity (x10 3 m3)

Location of
500 m 3 placed
sediment

Figure 7 shows the monthly inflow and outflow
discharges of Nunome reservoir in 2009, with the
reservoir storage capacity. The reservoir has the
highest flow discharges during July and October.
There are two monitoring phases; (1) before flood,
(2) after flood. The sediments are placed during
the normal flow stage where the water level is
low. Then waiting the coming flood to erode and
transport the sediment. During one day in 2008
flood the dam gate is opened from 8:00 with discharge of 1.34 m3/s and gradually increases till
reach to the peak discharge around 12:00 with
15.36 m3/s. The peak discharge remains two hours
then a gradually decrease till recover the normal
flow stage by the end of the day at 18:00.
Inflow and outflow discharge ( m3/s)

Figure 6. Grain size distribution of placed sediment

November December 2009

Figure 7: Flow duration curves before and after flood at the
Nunome dam gauging station for the study year 2009.

The duration of the peak flow during flood
should be longer to effectively erode and transport
sediment. During 2008, field test of 100 and 500
m3 are supplied in a successive periods. The sediments volume of 100 m3 is completely eroded to
further downstream. However, the volume of 500
m3 is not eroded because no flood occurred. The
remained volume of 500 m3 is transported after
the natural flood of 2009 (see Figure 8).

Figure 5. Location map of Nunome reservoir, dam, and
placed sediment. Photos of geometry and check dam

The deposited sediments usually require more
processing and often require longer transportation.
The supplied sediment is composed of sand and
gravel with grain size of 19 mm or less. There are
a lot of medium gravel with size of 10 mm and
medium sand size of about 0.25 mm. The placed
sediment median grain size d50 is 0.38 mm as
shown in Figure 6.

2.6 Results of Replenishment DS of Nunome Dam
The evolving of bed topography and grain size
distribution is monitored, along with water surface, velocities and rate of sediment transport at
the downstream end of the Nunome River. Figure
8 shows the remained sediment of 2008 and during the heavy rain with peak discharge of 81 m3/s.
When the discharge exceeds 8m3/s, the erosion
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starts and about 40 m3 of sediments are transported. Figure 8 shows the photos of field tests
phases. All of the remained sediments are removed, and then new dredge sediments are
placed.

getation. The reach after cross section 7, has a
small sand bars, islands, and riparian vegetations.
The replenishment processes are efficient to restore the bed load transport and the associated habited by coupling reintroduction with floodplain
habitat restoration.
(a)

9:30
Q =9.46m 3/s

(b)

Sediment volume 500m3
Remained sediment from 2008

Ｂ=30ｍ

Before 2009 Flood
Ｈ=0.7ｍ

Ｈ=5ｍ

Discharge 81 m3/s
All
sediment
eroded
During Flood 8-10-2009

11：
50
Q =15.36m 3/s

(c)

13：
00
Q =5.71m 3/s

(d)
100m 3 のうち約 40m

Normal stage

Figure 8. Evolution of sediment replenishment experiment

To understand the process of erosion and deposition of the placed sediment during flood, series
of pictures are taken at different time and discharges are shown in Figure 9. The erosion at the
base of the placed sediment causes the sand mass
of placed sediment bank to slide downward and
deposit. Deposited sand mass is then eroded due
to water flow. Deposition occurs when the bottom
shear stress is less than the critical shear stress.
Only sediment with sufficient shear strengths to
withstand the highly disruptive shear stresses in
the near bed region is deposited and adheres to the
bed. The erosion region developed from a straight
bank line into the alcove shaped as seen in Figure
9 (b). At the peak discharge the water level increased at 11h50 produces a greater erosion area
and the water submerges the placed sediment as
shown in Figure 9(c).
The peak discharge is lasted for two hours and
permits a deeper cut in the inner side bank. With
peak flow, the eroded volumes increased in the
range of 45 percent. Reduction of flood discharge
reduces the erosion rate, therefore 50 m3 of the
placed sediment remains as shown in Figure 9(d).
By using satellite imagery and aerial photos a
map of Nunome River in 2009 is constructed for 1
km below the dam. The river channel, island,
point bars, and vegetation area are identified and
distinguished by color as shown in Figure 10. The
downstream reach of the dam, first 150 m from
dam, experienced the greatest change in channel
structure and loss of bars and islands.
The surface flow area in the first reach is greater than the bars and vegetation areas. Between
fourth and seventh cross sections, 300 m from
dam, reach exhibits variable patterns of channel
change and intermediate in loss of island and ve-

Figure 9. Evolution of sediment replenishment experiment

In Figure 10 along the Nunome River, several
cross sections are identified to survey after replenishment. Newly depositions over sand bars and
in the river channel are shown in Figure 10.
Moreover, a completely new sand bar is formed
after 600 m from dam. With the field experiments
the processes are directly visible, and will be used
for validation of numerical models.
The effects of sediment replenishment are investigated for cross section bed deposition, flow
velocity, grain size distribution, water quality and
organisms. Eleven monitoring points are shown in
Figure 11. The distribution of river bed materials
are analyzed by visually determining the sizes of
river bed material in quadrate of 1 to 2 m in dimensions and preparing a two dimensional map,
which enabled changes in distribution before and
after sediment replenishment to be compared.
Figure 11 shows bed material size in three different monitoring times and 10 observation points
along the river. By comparing Figure 11(a) and
11(b), a significant riverbed changes can be identified from cross sectional surveys, and visual inspections such as at section No. 1 and No. 11. After 600 m from the dam the survey at point No. 1
shows that the rate of gravel of less than 50 cm
increased after natural flood, grace to the replenishment. Similar sediment grain sizes are found
at point No 11 after 8200 m from dam point. Before sediment replenishment in point No 1 and No
11, the material is coarser gravel than in the middle points No 4 and No 19 (Figure 11(a)). After
flood, the fine material content of the channel de1159

placed sediment conducted, the bed material is
transported and much of the coarsest sediment is
supplied to point No 1, and No 11 (Figure 11 (c)).

posits strongly increased. The sediment deposition
in point No 1 and No 11 after replenishment consist of a nearly continuous layer of fine sand, but
no change occurs from No 2 to No 9 (Figure
11(b)). But after second flood where another

Deposition and vegetation after
replenishment over point sand bar

Stilling basin

Location of placed sediment (yellow area)

Point bar and vegetation
Stream flow
Newly formed sand bar after
sediment replenishment

Under water
deposition

Figure 10. Aerial photographs of Nunome dam with the downstream reach of Nunome River. Morphological changes and the
self forming sand bar due to sediment replenishment below the dam (14-10-2009)

＞20cm
Nunome Dam

5～20cm

＜5cm

(a)

No 4
No 19

Percentage of bed grain size

Placed sedimentat 0.3 km
No 13
No 1 at 0.6 km
No 16
No 2
No 3

Monitoring section on 18-12-2008 before flood

(b)
No 9

No 8
8.2 km

No 11

Monitoring section on 5-8-2009 after flood

a series of laboratory tests are conducted with six
sediment grain sizes and heights. The primary aim
of laboratory tests is investigating the nature of
the relationship between sediment grain size and
erosion processes. The placed sediment erosion is
in general a very complex problem because it involves multi-processes such as bank surface erosion, bank toe erosion and bank material mechanic
failure, etc. Each of these processes is related to
several parameters: sediment size distribution, sediment cohesion, slope, homogeneity, consolidation, soil moisture and ground water level, as well
as sediment height.
3.1 Experimental Facility and Conditions

(c)

An extensive series of laboratory tests are carried
out in large flume facility at the Ujigawa Open
Laboratory of the Kyoto University. A schematic
view of the experimental setup is shown in Figure
12. The facility measures a length of over 20 m, a
width of 1 m and a depth of 0.3 m (Figure 12(c)).
The channel slope is adjusted to 1/250 (Figure
12(a)). Rectangular sediment geometry has a fixed
length and width of 1.0 and 0.3 m, respectively
(Figure 12(b)). Several sediment heights t of 5,
7.5, 10, 12.5, and 15 cm are investigated (Figure
12(c)).

Monitoring section on 28-10-2009 after flood
Figure 11. Variations of river bed material size at 10 cross
sections along the Nunome River

3 PHYSICAL MODEL TESTS
It is difficult to compare and examine the
processes of different sediment types in the field
tests, due to the differences in discharge condition
and measuring limitation during flood. Therefore,
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Turbidity meter
COMPACT-HTW

Camera

L =1.0 m

00
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t = 5, 7.5, 10, 12.5, 15 cm
7m
Pump Flow meter Valve

(c)

Rectifier
basin

B = 1.0m

Settling
basin

F0 group. Figures depict the erosion process of
different materials. The erosion process is a combination of lateral erosion of the placed sediment
toe, and mass failure of the sediment. Erosion of
the placed sediment toe by hydraulic forces is a
common mechanism of bank over steepening,
leading to collapse of the upper part of the bank.

(b)

(a)

6m

20.0m

Figure 12. Laboratory setup and sediment geometry, (a)
general view of flume, (b) placed sediment geometry, (c)
plane view of the experimental installation circuit.

The sediment geometry is placed over a fixed
bed which located at 6.0 m from the inlet of
flume. In each of the tests the flow rate of Q = 20
l/s remained constant. Near the downstream end, a
turbidity meter is installed for suspended sediment
concentration measurements (see Figure 12(a)).
The erosion mechanism is recorded at successive
instants by video camera which is fixed perpendicular on the flume covering the plane sediment
area (Figure 12(c)). The sediments grain characteristics used in the tests are based on those of the
Nunome River (Figure 13).

32

Figure 14. Time series of erosion sequences of C0
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Nunome Field experiments material

60

16

50
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24
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F: Fine dredged sediments
C: Coarse dredged sediments

40
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0.01

0.10

1.00

Grain size (mm)

10.00

Figure 15. Time series of erosion sequences for sediment F0

Figure 13. Sediment size distribution of laboratory tests and
actual material for Nunome field tests

This typically occurs in sediment having a
composite grain size, particularly if noncohesive
materials comprise the geometry toe. Larger shear
stresses exerted by the flow at the base of the
geometry and the greater erodibility of noncohesive sediment material leads to undercutting and
the formation of cantilevers. Once the stability criterion is exceeded, a sediment mass failure would
occur. The failed material deposits first on the bed
near the placed sediment toes and then is eroded
away by the flow. Cohesive material is generally
more resistant to surface erosion because its low
permeability. As water flows along the eroded sediment, secondary currents remove the noncohesive material at the toe creating a cantilever overhang of cohesive material. At the toe of the

Two groups of fine (F) and coarse (C) sediments by grain diameter are used, the size distributions of which are seen in Figure 13. Each
group contains different treatments to change the
sediment cohesion.
3.2 Experimental Results
In order to explain the mechanism of the erosion
features; time sequence investigations for fine and
coarse materials with constant sediment height of
10 cm were conducted. The pictures of erosion
evolution are described in Figures 14 and 15,
every 8 minutes for coarse C0 and fine sediment
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replenishment may direct future supplements for a
more widespread dispersal of suitable sand for
fish spawning.
In order to prepare the downstream sediment
replenishment technique to the practical use, it is
also essential to share information with the people
concerned in the same river basin, such
minas fishery
workers associations and environmental groups,
and endeavor to make the method socially acceptable. Sediment replenishment for the purpose of
keeping a dam functional needs to be performed
semi-permanently. If the downstream replenishment technique is to be used as a means of reservoir sedimentation control, cost reduction is also
an important consideration.
Regarding the continuation of this research
project, the major goal is to find out which sediment geometry, volume, and feeding frequency
leads to environmental and physical improvements below dams. This requires long duration
tests combined with numerical modeling techniques.

geometry, where shear stress exceeds critical
shear stress, particles are detached from the bank
by the flowing water.
This oversteepens the bank, causing noncohesive particles higher up on the bank to fall off in
thin, vertical slices. When the cohesive silt layer is
undercut, the cantilever overhang collapses into
the eroded pocket. This loose, fallen material is
then transported downstream, resulting in a repositioned bank line or bank retreat.
According to real-time observation and film
analysis, the following were found; (1) The eroding speed of C2 > F2 > C1 > F1 > F0 > C0., (2) a
lump of sediment is eroded and the erosion rate
increased rapidly, (3) C1 and C2, rate of bed load
transport is governing the total eroding speed, (4)
C0 rate of mass failure is governing the total eroding speed (5) C1, C2, F1, and F2 have about 30°
steepens of the bank. Figure 16 shows the time
variation of erosion depth for different sediment
materials. The erosion of a material proceeds rapidly for the first 8 minutes, and after that the erosion rate decreases gradually according to the sediment type (see Figure 16). This may be due to
some extent to the decrease of shear stress as the
erosion depth grows larger. For the sediment type
F0 that contain large amount of clay, there is a
sudden drop in the erosion rate as shown in Figure
16. The erodibility of sediment type F2 and C1 is
almost same behavior, with different transport
rate. The erosion rates comparison are C2 > C1 >
F2 > F1 > F0 > C0.
35
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Figure 16. Time variation of erosion depth for six materials

4 CONCLUSIONS
The first results of ongoing research on the artificial sediment replenishment downstream dams are
presented. Furthermore, several series of systematic experiments are conducted to investigate the
erosional characteristics of original and treated
materials. The effect of the sediment grain size
and clay content on the erosion rate is evaluated.
By replenishing sand at different locations of the
Nunome River within the downstream reaches, the
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Impacts of sediment flushing on channel evolution and morphological
processes: Case study of the Kurobe River, Japan
S. A. Kantoush, T. Sumi & T. Suzuki
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ABSTRACT: Flushing is vital for the preservation of long-term storage in reservoirs. However, downstream impacts can act as a constraint in the planning and operation of sediment flushing. In order to understand the processes and the impacts of flushing, two examples are given of the Unazuki and Dashidaira reservoirs, located at the Kurobe River eastern region of Toyama prefecture, in Japan. For both
reservoirs sediment inflow is extremely high compared to the storage capacity. During minimum pool
level the incoming floods erode a flushing channel in the deltaic deposits. The channel is gradually increased in width by bank-erosion processes during this period. The paper investigates the impacts of
flushing on the dynamic dimensions of flushing channel, and the varying location. Furthermore, it clarify
the development of channel formation in both reservoirs. Quantitatively and qualitatively monitoring
measurements during flushing have been conducted for sediment erosion process with 3D laser scanning,
surface velocity (LSPIV), and suspended sediment concentrations. The flushing channel within Dashidaira reservoir has a stable profile and extends across the entire impoundment width of 170 m at distance of
640 m from the dam.
Keywords: Drawdown flushing, Flushing channel formation, Coordinated flushing, Kurobe River.
1 INTRODUCTION

Among these approaches, flushing is considered
the only economic approach to swiftly restore the
storage capacity of the reservoir with severe deposition. Basically, there are two types of flushing
operations with, and without drawdown, and optional techniques can be used with the complete
drawn flushing as shown in Figure 1.

1.1 Background
Dam construction disrupts the longitudinal continuity of the river system and interrupts the action
of the conveyor belt of sediment transport (Kondolf, 1997). Upstream of the dam, all bedload sediment and all or part of the suspended load is deposited in the stagnant water of the reservoir
(reducing reservoir capacity) and upstream of the
reservoir in reaches influenced by backwater.
Downstream, water released from the dam possesses the energy to erode the channel bed and
banks, but has little or no sediment load. The rapid reservoir sedimentation not only decreases the
storage capacity, but also increases the probability
of flood inundation in the upstream reaches due to
heightening of the bed elevations at the upstream
end of the reservoir and the confluences of the tributaries (Liu et al., 2004). In order to remove and
reduce reservoir sedimentation, many approaches
such as flushing, sluicing, dredging and water and
soil conservation are developed (ICOLD, 1989).

Types of Sediment Flushing in Reservoirs
With Drawdown

Without Drawdown

More effects along and across the basin (flushing channel)

Very local effects (flushing cone)

Complete
Flood
season
emptying

Partial
Nonflood Under pressure
Season
minimum
emptying operation level

Dam outlets are
opened for very
short time
Free flow
over
spillway

Additional techniques
with complete drawdown

Auxiliary
channel

Lateral,
Longitudinal, and
in both directions

Mechanically

Bulldozers to
push deposits
into flushing
channel

Figure 1. Classification of sediment flushing techniques

Drawdown is the lowering the water levels in a
reservoir. Hydraulic flushing involves reservoir
drawdown by opening the bottom outlet to generate and accelerate unsteady flow towards the outlet (Morris and Fan, 1998). This accelerated flow
possesses an increased stream power and conse1165

1.3 Aim of the Study

quently eroding a channel through the deposits
and flushing the fine and coarse sediments
through the outlet. During this process a progressive and a retrogressive erosion patterns can occurs in the tail and delta reaches of the reservoir,
respectively (Batuca and Jordaan, 2000). Among
reviewed literature, sediment removal from reservoirs (White, 2001) generally only affords the
problem of sediment flushing inside the reservoir.
However, there is scarce information about experiences on prototypes and especially in respect to
flushing channel formation. One of the phenomena in reservoirs that is not well investigated and
theoretically explained is the formation of flushing channels in the delta of the reservoir (Sloff et
al., 2004). In many reservoirs these channels can
be found, e.g. see Figure 2, as they are a common
feature of deltaic deposition in wide reservoirs.

The lack of knowledge regarding flushing channel
evolution and its morphological processes, initiated a study to channel formation, applied to
flushing processes in Dashidaira and Unazuki reservoirs in Japan. The study aims at investigating
the causes of these observed behaviors, and find
measures to control and predict the channel characteristics. Therefore this study is focusing mainly on track the patterns of reservoir erosion
through field and experimental modeling. Finally,
quantitatively and qualitatively monitoring techniques during flushing are discussed.
2 CASE STUDY OF THE KUROBE RIVER
Japan has geologically young mountains, steep
and short rivers with flashy flow regimes, and
densely populated floodplains. Japan suffers from
frequent heavy storms. The combination of steep
catchments and heavy storms results in widespread hill slope failures and landslides and extensive flood discharges.
2.1 Study Area
The Kurobe River originates in mountainous areas
with peaks elevation above 3,000 m. The main
river flows for about 85 km into Toyama Bay as
shown in Figure 3. The average river bed slope
ranges from 1/5 to 1/80 is about 1/30. The mean
annual precipitation ranges from 2400 mm to
4100 mm. Figure 3 shows an outline of the Kurobe River System.
The Kurobe River is the only river in Japan
where full scale dam-linked sediment flushing is
done by performing sediment flushing well linked
to sediment flushing at an electric power dam
(Dashidaira Dam) installed upstream from the
Unazuki Dam. Both dams have an extremely large
amount of sediment inflow; therefore, they were
the first in Japan which was built with sediment
flushing facilities (sediment flushing gates).

Figure 2. Flushing channel in reservoir upstream of Gebidem dam during drawdown operation

1.2 Relevant Parameters for Flushing Channel
The characteristics of the flushing channel when
the reservoir is fully drawdown are location,
width, side and longitudinal slopes, and shape.
Some of these characteristics are investigated experimentally in shallow reservoir geometries with
different shapes (Kantoush and Schleiss, 2009).
The width of the flushing channel Wf is estimated
as proposed by the World Bank RESCON model,
(2003) (REServoir CONservation), and Atkinson
(1996). To predict Wf, Atkinson, (1996) suggests
the empirical relationship (Wf = K Qf0.5) based on
prototype measurements in four reservoirs of China, United States, and India. In this equation, Wf
(in meters) is the flushing-channel width, K is a
coefficient depending on bed material (in this case
K is 12.8) and Qf is the discharge (in m3·s-1) that
will form the channel.
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Koyadaira Dam

(a)

Sennindani Dam

Toyama Prefecture

Kurobe Dam
Kurobe Reservoir

Kurobe
River

Dashidaira reservoir
gross capacity
9.01 MCM

Nagano
Prefecture

Dashidaira dam

(b)
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Figure 3. Kurobe River site map and location of Dashidaira
and Unazuki dams

Figure 4. (a) Photo of Dashidaira dam during draw down
flushing; (b) Plan view of Dashidaira reservoir topographic
map

2.2 Dashidaira dam and its flushing facility
Figure 4(a) shows the Dashidaira reservoir, dam
site, and downstream reach during flood. The concrete gravity dam with a height of 76.7 m is providing 124 MW. The dam is located 26 km upstream the river mouth. Dam was constructed by
Kansai Electric Power Company in 1985. Figure
4(b) shows the topography of the Dashidaira reservoir with initial gross and effective capacities
of 9.01 MCM and 1.66 M.m3, respectively. The
small capacity reservoir has an elongated shape
with quasi-uniform width.
The Unazuki Dam is a multipurpose dam
planned mainly to prevent floods on the Kurobe
River. The dam height is 97.0 m, completed in
2001 by the Ministry of Land, Infrastructure and
Transport. The upstream side of the Unazuki dam
and inlet of two sediment scouring gate are shown
in Figure 5(a), during draw down. The sediment
scouring channels are both equipped with flushing
gates with dimension of 5.0 m x 6.0 m. The three
gates in upstream, intermediate, downstream sides
are high pressure slide gates. The purposes of
flushing facilities are to sustain the original functions of the dam and maintaining sediment routing
system within the reservoir. Unazuki reservoir
(Figure 5(b)) has larger gross and effective capacities comparing with Dashidaira of 24.7 MCM
and 12.7 MCM, respectively.

(a)

Unazuki reservoir gross
capacity 24.7 MCM

Unazuki dam

(b)
Figure 5. (a) Photo of Unazuki dam during drawdown flushing; (b) Plan view of Unazuki reservoir topographic map

2.3 Monitoring techniques for sediment flushing
Innovative methods for sediment monitoring techniques should be developed in order to evaluate
environmental influences and effectiveness of se1167

in 2006. These measurements included surface velocity using LSPIV (Large Scale Particle Image
Velocimetry) performed by using CCTV camera,
in combination with geographic feature measurement with a 3D laser scanner. A high concentrated
SSC is also observed downstream of the dam.
.

diment flushing. Several parameters are measured
during and after flushing, namely: 3D topography,
2D surface velocities, cross section bathymetry,
turbidity, and sediment transport rate. More details about these techniques are shown and explain
by (Sumi et al., 2004, 2005). Figure 6 shows field
measurement of channel evolution and morphological processes during a coordinated sediment
flushing operation at the Unazuki Dam reservoir

Sand bar

Side bank

Section 5

Riegle LMSZ210, 2-300 m,
2.5 cm accuracy

Line 7
Ononuma in Unazuki reservoir

3D laser scanner

Figure 6. Photo of monitoring measurements within Unazuki reservoir by using 3D laser scanner (Sumi et al., 2004)

processes and channel formation. Four sets of experimental tests are administered in Dashidaira reservoir after two years of dam completed. The
purposes of Dashidaira physical models are to
predict the sediment and flow patterns in equilibrium state during flushing especially with wash
load effect, and moreover, to examine different
test procedures and find the optimal sediment material can be used for Unazuki dam. The test concept and the bed material initial conditions are
shown in Figure 8. The initial sedimentation condition is built in the model with silica sand and
styropor granulate as shown in Figure 8. The diameter of the silica as bed load is the same as the
prototype. The styropeor material was selected as
wash load due to the similarity in density and size
with the field.
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3 LABORATORY EXPERIMENTS

Water level (El. m)

Based on laboratory tests, numerical simulations,
and previous engineering practices at Dashidaira
dam; the coordinated sediment flushing operation
rules for Dashidaira and Unazuki reservoirs are
established. Since 2001, when the Unazuki Dam
was completed, sediment flushing and sluicing
have been conducted coordinately for the two
dams. Dashidaira dam previously completed has
been executed sediment flushing in single since
1991. The coordinated sediment flushing would
be carried out when the inflow at Dashidaira reservoir become firstly larger than the designated
discharge of 250 m3/s in the rainy season around
June to July. In the next flood events after flushing, whenever a flood excess of 480m3/s, sediment
sluicing is performed.
Figure 7 shows actual sediment flushing operation performed in July 2006. Erosion phase with
free flow state is lasting for 12 hours to flush out
sediment volume of 0.24 MCM. The flushing time
from the beginning of drawdown to the end at Dashidaira dam is 51 hrs and 60 hrs at Unazuki dam.
It is a key to the coordinated sediment flushing
and sluicing to do these operations at the same
time in Dashidaira and Unazuki dams that are located longitudinally.

Water level (El. m)

2.4 Analysis of coordinated sediment flushing
operations of Dashidaira and Unazuki dams

3
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3
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Figure 7. Coordinated Sediment flushing operation in 2006

3.1 Experimental facility installation and setup
Laboratory experiments for Dashidaira and Unazuki reservoirs are set up to examine the flushing
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3.2 Erosion and flow patterns during flushing

Figure 8. Initial bed condition and sediment material
pipe
Drain

Baffle plate
Inlet of water supply

Dashidaira
dam
Settling
basin

Six layers of
concrete blocks

Six layers concrete blocks CB
Wall: six layers CB

Cement plastering

(a) Plane View

Stream gauging tank

(b) Cross Section View

The final bed morphology obtained from experiment is used as the initial topography for clear
water test. Here, clear water without sediment is
introduced into the basin to investigate the further
bed evolution. Figure 11 shows the flow with vectors and the bed topography after 11.9 hrs of
flushing. Reduction of water surface generates
high flow velocity near the outlet; the flow starts
to erode a wide channel. At that stage, a significant amount of sediment deposits was flushed
through the reservoir, and the initial channel deepened as a result of the strong jet flow and erosion.
Backwater section

Stone
Concrete block

pipe

(C) Longitudinal view

Figure 9. Dimensions and laboratory setup of Dashidaira
dam (a) Plan view; (b) Cross section; (c) Longitudinal view

Bed load is deposited
Width of flushing channel is 36.3 m

The experiments were carried out at PWRI,
Public works Research Institute, the Ministry of
Construction, Japan. Schematic view of the experimental setup and cross section of Dashidaira reservoir are shown in Figure 9. The model scale of
Dashidaira and Unazuki dams is 1:62.5. Two different test procedures with several clear water inflows and flushing durations are used in both
dams. A discharge of 200 m3/s imposed without
sediment. By the flushing inflow, a channel is
eroded in the sediment layer. The physical model
of Dashidaira reservoir was constructed only for
flushing test experiments. Therefore, the original
bed profile is apparently different from the field
profile (Figure 10). But, the initial bed deposition
profile before flushing is the same as the actual
one. The result of the flushing test is shown in
Figure 10.

Width of flushing channel is 61.3 m

Figure 11. Morphological patterns after flushing within Unazuki reservoir after t =11.9 hrs

The flushing channel location was clearly visible by the re-suspended sediment which was rapidly released during 11.9 hrs (Figure 11). The
flow trajectory path is eroded until the scouring
channels bottom outlet. Fine suspended sediments
were carried and deposited on the right and on the
left sides along the reservoir. After the channel is
formed its location is rather stable, and difficult to
shift as its depth enforces the flow pattern to follow the channel path.
3.3 Comparison of laboratory and field data

Elevation [m]

After flushing
white Styropor 0.4mm
(d=0.385mm, σ=1.059)

Within Dashidaira reservoir, the actual and laboratory test of flushing channel is schematically
shown in Figure 12.
By the clear-water inflow a channel is eroded
in the placed sediment layer. The actual and laboratory has almost the same channel formation
way, except at the wider section before dam. The
meandering behavior at the wider location within
reservoir has opposite direction of the channel.
The location of the channel is difficult to be predicting in the wider region within the reservoir.
Moreover, the bank failure of the flushing channel
creates relatively steep side slopes as shown in
Figure 13. The side slope is almost constant within Dashidaira reservoir. Bank failure caused by

Before flushing
No.5 Silica sand
(d=0.496mm,σ=2.65)
Angle of repose in
water : 30°

Original bed
Water level

Distance from Dashidaira Dam [m]

Figure 10. Longitudinal bed profiles before and after flushing laboratory test along Dashidaira reservoir
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hydraulic overpressures associated with rapid
drawdown. The eroded channel profile has a trapezoidal cross section (Figure 13).
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Figure 12. Comparison between experimental and actual
flushing channel formation within Dashidaira reservoir
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Figure 14. Actual field longitudinal bed profiles variations
in time along (a) Dashidaira reservoir; (b) Unazuki reservoir

High sediment deposition is formed in May
2004 within Dashidaira reservoir as shown in Figure 14(a). Afterward in August 2004, by continuous sediment flushing another bed profile is
formed. Longitudinal profiles before and after
flushing in 2009 are shown in Figure 14(a). On
the other hand in Figure 14(b), the sedimentation
in Unazuki dam progresses mainly by the coarse
sediment inflow from both sediment flushing of
Dashidaira dam and a tributary river. The flushing
efficiency calculated from the water consumption
including the discharge during drawdown and the
sediment volume flushed out is about 2%. For this
reason, it can be estimated that sediment flushing
by using a natural flood discharge in the rainy
season is executed regardless of the previous
year's amount of sedimentation to prevent the sediment from changing in quality in the reservoir
every year, and in that case while doing an enough
dilution.
Figure 15 shows the amount of flushed sediment from the Dashidaira Dam and the amount of
accumulated sediment at the Unazuki Dam for
each year. Due to regular sediment flushing, the
Dashidaira Dam has been maintaining present sedimentation volume equivalent to about 45% of
the gross storage capacity, which is equilibrium
state. The accumulation of sediment at the Unazu-

Figure 13. Photograph, looking downstream, of eroded
channel at the end of experiments of Dashidaira reservoir

4 FIELD OBSERVATION AND DATA
4.1 Evaluation of sediment flushing effects
The effects of sediment flushing in the Kurobe
River should be evaluated. The suitable condition
to perform the flushing operation is the taking
place of a natural flood more than a constant
scale. The previous and present longitudinal sediment profiles of Dashidaira and Unazuki dams
are shown in Figures 18(a) and (b), respectively.
Dashidaira dam was constructed fourteen years
before Unazuki dam. Therefore, the Dashidaira
Dam is currently at an equilibrium state in terms
of its sediment, and the quantity of passing
through is approximately one million cubic meters
yearly. However, sediment is still being accumulated at the Unazuki Dam. While the majority of
sediments of grain size larger than 2 mm are
trapped at the reservoir, about 70% of the sediment that has grain size smaller than 2 mm, is
sluiced.
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Figure 16. Flushing channel formed in Dashidaira reservoir
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ki dam is reduced in 2006, and as the size of sediment materials is stabilized, coarse sediments
are reaching up to the dam. Therefore, these
coarse sediments are also beginning to pass
through the dam in addition to the fine sediments
produced upstream.

Time (years)

Figure 15. Comparison of flushed sediment volume at Dashidaira dam and accumulated sediment at Unazuki dam

Several field measurements are conducted in order
to evaluate channel formation during drawdown
flushing within Unazuki reservoir. By using 3D
laser scanning technology (Sumi et al., (2004),
Sumi et al., (2005)), erosion-deposition process of
sediment in reservoirs and rivers are measured as
shown in Figure 6. Moreover, morphological
changes in river channels during and after flushing are investigated.

4.2 Morphological process of Dashidaira
The flushing efficiency changes widely by various
factors such as configuration of reservoir, elevation of sediment flushing gates, volume and grain
size of deposited sediment, discharge rate during
sediment flushing, duration time from the start of
draw down flushing and so on. During flushing
processes two types of erosion pattern can occurs;
a progressive erosion in the tail reach of the reservoir, and a retrogressive erosion in the delta reach
of the reservoirs. In order to predict the flushing
channel width and location, it is important to understand the erosion process of sediment within
reservoir.
Figure 16 shows erosion process of deposited
sediment in Dashidaira reservoir in 2004. It can be
found that longitudinal and lateral erosions
created by river bed degradation and side bank
erosion. A meandering flushing channel in the accumulated sediment is also formed. Not all the sediment is flushed out during the free flow duration. However, the sediment on both banks is
gradually fall down by the stream bank erosion.
During very high discharges in 2004 the channel
was able to break through the sand bar with bend
cut-off and forming a wide channel section. Nevertheless, these cut-off events can only occur
when water levels at the dam are not completely
draw down, because then the flow becomes concentrated in the existing deep channel. The flushing operation has a significant contribution to the
maintenance of the reservoir capacity to extend
the dam life time.

Unazuki dam
Scouring gate

3D laser
scanner data
during flushing
on 3rd July 2005

Scouring channel

Figure 17. 3D laser scanner measurements of deposition and
water surfaces within Unazuki reservoir

The morphological topography with the water
surface is clearly visible in Figure 17. Field measurement of time and spatial variations of water
surface during drawdown flushing in night time is
also conducted. Figure 18 reports a snapshot in
terms of water elevation profiles within Unazuki
reservoir along the scouring channel. The water
surface elevation along the measuring line is
shown in Figure 18. This figure shows how the
shock waves generated by the scouring gate propagated over the sediment bed. The observed flushing wave propagates along the measuring line at
different time steps. Figure 18 indicates the 3D laser scanner capability to reproduce the global evolution of the sediment profile as a function of the
flushing durations, with high accuracy.
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Figure 18. Time series of measured water surface elevations
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Time and spatial variations of reservoir surface
velocities during drawdown and flushing period
were also measured by LSPIV. These data can be
converted to actual velocities by the 3D laser
scanner data. Both reservoir water level and flow
velocity changing during the drawdown. Side
bank erosion process of the sand bar formed in the
Unazuki reservoir and water surface profiles nearby banks are shown in Figure 19. The location of
the measured cross section (section 5) is shown in
Figure 6. Based on these results, it can estimate
the height of side bank of 1.0-1.2 m is eroded with
the speed of 7.5 m/hr. Slope of water surface is also estimated as 1/75 and water waves generated
by the antidune are also observed.
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Laboratory and field measurements for a large V
shape gorge reservoir show that channel formation
in reservoirs is particularly controlled by the flow
and deposition patterns. It is therefore highly dependent on the boundary conditions, the initial
flow conditions and the geometry. On the other
hand, the sensitivity of flow patterns creates opportunities to redirect the channel direction by
means of small interventions in the flow field
(e.g., operation of water-levels at gates, or constructions that redirect the flow within the reservoir).
Channels formed by flushing in reservoir sediment deposits correlate well with flushing discharge. Figure 20 shows the relationship and the
comparison of observed flushing channel widths
in Dashidaira and other four reservoirs. The fitted
line is described by Wf = K Q0.5 =12.8 Q0.5 (section 1.2), where the width is determined by the
flow and is independent of sediment size. The
flushing channel width in Dashidaira reservoir is
170 m at distance of 640 m from the dam and
flushing discharge of 250 m3/s. Therefore, Sumi
and Iguchi (2005), suggest that K value for Japanese reservoirs is 6.4, to be reduced by twice.
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Wf = 12.8Qf0.5 (Atkinson , 1996)
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Figure 20. Comparison of Dashidaira dam flushing channel
width with Atkinson relationship of four dams

Figure 19. Time series of flushing channel side bank erosion
processes within Unazuki reservoir

To successfully apply the channel formation
processes for removing deposits, the location of
the channel and its width can be changed by modifications of the flow pattern. Before a channel is
formed these interventions can be much smaller
than that after its formation, because the channel
attracts the main flow, and stabilizes the flow pattern. The present study has new information regarding the dimensions of channels of Dashidaira
dam, in the laboratory and the field. The width of
the channel is in accordance with the riverine
width, flow pattern, water depth, discharge, and
the bottom outlet arrangement. A larger volume in
the reservoir generally generates a higher flushing
flow depth and velocity in the flushing channel.

From the viewpoint of the comprehensive sediment management in a sediment routing system,
monitoring of quantity and quality of sediment
transport during these flushing events in rivers
and reservoirs is also very important. Based on
field observation of turbidimeter, movement of the
suspended sediment load discharged from Unazuki dam during flood, flushing and sluicing periods
are clarified.
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Reservoir sedimentation management in Japan is
entering a new era. Although there are still technical problems to be solved, it is believed that the
importance of sediment management will increasingly grow. Assessing issues, depending on each
case, of dam security, sustainable management of
water resources and sediment management in a
sediment routing system, an effective sediment
management plan should be studied.
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Analysis of a fluvial groynes system on hydraulic scale model
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ABSTRACT: The paper presents the results of an experimental investigation of fluvial groynes conducted on a mobile bed scale model. The model reproduces a reach of the River Po, Italy, in which a series of groynes have been designed to improve navigability during dry periods. The experiments were
conducted using light plastic material. The density and the grain size of the material were calibrated according to the similarity of the mobility parameter. Focusing on the processes of sediment deposition
and transport within the groynes field, the experimental analysis showed the formation of a bar between
two consecutive groynes. The formation of the bar is likely to have been related to the suspended load
whipped up by the longitudinal vortex responsible for the local scouring around the head of the groyne.
This was one of the most important aspects of the investigation; in fact, the formation of a deposition
bar starting downstream from each groyne significantly changed the hydrodynamic field between the
groynes. The research also investigated localized scouring, the effects of a variety of groyne parameters,
and two different foundation typologies, stiff and flexible, realized with rip-rap stones on filtering ballasted mats.
Keywords: Rivers, Groynes, Scouring, Deposition bar.
or concrete are sufficiently stiff but tend to stop
and deflect the flow [Przedwojski et al., 1995].
During flood events, groynes may be submerged. The designer must pay close attention to
this case, because there may be a bigger scour in
front of, or on the downstream side of, the structure and a scouring downstream from the groyne
due to the downward flow after the groyne
[Breusers and Raudkivi, 1991] [Hoffmans and
Verheij, 1997].
In order to reduce scouring, attempts have been
made to build groynes with sloping crests, from
the bank to the head, so that the structure does not
excessively disturb the flow and the scour is reduced.
The disposition and shape of groynes influence
the amount and location of scouring, and the
shape and volume of deposition zones near to the
structures. Hence they can be classified according
to these parameters as well.
Depending on the alignment with respect to the
flow direction, groynes can be classified into attracting, deflecting and repelling. Attracting
groynes are planimetrically oriented in the down-

1 INTRODUCTION
Groynes are structures extending outward from
the bank of a river. These structures have two
main purposes: to centralize the main channel, and
to stabilize it and protect river banks from erosion
by promoting the process of sediment deposition
between them. These effects are connected with
change in the hydrodynamic field around these
structures, which influences the phenomena of
both sediment transport and deposition [Toinaga
and Matsumoto, 2006].
There are many criteria with which to classify
groynes, and they relate in general to their construction parameters or attitude towards the flow.
Groynes can be permeable or impermeable,
depending on whether or not water flows across
the structure. Permeable groynes, often constituted by arrays of piles of wood or steel or concrete, are minor obstacles against the flow which
prevent an increase in water level and promote sediment deposition. Nevertheless, groynes of this
type are not particularly resistant in the high flow
case. Instead, impermeable groynes built of stone
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consecutive groynes must range between 9° and
14° . The angle, β , is defined in Figure 1. In the
project reported here, the distances were first designed according to the first criterion, and verified
by means of the numerical model, but the angle, β , was then used as the dimensionless distance between two groynes.

stream direction, but they are dangerous when
they are submerged, because in this case the flow
downstream from the crest of the groyne is directed towards the bank. Deflecting groynes are
perpendicular to the mainstream and are mainly
used when it is necessary to push the talweg away
from the bank. Repelling groynes are planimetrically upstream-oriented: they deflect the flow towards the opposite bank also if they are submerged.
A further classification can be made in regard
to groyne head shape, which is an important design parameter. A groyne head is often inclined
with respect to the vertical, and this angle influences the shape and size of the scour. Groynes can
be straight, rounded, L-head, T-head and hockeystick shaped [Kuhnle et al., 1999 and 2002].
Once the right type of groyne has been chosen
for the project (head shape, submersible or not,
permeable or not), it is of great importance that all
the following parameters are taken into account,
because they characterize the design of a groyne’s
field:
− planimetric location;
− groyne orientation αp relative to the river axis;
− groyne length Bp (normally to the bank) and
height;
− groyne spacing Lp and number;
− angle αp of the crest relative to the horizontal.

2 SCALE MODEL
When constructing a physical scale model, complete similarity between the prototype and its
model requires fulfilment of three similarity criteria: geometric, kinematic, and dynamic.
The first criterion is satisfied when the ratios of
all corresponding linear dimensions between prototype and model are the same. When a model’s
vertical reduction scale, λy and horizontal length
scales, λx are not the same, the model is geometrically distorted The main advantage of geometrically distorted physical models is flexibility in
choosing the horizontal scale. Without geometric
distortion, the water depth on the model may be
very small, and the model may be severely affected by surface tension effects and bottom friction (scale effects). On the other hand, a mobile
bed model with geometric distortion may have
problems with slopes and friction angles of the
bed materials because also dimensionless geometric quantities like slope do not remain unaltered.
The kinematic criterion is satisfied when the
ratios between components of all the kinematic
quantities (velocity, acceleration, etc.) of the prototype and the model are the same in space and
time. The dynamic criterion is satisfied when the
ratios between the forces of the prototype and
model are the same at all times. In a fluvial model
these similarity criteria reduce to the Froude similarity.

Figure 1 Scheme of the parameters that characterize the asset of groynes. The angle β is used to define the dimensionless distance between two consecutive groynes.

The distance between the groynes is one of the
most important parameters in their design. Two
different criteria are used in the literature to determine the optimal distance. The first is based on
cinematic and energetic considerations (Jansen, et
al., 1979): it is (2 gL p χ 2 h < 0.6) , where χ [L T-2] is
the Chézy friction coefficient and h is the water
depth in the central part of the river.

2.1 Solid transport similarity
Models with mobile beds are characterized by the
fact that the riverbed is made of granular material
subject to the effects of the hydrodynamic field
produced by the flow. Models of this type are
used in studies related to erosion or deposition of
solid materials. The presence of solid transport
complicates the choice of the material to be used
in the model. In general, a mobile bed model
should perfectly reproduce the hydrodynamics,
and it should respect the scale factors of the quantities that regulate sediment behavior to the flow.
But a model of this kind is impossible to construct.
For dynamic similarity, the following quantities are introduced: density ρ and dynamic viscos-

Figure 2 Scheme difining the lawering of the bed.

The second criterion is based on an empirical
rule according to which the angle, β , between two
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ity μ of fluid; the bed shear stress τ 0 , and water
depth h; density ρs and diameter d of bed material; gravity acceleration g.
On applying dimensional analysis and choosing as independent quantities (ρ, h and u* ), one
obtains the dimensionless relationship:

⎛ρ
u
τ τ d⎞
; 0 ; 0 ⎟=0
f⎜ s;
⎜ρ
gh ρgd μ ⎟⎠
⎝

where zb = bed elevation, qb = solid transport
rate per unit width, t = time and x = longitudinal
coordinate. We considered the material to be uniform size and cohesionless. On introducing the
scales ratios rz, rx, rtz, e rqb, respectively for bed
elevation, longitudinal distances, morphological
times and of solid transport rates into eq. (6), the
following relationship is obtained:

(1)

rz rqb
=
rtz rx

The first parameter is the ratio between the
densities, which is preferably written as a function
of the relative submerged density:

Δ=

ρs − ρ
ρ

where rtz is the scale of the morphological time.

(2)

rqb =

The second parameter is the Froude number.
The third parameter is the mobility parameter,
and it is often written in terms of relative density
and of shear velocity u* = τ 0 ρ :

θ=

u*2
gΔd

rtz =

The fourth parameter is the grain Reynolds
number. This parameter is often substituted by the
characteristic diameter:
(4)

*

(9)

rqb

32

(10)

A major problem concerns the critical mobility
parameter. In a scale model designed according to
the Froude similarity, if the material used in the
model to reproduce the sediments has the same
density as that of the prototype, and the grain size
is reduced according to the length scale, the mobility parameter of the prototype and that of the
model is the same.
The situation is depicted in Figure 3, where
with respect to the present case the mobility parameters of both the prototype and the model are
reported. It is evident that the mobility parameter
in this case is less than the critical one.

(5)

This condition is unfeasible, and it is normally
accepted that similarity does not perfectly respect
both the mobility parameter and the Reynolds
number. It is attempted, however, to make the
model flow as similar as possible to that of the
prototype.
The role of the mobility parameter, θ , is of
great importance because it is the main factor in
the transport rate; that is, of the deposition and
scouring processes and of the morphological time
variations.
In mobile bed models, in fact, the time scale of
the morphological process is generally different
from the kinematic time scale. The morphological
time scale can be deduced from the onedimensional continuity equation of the solid phase
(Exner equation):
∂z b ∂qb
+
=0
∂t
∂x

λ2

qb = 8d gΔd (θ − θ cr )

Complete similarity between model and prototype requires that all four of the dimensionless
groups in the model are the same as the prototype:
*

(8)

This scale depends on the solid transport formula adopted. In this context we may refer to the
Meyer-Peter and Müller [1948] bed load formula,
in which the solid discharge qb depends on the difference between Shields parameters θ and the critical mobility parameter of incipient motion, θcr:

1/ 3

rΔ = rFr = rFr = rD = 1

(qb )model
(qb )prototype

is the scale reduction factor for the sediment
transport rate. For an undistorted model, rz = rx =
λ, that is:

(3)

⎛ gΔ ⎞
D* = d ⎜ 2 ⎟
⎝ν ⎠

(7)

Table 1 Case study parameters with the material reduced according to the geometrical scale but with the same density as
the prototype.
prototype
model

(6)
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Δ

d50 [mm]

D*50

θcr

θ

1.67

1

25.4

0.038

0.128

1.67

0.025

0.63

0.346

0.128

Table 1 gives some properties of the material
used in the present investigation with λ = 1/40 =
0.025.
In other situations, the mobility parameter of
the prototype may be bigger than the critical one,
but the difference (θ − θ cr ) on the model is very
small; that is, the solid discharge of the model is
so small that the morphological times scale expands to an unacceptable extent.

Figure 4. Shields diagram indicating the mobility of the material of the prototype and that of the model for a Froude
scale model in which the relative reduced density, Δ of the
model is much smaller than that of the prototype, but the
grain size is reduced according to geometrical scale. The region of suspended load is also indicated [van Rijn, 1984].

The scale reduction of the material often requires the use of very fine diameters in the model.
This choice produces numerous problems with the
model, such as smooth walls instead of rough ones
or deformation of the bed forms, etc.
The use of lighter materials of coarser size is
useful to prevent unwanted effects like dependence on viscosity and the presence of bed forms
which are not present in the prototype.
In our model, plastic grains (synthetic resins of
round shape and with uniform grain size) were
used as bed sediment. These grains were ionexchange resins, which are widely used in purification processes in the food industry. At the end
of the process, firms must dispose of them at special refuse disposal sites. However, these resins
are not damaging to the health. For this reason, it
is possible to purchase large quantities of resins at
low price and recycle them. Table 2 reports their
main material characteristics.

Figure 3. Shields diagram depicting the mobility of the material of the prototype and that of the model for a Froude
scale model in which the density of the prototype material
and that of the model is the same, but the grain size is reduced according to geometrical scale. The diagram also
shows the critical values of the relative mobility parameters.

In this case, a possible alternative is to change
the reduction scale of the transported material;
that is, to use in the model a material with a grain
size bigger that the prototype size reduced according to the geometrical scale. This solution is often
adopted, but the range of possible variation of the
grain size is very limited. Otherwise, the scale reduction of the friction velocity is distorted, and
consequently the slope is also distorted. In our experience, the best solution is to act on the relative
density; that is, to adopt a lighter material. The
situation is depicted in Figure 4.
A further important problem to be solved concerns the sediment transport modality, because the
sediments are often transported in suspension on
the prototype, and it is important to have the same
type of sediment transportation on the model. This
situation was particularly important in the investigation reported here, where we wanted to reproduce the deposition processes in the space between two consecutive groynes. It is useful for
this purpose to insert also the curves indicating
the limit between bed load and suspended load according to van Rijn [1984a] in the Shields diagram.
The situation is also depicted in Figure 4.

Table 2. Characteristics of the material used in the model.

Δ

0.13

d50
[mm]
0.7

d90
[mm]
0.95

ws
[cm/s]
1.15

One important issue concerns the fiction coefficient of the bed, which in this case is formed by
the contribution of both the grain size, d 90 and the
bed forms. We first determined that the model’s
bed forms matched the geometrical similarity, and
that they were well predicted by the van Rijn
[1984b] formula. By contrast, the d 90 of the model
was coarser than the corresponding d 90 of the prototype reduced according to the geometrical scale;
in other words, the model was a little coarser than
the prototype. However, the distortion was very
limited, also bearing in mind the possible effect of
the Reynolds number. In any case, the distortion
was acceptable for a relatively short model like
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one such as this intended for the analysis of localized effects.
Comparisons between the hydraulic properties
of the model material and that of the prototype are
reported in Table 3.
Table 3. Case study parameters with light material and
without geometric scale reduction.

Δ

Prototype
Model

1.67
0.13

d50
[mm]

D*50

θcr

θ

1

25.4

0.038

0.128

0.7

7.59

0.035

0.115

Figure 6. View of the rigid groynes.

The rockfill necessary to stabilize the bottom is
placed on this foundation. Riprap is used for the
structure of the groyne. In order to reproduce also
the mechanism of the groyne’s collapse induced
by local scouring on its head, the density of the
material used to reproduce the structure in the
model was the same as that of the bed material
used in the model. This was achieved by using
angular particles of Leka for the riprap superstructure and Plexiglas cubes of 1 cm glued on canvas
rectangles for the mats (Figure 7 ).

2.2 Experimental setup
The model was built in the Hydraulics Laboratory
of the University of Trento, and it was 16 m long,
2 m wide and 0.5 m high. It represented a standard
reach of the Po River in Italy, in which a series of
groynes have been constructed. In order to avoid
problems with slopes and material friction angles,
in this model we adopted only a geometric scale λ
= 1/40 = 0.025 valid for all directions (undistorted
model). Once the geometric scale had been fixed,
the other ratios were derived from the Froude similarity. In particular: ru = λ1/2 and rQ = λ5/2,
where ru = velocities ratio and rQ = discharges ratio.

Figure 7. View of the flexible groynes reproduced in the
model.
Figure 5 Sketch of the experimental set-up of the model
(plant view). The model reproduced just one half width of
the river.

In the flexible groynes the foundation mattress
extended for 15 cm all around the structure. The
purpose of this extension was to adapt the foundation to the bed lowering when the localized scouring touched the groyne.

The model reproduced just one half of the river
containing the groynes. Two different types of
groynes were made: one rigid and one flexible.
The foundation of the first type consisted of a
plastic parallelepipedon resting on the model bottom. The groyne’s main structure was made of 1
cm angular stones glued together with cement
(Figure 6).
The second type of groyne reproduced a special technology for groynes where the structure
lies on a filtering ballasted mat made of geosynthetic material, ballasted with concrete cubes and
coupled to the geosynthetic structure with special
nails or three-dimensional geodesists. This mattress is located directly on the sandy soil of the
river.

2.3 Configurations and tests
The tests analyzed the behavior of groynes relative to changes in many parameters:
− head shape: straight or rounded
− foundation: stiff or flexible
− spacing: 10°, 12° and 14° degrees (defined according to Figure 2)
− sloping crest: non-sloping, partially-sloping and
totally-sloping (Figure 8)
− orientation angle αp: 90° or 60°
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creasing the water depth in the part of the channel
external to the groynes. As regards this effect, the
most influential parameter is the relative distance
between the groynes.
We analyzed three different distances, corresponding to β = 10° , β = 12° , and β = 14° , where
β is the relative distance defined in Figure 1. In
all three configurations, the effect of average deepening of the central part of the flume, Δzb , was
achieved. The average lowering decreased, as expected, with increases in the distance between the
groynes, but this effect was achieved to an acceptable degree also for the maximum distance examined ( β = 10°) . The orientation angle, α p , of
the groynes (defined in Figure 1) had minor effects on the average deepening, but in the case of
groynes normal to the bank the average deepening
was more distributed along the main channel.

− discharges: 500, 650 or 800 m3/s (on the prototype).
− duration time: 15 months and multiples (on the
prototype), that is asymptotic condition for the
bed elevations .

Figure 8. Longitudinal sections of different groynes, tested
on the model. Length in meters.

The groynes are enumerated as “first”,
“second” and “third” proceeding from upstream to
downstream.

⎛ Δ zb
⎜⎜
⎝ h

⎞ 0.30
⎟⎟
⎠ av

0.25
0.20
0.15

Figure 9 Sketch of groynes enumeration.

α = 12°

α = 10°

0.10

50 tests were performed, corresponding to 15 different configurations. During each test the following quantities were measured:
- discharge: with an electromagnetic flowmeter;
- hydraulic depth: with two or more point
gauges located in different positions;
- velocities: with an ADV (Acoustic Doppler
Velocimeter) at many points and at different depths, to analyze the 3D turbulence
structure
- solid transport rate: measuring the volume in
unit time discharged in the downstream
section of the model.
At the end of each test, the bed was scanned
with a laser device which yielded a 3D map of the
bed elevation along the entire model. This process
was performed without removing water from inside the flume, so as to avoid unwanted alteration
of the bed configuration.

α = 12° α = 10°

0.05
0.00

α p = 190°

α p 2= 60°

Figure 10. Average lowering of the riverbed for different
orientations of the partially-sloping groynes (flexible
groynes).

In this respect, however, the angle of the crest
is more important. The differences between the
average lowering between non-sloping and partially sloping groynes are not significant, but in
the case of totally sloping dikes, the average lowering is substantially reduced.
Finally, the difference in average lowering between rigid and flexible groynes was examined.
The result was that flexible groynes worked
slightly better, but the differences were not relevant.
We also analyzed the effect of the shape of the
groyne head on local scouring. We did not observe marked differences in maximum local
scourings between rounded groynes and rectangular ones. However, we found that, with rectangular heads, the erosion hole was further away from
the structure than when the rounded head was
used. An explanation of this result will be given in
the section on the depositions processes.
The scour difference between stiff and flexible
groynes was then considered with respect to the
maximum localize scouring. The maximum scouring depth near the first groyne was the same in the
two configurations; but near to the next groynes,

3 RESULTS
The experimental investigation allowed evaluation
of aspects of groynes otherwise impossible to analyze with a 2D depth integrated numerical model
(Rosatti and Armanini, 2008) owing to the 3D
structure of the velocity field around them.
Because the aim of the project was to improve
navigability along the main channel, one of the
most important conditions to be checked on the
model was the attitude of the groyne system to in1182

the maximum scouring of the flexible groynes was
more limited (Figure 11).

⎛ Δ zb
⎜⎜
⎝ h

0.2

Groyne 1

Groyne 2

Figure 11. Maximum scouring with stiff and flexible foundations. With flexible groynes, the scour depth on the central spur was smaller than that at the rigid one.

partially sloping

The last aspect analyzed was the groyne orientation αp. The scour size did not vary appreciably
between α p = 60° , α p = 90° , but the position of
the scouring hole changed significantly for
α p = 60° . In this case, in fact, the local scouring
began in the upstream corner of the groynes, reducing its safety.

The realization of rigid groynes in the river Po
is rather problematic, while building up flexible
groynes is easier and less expensive, so after an
initial series of tests, the configuration with rigid
groynes was abandoned. However, we have reason to believe that, apart from the differences
shown in Figure 11, the most important considerations for the flexible groynes also apply for rigid
groynes.

3.1 Deposition processes
One of the advantages of using light material was
the model’s ability to reproduce the suspended
load. The correct similarity of suspended load enabled accurate reproduction of the deposition
process between groynes.

⎛ Δ zb ⎞
⎜⎜ h ⎟⎟ 1.4
⎝
⎠ max
1.2
1.0

Groyne 2

Figure 13. Maximum scour with non-sloping, totallysloping and partially-sloping groynes. The inclination of the
crest significantly affects the scour depth; scour depth decreases with increases in the structure slope (flexible
groynes).

0.0
Groyne 1

totally sloping

0.0

rigid

0.4

fexible

rigid

fexible

0.2

no sloping

0.4

0.8

totally sloping

0.6

1.0

no sloping

0.8

partially sloping

1.0

⎛ Δ z b ⎞ 1.4
⎜⎜ h ⎟⎟
⎝
⎠ max
1.2

0.6

⎞ 1.4
⎟⎟
⎠ max
1.2

β = 14° β = 12° β = 10°

0.8
0.6
0.4

β = 14° β = 12° β = 10°

0.2
0.0
Groyne 1

Groyne 2

Figure 12. Maximum scouring at different spacings between
flexible groynes. The increase of the spacing significantly
influences the scouring depth near the central spur; the
greatest maximum scour depth is recorded for β = 10° .

Figure 14. Mechanics of formation of the intergroyne bars.

Comparison between tests with different spacings shows that the maximum scour was only influenced by the distance with biggest relative distance ( β = 10°) . In fact, the erosion hole near to
the second groyne was considerably increased,
whereas it remained the same near to the first one.
The inclination of the crest also significantly
affected the local scouring.
In fact, the scour depth decreased with increases in the slope, as expected, ranging from a
quite small effect, Δzb/h = 0.2, for the totallysloping groynes, to a considerable effect, Δzb/h =
1.3, for the horizontal groynes (Figure 13).

We observed, in fact, the formation of a deposition bar starting downstream from each groyne
and which significantly changed the hydrodynamic field between the groynes.
The formation of such a bar is likely related to
the suspended load whipped up by the longitudinal vortex responsible for the local scouring
around the head of the groin. The process is
sketched in Figure 14.
The localized scouring starts in the proximity
of the head of the groyne because of the stretching
of the longitudinal vorticity due to longitudinal
acceleration. When the bed starts being eroded,
the material is brought upwards mainly as suspended load. The vertical secondary circulation
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between the groynes brings this material towards
the bank and the material tends progressively to
deposit in this zone. The result is the creation of a
bar (Figure 14, Figure 15 and Figure 16).
The bar tends to grow in volume and in elevation and to move toward the bank with discharge
increasing.
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Figure 15 Example of the bed elevation pattern at the end of
a test on rigid groynes (Q= 800 m3/s).

The groyne’s head shape noticeably affects the
shape of the bar. In fact, if the scouring hole
moves toward the bank (as in the case of rounded
head groynes) so does the bar, which shifts towards the downstream groyne and leaves the bank
near the upstream groyne dangerously exposed
(Figure 15). This mechanism explains why in the
case of a rounded head the localized scouring is
closer to the groyne.
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Figure 16 Example of the bed elevation pattern at the end of
a test on flexible upstream-oriented groynes (Q = 800
m3/s).. The angle between the groynes defined according to
Figure 2 is β=10° (flexible groynes).

The effect of increasing the distance between
the groynes up to a certain value is positive with
respect to the bar, because the bar grows in area
and volume and tends to take up all the space between the groynes. However if the distance between the groynes is too long ( β ≥ 10°) the bar
does not reach the second groyne, which in this
case is directly exposed to the main flow and is
subject to deeper local scouring.
One important point concerns the effect of
groyne crest inclination on the bar. We have observed that in the case of totally-sloping groynes
(see Figure 8 for the definition) the bar disappears, leaving the bank unprotected. Moreover
with partially-sloping groynes there is a small reduction in the bar planimetric distribution, with a
shift towards the bank.
Finally, to be stressed is that this study was
performed on a straight flume, and that in the
presence of a curve the results may be substantially different. For this reason, the next step will be
to build a flume with one or two curves and to test
it.
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Assessment of flood damage risk for abutments in river floodplains
B. Gjunsburgs, G. Jaudzems & E. Govsha

Water Engineering and Technology Department of Riga Technical University, Riga, Latvia

ABSTRACT: The scour development in time during multiple floods and equilibrium stage and the assessment of flood damage risk for bridge abutments have been investigated. The differential equation of
equilibrium of the bed sediment movement for clear water conditions was used, and a method for computing scour development in time at bridge abutments during multiple floods was elaborated. The test confirmation of the methods allows us to perform computer modeling of scour processes and estimate the influence of floods with different probability, duration, frequency, and sequence on the depth of scour. The
results obtained are presented. A method for computing the equilibrium stage of scour has been elaborated too. The methods can be employed for estimating possible damages of the abutments because of
scour after successive floods by using the risk factor, predicting possible failure during the maintenance
period, and proving at the stage of design that the structure is able to withstand expected or unexpected
extreme flood events.
Keywords: Multiple floods, Scour, Sediment transport, Abutment, Risk factor
1 INTRODUCTION

crossings under conditions of clear water and bed
sediment movement was first presented by Rotenburg (1969).
However, no formulae are available for computing the depth of scour formed in time near bridge
abutments during multiple floods, predicting the
development of scour depth before, during, or after the floods, proving the safety of the abutments,
and taking necessary protection measures.
The scour hole parameters (depth, width, and
volume) during floods under clear-water conditions in the floodplain are summed up and increase from flood to flood. Hence, it is impossible
to predict how multiple floods will affect the
scour depth at the abutment and to know whether
it will or will not be destroyed after a current or
forthcoming event, whether the scour depth will
exceed or not the designed equilibrium depth if
the floods are higher than the calculated ones, and
how long the structure will stay undamaged and
safe enough after unexpected multiple flash
floods. There are no answers to these and other
questions.
Using the differential equation of equilibrium
of the bed sediment movement in clear water, a
method for calculating the scour development in

During the past decade, several high floods that
occurred in Europe were the reason for failures of
bridges, environmental damages, and economic
losses.
The equilibrium, or temporal, stage of scour
near hydraulic structures was studied by many authors, and new approaches have been elaborated
by Cardoso & Bettess (1999), Kothyari & Ranga
Raju (2001), Balio & Orsi (2001), Radice et al.
(2002), Hager et al. (2002), Armitage & McGahey
(2004), Yanmaz & Celebi (2004), Grimaldi et al.
(2006), Gjunsburgs et al. (2001, 2004, 2007,
2008), Tregnagh et al. (2008), and Yanmaz &
Kose (2009).
For computing the equilibrium or temporal
depth of scour, the discharge on the peak of the
flood was used; it is not restricted in time for the
whole maintenance period of bridge crossings, but
is time-restricted for temporal scour estimation. In
field conditions, the scour is formed by multiple
floods of different probability, duration, frequency, and sequence.
A method for calculating the general scour development in time during the floods at bridge
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time at bridge abutments during floods has been
elaborated. The agreement between the experimental and calculated results (Gjunsburgs & Neilands, 2004) allows us to use this method for computer modeling of the scour process in nature
during floods with different probability, duration,
frequency, and sequence. This method enables us
to compute the scour depth at any stage of the
flood during the maintenance period or at the
stage of designing the bridge crossings.
It was found that the scour parameters increase
with decreasing probability and with increasing
duration and frequency of the floods. The sequence of floods can increase or reduce the scour
development in time, depending on their probability. The successive floods of the same probability
considerably increase the value of scour depth.
A method for computing the equilibrium stage
of scour has also been elaborated. It was accepted
that the equilibrium scour depth at the abutments
is reached when the local velocity becomes equal
to the critical one.
The proposed methods allow us to estimate
possible damages of the foundations of bridge abutments, caused by scouring in multiple floods, or
prove their stability, by using the risk factor R.

Vlt =

(3)

⎞
⎟
⎟
⎠

V0 = 3.6d i 0.25 h f 0.25

(4)

where di = grain size of the bed materials.
The critical velocity for any depth of scour hs
and for the flow bended by the bridge crossing
embankment is

⎛
h
V0t = β ⋅ 3.6 ⋅ d i0.25 ⋅ h 0f .25 ⎜1 + s
⎜ 2h f
⎝

⎞
⎟
⎟
⎠

0.25

(5)

where β = reduction coefficient of the critical
velocity at the bended flow determined by using
the Rozovskyi (1956) approach; h f 1 + hs / 2h f =
average depth of the flow at hs:

(

w
hm = =
b

mhs ⋅ h f + mhs
mhs

hs
2 = h ⎛⎜1 + hs
f ⎜
⎝ 2h f

)

⎞
⎟
⎟
⎠

(6)

where w = area of the cross section and b =
width of the scour hole.
At the equilibrium stage, the local velocity becomes equal to the critical one, Vlt = βV0t and
hs=hequil:

2.1 Equilibrium depth of scour
The discharge across the width of a scour hole before and after the scour is determined as follows:

Vl
⎛ hequil
k ⎜1 +
⎜
2h f
⎝

(1)

where Qf = discharge across the width of the
scour hole with a plain bed, Qsc = discharge across
the scour hole with a scour depth hs, and k = coefficient of changes in discharge because of scour,
which depends on the flow contraction (Gjunsburgs & Neilands, 2004).
Now, we have

mhs ⎞
⎛
mhs h f Vl = k ⎜ mhs h f +
hs ⎟ ⋅ Vlt
2
⎝
⎠

⎛
h
k ⎜1 + s
⎜ 2h f
⎝

The critical velocity at the plain bed can be determined by the Studenicnikov (1964) formula:

2 METHODS

Q f = Qsc ⋅ k

Vl

⎞
⎟
⎟
⎠

=
(7)

⎛ hequil
= β ⋅ 3.6 ⋅ d i0.25 ⋅ h 0f .25 ⎜1 +
⎜
2h f
⎝

⎞
⎟
⎟
⎠

0.25

where 3.6di0.25hf0.25 = V0
or

⎛ hequil
= β ⋅ V0 ⎜1 +
⎜
2h f
⎛ hequil ⎞
⎝
⎟
⎜
k 1+
⎜
2h f ⎟⎠
⎝
Vl

(2)

where m = the steepness of scour hole, mhs =
width of the scour hole, Vl = local velocity with a
plain bed (Gjunsburgs & Neilands 2004), hf = water depth in the floodplain, hs = scour depth, and
Vlt = local velocity at a scour depth hs.
From Eq. (2), we find the local velocity for any
depth of scour

⎞
⎟
⎟
⎠

0.25

(8)

or

⎛ hequil
Vl
= ⎜1 +
kβV0 ⎜⎝
2h f

1.25

⎞
⎟
⎟
⎠

(9)

From Eq. (9), we determine the value of hequil
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hequil

⎡⎛ V ⎞ 0.8 ⎤
= 2h f ⎢⎜⎜ l ⎟⎟ − 1⎥
⎥⎦
⎢⎣⎝ kβV0 ⎠

where γ = specific weight of sediments.
The parameter A depends on the scour, local
velocity Vl, critical velocity V0, and grain size of
the bed material during the floods:

(10)

According to Yaroslavcev (1956), the depth of
scour depends on the side-wall slope of the construction.
According to Richardson and Davis (1995), the
scour depth depends on the angle of flow crossing
(kα). In our study, α = 90° and kα = 1.
The equilibrium depth of scour can be presented by the next equation:

hequil

⎡⎛ V ⎞ 0.8 ⎤
= 2h f ⎢⎜⎜ l ⎟⎟ − 1⎥ ⋅ k m ⋅ kα
⎥⎦
⎢⎣⎝ kβV0 ⎠

⎡
h
5.62 ⎢ kβV0 ⎛⎜
Ai =
1−
1+ s
⎜
Vl ⎝ 2h f
γ ⎢
⎣
1
⋅
0.25
⎛
hs ⎞⎟
0.25
0.25 ⎜
di ⋅ h f 1 +
⎜ 2h f ⎟
⎝
⎠

Qs = Ai ⋅ mhs ⋅ Vlt4 = b

2.2 Scour development in time during multiple
floods

(12)

where w = volume of the scour hole, which,
according to the test results, is equal to 1/6πm2hs3,
t = time, and Qs = sediment discharge out of the
scour hole. The volume and shape of the scour
hole are independent of the contraction rate of the
flow (Gjunsburgs & Neilands 2004).
The left-hand part of Eq. (12) can be written as

ahs2

5.62 ⎛ βV0 ⎞
1
⎜⎜1 −
⎟⎟ 0.25 0.25
Vl ⎠ d i ⋅ h f
γ ⎝

dhs
=b
dt

hs
⎛
h
k 4 ⎜1 + s
⎜ 2h f
⎝

hs
⎛
h
k 4 ⎜1 + s
⎜ 2h f
⎝

h
k 4 ⋅ a ⎛⎜
hs 1 + s
⎜ 2h f
b
⎝

⎞
⎟
⎟
⎠

4

(17)

⎞
⎟
⎟
⎠

4

(18)

4

⎞
⎟ dhs = dt
⎟
⎠

or

(14)

⎛
h
Di hs ⎜1 + s
⎜ 2h f
⎝

where B = mhs = width of the scour hole, Vl =
local velocity at the abutments with a plain bed,
and A = parameter in the Levi (1969) formula. At
a plain river bed, the formula for A = A1 reads

A=

(16)

After separating the variables,

(13)

where hs = scour depth, m = steepness of the
scour hole, and a=1/2πm2.
The sediment discharge was determined by the
Levi (1969) formula:

Qs = AB ⋅ Vl4

⎥⋅
⎥
⎦

where b = AimVl4.
The hydraulic characteristics, such as contraction rate of the flow, the velocities V0 and Vl, the
grain size in different bed layers, the sediment
discharge, and the depth, width, and volume of the
scour hole, varied during the floods.
Taking into account formulas (13) and (17), the
differential equation (12) can be written in the
form

The differential equation of equilibrium for the
bed sediment movement in clear-water conditions
has the form:

dh
dw 1 2 2 dhs
= πm hs
= ahs2 s
dt 2
dt
dt

1.25 ⎤

The sediment discharge also changes with the
local velocity Vlt. Then, we replace Vl in Eq. (14)
with the local velocity at any depth of scour Vlt
from Eq. (3). The parameter A in Eq. (14) is replaced with the parameter Ai from Eq. (16). The
sediment discharge upon development of the
scour is

(11)

where hequil = the equilibrium depth of scour for
the designed probability of floods, for example,
for the flood with a return period of 100 years.
The equilibrium depth of scour can be exceeded
by higher or multiple floods during the period of
maintenance of the bridge crossing.

dw
= Qs
dt

⎞
⎟
⎟
⎠

4

⎞
⎟ dhs = dt
⎟
⎠

where

Di =

(15)
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k 4a π ⋅ m ⋅ k 4
=
b
2 Ai ⋅ Vl 4

(19)

determined: the water depth in the floodplain hf;
contraction flow rate Q/Qb, where Q = discharge
of flow and Qb = discharge in the bridge opening
under open-flow conditions; the maximum backwater ∆h determined by the Rotenburg (1965) method [a comparison of the values of ∆h obtained in
the tests with those calculated by Rotenburgh
(1965) was illustrated earlier (Gjunsburgs & Neilands, 2004) and gave good results]; grain size di;
thickness H of the bed layer with di; the specific
weight γ of the bed material. As a result, we have
Vl, Vlt, V0, V0t, A, Ai, Di, Ni, Ni-1, x, and hs at the
end of time intervals and finally at the end of the
time step. For the next time step, the flow parameters were changed because of the flood and because of the scour developed during the previous
time step.
During the last decade, a lot of bridges were
destroyed or damaged due to scour, which means
that the designed equilibrium depth of scour was
exceeded by unexpected floods.
Using the two above-mentioned methods, the
flood-damage risk factor for abutments can be estimated. The time-dependent depth of scour computed for floods with different probability, duration, frequency, and sequence [Eqs. (22) and (24)]
is compared with the designed equilibrium depth
of scour [Eq. (11)], and the flood-damage risk factor R for the abutments is determined as the ratio
of Σhs/hequil des.:

After integration of Eq. (19), we have:
x2

⎛
h
t = Di ∫ hs ⎜1 + s
⎜ 2h f
x1 ⎝

4

⎞
⎟ dhs
⎟
⎠

(20)

where x1=1+hs1/2hf and x2=1+hs2/2hf = relative
depths of scour.
According to the method, the hydrograph was
divided into time steps, and each step in turn was
divided into time intervals (Fig. 1). It was assumed that Di was constant inside the time interval.

Figure 1. Hydrographs divided into time steps and time intervals.

After integration with new variables,
x=1+hs/2hf, hs=2hf(x-1), and dhs=2hfdx, we obtain

t = 4 Di h 2f ( N i − N i −1 )

(21)

where Ni=1/6xi6-1/5xi5, Ni-1=1/6xi6-1-1/5xi-1, and
x=1+hs/2hs are the relative depths of scour.
From Eq. (21), the value of Ni can be found

Ni =

ti

4 Di h 2f

+ N i −1

R=

(22)

(23)

We assume that the scour depth depends on the
slope of the side wall (Yaroslavcev, 1956) described by the coefficient km and on the angle of
flow crossing (Richardson & Davis, 1995). In our
study, the angle of flow crossing was 90° and kα =
1.
Then, Eq. (23) can be given in the form

hs = 2h f ( x − 1) ⋅ k m ⋅ kα

hequil

⋅ 100

(25)

des.

where Σhs = depth of scour development after
several floods and hequil des. = designed equilibrium
depth of scour. The designed equilibrium depth of
scour can be exceeded by high flash floods or unexpected multiple floods with a lower probability
than the designed flood. Then the value of Σhs can
be greater than hequil des., the scour depth can exceed the designed foundation level, and the structure can be damaged.

where ti = time interval.
Using the graph N = f(x) for the calculated value of Ni, we find xi and the depth of scour at the
end of time interval:

hs = 2h f (x − 1)

Σhs

3 RESULTS
The contraction of the river by abutments leads to
streamline concentration, local increase in velocities, vortex structures, increased turbulence, and
local scour at the abutments. To study the scour
process at abutments, tests in the conditions of
different contraction rates of the flow, grain sizes
of bed material, Froude numbers of the open flow,
different depths of the floodplain, and steady and
unsteady flow conditions were carried out.
The test results obtained in the conditions of
open flow, rigid and sand bed, and steady or un-

(24)

To determine the scour depth development during the flood or multiple floods, the hydrograph
was divided into time steps with duration of 1 or 2
days, and each time step was divided into time intervals up to several hours. In laboratory tests, the
time steps were divided into 20 time intervals. For
each time step, the following parameters must be
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steady flow have been published previously
(Gjunsburgs & Neilands, 2004). The duration of
the tests was 7 hours for a steady and 14 hours for
an unsteady flow. The condition that FrR = Frf
was fulfilled, where FrR and Frf were the Froude
numbers for the plain river and for the flume, respectively. The length scale was 50 and the time
scale was 7. Relative to the real conditions, the
test time was equal to 2 days. This was the mean
duration of time steps, into which the flood hydrograph was divided (Fig. 1).
The experimental data for open flow conditions, as well as comparisons between the values
of local velocities and scour depth at the abutment
obtained in tests and calculations have also been
presented previously (Gjunsburgs & Neilands,
2004). Some comparison results between the experimental and calculated scour depth at the abutments are shown in Table 1, where Q/Qb = flow
contraction rate, Q = flow discharge in tests, Qb =
discharge in bridge opening under open flow conditions, hf = water depth in the floodplain, Lb =
length of the bridge model opening, ∆h = maximum backwater value, Vl = local velocity at a
plain bed, and t = duration of tests.

The patterns of the scour development in time,
both determined in tests and computed by the
suggested method, are similar, namely the rapid
development at the start of the scour process
and gradual reduction with time (Figs. 2 and 3)
was observed.

Figure 3. Scour development in time under unsteady flow
conditions.

Based on the results obtained in laboratory
tests, a computer modeling of the time-dependent
scour during multiple floods with different probability, duration, frequency, and sequence was performed, the equilibrium stage of scour was examined, and the risk factor for estimating the
safety and stability of the abutments was determined.
Figure 4 shows the scour development in time
for the discharge with a return period of 1 and 4
times over 100 years. The scour hole at the abutments is deeper for the flood of a lower probability.

Figure 2. Scour development in time under steady flow conditions.

Table 1. Comparison between the experimental and calculated values of scour depth at the abutments
__________________________________________________________________________________________________
Tests
Q
Q
hf
Lb
∆h
Vl
t
hs exp.
hs calc.
hs exp.
__
______
(cm)
(cm)
(cm)
(cm/s)
(hours)
(cm)
(cm)
h
(l/s)
Q
b
s calc.
__________________________________________________________________________________________________
SL1
16.60
5.27
7
50
2.20
36.81
7
13.30
12.91
1.03
SL2
22.70
5.69
7
50
3.60
43.20
7
16.70
16.40
1.02
SL3
23.60
5.55
7
50
3.95
46.61
7
17.30
17.61
0.98
SL4
16.60
3.66
7
80
1.19
33.04
7
10.10
9.79
1.03
SL5
22.70
3.87
7
80
1.79
39.76
7
12.80
13.03
0.98
SL6
23.60
3.78
7
80
2.35
45.85
7
16.22
15.45
1.05
SL7
16.60
2.60
7
120
0.60
26.76
7
6.40
5.94
1.077
SL8
27.70
2.69
7
120
0.99
33.87
7
9.81
9.22
1.06
SL9
23.60
2.65
7
120
1.28
38.77
7
11.62
11.28
1.03
SL13
35.48
4.05
13
80
1.42
34.65
7
9.44
9.68
0.97
SL14
41.38
3.99
13
80
1.80
39.26
7
12.30
12.62
0.97
SL15
47.10
4.05
13
80
2.70
49.15
7
18.30
17.82
1.03
SL17
22.70
3.87
7
80
1.79
39.76
7
9.60
9.68
0.97
TL3
23.60
3.78
7
2.35
45.85
12.53
47.10
4.05
13
80
2.70
49.15
14
24.20
23.14
1.05
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Figure 4. Time development of scour depth with discharges
of different probabilities.

Figure 6. Scour development in time for floods with different frequencies, where hs1 and hs2 are the scour depths after
two and four floods, respectively.

In the case of SL14 test (Table 1) with a discharge
of 41.38 l/s, after 7 hours, the scour depth was
12.30 cm compared with the calculated value of
12.62 cm; but, in the SL17 test with a discharge of
22.7 l/s, these values were 9.60 cm and 10.0 cm,
respectively. The contraction rate of the flow,
grain size of the bed material, and thickness of the
bed layers were the same. It was found that the
higher discharge, the deeper the scour hole.

Figure 7. Sequence of three floods with the same probability.

The influence of the sequence of floods with a
different probability on the scour development in
time was examined according to three scenarios
(Figs. 7-9).
Figure 7 shows a scheme of three floods of the
same probability. The scour starts when the floodplain is flooded and increases rapidly. Because of
the scour hole developed, in the second flood, the
scour process starts at the step of hydrograph
when Vlt II ≥ βV0t II and has less duration, while for
the third flood the velocities change due to the
scour developed after the two previous floods, and
it begins at Vlt III ≥ βV0t III (Fig. 10).
Figures 8 and 9 present different sequences of
multiple floods. For a river basin with certain parameters, accepted as an example, the floods with
return periods of 1 and 4 for 100 years were calculated.
Figure 8 shows the sequence of floods: in the
first example, the high flood was followed by two
lower floods. In the TL3 test, the discharge of
23.60 l/s was followed by that of 47.1 l/s, and the
depth of scour was 24.20 cm.

Figure 5. Scour development in time: 7-day duration (1) and
14-day duration (2).

The scour development in time for the floods
of different duration is illustrated in Fig. 5. It is
seen that the scour depth increases with the flood
duration, i.e., the greater duration of the tests, the
deeper the scour depth. In the TL3 test (Table 1),
the scour depth was 12.53 and 24.2 cm after 7 and
14 hours, respectively.
To investigate the influence of the flood frequency on the scour development in time, we
choose a period of, for example, 5 years and suppose that, during this period, we have two or four
floods of the same probability.
It is obvious that an increase in the frequency
of the floods is accompanied by an increase in the
scour depth, and it follows from Fig. 6 that the
scour depth after two floods at an accepted period
of time hs1 is less than that after four floods occurred during the same period hs2. After every
flood, the depths of scour are summed up, and finally the equilibrium stage can be reached.
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Figure 8. Flood sequence: the first flood with a less probability than the next two.

Figure 10. Scour development in time for floods of different
sequences: 1- as in Fig. 7, 2- as in Fig. 8, and 3- as in Fig.
9.

As seen from Fig. 8, during the first flood, the
scour depth develops and remains the same till the
next flood. The local velocity Vlt reduces [Eq. (3)]
but the critical velocity V0t increases [Eq. (5)] because of the scour depth developed during the
previous flood. In the next flood, the capacity of
the flow is not sufficient to remove sediments out
of the scour hole, and Vlt is less than βV0t. In the
second and third floods, the scour depth remains
the same, as after the first flood (Fig. 10).
During the scour process, the parameters V0, Vl,
V0t, Vlt, Ai, Di, Ni, Ni-1, and x change.

4 CONCLUSIONS
During the last decade, a lot of bridges were destroyed or damaged because of scour, and this
means that the designed equilibrium depth of
scour was exceeded by unexpected floods. The
reason was high floods which come more frequently and have different sequence and duration.
In some cases, the designed equilibrium depth of
scour was exceeded, and bridge crossings were
destroyed.
A new approach has been elaborated for estimating the safety and stability of the abutments
under the loads of multiple floods with different
probability, duration, frequency, and sequence.
The differential equation of equilibrium of the
bed sediment movement in clear water conditions
was used, and a method for computing scour development in time at the abutments during multiple floods was elaborated. The method was confirmed by experimental results.
A computer modeling of the scour process
based on the method suggested [Eqs. (22) and
(24)] was performed, and the influence of floods
with different probability, duration, frequency,
and sequence on the scour depth at the abutments
was determined. It was found that, with a less
probability, increased duration and frequency of
the floods, and certain sequences of different
probability, the scour depth at the abutments increases.
A method for computing the designed equilibrium stage of scour has been elaborated, too.
Using the method for computing the designed
equilibrium stage of scour and the method for
computing scour development in time during multiple floods, the flood-damage risk factor for abutments can be estimated. The time-dependent
depth of scour computed for floods with different
probability, duration, frequency, and sequence
[Eqs. (22) and 24)] is compared with the designed

Figure 9. Flood sequence: the first two floods with a higher
probability than the third flood.

As seen from Fig. 9, two floods with a return
period of 25 years are followed by the flood with
a return period of 100 years. The scour depth develops during the first and the second floods; in
the third flood, the scour starts at the step of hydrograph when Vlt ≥ βV0t and develops rapidly due
to the increased discharge of the flow (Fig. 10).
Thus, the depth of scour during expected or extreme flood events depends on their probability,
duration, frequency, and sequence.
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equilibrium depth of scour [Eq. (11)], and the
flood-damage risk factor R for the abutments is
determined [Eq. (25)]. The designed equilibrium
depth of scour can be exceeded by high flash
floods or unexpected multiple floods with lower
probability than the designed flood. Then the value of Σhs can be greater than hequil des., the scour
depth can exceed the designed foundation level,
and the structure can be damaged.
The flood-damage risk factor is suggested for
assessment of possible damages of the abutments
during unexpected multiple or flash floods with
different probability, duration, frequency, and sequence. This factor can help to predict possible
failures during the maintenance period and, at the
stage of design, make sure that the structure is
able to withstand expected or unexpected flood
events.
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Effect of low tailwater during drought on scour conditions
downstream of an ogee spillway
Seung Ho Hong, Su Jin Kim, Terry Sturm & Thorsten Stoesser
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ABSTRACT: Low tailwater stages downstream of the stilling basin of an ogee spillway as a result of
drought conditions can result in swept-out hydraulic jumps that enhance scour potential downstream of
the structure. A hydraulic model study was conducted to assess the impact of low tailwater on energy dissipation provided by the stilling basin and the stability of the revetment lining in the downstream stilling
pool. Detailed velocity and turbulence profiles were measured in the stilling pool for both submerged and
swept-out hydraulic jumps. The results suggest that the primary scouring mechanism may be the impact
of a submerged jet on the bed.
Keywords: Drought, Hydraulic jump, Ogee spillway, Scour, Tailwater, Turbulence
out of the jump under extremely low tailwater
conditions resulted in erosion of the downstream
riprap protection and complex flow patterns in the
downstream stilling pool. Based on detailed velocity profiles and turbulence properties measured
in the stilling pool and field observations of scour,
it is suggested that the bed shear stress resulting
from near-bed velocity gradients is not the primary mechanism of scour development, but rather it
is a result of unsteadiness of the splatting event of
large-scale flow structures transporting the high
momentum of the near surface jet towards the bed
in the area of scour.

1 INTRODUCTION
1.1 Background and Purpose
Drought conditions such as those experienced in
South Florida during 2007 and 2008 can induce
extremely low tailwater stages downstream of
Structure 65E, a low-head, gated ogee spillway
located on the Kissimmee River which discharges
into Lake Okeechobee (Turner and Pickering
1979, Personal Communication, South Florida
Water Mgmt. District). During large floods, such
low tailwater stages in the lake can lead to hydraulic jump properties that may enhance the
scour potential immediately downstream of the
structure and threaten its stability.
The purpose of the structure is to pass the design flood (680m3/s) without exceeding the upstream flood design stage. In addition, the structure limits the downstream design flood stages
and channel velocities to non-damaging levels and
passes low flows to maintain downstream stages
and irrigation demands.
A hydraulic model study was conducted to further investigate the hydrodynamics of the flow
downstream of the structure during conditions of
low tailwater. Over a range of tailwater elevations
from drought conditions to normal operation, the
hydraulic jump either swept out of the stilling basin or was submerged by the tailwater. Sweeping

2 EXPERIMENTAL STUDY
2.1 Modeling Similarity
The experimental setup is a fixed-bed, sectional
model of the spillway and stilling basin which was
constructed at a 1:30 undistorted geometric scale
(length ratio, Lr = 1/30) using Froude number similarity (see Figure 1.). At the chosen scale, the
model Reynolds number based on spillway head is
of the order of 105, which ensures a fully turbulent
flow regime as in the prototype (ASCE 2000). The
model Weber number is estimated to be of the order of 103 which indicates that surface tension effects are negligible. The spillway crest and the
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floor of the stilling basin are constructed of acrylic
which minimizes roughness effects on the spillway flow even though they are already small because of the relatively small crest height.

study because the model riprap size becomes
15mm corresponding to the prototype size of
46cm.
The horizontal extent of the model is from 46m
upstream of the spillway crest to a point 210m
downstream of the spillway crest. This provides
modeling of the region of an existing scour hole
that has formed at the bottom of the riprap ramp.
In this phase of the study only the riprap revetment was modeled as a mobile bed.
2.2 Experimental Measurements
Gate opening height (Go), headwater elevation
(HW El.), tailwater elevation (TW El.), and discharge (Q) were measured for seven test conditions as given in Table 1. The elevation of the
crest of the spillway is 2.96m and the elevation of
the floor of the stilling basin is −0.49m.

(a) Ogee spillway and stilling basin

Table 1. Experimental Conditions (Go = gate opening, HW
El. = headwater elevation, TW El. = tailwater elevation, Q =
discharge, subm. weir = submerged weir flow)
______________________________________________
HW
TW
Q
Flow
Hydr.
Go
Type
Jump
(m)
El.(m) El.(m) (m3/s)
______________________________________________
1-free orifice swept out 2.07
6.71
0.01
509
2-free orifice swept out 2.07
6.71
1.04
509
3-free orifice swept out 2.07
6.71
2.31
510
4-free orifice stable
2.16
6.71
3.43
533
5-free orifice submerged 2.54
6.80
4.66
641
6-subm. weir submerged open
6.71
5.82
634
7-free
weir swept out open
7.38
2.21
933
_____________________________________________

The gate openings were established by lowering
the gates until they made a snug fit with an acrylic
block that had been precision machined to the correct height relative to the spillway crest. The
acrylic block was then carefully removed from
under the gate without changing its position. The
gates were held in place by friction between rubber gate gaskets and the gate slots. Then the flow
rate was gradually increased with the tailgate
raised (without submerging the spillway) until the
target headwater was achieved. When the headwater had stabilized, the tailgate was adjusted to produce a tailwater elevation near the target value using a point gauge. Subsequently, the tailwater was
measured more precisely with a capacitance wave
gauge so that downstream waves could be averaged out to determine the mean tailwater elevation. The flow rate was measured with an electromagnetic flow meter, and the headwater was
measured with a piezometer having an internal
needle that could be adjusted to just touch the meniscus from below. Headwater elevations were
measured 30.5m upstream of the spillway crest,

(b) Tailrace
Figure 1. Spillway model with vertical gates, piers, stilling
basin and tailrace

The tailrace downstream of the spillway consists of a stilling pool with rock riprap revetment
on the slope leading to the bottom of the stilling
pool. The riprap in the model was modeled as a
mobile bed and sized according to roughness similarity and Shields’ criterion. To reproduce the
riprap roughness in fully-rough turbulent flow, the
relative roughness ratio of grain size to depth must
be the same in model and prototype; that is,
dr/Yr=1.0 in which dr is the grain size ratio and Yr
is the depth ratio. For a Froude number model, the
depth ratio is equal to the length scale ratio Lr so
that the riprap is sized according to dr=Lr. This satisfies Shields parameter similarity for initiation of
motion if the specific gravity of the riprap is the
same in model and prototype, the model is undistorted, and the particle Reynolds number is large
enough which requires the model sediment size to
be greater than about 1.5mm (coarse sand). This
latter criterion is satisfied in the present model
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3 RESULTS

while tailwater elevations were taken at a distance
of 91.5m downstream from the spillway crest.
Velocities and turbulence quantities were
measured with a Son-Tek 16 MHz micro-ADV
(acoustic Doppler velocimeter) with a measuring
volume of 0.09cm3 and sampling rates up to
50Hz. Previous investigators have used an ADV
to measure the turbulent structure in hydraulic
jumps of low Froude numbers (Liu et al. 2004)
and turbulent flow characteristics of submerged
hydraulic jumps on rough beds (Dey and Sarkar
2008). In this study, the measurements were made
at 16 streamwise stations and approximately 10
vertical positions at each station to define the velocity and turbulence fields. The measurement locations were along two lines in the streamwise direction in the tailrace. Eight centerline
measurement locations were aligned with the centerline gate pier while eight more locations were
positioned at a distance of approximately 4.6m in
the cross-stream direction from the structure centerline to coincide with the centerline of the gate
bay. The streamwise spacing of the measurements
was 9m just downstream of the riprap increasing
to approximately 15m at the end of the tailrace.
Based on past experience with ADV measurements in a complex turbulence zone in the nearfield of a model bridge pier (Lee and Sturm 2009;
Ge et al. 2005), the required duration of the time
record at each velocity measuring point was expected to be a minimum of 2min and perhaps as
much as 10min. Dey and Sarkar (2008) reported
sampling durations varying from 3 to 10min depending on the turbulence intensity for the case of
a submerged hydraulic jump on a rough bed. Garcia et al. (2007) have suggested that optimum
sampling time has to be decided on case-by-case
basis depending on the turbulence characteristics.
Accordingly, the optimum sampling duration was
decided at the beginning of the test program by
taking a continuous time record with a duration of
three hours in the model tailrace. Then ensemble
averages of velocities and turbulence quantities
for various sampling durations were compared
with the global 3−hr averages. Based on this analysis, a 5−min sampling duration was chosen.
For the purpose of determining the ADV sampling frequency that minimizes noise while assuring a representative turbulence signal, the guidelines developed by Garcia et al. (2005) were used
to select a sampling frequency of 50Hz. Signal
conditioning of the ADV measurements was completed as described by Lee and Sturm (2009) with
despiking applied using the algorithm of Goring
and Nikora (2002).

3.1 Description of flow types
Classifications of the flow type and the behavior
of the hydraulic jump in the stilling basin for Test
Conditions 1 to 7 are summarized in Table 1. The
flow type for Test Conditions 1 to 5 can be classified as free orifice flow in which the tailwater has
no influence on the measured headwater elevation. However for Test condition 5, vortices delivered air down the gate slots, and orifice flow
could only be maintained by increasing the flow
rate until the headwater increased to an elevation
of 6.80m, which was slightly higher than the target value of 6.71m. At this point, a very small decrease in flow rate resulted in the free surface
dropping below the gates into free weir flow. The
gate opening was increased to 3.49m with a high
tailwater elevation of 5.82m in Test Condition 6,
which resulted in weir flow with no effect of the
gates. In fact, the headwater was influenced by the
tailwater so that the flow could be classified as a
submerged weir flow. Finally, in Test Condition
7, the gates were fully open and the headwater
elevation was set at the ogee design value of
7.38m (design head of 4.42m) by increasing the
discharge with the tailwater set at approximately
the same low value of Test Condition 3.
For the low tailwater of Test Conditions 1, 2, 3
and 7, the hydraulic jump swept out of the stilling
basin and caused erosion of the downstream riprap in varying degrees of severity. Test Conditions 1 and 7 were the most severe with respect to
stability of the riprap. Test Condition 1 was for
the lowest tailwater elevation of 0.01m while Test
Condition 7 was for a moderately low tailwater
elevation of 2.21m but at the highest discharge.
As shown in Figure 2 for Test Condition 1, the riprap was eroded off the floor of the downstream
ramp and deposited in a broad low mound near the
downstream toe of the ramp.
Test Condition 4 resulted in a stable hydraulic
jump in the stilling basin. For Test Condition 5,
the hydraulic jump was submerged on the face of
the spillway without submerging the orifice flow
under the gate as shown in Figure 3. Test condition 6 produced a very weak jump high on the
face of the spillway, and it oscillated upstream
and downstream reflecting the sensitive transition
from free to submerged weir flow. In all three of
these cases, the riprap was stable on the downstream slope.
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Figure 2. Hydraulic jump sweepout and riprap erosion for
Test condition 1 with free orifice flow.
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(a) Test Condition 1: Free orifice flow at low tailwater with
hydraulic jump swept out
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(b) Test Condition 5: Free orifice flow with high tailwater and
submerged hydraulic jump

Figure 4. Water surface profiles and locations of velocity
profile measurements for Test Conditions 1 and 5.

Figure 3. Submerged hydraulic jump for Test Condition 5
with free orifice flow and stable riprap.

3.2 Experimental Data and Discussion
For the purposes of this paper, Test Conditions 1
and 5 as shown in Figures 2 and 3 are compared
with respect to measured water surface profiles,
velocity profiles and Reynolds stresses. The former condition corresponds to the extreme drought
case of low tailwater while the latter is more representative of normal operating conditions for the
spillway structure.
Water surface profiles for Test Conditions 1
and 5 are shown in Figure 4(a) and 4(b), respectively. In Test Condition 1 (Figure 4(a)), the low
tailwater causes the jump to sweep out of the stilling basin with a high velocity jet that is flipped
onto the downstream riprap-lined slope by the end
sill of the stilling basin. At the impact point of the
jet, the rock riprap is eroded off the downward
slope of the stilling basin and deposited in a broad
shallow mound at the foot of the slope. This results in a hydraulic jump on the face of the slope
and a second high velocity flow over the riprap
mound with an impact zone in the bottom of the
stilling pool. A conceptual drawing of this flow
pattern is shown in Figure 5.

Figure 5. Conceptual flow pattern for Test condition 1.

The area of splatting of the jet downstream of
the redeposited riprap coincides with the location
of an observed scour hole in the prototype which
has a depth of approximately 3 m. This area was
modeled as a fixed bed in the present study to
measure the velocities and shear stresses in the
scour zone before the occurrence of scour.
In contrast, Test Condition 5 at much higher
tailwater has a water surface profile shown in Figure 4(b) that is nearly horizontal in the stilling
pool area, and no riprap is eroded. Conceptually,
flow velocities would be expected to decrease in
the streamwise direction as the depth increases
within the stilling pool, but much higher momentum fluid might be expected from the submerged
jump as it exits the stilling basin in comparison to
lower momentum fluid near the bed in the scour
region. The conceptual flow pattern is shown in
Figure 6.
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flow is accelerating near the bed as illustrated by
the slight bulge and the positive velocities found
there as shown in Figure 7(b). In the splatting
event, high momentum fluid is swept towards the
bed causing localized areas of high pressure that
are expected to be responsible for erosion of the
bed. The velocity profiles exhibit features similar
to the recovering velocity profile behind a backward facing step or a sand dune (Stoesser et al.
2008).
Velocities in Figure 7 are weaker in the lee of
the center pier in comparison with the centerline
of the spillway gate bay. This difference persists
both upstream and downstream of the impact of
the submerged jet.
The conceptual model suggested in Figure 5 is
further supported by the vertical distribution of
the shear stress. Figure 8 presents the Reynolds
shear stress at stations x = 92m, and x = 111m. A
strong shear layer is formed due to the separated
jet flow above the recirculation region. Towards
the bed, the shear stress is decaying rather rapidly

Figure 6. Conceptual flow pattern for Test condition 5.

In order to further investigate the hypothesized
flow patterns, velocity and turbulence profiles
were measured at the locations shown in Figure 4
both at the structure centerline in alignment with
the middle pier and along the centerline of the
right-side spillway bay.
The flow over the riprap mound in Figure 4(a) is
close to critical flow resulting in an accelerated jet
which separates downstream of the deposited riprap. The velocity profiles in Figure 7(a) at x =
92m exhibit a reverse flow at the bed corresponding to a recirculation zone upstream of a submerged jet splatting at the impact point for Test
Condition 1. Downstream of the impact point the
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Figure 8. Reynolds shear stress profiles, Test Condition 1

Figure 7. Velocity profiles, Test Condition 1
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on the stilling basin does not indicate flow reversal in the deeply submerged stilling pool, but it
does display a shear layer resembling mixing
layer flow with lower shear stresses near the bed.
Based on this study it is suggested that for low
tailwater conditions, the bed shear stress resulting
from near-bed velocity gradients is not the primary mechanism of scour development but rather a
result of large scale unsteadiness of the splatting
event in the observed scour area. Additional studies are underway to further elucidate the scour
mechanism in the spillway tailrace.

indicating very low momentum and turbulence in
that region. This is strong evidence that the observed scour hole (in the field) downstream of the
riprap is not caused by strong near-bed velocity
gradients but by the splatting event.
As shown previously in Figure 6 for Test Condition 5, the flow is characterized by a submerged
hydraulic jump in the stilling basin and high momentum flow above the downstream rip-rap lined
slope. Velocity profiles indicate that there is no
flow separation taking place; however, the flow
immediately above the riprap is characterized by
an area of low momentum fluid. Velocity and
shear stress profiles are shown in Figure 9 at
x=92m for Test Condition 5. These provide clear
evidence for the statements made above; that is,
the submerged jump creates an upper high momentum region in the stilling pool with a low
momentum zone underlying it but without flow
reversal in the bottom of the stilling pool. The velocity profile resembles more that of a mixing
layer than a boundary layer. Relatively small turbulent shear stresses occur in the lower momentum region near the bed where the mixing layer is
developing. The interface between high and low
momentum flow is characterized by elevated values of shear stress around the area of z=0.0m,
suggesting a shear layer between the two flow
areas.
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4 CONCLUSIONS

4

Low tailwater during drought conditions has been
shown to be a risk for scour downstream of a lowhead ogee spillway operating under gate control.
The hydraulic jump not only sweeps out of the
stilling basin, but the flow exits as a jet thrown into the air by the end sill similar to the action of a
flip bucket. The existing riprap downstream of the
end sill is readily eroded by the impact of the jet
and deposited near the base of the upstream slope
of the stilling pool. The result is a stable hydraulic
jump on the eroded downslope of the stilling pool
with accelerated flow occurring over the deposited
riprap mound. Downstream of the riprap mound, a
submerged jet results in a splatting event at the
point of jet impact with a recirculation zone upstream and a re-attached flow developing downstream of the point of impact. Turbulent shear
stress profiles indicate very high shear in the upper portion of the flow, but a rapidly decaying
shear stress in the lower portion. The dominant
scour mechanism in the area of observed scour in
the field appears to be splatting of large-scale flow
structures transporting the high momentum of the
near surface jet towards the bed. In contrast, a
flow condition with a submerged hydraulic jump
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Figure 9. Velocity and Reynolds shear stress profiles for
Test Condition 5.
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ABSTRACT: Some of the weir’s disadvantages can be solved if they combined with sluice gates. One
disadvantage of the sluice gates is they retained the floating materials which can be solved if they
combined with the weirs. Such a flow, which often appears in form of jets, may have considerable
hydraulic potential to scour on the downstream side of the structure; a scour hole is formed. Since the
scour hole develops rather rapidly, the researchers take interest in the equilibrium scour depth, hs, and the
length of scour hole, Ls. In this study, the scour characteristics of scour hole downstream of combined
free over weir and below gate was investigated experimentally. For comparison of results, the maximum
depth of scour in weir only and sluice gate only was also investigated. The results show by decreasing the
y/a and w/a (y is the gate opening, w is the head over weir and a is the vertical distance between the gate
top and the weir bottom), the ratio of hs/y0 (hs is the maximum depth of scour and y0 is the upstream water
depth), increases. The comparison of results shows that the main part of scour in combined flow is due to
flow over weirs.
Keywords: Scouring, Combined flow over Weirs and below Gates, Clear Water, and Dimensional
analysis

idea of simultaneous flow over the weir and under
the gate was introduced by Majcherek (1984).
Negm (1995, 1996) analyzed the characteristics
of the combined flow over contracted weirs and
below contracted gates of rectangular shape with
unequal contractions. Alhamid (1999) studied
combined flow over V-notch weir and below
contracted rectangular gate. This study covered
both free and submerged gate flow conditions,
under different weir-gate dimensions. Based on
dimensional analysis and using non-linear
regression analysis, discharge equation was
developed for both free and submerged gate
flows. Ferro (2000) reported the results of an
investigation carried out to establish the stagedischarge relationship for a flow simultaneously
discharging over and under a sluice or a broadcrested gate. Negm et al. (2002) conducted some
experiments to study the characteristics of the
combined flow over the sharp-edged rectangular
weir and below the sharp-edged rectangular gate
with contractions. He introduced a general
dimensionless relationship for predicting the

1 INTRODUCTION
Weirs and gates are the common and important
structures which are used in controlling and
adjusting the flow in irrigation channel. Weirs
widely used for flow measurements. One of the
weirs demerits is they need to be cleaned of
sediment and trash periodically. Sluice gates are
used extensively for flow control and water
measurement for long time. One disadvantage of
the sluice gates is they retained the floating
materials. In order to maximize their advantages,
weirs and gates can be combined together in one
device, so that water could pass over the weir and
below the gate simultaneously. Figure 1 shows
this structure, this compound device create a new
hydraulically condition in compression with weir
or gate, each other alone.
The combined weir and gate systems can be
used in minimizing sedimentations and
depositions. Several works can be found in
combined overflow and underflow that the first
1201

discharge of the combined flow. Samani and
Mazaheri (2007) presented a new physicallybased approach for estimating the stage discharge
relationship of combined flow over the weir and
under the gate for semi submerged and fullysubmerged conditions.

(4) Parameters related to fluid properties: density
(ρw); dynamic viscosity (μ); gravitational
acceleration (g).
(5) Parameters related to approaching flow
condition: flow depth (hu), flow discharge (Q)
and mean flow velocity (U).
Thus the process may be expressed by the
functional relationship:

y

hu w

a

Q

hd

Figure 1 Definition sketch for combined free flow over
weirs and under gates.

Determination of shape and maximum depth of
scouring in downstream of combined weir and
gate could be very useful to select the best
controlling structure in aspect of bed stability.
Most of the previous study focus on discharge
coefficient of combined flow over the weir and
under the gate and only a few information
available on local scouring downstream of this
structures. Uyumaz (1998) by conducting the
experiments concluded that in the case of
discharge over the gate, the depth of scour is
greater than in the case of discharge under the
gate.
In this study the maximum scour depth
downstream of weirs, sluice gates and combined
structures of them for submerged condition were
studied experimentally. This study is focused on
determination of main source of scouring
downstream of combined structures.

Figure 2 Definition sketch for scour downstream of
combined weir and gate.

hs = f (Q,U, w, a, hu , y, B, S0 , d50, ρw, ρs , μ, g)

(1)

⎞
⎛w a
hs
= ξ ⎜⎜ , , Fr ⎟⎟
hu
⎠
⎝y y

(2)

In the case of weir structures (a=0), the
following relation can be obtained by the same
procedures:
⎞
⎛w
hs
= ξ ⎜⎜ , Fr ⎟⎟
hu
⎠
⎝y

(3)

Figure 3 shows the effective parameters on
scouring downstream of sluice gates. The
following dimensionless parameters can be found
by using Buckingham π-theorem:
⎞
⎛a
hs
= ξ ⎜⎜ , Fr ⎟⎟
hu
⎠
⎝ hu

2 MATERIALS AND METHODS
2.1 Dimensional Analysis
Figure 2 shows the parameters affecting the local
scour downstream of combined weir and gate. The
maximum depth of scour depth hs, depends on:
(1) Parameters related to geometry of channel:
width of channel (B).
(2) Parameters related to geometry of structure:
vertical distance between the gate top and the
weir bottom (w), gate opening (a) and head over
the weir (y).
(3) Parameters related to bed sediment: median
size (d50), sediment density (ρs) and bed slop
(S0).

Figure 3 Definition sketch for scour downstream of gate.
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(4)

0.7, 0.82 L/s. Figure 5 shows the scouring of the
bed and conceptual model of flow pattern
downstream of weir structures. The local scouring
was formed downstream of structure and the
scoured sediment is accumulated as a ridge in
downstream of scour hole.

2.2 Experiments Setup
The experiments were conducted in a straight
rectangular channel at the hydraulic laboratory of
Gorgan University in Iran. The channel was 3.7 m
long, 0.12 m wide and 0.17 m deep with bed
slope, S0, of 0.0001.
The bed material consists of uniform sediment
by median size of 1.5 mm and σ =1.3. The 8 cm
layer of uniform sand was placed on the bed along
the channel. The combined weir and gate was
installed at a section 1.4 m from the inlet. The
sand bed surface was properly leveled by a plate
attached to the instrument carriage. The flume was
first filled slowly with water until the pump
started to reach a desired flow rate and then the
tailgate was adjusted to reach a suitable flow
depth. Each experiment was continued to reach an
equilibrium condition. In order to find out the time
required to achieve equilibrium state, i.e. When
the maximum scour depth is approximately time
invariant, the primarily experiments were
performed for 360 minutes. Figure 6 shows the
variation of maximum scour depth against time.
As seen in Figure 6, almost 90 percent of
maximum scour depth was achieved beyond the
120 minutes.
During each run of experiment, the maximum
depth of scour was measured at given time
intervals. At the end of each experiment, the water
was drained slowly and bed topography was
measured with digital point gauge.
The experiments were conducted in 3 phases,
i.e. weir structure only, gate structure and
combined structures experiments.

Figure 5 Scouring downstream of weir structures.

Fig. 6 shows the variation of hs/hu against w/y
for various Froude numbers. It is clear that for a
given Froud number, the ratio of hs/hu increases
when w/y increases. Also by increasing the Froude
number, the maximum depth of scour increases.
1.2
1

hs/hu

0.8
0.6
0.4

0.075<Fr<0.085
0.09<Fr<0.095

0.2

0.123<Fr<0.148

0
0

0.5

1

1.5
w /y

2

2.5

3

Figure 6 Variation of hs/hu against w/y

3.2 The gate structures scour
In the second phase of experiments, the scour
downstream of gate structure was considered. The
scour pattern in downstream of gate is shown in
figure 7. It is clear that depth of scour downstream
of gate structures is less than the scour
downstream of weir structure.
Figure 4 Variation of scour depth against time for
Q=0.82L/s and w=3cm.

Gate structure Flow direction

3 RESULTS AND DISCUSSION
Figure 7 Scouring downstream of gate structures.

3.1 The weir structures scour
A series of experiments have been carried out
using four different weir heights, w=2, 3, 4 ,5 cm,
and four different flow discharges, Q=0.48, 0.53,
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Figure 11 Variation of hs/hu against y/a, for Q=0.53, 0.82
L/s and w=3 cm.

Figure 8 Variation of hs/hu against a/hu

By increase of Froude number, the maximum
depth of scour (hs), length of scour (l1) and
sedimentation length (l2) increase.
The 3D plot of bed change downstream of
combined flow over the weir and under the gate is
shown in Figure 12.

3.3 The Combined Weir and Gate structures
scour
The scouring downstream of combined flow over
the weir and under the gate is shown in figure 9.
The conceptual model of flow field downstream
of combine flow over the weir and under the gate
indicates that there are interactions between the
flows over the weir and under the gate and the
scour hole cuts and fills alternatively. Figures 10
and 11 show the variation of hs/hu against y/a and
w/a for Q=0.53, 0.82 L/s and w=3 cm,
respectively. It is clear that by decreasing the y/a
and w/a, the ratio of hs/hu increases (Dehghani and
Bashiri, 2009).

Figure 12 the 3D plot of bed changes at downstream of
combined flow over the weir and under the gate

The bed configuration in downstream of
combined structures show that the local scouring
is formed downstream of structure and the scoured
sediment is accumulated as a ridge in downstream
of scour hole.
3.4 Comparison of Results

Figure 9 Scouring downstream of combined flow over the
weir and under the gate

Figure 13 shows the comparison of scour depth in
downstream of gate, weir and combined gate and
weir structures. The results show that in a specific
value of Fr, the scour depth is maximum in the
case of weir structures and minimum in the case
of gate structures. Furthermore, the maximum
depth of scour increases with Froude number
regardless of the type of structure.

1.05
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1

Fr=0.13

hs/hu

0.95
0.9

0.85
0.8
0.8

2.8

4.8

6.8

8.8

10.8
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w/a

Figure 10 Variation of hs/hu against w/a, for Q=0.53, 0.82
L/s and w=3 cm.
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structures for various Fr.

Figure 14 also shows the longitudinal profile of
scouring along the channel center line. It is found
that the length of sedimentation downstream of
scour hole is greatest for gate structures.
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Figure 14 comparison of scouring downstream of gate, weir
and combined them

4 CONCLUSIONS
The following results can be concluded:
1. In specific Fr by increasing of weir height, the
maximum depth of scouring increases.
2. By decreasing the y/a and w/a (y is the gate
opening, w is the head over weir and a is the
vertical distance between the gate top and the
weir bottom), the ratio of hs/y0 (hs is the
maximum depth of scour and y0 is the
upstream water depth), increases.
4. The main part of scour in combined flow is due
to flow over weirs.

a
ρs
y
Q

ρw

l1
l2
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ABSTRACT: The objective of this research is to investigate the pertinence of existing approaches to assess the onset of the equilibrium phase of scour at single cylindrical piers in experimental studies. The results of five long-lasting experiments are reported. The discussion has profusely shown that common methods used to decide on whether a given scour experiment has reached the equilibrium phase may be
erroneous. It has also shown that known predictors of time to equilibrium may imply significantly wrong
predictions of equilibrium depth. Finally, it seems that, typically, 7 days-long scour depth records adjusted though a 6-parameters polynomial function and extrapolated to infinite time render robust vales of
the equilibrium scour depth at single cylindrical piers.
Keywords: Local scour; Single piers; Equilibrium phase.
1 INTRODUCTION

process; the equilibrium phase, where the scour
depth “practically” does not increase anymore.
Hoffmans and Verheij (1997) refer to four phases:
initial phase; development phase; stabilization
phase and equilibrium phase. Other authors introduce nuances to the classification of the scour
phases or name them differently but the basic
concepts remain.
In clear-water scour, the principal phase lasts
for very long and the equilibrium scour depth is
approached asymptotically (Chabert and Engeldinger 1956). This phase is assumed to occur
when the scour depth does not change “appreciably” with time.
From above, it can be anticipated that the equilibrium concept is rather subjective since each author has a different interpretation of the meaning
of words like “practically” or “appreciably”. This
subjectivity has important implications on the
time required to materialize equilibrium in the laboratory. Franzetti et al. (1994) suggested that
equilibrium scour at piers is achieved when Ut/Dp
> 2 106 (U = approach flow velocity; t = time; Dp
= pier diameter). Melville and Chiew (1999) defined time to equilibrium as the time when the rate
of scour reduces to 5% of the pier diameter in a
24-hour period. Coleman et al. (2003) defined the
equilibrium time as the time at which the rate of
scour reduces to 5% of the smaller of the founda-

Since the nineteen fifties, many researchers have
performed experimental studies to understand the
scour process at bridge piers and abutments as
well as to derive scour depth predictors. The pioneer works of Chabert and Engeldinger (1956)
and Laursen (1963) deserve a special mention.
Until two decades ago, many studies on this topic
reported experiments that might have lasted not
long enough to reach equilibrium.
In the last decade, the research on the time evolution of the scour depth was intensified; the
works of Cardoso and Bettess (1999), Melville
and Chiew (1999), Oliveto and Hager (2002,
2005), Radice et al. (2002), Coleman et al. (2003)
or Kothyari et al. (2007) can be mentioned, among
others. Some of these studies were based on longlasting clear-water experiments assumed to have
reached equilibrium.
In this context, it should be noted that Ettema
(1980) identified three phases of the scour
process, irrespective of the state of movement of
the sediment bed upstream (clear-water or livebed) and the type of obstacle (pier or abutment):
the initial phase, characterized by the fast scour
rate produced by the downflow at the pier face;
the principal phase, which begins when the horseshoe vortex starts to dominate the scouring
1207

so and Bettess (1999) or Grimaldi (2005). Predictors of time to equilibrium suggested by Franzetti
et al. (1994), Melville and Chiew (1994) and Kothyari et al. (2007) will equally be assessed.

tion length (pier diameter or abutment length) or
the flow depth in the succeeding 24-hour period.
In the same line, Grimaldi (2005) suggested a
more restrictive criterion, namely, the reduction of
scour rate to less than 0.05Dp/3 in 24 hours. The
value of 5% (or 0.05), though pragmatic, is obviously arbitrary; if the variation is reduced to,
say, 2% – which is arbitrary as well – the time
needed to reach equilibrium may be significantly
longer. Adopting a suggestion by Ettema (1980),
Cardoso and Bettess (1999) assessed the onset of
the equilibrium phase as the time where the slope
of plots of the scour depth versus the logarithm of
time changes and tends to zero, in an attempt to
mitigate arbitrariness. Radice et al. (2002) claim
that this approach may also fail since scouring can
be triggered again, after the observation of a longlasting quasi-horizontal plateau.
A few predictors of (finite) time to equilibrium
were derived in the last decade, including, for
piers, the predictors of Melville and Chiew (1999)
and Kothyari et al. (2007), and, for abutments,
those of Coleman et al. (2003) and Fael et al.
(2006).
Quoting Coleman et al. (2003), an apparently
equilibrium scour hole may continue to deepen at
a relatively slow rate long after equilibrium conditions were thought to exist. Some investigators argue that the equilibrium cannot be achieved in finite time and that the scour hole never stops to
develop. Among these authors, Franzetti et al.
(1982) and Oliveto and Hager (2002, 2005) can be
pointed out. Oliveto and Hager (2005), for instance, state that “end scour as the equilibrium
state between the vortical agents and the resistance of sediments to be scoured does not normally exist”. However, in an apparent contradiction,
these authors also state that the concept of equilibrium scour is an essential feature that needs to be
accounted for in models for scour predictions.
The definition of time to equilibrium plays an
important role in the design of scour experiments
searching for accurate equilibrium scour predictors. How long should experiments be until the
scouring rate becomes “insignificant” or “practically” null? In an attempt to overcome this practical difficulty, Bertoldi and Jones (1998) suggested the extrapolation – to infinite time – of a 4parameters polynomial function fitted to the time
records of the scour depth, measured in experiments of comparatively short duration.
The objective of this research is to assess the
pertinence of the suggestion by Bertoldi and Jones
(1998) as well as of a similar approach, based on a
6-parameters polynomial function. The results of
these approaches are compared, in terms of the
equilibrium scour depth, with those associated to
the criteria of Melville and Chiew (1999), Cardo-

2 THE POLYNOMIAL FUNCTIONS
According to Bertoldi and Jones (1998), equilibrium is reached at infinite time and the equilibrium scour depth of a given experiment can be
calculated by adjusting the polynomial function
⎛
⎞
⎛
⎞
1
1
d s = p1 ⎜1 −
⎟
⎟ + p3 ⎜1 −
⎝ 1 + p1 p2t ⎠
⎝ 1 + p3 p4t ⎠

(1)

to the recorded time evolution of the scour depth;
in equation (1), ds is the scour depth at instant t
and p1, p2, p3 and p4 are parameters obtained by
regression analysis. The equilibrium scour depth,
dse, is obtained for t = ∞, i.e., dse = p1 + p3.
In the present study, the following generalization of the previous polynomial function:
⎛
⎞
⎛
⎞
1
1
d s = p1 ⎜1 −
⎟+
⎟ + p3 ⎜1 −
⎝ 1 + p1 p2t ⎠
⎝ 1 + p3 p4t ⎠
⎛
⎞
1
+ p5 ⎜1 −
⎟
⎝ 1 + p5 p6t ⎠

(2)

is assessed too. Here, p5 and p6 are extra polynomial parameters; the equilibrium scour depth,
dse, comes as dse = p1 + p3 + p5.
3 EXPERIMENTS
Five experiments were carefully run on purpose to
collect data to check the pertinence of accessing
the equilibrium scour, in laboratory conditions,
through the approaches referred to in the Introduction.
Experiments were carried out in a 12.7 m long,
0.83 m wide, and 1.0 m deep concrete glasswalled flume. The central reach of the flume,
starting at 5.0 m from the entrance, includes a 3.1
m long and 0.35 m deep recess in the bed. The experimental set-up includes a closed hydraulic circuit where the discharge can be varied from 0.0
m3s−1 to 0.09 m3s−1. The flow discharge is measure with an electromagnetic flow meter installed
in the circuit. At the entrance of the flume, one
honeycomb diffuser aligned with the flow direction regularizes the flow trajectories and guarantees the (lateral) uniform flow distribution. Immediately downstream this device, a short ascending
gravel ramp makes the transition to the sand bed.
At the downstream end of the flume, a tailgate al1208

0.252 ms−1 and 0.034 m3s−1. The aspect ratio was
such that B/d ≥ 5.2 (B = flume width) and the contraction ratio was B/Dp ≥ 10.4. These values indicate that wall effect and contraction effect are
negligible. Since D50 > 0.8 mm and ρs = 2650
kgm−3 viscous effects can be expected to be small,
according to Kothyari et al. (2007). Tests lasted
24.9 days ≤ Td ≤ 45.6 days (Td = test duration),
i.e., much longer than common experiments. The
relative flow depth, d/Dp was kept reasonably
constant and ≈2, rendering the effect of this parameter on the equilibrium scour depth negligibly
small; relative sediment size, Dp/D50, varied in the
range 49.2 ≤ Dp/D50 ≤ 93.0, which maximizes the
scour depth.

lows the regulation of the water level. The water
falls into a 100 m3 reservoir, where the hydraulic
circuits start.
Depending on the experiment, the bed recess
was filed with two different uniform quartz sands:
sand 1 (ρs = 2650 kgm−3; D50 = 0.86 mm; σD =
1.40) and sand 2 (ρs = 2650 kgm−3; D50 = 1.28
mm; σD = 1.46). Here, D50 = median size of the
sand size distribution; σD = geometric standard
deviation of the sand size distribution; ρs = sand
density. Single vertical cylindrical piers were simulated by PVC pipes with diameters Dp = 0.063
m, 0.075 m and 0.080 m, placed at ≈1.5 m from
the upstream border of the bed recess. Then the
flume bed was covered with a 0.1 m thick layer of
the same sands, this way allowing for up to 0.45
m deep scour holes at the piers.
Prior to each test, the sand bed was levelled.
The area located around the pier was covered with
a thin metallic plate to avoid uncontrolled scour at
the beginning of the experiment. The flume was
filled gradually from the downstream end through
a small hydraulic circuit, imposing high water
depth and low flow velocity. The discharge corresponding to the chosen approach flow velocity
was passed through the flume. The flow depth was
regulated by adjusting the downstream tailgate.
Once the flow depth was established, the metallic
plate was removed and the experiment started.
Scour was immediately initiated and the depth of
scour hole was measured, to the accuracy of ± 1
mm, with an adapted point gauge, every ≈ 5 minutes during the first hour. Afterwards, the interval between measurements increased and, after the
first day, few measurements were carried out per
day. The approach reach located upstream the
piers stayed undisturbed along the entire duration
of the experiments; this long term stability is important to ensure that scour holes do not add with
the effect of upstream bed degradation that could
occur otherwise.

Table 1. Characteristic variables of the experiments
Exp.
1
2
3
4
5

d
(m)
0.16
0.16
0.16
0.15
0.13

Dp
(mm)
75
80
80
75
63

D50
(mm)
0.86
0.86
1.28
1.28
1.28

Td
(day)
34.9
45.6
29.7
24.9
29.0

U/Uc
(−)
0.80
0.86
0.80
0.80
0.80

d/Dp
(−)
2.13
2.00
2.00
2.00
2.06

Dp/D50
(−)
87.2
93.0
62.5
58.6
49.2

The time records of the scour depth are available
at
http://w3.ualg.pt/~rlanca/riverflow2010.htm;
they are plotted in Fig. 1 as ds vs t (log scale); they
are also given in Fig. 2 by exploiting the coordinates suggested by Oliveto and Hager (2002;
2005), i.e.

Z=

ds
∴ z R = dD p 2
zR

)

t
tR

zR

(

1/3

(3)

and

T=

∴ tR =

σ

1/ 3

(ΔgD50 )1 / 2

(4)

Fig. 2 also includes the predictor of time evolution
of scour depth proposed by Oliveto and Hager
(2005):

4 RESULTS AND DISCUSSION

Z = 0.068 N σ D −1/2 Fd 3/2 log T

The values of the most important independent variables characterizing the experiments are summarized in Table 1. The study was made for reasonably high flow depth, d = 0.13 m, 0.15 m and 0.16
m. The approach flow velocity, U, was selected to
be 80% or 86% (cf. Table 1) of the sand entrainment velocity (beginning of motion), Uc. This variable was calculated through the equation suggested by Neil (Uc2/(ΔgD50) = 2.5(d/D50)0.2); Δ =
ρs/ρ – 1; ρ = water density; g = acceleration of
gravity. For Exp. #1 (for example), where d =
0.16 m and D50 = 0.86 mm, Uc, U and the flow
discharge, Q, were, respectively, 0.314 ms−1,

where Fd = U/(ΔgD50)1/2 is the densimetric Froude
number and N = 1 is a shape factor. Fd was practically equal for the experiments with a given sand
and was taken as the corresponding sand-average
for purposes of plotting equation (5).
The inspection of Fig. 1 indicates that equilibrium was never clearly reached. This is more evident for Exp. #1 and Exp. #2, run for the finer
sand. In the case of Exp. #1, two dotted horizontal
segments are included, corresponding to horizontal plateaux where equilibrium could, a priori, be
claimed to have been reached, according to Cardoso and Bettess (1999). Similar plateaux appear
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(5)

in the other experiments, rendering it clear that the
criticism of Radice et al. (2002) is pertinent.

form better than the predictor of Oliveto and
Hager (2005) since most of the experimental data
fall outside the 25% band; the predictor of
Kothyari et al. (2007) largely under-predicts scour
depth in four of the five cases.
Although equilibrium was not unambiguously
reached, it seems reasonable to postulate that
equilibrium must exist since, in nature, there are
abutment-like structures where the flow kept running since ever while the scour depth did not increase to infinite. Yet, one has to recognize that i)
the probability of occurrence of a sufficiently
strong turbulent event capable of entraining bed
grains will never be null; ii) this probability decreases as scour progresses, tending asymptotically to zero. Consequently, i) the scour depth will
tend to equilibrium but ii) the time required for
equilibrium may be rather large, idealized as infinite. This is the concept behind equation (1) suggested by Bertoldi and Jones (1998) to be fitted to
finite-time records of scour and derive the equilibrium (end) scour depth, for t = ∞.
Thus, equation (1) was fitted to the five data
sets. Fig. 3.a) shows the result of this procedure as
applied to Exp. #2. Two extents of the record
were used in the fitting process: 25 days and the
full record. It becomes clear that i) the fitted
curves do not perfectly adhere to the scour data,
particularly for large values of t; ii) deviations are
more pronounced when the fitting process is applied to the shorter duration.
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Figure 1. Time evolution of the scour depth
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Figure 2. Time evolution of scour depth written in the coordinates of Oliveto and Hager (2005)

The analysis of Fig. 2 reveals that, with the exception of Exp. #5, i) the predictor of Oliveto and
Hager (2005) fits the data perfectly, for T < 104,
ii) the slope of the observed scour depth evolution
is steeper than the slope of the predictor for the
finer sand when T > 104, iii) a tendency to equilibrium is identifiable in the case of the coarser sand
(see Exp. # 3 and Exp. #5); iv) the 25% band
around the predictor does not really accommodate
measurements of Exp. #1(for T > 105) and Exp.
#5.
The time records of scour depth were finally
exploited within the framework of Kothyari´s et
al. (2007) predictor of scour-depth time evolution.
It was concluded that this predictor does not per-

ds (m)
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Figure 3. a) Data of Exp. # 2 adjusted by equation (1); b)
idem for equation (2)

The trend shown in Fig. 3.a) was also observed
for the other four experiments although it was less
pronounced, particularly for experiments corresponding to the coarser sand. The identification of
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the same table; the equilibrium time associated
with the criterion of Grimaldi (2005) is tG. The
criterion of Cardoso and Bettess (1999) was applied to the last plateau of each scour record.
The inspection of Table 2 leads to conclude
that: i) in general, tC > tG ≥ tM; ii) the three methods lead to the experimental under-estimation of
the equilibrium scour depth; iii) as expectable
from the values of tC, the smaller deviations on dse
are those issued by the method of Cardoso and
Bettess (1999); iv) the stronger deviations occurred for the finer sand (Exp. #1 and #2) irrespective of the method; v) deviations range from –
2% (for tC, Exp. #3) to –23% (for tM, Exp. #2).
Conclusion iv) might derive from the fact that,
since the sand is finer, the intensity of the vortical
system – which can be expected to be similar in
the five experiments as Dp, d and U did not
change much – remains strong enough to entrain
the bed sediment for longer time, leading to
higher durations before equilibrium is reached.

such trend led to the consideration of equation (2)
in the analysis. From Fig. 3.b) it is obvious that
this equation fits the data much closer. For this
reason, equation (2) was used to derive the end
scour of each experiment. It must be stressed that
i) the calculations inherently carry unknown errors, ii) the errors decrease as the lengths of the
scour records used in the fitting procedure increase.
Since Exp. #2 was the longer one, it was used
to check the order of magnitude of deviations of
end scour depth calculated from different-length
experiments. For this purpose, the time record was
truncated at three different durations, tr < Td.
Equation (2) was applied to the four issued records and the deviations were evaluated assuming
that the true end scour is obtained from the extrapolation of the entire record (≈46 days) to infinite. The output deviations were –4.2% for tr = 25
days, –2.5% for tr = 30 days and –1.2% for tr = 35
days. It can be assumed that, for the remaining
(shorter) experiments, deviations associated to the
extrapolation of equation (2) to t = ∞ will be of
the same order of magnitude or smaller. Smaller
deviations are expectable, namely, for Exp(s). #3,
#4 and #5, which seem to have attained scour
depths closer to equilibrium (cf. Fig. 2.b).
The end scour values, dse, calculated by fitting
equation (2) to the complete scour depth records
are given in Table 2. It should be retained here
that the determination coefficients of the fitting
process were always higher than 0.99. These values of dse are compared with those obtained by
applying the procedures of Melville and Chiew
(1999), Cardoso and Bettess (1999) and Grimaldi
(2005) to assess equilibrium in laboratory conditions.
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Figure 4. a) Definition of time to equilibrium and end-scour
depth according to Cardoso and Bettess (1999)

The values of Table 2 should still be added with
those of the deviations inherent to the use of the 6parameters polynomial function, equation (2).
These deviations where seen to be –1% to –4%. In
practice, this means that the use of common methods to estimate pier end-scour depth from laboratory tests can lead to under-estimations of up to
≈30%, depending on the method. In contrast, the
methods of Cardoso and Bettess (1999) and Bertoldi and Jones (1998) were verified to be practically equivalent for assessing equilibrium scour at
abutments by Fael et al. (2006).
The literature on local scour includes some
predictors of time to equilibrium. The predictor of
Franzetti et al. (1994) was already presented in
Section 2, while for d/Dp ≈ 2.0 the predictor of
Melville and Chiew (1999) reads

G. (2005)

(Eq. 2)

equilibrium phase

0.110

Table 2. Comparison of time to equilibrium and end scour
depth obtained from scour measurements through different
approaches
Exp.

dse

0.120

M. & C. (1999) = Melville and Chiew (1999); C. & B. (1999) =
Cardoso and Bettess (1999); G. (2005) = Grimaldi (2005).

According to the criterion of Melville and Chiew
(1999) – which coincides with the criterion of
Coleman et al (2003) in the present situation –,
equilibrium should have been obtained at time tM
(cf. Table 2). The criterion of Cardoso and Bettess
(1999), illustrated in Fig. 4, for Exp. # 3, leads to
the values of time to equilibrium, tC, included in

Dp ⎛ U
⎞⎛ d
tM = 30.89
− 0.4 ⎟ ⎜
⎜
⎜
U ⎝ Uc
⎠ ⎝ Dp
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⎞
⎟⎟
⎠

0.25

(6)

with tM expressed in days; the predictor of time to
equilibrium suggested by Kothyari et al. (2007) is
log T = 4.8Fd1 5

Table 4. Equilibrium scour depth obtained by adjusting and
extrapolating equation (2) to scour records of different durations.

(7)

dse (m); Δdse (%)
Exp.

where T and Fd keep the same meaning as in
equations (4) and (5).
The values of time to equilibrium issued from
these three predictors are presented in Table 3,
where the subscript F stands for Franzetti et al.
(1994) and the subscript K stands for Kothyari et
al. (2007). The table also includes the equilibrium
scour depths observed at time to equilibrium and
the percent deviations towards the equilibrium
scour depth calculated through equation (2) as extrapolated to t = ∞. The values of tM are, with no
surprise, similar to those presented in Table 2; tF >
tM ≈ tK in all cases. The values of percent deviation on the estimated equilibrium scour depth are
significant and vary between –4% and –24%.
The previous discussion profusely shows that
common methods used in practice to decide on
whether a given scour experiment has reached the
equilibrium phase or not may be erroneous. It also
shows that known predictors of time to equilibrium may imply significantly wrong predictions
of equilibrium depth.

#1
#2
#3
#4
#5

#1
#2
#3
#4
#5

dse
(m)

F. (1994)

M. & C. (1999)

tF
dse
(day) (m)

Δdse
(%)

tM
dse
(day) (m)

Δdse
(%)

tK
dse
(day) (m)

Δdse
(%)

0.173
0.210
0.130
0.140
0.128

6.3
6.2
5.4
5.1
4.3

-13
-23
-4
-11
-8

4.1
4.5
3.4
3.2
2.8

-16
-24
-7
-14
-9

4.0
5.2
3.6
3.4
2.8

-16
-22
-6
-11
-9

0.150
0.161
0.124
0.125
0.118

0.145
0.160
0.121
0.121
0.117

0.145
0.165
0.122
0.125
0.116

Δdse
(%)

7
days

Δdse
(%)

15
days

Δdse
(%)

0.173
0.210
0.130
0.140
0.128

0.157
0.166
0.128
0.157
0.127

-9
-21
-1
12
-1

0.161
0.220
0.128
0.140
0.125

-7
5
-1
0
-2

0.165
0.201
0.130
0.137
0.125

-5
-4
0
-2
-3

From the previous discussion, the following important conclusions can be drawn:
i) Scour experiments at single cylindrical piers,
run for up to ≈46 days, did not unambiguously
reach equilibrium, with special emphasis in the
tests with the finer sand.
ii) Common methods used in practice to decide
on the initiation of the equilibrium phase may be
rather erroneous.
iii) Known predictors of time to equilibrium
may lead to significantly wrong predictions of
equilibrium scour depth.
iv) Typically 7 days long scour-depth records
adjusted though equation (2) and extrapolated to
infinite time seem to render robust vales of the
equilibrium scour depth at single cylindrical piers.

K. (2007)

(Eq. 2)

4
days

5 CONCLUSIONS

Table 3. Comparison of time to equilibrium and end scour
depth obtained from existing predictors.
Exp.

Entire
record
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F. (1994) = Franzetti et al. (1994); M. & C. (1999) = Melville and
Chiew (1999); K. (2007) = Kothyari et al. (2007).

So, the following question is raised: how long
should last experiments on local scour at single
cylindrical piers to assure sufficiently precise predictions of equilibrium depth? Assuming equilibrium to occur at t = ∞, equation (2) was systematically applied to three partitions of each scour
record defined at t = 4, 7 and 15 days. It is worth
to note that the determination coefficient was in
all cases > 0.99. The outputs of this procedure are
compared in Table 4 with those obtained from the
entire records.
Table 4 indicates that i) the 6-parameters polynomial extrapolations on the basis of 4 days-long
experiments are not satisfactory; ii) reasonable extrapolations are expectable from ≈ 7 days-long records; iii) only marginal improvements may be
expected from experiments lasting longer than 7
days.
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Substitution of natural river bed material by artificial granulate in
physical models for bridge pier scour investigations
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ABSTRACT: The most important parameter for the dimension of bridge pier foundation is the prediction
of maximum scour depth. However, the physical processes determining bridge scour are complex and not
yet completely understood. This is reflected by the large number of existing approaches which, when being applied to the same boundary conditions, yield significant differences in scour depth estimates. Most
of the approaches were developed on the basis of scale model experiments carried out in the laboratory.
However, scaling of fine prototype sediment to adequate model sediment is complicated due to associated
changes in physical and chemical properties once the scaled sediment reaches the silt and clay range. The
objective of this study is the investigation of the rules for substitution of fine sediment by artificial granulates based on the sedimentological diameter D*, the constant ratio of approach and critical velocity u/ucrit
and the ratio of pier diameter to water depth D/h. Results of preliminary scour experiments with sand and
lightweight granulates are reported. The experiments were carried out in an 8.0 m long, 0.3 m wide and
0.6 m deep horizontal flume. A single cylindrical pier model with diameter D = 0.03 m was embedded
vertically in the flume centreline. The experiments outlined in this paper focus on the development of
scour depth depending on the model sediment.
Keywords: Lightweight material, Scaling, Bridge piers, Maximum scour depth
The maximum scour depth ds depends on
bridge pier width D as well as its shape and exposure to the flow, a characteristic grain-size d, the
flow depth h and the mean velocity u of the undisturbed approach flow, the fluid and sediment density ρ and ρS, respectively, the fluid kinematic
viscosity ν, and the acceleration due to gravity g.
Performing a dimensional analysis, the following
dimensionless relationship can be obtained:

1 INTRODUCTION
Bridges spanning watercourses are important civil
works, especially with regard to both mobility and
economy. From a hydraulic engineering perspective, the main objectives for the design of bridges
are related to stability, life expectancy and safety
during flood events. During periods of high discharge deep scours can develop at bridge pier
foundations threatening the structural integrity of
the bridges. In fact, scour processes are responsible for the majority of bridge failures and are associated with high maintenance costs (e.g., Briaud
et al. 1999, Melville & Coleman 2000, Kwak
2001, Richardson et al. 2001, Dey & Raikar
2007).
Since the beginning of the last century numerous studies have been carried out to improve the
understanding of the relevant processes governing
scouring. The large amount of formulae resulting
from these studies indicates that there are still
many unresolved questions awaiting clarification.

⎛h d
ds
ρ
, Fr , Reg , K s , K Θ
= f⎜ , ,
⎜ D D (ρ − ρ)
D
S
⎝

⎞
⎟⎟
⎠

(1)

in which Fr = u/(gh)0.5 denotes the hydraulic
Froude number of the undisturbed flow, Reg =
(ud)/ν is the grain related Reynolds number, Ks is
the shape factor reflecting the bridge pier geometry, and Kθ is the pier alignment factor describing
the exposure of the bridge pier to the flow. For a
detailed literature review on this topic see, e.g.
Melville & Coleman (2000) and Müller & Wagner (2005).
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Particularly the influence of the parameters u,
D, Ks, and h on the scour process is rather well
known (Lee & Sturm 2009). As a consequence,
these parameters are often found in existing scour
equations.
As an example for the variety of different scour
equations a comparative calculation was carried
out with virtual data (bridge pier width D = 0.8 m,
water depth h = 1.65 m, flow velocity u = 0.4 m/s,
critical flow velocity ucrit = 0.4 m/s, clear water
condition u/ucrit ≤ 1, uniform sediment σ =
(d84/d16)0.5 < 1.3, sediment size d = 0.8 mm). The
calculated maximum scour depths are illustrated
in Figure 1 by using the ratio ds/D. It is shown that
the results differ between ds/D = 0.6 to 2.6 (or ds =
0.48 m to 2.08 m). A representative and reliable
average value of maximum scour depth cannot be
identified.

nimize distortion effects in bridge-pier scouring
studies could be scaling the sediment with the sedimentological diameter D* and keeping the ratio
of pier width to flow depth D/h as well as the ratio
of mean approach velocity to critical velocity
u/ucrit of the sediment constant. The latter parameter has been identified as a key parameter in many
scouring equations while the similarity of the
former parameter aims to exclude blockage effects. Although scaling according to this procedure violates Froude-similarity it may still be used
to reproduce scour depths. In fact, results reported
in Breusers et al. (1977) indicate that for u/ucrit = 1
similar scour depths should be obtained for the
same blockage ratio when different sediments are
used.
The sedimentological diameter D* includes the
material properties like sediment density ρS and
grain-size d, properties of the fluid like water density ρ and kinematic viscosity ν as well as gravity
g:

Scour depth ds/D

3,0
2,5
2,0

1

⎛ ( ρ − ρ ) g ⎞3
D* = ⎜⎜ S 2 ⎟⎟ d
⎝ ρν
⎠

1,5
1,0
0,5

(2)

Therefore D* can be applied to characterize the
specific material parameters (Pernecker & Vollmers 1965, Dietz 1969, van Rijn 1984, Ettmer
2004, Hentschel 2007). Using D* in combination
with the Shields diagram (Figure 2) the initiation
of motion can be nearly described for any bed material, even for lightweight granulates.

0,0

Figure 1. Dimensionless maximum scour depth ds/D calculated with several approaches for a given hydraulic and
geometrical situation (Source: (a) Melville & Coleman
2000; (b) Johnson 1995; (c) Breusers et al. 1977; (d) Hoffmans & Verheij 1997).

Due to the fact that most of the approaches
were derived using data from investigations with
hydraulic physical models, it is important to consider sediment scaling. Often, fine prototype sediment cannot be scaled geometrically without
reaching the silt and clay range. Therefore, natural
fine sediment may be scaled using artificial
lightweight material. Hughes (1993) provides a
detailed overview on how prototype sediment can
be scaled using lightweight material. In the so
called lightweight models, the geometrical length
scale determines the combination of model sediment density and grain size. Substitution of sediment by lightweight material inevitably results in
a geometrical distortion of the model (Hughes
1993, Ettema 2000) which further results in distortion of the flow variables. Thus, it is very difficult to quantify morphological features in distorted models.
However, it is not clear in as much such a distortion becomes significant in short sedimentological models. On the other hand, one way to mi-

Figure 2. Sedimentological diameter D* in the ShieldsDiagram modified according to Dietz (1969) (Θ = Shields
parameter, τ = shear stress, Re* = grain Reynolds number,
u* = shear velocity).
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Figure 3. Experimental set up of the flume.

recorded. Visual observations as well as test experiments without measurements during water flow
showed that there was no remarkable influence on
the scour process due to the point gauge measurements.

Until today there exist only few publications
reporting bridge scour experiments with
lightweight material. Yu et al. (2003) tested different formulations with regard to their applicability for lightweight sediment and found a bad
agreement between calculated and measured scour
depths. This indicates that the density of the sediment is generally not taken into account in the
commonly used scour equations. Therefore, the
purpose of this study is to explore if natural sediment can be subsitituted with uniform lightweight
material in bridge pier scouring studies using the
sedimentological diameter D*, a constant ratio
u/ucrit and the geometrical ratio D/h as boundary
conditions for sediment scaling.

2.2 Bed material
The experiments were carried out with four different materials, as presented in Figure 4. The
lightweight material consisted of Acetal with ρs =
1390 kg/m³ and Polystyrene with ρs = 1040 kg/m³.
The plastic granulates were characterized by uniform shapes (see Figure 4 and Figure 5) with a
grain-size of 2.60 mm and 2.74 mm, respectively.
Moreover, two uniform natural sediments (ρs =
2650 kg/m³) with different grain-sizes were used.
The finer sediment, hereafter referred to as
Sand0.8, had a grain-size of d50 = 0.82 mm, and
the coarser material, referred to as Sand1.6, of d50
= 1.6 mm.

2 EXPERIMENTAL SETUP
2.1 The flume
The experiments were carried out in an 8.0 m
long, 0.3 m wide and 0.6 m deep horizontal flume
with smooth side walls in the laboratory of the
Leichtweiß-Institut für Wasserbau at Technische
Universität Braunschweig. In order to keep the
material effort low, a false floor with a 0.12 m
deep and 1.2 m long recess starting 4.5 m downstream of the inlet was created (Figure 3). The recess was filled up and the whole flume was covered with movable bed material resulting in a 3
cm high layer of movable sediment along the total
flume length. A single cylindrical pier with a diameter of D = 0.03 m was embedded vertically in
the centre of the recess area.
A constant water supply was ensured by a high
level tank and the discharge was measured with an
inductive flow meter at the intake pipe of the
flume. The water level was adjusted by a control
gate at the end of the flume.
Scour depths were measured with a point
gauge during water flow (accuracy of ±0.1 mm).
The point gauge was mounted to a carriage and
could be moved along the entire flume length and
width so that maximum scour depths could be

Figure 4. Experimental material; (1) Acetal, (2) Polystyrene,
(3) Sand1.6, (4) Sand0.8.

The parameters characterizing the bed materials are summarized in Table 1. Table 1 also includes the shape factor SF = c/(a b)0.5 (a = longest
axis, b = mean axis and c = shortest axis). Although the shapes of the granulate seem to be
quite different from natural quartz sand (Figure 4
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peated several times to ensure the reproducibility
(see Section 3, Figure 7).

and Figure 5), the shape factors are close to the
natural shape factor of sand, which can be assumed to SF ≈ 0.7 (ASCE 1962, Garde & Ranga
Raju 2000, Zanke 1982).

Figure 6. Top view of measurement section.
Figure 5. Left hand side Acetal, right hand side Polystyrene.

2.4 Hydraulic conditions

The tested materials are different with respect
to their densities and grain-sizes, but the sedimentological diameter D* of Sand1.6 and Acetal and
of Sand0.8 and Polystyrene, respectively, is fairly
similar (Table 1). This is an important aspect to
test the assumption that D* includes all relevant
sediment properties and can be used as scaling parameter. The critical velocity ucrit, defining the
flow velocity for which single grains sporadically
start moving was determined in previous experiments carried out in the same flume by Ettmer
(2004).

In order to keep D/h = const. the water depth was
held constant with h = 0.1 m in all experiments.
Thus, the mean flow velocity u had to be adjusted
so that u/ucrit ≈ 1 for each material (Table 2). The
flow was subcritical and turbulent throughout the
experiments.
Table
2. Hydraulic conditions.
_______________________________________________
Sand1.6 Acetal Sand0.8 Polystyrene
D*
[1]
40
41
21
20
_______________________________________________
discharge
[l/s] 9.7
6.2
8.6
2.3
u
[m/s] 0.323 0.202 0.288 0.078
[m/s] 1.0
1.04
1.0
1.0
u/ucrit
0.5
[1]
0.33
0.20
0.29
0.08
Fr
=
u/(gh)
_______________________________________________

Table
1. Material properties.
______________________________________________
Sand1.6 Acetal Sand0.8 Polystyrene
______________________________________________
ρS [kg/m³] 2650
1390
2650
1040
d
[mm]
1.60
2.60
0.82
2.74
D* [1]
40
41
21
20
SF [1]
0.70
0.71
0.70
0.75
σ
[1]
1.29
1.00
1.30
1.00
0.323
0.194 0.288
0.078
ucrit [m/s]
______________________________________________

3 RESULTS AND DISCUSSION
Figure 7 shows exemplarily the development of
the maximum scour depth for the repeated
Sand0.8 experiments for each single run (symbols) as well as the development of the averaged
maximum scour depth (dashed line). The depth of
the bridge pier scour scatters slightly with a maximum deviation of 0.7 cm after a run time of 120
min. However, the scour depth is fairly similar after 1440 min (maximum deviation 0.4 cm). This
shows that the results are reproducible.

2.3 Experimental procedure
The material was filled into the flume without additional compaction or consolidation. After the
pier was adjusted, water was filled very slowly into the flume up to a water level of 0.1 m so that
any movement of the loose bed material was
avoided. Following the filling process, the discharge was increased to the desired value while
the water depth was kept constant by adjusting the
control gate at the end of the flume. The experimental time started when the grains at the pier
started to move.
Both a longitudinal and transverse bed and water level profile, respectively, was measured with
the point gauge after 15 min, 30 min, 60 min, 120
min, 240 min, 480 min and after 1440 min (see
Figure 6). In the longitudinal direction, the bed levels were recorded with intervals of Δx = 2 cm
starting 14 cm upstream of the pier and ending 90
cm downstream of it. The transverse profile was
recorded over the entire flume width with Δy = 2
cm at the pier location. Each experiment was re-
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Figure 7. Reproducibility of scour depth for Sand0.8.
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creasing D/d if the ratio D/d is smaller than 50.
Similarly, Lee & Sturm (2009) found that the
scour depth increases with increasing D/d if D/d ≤
25 while it decreases for D/d ≥ 25. For D/d > 400
the scour depth is independent of D/d. In this
study, D/d = 11 - 19 indicating that further experiments are needed to investigate if the observed
differences can be attributed to the differences in
D/d.

Similar results regarding the reproducibility
were obtained for the experiments with Sand1.6,
Acetal and Polystyrene. The scour depth measured in the experiments with lightweight materials
scattered more during the scour development than
for the sand experiments but the scour depths at
the end of a run the scour depths were similar
again. The observed scatter may partly be caused
by some characteristics of lightweight material
which have to be considered when performing experiments. For example plastic particles with a cylindrical shape (here polystyrene) tend to interlock
with each other forming clusters (Figure 8). The
particle interlock can have a significant influence
on the scour development if a cluster is blocking
or accelerating the erosive process around the
pier.
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Figure 9. Development of the maximum scour depth in front
of the pier for materials with ρS = constant, d = variable,
u/ucrit ≈ 1.

Figure 10 shows the scour development for the
experiments with lightweight material which have
similar grain-sizes but different sediment densities
(see Table 1). The scour was slightly deeper in the
experiments with Polystyrene which is 9.75 times
lighter under buoyancy than Acetal. This result
implies that the scour depth depends on the sediment density although its influence is much less
than the influence of the grain-size.

Figure 8. Cluster (Polystyrene) due to particle interlock
(flow from right to left).

In the following the averaged maximum scour
depths are used to analyze the scour evolution dependent on the different bed materials and hence
with respect to the influence of sediment density
and grain-size, respectively. In a second step the
time series of the maximum scour depth are used
to evaluate the applicability of the parameter D*,
combining sediment density and grain-size, as a
sediment scaling parameter.
Figure 9 shows the scour depth development
for the natural bed material with identical density
(Table 1). The figure shows that both curves are
approximately parallel. However, the development of the maximum scour depth within the first
15 min is faster for the finer sediment Sand0.8
than for the coarser material Sand1.6 (see also
Figure 12). As a consequence the scour of
Sand0.8 is deeper than for Sand1.6 at comparable
time steps. The main difference between both experiments is the ratio of pier width D and grainsize d. In case of Sand0.8 the ratio is D/d = 37.5
and for Sand1.6 D/d = 19. According to many researchers the scour depth is significantly influenced by this parameter, e.g., Melville & Chiew
(1999), Sheppard et al. (2004) and Lee & Sturm
(2009). Furthermore, Melville & Chiew (1999)
reported that the scour depth decreases with de-
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Figure 10. Development of the maximum scour depth in
front of the pier for materials with ρS = variable, d ≈ constant, u/ucrit ≈ 1.

The different materials were chosen so that a
natural and an artificial material are comparable
regarding the sedimentological diameter D* combining the aforementioned parameters d and ρS
(Table 2). The maximum scour depths of the four
bed materials are plotted as a function of time in
Figure 11. For the material with larger D* (Acetal
and Sand1.6, D* ≈ 40) scouring of the natural sediment is well reproduced by the artificial sedi1219

ment. On the other hand the scour depths for Polystyrene and Sand0.8 (D* ≈ 20) differ remarkably from each other. As aforementioned, the experiments were repeated several times and the
averaged scour depths are plotted in Figure 11.
Hence, the observed differences cannot be attributed to scatter due to an individual time series.
Besides the different values of D*, the experiments differ with regard to D/d. For the experiments with artificial materials D/d ≈ 11. Thus, the
ratio of bridge pier width to grain-size is in the
same order of magnitude for the three materials
Polystyrene, Acetal, and Sand1.6 whereas D/d is
at least twice as high in the experiments with
Sand0.8. The results show that the ratio D/d cannot be neglected when scaling the sediment for
scour experiments. However, further experiments
are required to investigate the influence of D/d in
combination with D* in more detail.
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Laboratory experiments were carried out to investigate the applicability of the sedimentological diameter D* as scaling parameter for fine sediment.
In order to avoid cohesive characteristics of scaled
sediment it is necessary to substitute natural sediment (sand) by lightweight materials. The applicability was tested by means of the development
of the maximum scour depth in front of a single
bridge pier. Four different bed materials were
used; two kinds of sand with different grain-sizes
and Acetal and Polystyrene, which had the same
diameter but different sediment densities. The sediment densities and grain-sizes were chosen so
that Sand0.8 and Polystyrene as well as Sand1.6
and Acetal had the same sedimentological diameter D*, respectively.
The results of the preliminary experiments
show that similar scour depth can not be achieved
by using only D* as scaling parameter. The ratio
of the bridge pier width and the grain-size D/d has
a strong impact on the maximum scour depth and
thus cannot be neglected when scaling the sediment. Moreover the flow intensity u/ucrit has an influence on the temporal evolution of the scour
depth. Under clear water conditions the processes
showed no time dependency whereas in life bed
experiments the processes develop faster with artificial bed material than with natural sediment.
Further experiments are planned to quantify the
effect of sediment density and of the ratio D/d in
order to develop a sedimentological scaling parameter for scouring processes the constant ratio
u/ucrit and the geometric ratio D/h.
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Figure 12. Development of the maximum scour depth in
front of the pier for natural and artificial materials in semilogarithmic scale.
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Figure 11. Development of the maximum scour depth in
front of the pier for natural and artificial materials.

The development of the maximum scour depth
is plotted again with a semi-logarithmic scale in
Figure 12. The figure shows that the curves are
more or less parallel, i.e. the time evolution of the
scour depth is approximately proportional to ln(t)
in both experiments with natural and artificial sediment. According to Ettmer (2004) and Hentschel (2007) sediment processes with lightweight
material proceed faster than those with natural sediment. This effect cannot be observed in these
experiments. It is worth mentioning that the experiments of Ettmer (2004) and Hentschel (2007)
were carried out with live bed conditions whereas
the experiments reported herein were clear water
experiments. Thus, further experiments are required to investigate the influence of the flow intensity u/ucrit on time scale effects when using artificial sediment.
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Scour and dune morphology in presence of large wood debris
accumulation at bridge pier
S. Pagliara & I. Carnacina

Civil Engineering Department, University of Pisa, Via Gabba 22, 56122, Pisa, Italy

ABSTRACT: The presence of debris accumulation on bridge pier scour increases the bridge failures likelihood, accelerating the scour development and increasing the maximum scour hole depth. Likewise, the
scour morphology is substantially modified by the flow interaction with the debris accumulation and the
bridge pier. The paper aims to analyze the effect of the debris accumulation on both scour hole and morphology at high evolution stages. Experimental tests have been carried out at the PITLAB hydraulic centre of the Civil Engineering department of the University of Pisa, Pisa, Italy. Tests have been performed
in several debris geometries, flow contractions, and hydraulic conditions, in order to cover a wide parameters range. Different debris shapes, longitudinal lengths and longitudinal extensions downstream to the
pier centre have been tested. Scour morphologies have been analyzed both in terms of maximum longitudinal and transversal length respect to tests without accumulation. As well, the dune evolution in respect
to the main parameters, (flow intensity and shallowness) has been analyzed. As results, a simple equation
to predict the maximum scour morphology will be developed, together with new analytical equation to
predict maximum scour depth and longitudinal and transversal lengths.
Keywords: Bridge scour, Debris accumulation, Scour morphology, Dune
Froude number U2/gD, where g = gravitational
acceleration, should be taken into account to
achieve a correct flow similitude. However, piers
Froude numbers are higher in laboratory experiences than in field experiences. Hence, equations developed for flumes are quite conservative
and tends to overestimate the prototype maximum
scour hole depth zmax/D, where zmax = maximum
scour hole measured at the bridge pier (Ettema et
al., 1998). Alternatively, Oliveto and Hager
(2002), based their analysis on the hydraulic resistance analogy, in which zmax/D depended on a non
dimensional time parameter and on the densimetric Froude number Fd=U/(g’d50), where g’ = g(ρsρ)/ρ = reduced gravitational acceleration (Dey and
Debnath, 2001; Oliveto and Hager, 2002; Dey and
Raikar, 2005), ρs = sediment density and ρ = water
density.
The presence of debris or drift accumulations
further complicates the scour process in correspondence of bridge piers. The debris build-up
causes: a contraction, reducing the waterway
width; a local scour increase, due to the accumulation obstruction; a deflection of the flow angle of
attack, which can increase the local scour around

1 INTRODUCTION
This paper aims to analyze the effect of debris accumulations at bridge piers on scour and dune
temporal evolutions and the dune morphologies,
compared to those of an isolated cylindrical pier
under same hydraulics and sediment conditions.
Debris accumulations at bridge piers and decks
have been mainly divided into two classes (Bradley et al., 2005): single pier debris accumulations
and span-blockage accumulations. In the present
study only isolated or single pier accumulations
have been analyzed for the sake of simplicity.
Indeed, it is well known that several variables
affect the scour evolution and the maximum equilibrium clear-water scour hole depth for isolated
pier in uniform sediment, i.e., flow shallowness
h/D, where h = water depth D = pier diameter,
flow intensity U/Uc, where U = average flow velocity and Uc = sediment threshold flow velocity,
sediment coarseness D/d50, where d50 = sediment
diameter for which 50% in weight is finer, and
non-dimensional time T = Ut/h, where t = time
(Melville and Sutherland, 1988; Franzetti et al.,
1989; Franzetti et al., 1994). As well, the pier
1223

partment of the University of Pisa, Italy. The
channel consisted of a glass walled horizontal
flume 12 m long, 0.61 m wide and 0.5 m deep.
The flow was supplied by means of a sluice gate
provided with a flow straightener (0.25 cm mesh).
The discharge was measured by means of a
KRONE® electromagnetic gauge, installed in the
supply line. A false bottom 2 m long, 0.15 m
deep, and 0.6 m wide was used to simulate the
scoured zone. An upstream steel box 3 m long, 0.6
m wide and 0.15 m deep provided the transition
between the scoured zone and the inlet sluice gate.
A Downstream second box 1 m long, 0.6 m wide
and 0.15 m deep, closed the false bottom. One
perspex cylindrical pier of diameter D=0.03 m has
been used in the tests. The pier was placed at the
false bottom center. A weir, positioned 2 m downstream from the last box, regulated the water
depth.
A ultrasonic Baumer® UNDK20 transducer
mounted on a point gauge 0.1 mm precise and a
Gefran® MK4 distance meter connected to the
trolley mechanism have been used to survey the
final maximum scour profile and the liquid profile. During the test execution, scour measurements near the pier zmax were taken at t=1, 2, 4, 8,
15, 30, 60…, 360 …minutes. The tests were generally performed for 360 minutes, whilst several
tests have been lasted up to 96 hour. zmax has been
measured by means of a clear scale glued at the
pier surface. Its use prevent from any disturbance
effect which may occur when measuring zmax with
intrusive techniques, i.e., point gauge.

the bridge; and, finally, a reduction of the bridge
discharge capacity (Kattell and Eriksson, 1998).
Recently, several experimental studies and
field observations have been carried out to asses
the effect of smooth or rough debris accumulation
on zmax/D (Melville and Dongol, 1992; Diehl,
1997; Kattell and Eriksson, 1998; Parola et al.,
2000; Richardson and Davis, 2001; Bradley, Richards et al., 2005; Briaud et al., 2006; Zevenbergen et al., 2006; Lagasse et al., 2009; Pagliara and
Carnacina, 2010).
Specifically, Melville and Dongol (1992) made
tests using a cylindrical accumulation extending
downstream of the bridge pier. They defined an
equivalent bridge pier diameter De based on flow
and accumulation geometric characteristics, i.e., td
= debris thickness and dd = debris diameter

De = ⎣⎡0.52td d d + ( h − 0.52td ) ⎦⎤ h

(1)

Later on, Lagasse et al. (2009) developed a
similar approach defining a De based on accumulation shape and plunging flow factors for flume
tests, including several debris accumulation
shapes, geometry and roughness. Lastly, Pagliara
and Carnacina (2010), studied the temporal scour
evolution for accumulation with different roughness, porosity, and percentage rough blockage ratio ∆A = [(dd–D)·(td+df)]/(b·h)·100 = ∆A for df = 0,
in which df = average logs diameter and b = channel width, from which it can be inferred that the
porosity slightly effect the scour evolution, whilst
both ∆A and roughness play an important role on
zmax/D temporal evolution. In particular:
zmax / D = ξ ln (T * /10 )

(2)

2.2 Large wood debris and sediment features

(3)

In the present study, tests have been carried out
with frontal rectangular large wood debris (LWD)
accumulations, though several others shapes are
known in literature, i.e., cylindrical (Melville and
Dongol, 1992), or triangular (Zevenbergen et al.,
2006).

in which

ξ = 0.19 (U / U c ΔA 0.4 ) − 0.13

where ξ = non-dimensional time parameter, T* =
hUt/Aacc = non-dimensional blockage dependent
time, Aacc = (dd–D)td+hD = additional area occluded by the accumulation.
However, little is known on scour and dune
morphologies in presence of debris accumulation
and their maximum width and length, which are of
main importance in order to efficiently design pier
protection structures.

Table 1. Tested LWD accumulations
Test
series
EB
E

ld/D

dd/D

ld/dd

td/dd

3
6
2.50
3.60

10
20
3.10
6.90

0.05
0.10
0.44
0.65

0.01
0.39
0.18
1.2

pd/ld
0.5
0

min
max
min
max

Table 1 reports the LWD (large wood debris)
geometric characteristics tested in the present
study. In the table, ld = LWD streamwise length
and pd = distance between the debris downstream
edge and the pier center (fig. 1a). In the present
study, LWD were simulated by means of synthetic
material, modeled in order to obtain a rectangular
cross-sectional shape (fig 1b). Two different tests

2 EXPERIMENTAL APPARATUS

2.1 Flume characteristics
All experimental runs were carried out at the PITLAB research center of the Civil Engineering De1224

series have been carried out, i.e., the “EB” test series, which is characterized by wider accumulations centered respect to the pier center, and “E”
test series, which were characterized by narrower
accumulation which never extended downstream
the bridge pier center.
Figure 1a-c depicts the experimental sketch
and notation, where, zmax= maximum scour depth
near the pier, and zM = maximum dune height.

(2010), in which the critical Shields parameter
Θc=0.032.
2.3 Experimental range
Before each experiment, the bed was carefully leveled around the bridge pier and the LWD was
fixed at different distances from the bed, to obtain
different td values. Hence, the channel was completely filled up with water at low discharge. The
discharge Q was regulated to the test’s discharge
and time measurement started after adjusting the
water elevation. Details on the tests execution are
available in Pagliara and Carnacina (2010). Table
2 reports the flow conditions tested in the present
study for both tests series, where Fr = U/(gh)0.5 =
Froude number and Re = 4Uh/ν = Reynolds number, in which ν = kinematics viscosity.
Table 2. Experimental tested conditions
Test U
U/Uc h/D ∆A Fr
Fd
series [m/s]

Re·10-4

EB

0.16 0.5
0.35 1

2.66 0
5.66 50

0.12 1.33 5.48
0.40 2.95 22.2

E

0.21 0.67 2.66 0
0.35 1
5.66 13

0.16 1.77 7.7
0.40 2.95 22.2

min
max
min
max

3 RESULTS AND DISCUSSION
Figures 2a-h show top views of the final dry scour
(6 hours) with different dune morphologies observed at various flow and blockage conditions.
In the right, the plot shows the contour lines
with the scour values observed for the tests. The
longitudinal x axis and the transversal y axis relates to the pier center, whilst the vertical elevation measured with the ultrasonic transducer Z relates to the original bed elevation. As shown in the
figure, the debris accumulation significantly affects the scour morphology. The dune, in clear
water condition, is composed by the material
scoured near the pier. As observed by (Mazumder
et al., 2009) the dune presence generates high turbulence disturbance which, hence, is responsible
of the secondary erosion process immediately
downstream of the dune itself. Moreover, for low
U/Uc, as far as ∆A increases, the scour increases
its width and a multiple dune develops downstream the pier (fig. 2c, d, i, and k). Vice versa,
even at high U/Uc, but for low ∆A, the dune
presents a typical swallow-tail shape, which can
be observed also in case of isolated pier (fig. 2a,
b, e, f, g, h). Therefore, both zmax/D and zM/D temporal evolution have been analyzed in order to
isolate different scour and dune morphologies.
Figure 3 shows zmax/D temporal scour evolution
for both “E” and “EB” tests series, i.e., for

Figure 1. Sketch and notation: a) plan view, b) transverse
section and c) longitudinal section.

Medium river sand has been used for all the
tests, whose granulometric characteristics are:
d50= 1 mm, σ=(d84/d16)0.5 = 1.2 = standard deviation of sediments, φ = 31° and φ’ = 36° are the
dry and wet sediment angles of repose, and ρs =
2440 daN/m3. The critical velocity Uc has been
evaluated according to Pagliara and Carnacina
1225

has been fixed equals to T*=10. As also observed
by Melville and Dongol (1992), when ∆A>0 and
for U/Uc=1, zmax/D could shows values up to 4
times D.

0<∆A<50 and 2.66<h/D<5.66. Accordingly, as
observed by Pagliara and Carnacina (2010),
zmax/D shows an almost linear dependence in the
semi-log chart on T*, where the x-axis intercept

Figure 2. Dune morphologies for test a, b) EB18, c. d) EB20, e. f) EB21, g, h) EB50 and i, k) EB53 (x, y and Z
axes in cm).
1226

Vice versa, the dune evolution shows a totally difa) on T*. In fact, at U/Uc=1, as
ferent dependence
shown by the dotted line in fig. 4a, zM/D first
shows a maximum at 102<T*<104 with values
ranging 0.6<zM/D<1.7, whilst for higher T*, zM/D
strongly reduced.
5

U/Uc=1
U/Uc=0.85
U/Uc=0.75
U/Uc=0.67
U/Uc=0.50

z max /D

4

dune morphologies have been distinguished in fig.
5, i.e., eroded single dune (NSD), stable single
dune (SSD), and stable multiple dune (SMD). NSD is
characterized by the continuous removal of sediment from the dune, typically presenting the dune
temporal evolution observed in fig. 3.
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b) z /D temporal evolution analysis, three different
M
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Figure 3. zmax/D vs. T
e) for 0<∆A<50 and 2.66<h/D<5.66.

f)

For 0.5<U/Uc<0.75, zM/D again shows a behavior which is comparable to that of the maximum
scour, in which zM/D increases within T* (fig. 4b),
though, showing values comparable to the maximum zM/D observed for U/Uc=1.
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Figure 5. Observed dune morphologies: a) stable multiple
dunes, SMD, b) stable single dune, SSD and c) eroded single
dune NSD.

1.2

The dune continuously propagates downstream
until the original swallow-tail shape cannot be distinguished. Sediments are continuously removed
from the downstream scour side and the scour
hole showed an elongated shape, while the dune is
smashed down by the flow turbulence. As for either ∆A or U/Uc where reduced, the dune slowly
propagates downstream and SSD morphology was
distinguished. As shown by fig. 5b, SSD presented
a single lobe expansion, in which the dune front
was featured by a swallow-tail shape. In the tested

0.6

b)
0
1.E+00

T*

1.E+02

1.E+04

1.E+06

1.E+08

Figure 4. zM/D vs. T* for 0<∆A<50 and 2.66<h/D<5.66, a)
eroded dunes, and b) stable dunes.
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range, zM/D present either increasing dependence
with T*, or, after a developing phase, could reach
a plateau, after which the dune only translate
downstream. Sediments were removed from the
scour hole and accumulated downstream. As observed, a secondary scour could be generated
downstream of the dune. Finally, the SMD morphology was distinguished at low U/Uc and high
∆A. It showed a slow multiple lobe propagation,
in which the dune was featured by multiple fronts
which expanded along all the channel width.
Hence, each test has been classified in terms of
U/Uc and ∆A in fig. 6, for h/D=2.66 (empty symbol) and h/D=5.66 (filled symbol). The figure also
shows non scoured tests. The solid line in the upper part of the plot distinguished the transition between the localized scour and the global scour,
which have been distinguished from preliminary
tests in which sediments were scoured, from the
channels sides, from the beginning up to the tests
end.
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Figure 6. Dune morphology classification in presence of debris occlusion: no scour (h/D=2.66 ○, h/D=5.66 ●), SSD
(h/D=2.66 □, h/D=5.66 ■), NSD (h/D=2.66 , h/D=5.66 )
and SSD (h/D=2.66 , h/D=5.66 ).

-0.5
-1

The hatched region shows the sediment transport threshold, after which bed-forms develop and
for which the dune classification is no longer
valid. Indeed, after the threshold condition, the effect of the upstream sediment movement may
change both the scour morphology and the scour
pattern (Melville, 1984) and the dune morphology. It is worth noticing that for h/D=2.66 the
transition from SSD to NSD is drawn down toward
∆A. In fact, the effect of the surface wake downstream of the accumulation increases the turbulence toward the bed, contributing to higher dune
erosions even at lower U/Uc. Differently, for
U/Uc=0.5, the transition from SMD to SMD slightly
differs for 2.66<h/D<5.66, and a single transition
has been identified. Results also agree with (Melville and Coleman, 2000), who observed the scour
formation, for ∆A=0, at 0.3<U/Uc<0.5.

c)

x/L dl

-1.5
-1

-0.5

0

0.5

1

Figure 7. Self-similar non-dimensional longitudinal scour
for for 0<∆A<50 and 2.66<h/D<5.66.

Hence, both longitudinal and transverse scour
profiles have been thorough analysed. Figures 7ac shows the non-dimensional maximum scour
hole longitudinal sections normalized by Ldl for
0.5<U/Uc<1, 0<∆A<50, and 2.66<h/D<5.66,
where Z = scour depth and Zmax is the maximum
scour hole, both measured with the ultrasonic sensor. Accordingly, as U/Uc increases, the scour
hole propagates downstream, for the dune erosive
action showed at higher U/Uc. Indeed, as U/Uc
approaches the lowest values, Ldl equally distributed in both the downstream and the upstream
sides, as the dune steepness affects the sediment
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lation shape and ld, which, however, showed a
slight influence on the scour hole longitudinal
morphologies.
Figure 8 shows the self-similar transverse profile normalized by Ldt, for 0<∆A<30 and
2.66<h/D<5.66. Unlike the longitudinal profiles,
the transverse ones are less affected by U/Uc.
Hence, normalized scour profiles have been
approximated by eq.5:

transport and contributes to the reduce the sediment removal from the groove. As well as for Ldl,
the maximum scour shift downstream as far as
U/Uc increases. Reference tests with ∆A=0 are,
generally, lesser extended downstream, as for the
flow contraction, generated by the debris accumulation, showed a higher erosive action on the
downstream side of the scour hole.
Normalised scour profiles can be approximated
by polynomial functions, i.e., for x<0:

Z / Z max = 3 ( y / Ldt ) + 0.5 ( y / Ldt ) − 1
2

Z / Z max = a ( x / Ldl ) + b ( x / Ldl ) +
5

4

+ c ( x / Ldl ) + d ( x / Ldl ) + e ( x / Ldl ) − 1
3

2

in which the Z/Zmax=0 for y/Ldt=0.5. Scour
maximum hole position in transverse direction
lays generally between 0<y/Ldt<0.2.
In order to highlight the differences between
scour width and length, two debris influence coefficients have been defined, i.e., Kl = Ldl/Ldl-o =
longitudinal scour debris accumulation coefficient, and Kt = Ldt/Ldt-o = transverse scour debris
accumulation coefficient, where the suffix –o
identifies tests with ∆A=0, i.e., without accumulation. Both coefficients were evaluated for T*=104,
after which the effect of time was found almost
negligible.
Figures 10 and 11 show the dependence of Kl
and Kt on both ∆A and U/Uc for 2.66<h/D<5.66
and both “EB” and “E” test series. Accordingly,
as the effect of ∆A became more relevant, the
scour hole increases its length and width, as well
as, given constant ∆A, Kl and Kt increased with
U/Uc, up to 3 times the scour hole without accumulation.

(3)

whilst for x>0:
Z / Z max = α ( x / Ldl ) + β ( x / Ldl ) +
3

2

+γ ( x / Ldl ) − 1

(4)

Where a-e and α-γ are regressions coefficients
which depended on U/Uc (table 3).
Table 3. Eq.3-4 Normalised scour hole coefficients
U/Uc
Eq. Coefficients
1
0.75
0.5
a
1105
88.25
-160
b
1190
103.1
-241
c
492.7
16.01
-109.2
d
90
12.87
-11.53
e
2.5
1.05
-0.59
α
-0.014
-7.23
-6.51
β
-1.04
5.6
5.32
γ
2.8
0.93
0.97

5

U/Uc=1
U/Uc=0.84
U/Uc=0.75
U/Uc=0.67
U/Uc=0.5

Kl
4

0

Z/Z max

3
2

U/Uc=1
U/Uc=0.75
U/Uc=0.67
U/Uc=0.5
U/Uc=1, h/D=5.66 ref.
U/Uc=0.67, h/D=5.66 ref.
U/Uc=0.5, h/D=5.66 ref.
Z=0
Eq. 5
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Figure 10. Influence of ∆A and U/Uc on Kl for
2.66<h/D<5.66.

-1
0

(5)

1

Figure 8. Self-similar non-dimensional transverse scour for
0<∆A<30 and 2.66<h/D<5.66.

Normalized scour hole profiles show a good similarity in terms of U/Uc, especially for x<0, whilst
for x>0 the profile slightly scatters. Slight scatter
toward eq.4-5 is likely connected to the effect of
neglected variables, such as ∆A, h/D and accumu1229
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Note that for ∆A>40, scour width could eventually show values 3.9 times the scour without accumulation. These results agree with the patterns
observed for SMD, which generally presented larger values compared to that observed for SSD or NSD.
Both Kl and Kt can be approximated by eq. 6:
K l = ( 0.2U / U c − 0.09 ) ΔA + 1

(6)

and eq. 7 respectively
K t = ( 0.2U / U c − 0.077 ) ΔA + 1

(7)

for which Kl=1and Kt=1 as ∆A=0.
4 CONCLUSIONS
Scour and dune morphologies in presence of several debris accumulations at bridge pier in clear
water condition have been analyzed. The debris
accumulation deeply affect both maximum scour
hole depth, length, width and dune morphology,
leading to dangerous effect on the bridge pier stability
The temporal analysis of zM demonstrated that
the dune could be eroded under given condition of
high occlusion or high flow intensity. Therefore,
tree main dunes morphologies have been distinguished in clear water conditions, i.e., eroded and
stable single dune and stable multiple dunes. Both
scour longitudinal and transverse maximum scour
morphologies have been analyzed, showing a
strong self-similar pattern when normalized by
maximum Ldl and Ldt respectively. Finally, maximum scour length and width showed, respectively, values up to 3 and 4 times that without debris
accumulation.
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Experimental analysis of the morphological evolution induced by a
flow in a sudden channel constriction
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ABSTRACT: This paper presents an experimental study of a flow on movable bed in a channel featuring
a sudden constriction. The experiments have been carried out at the Hydraulics Laboratory of the Université catholique de Louvain, Belgium. The experimental initial conditions consist of a flat and horizontal
bed composed of uniform coarse sand. The boundary conditions are a steady flow without sediment supply upstream and a free outflow over a weir downstream. No sediment discharge is observed in the upstream wide part of the flume while significant morphological evolution of the bed is observed in the
downstream narrow part. A scour hole forms at the corner of the constriction. This scour hole grows in
time and the eroded sediments are transported further downstream. Part of these sediments deposes in the
downstream part of the flume, generating a two-dimensional morphological evolution of the bed. To
measure the evolution of the hydraulic and sedimentological parameters, different non-intrusive methods
have been used and principally digital imaging techniques: interface detection for the bed level through
the glass walls of the flume, particle tracking velocimetry for the water velocity at the flow free-surface
and laser profile reconstruction for the bed morphological evolution at different times during the experiment. The analysis of these results allows to identify the different physical phenomena that govern the
flow and its morphological evolution.
Keywords: Sudden constriction, Contraction, Narrowing, Morphology, Sediment transport, Digital imaging techniques, Topographical measurements
Image Velocimetry (PIV) to characterize the flow
surrounding a cylindrical obstacle.
These experimental results are crucial to validate analytical and numerical models used for estimating the scour hole depth and the threshold
value for scour entrainment or for simulating the
temporal evolution of scour (Kothyari et al. 2007).
For example, Richardson & Panchang (1998)
compared Melville & Raudkivi (1977) observations with the simulations performed with a fully
three-dimensional hydrodynamic model. Nagata et
al. (2005) solved the fully three-dimensional Reynolds-averaged Navier–Stokes equation to calculate the flow field with water and bed surfaces
varying in time around hydraulic structures and
tested their model against laboratory data for spur
dikes and bridge piers.
Scour is rather poorly documented in other
context than bridge hydraulics. Dey & Raikar
(2005) studied the effects of various parameters
on scour depth in long constrictions for uniform

1 INTRODUCTION
Any sudden change in geometry in a canal or a
river generally induces scouring that may be severe and damage the bank structures.
Scour has been largely studied through laboratory experiments in the context of bridge hydraulics (Hager 2008). Melville & Raudkivi (1977)
described the flow occurring at the base of a cylindrical bridge pier within a scour hole. Capuano
et al. (2004) analyzed the maximum scour depth
around a rectangular abutment for small grain
Reynolds numbers (between 5.3 and 9.0). Ettema
& Muste (2004) studied the scale effects in smallscale model of flow around a spur dike over fixed
bed. Sheppard & Miller (2006) tested local clearwater and live-bed pier scour with two different
uniform cohesionless sediments. Kirkil et al.
(2008) investigated coherent structures present in
the flow field around a circular cylinder located in
a scour hole. Nogueira et al. (2008) used Particle
1231

and non-uniform sediments under clear-water
scour conditions. Palumbo et al. (2008) examined
the impact of a sudden widening on a dam-break
flow.
In this paper, the impact of a sudden constriction on a flow over a sand bed is investigated experimentally. The abrupt change of the flume
width constitutes an obstacle to the flow. The contraction of the flow leads to clear-water scour. The
morphological evolution of the channel bed and
the flow characteristics were observed by nonintrusive measurement techniques.

Figure 1. Experimental set-up: elevation view (top) and
plane view (bottom).

2 EXPERIMENTAL SET-UP
Experiments of flow over a movable bed were
carried out at the Hydraulics Laboratory of the
Université catholique de Louvain, Belgium.
The tests were performed in a 7.4 m long
flume, presenting on one side a sudden constriction, from 0.5 m to 0.3 m width, located 2 m upstream of the downstream end of the flume (Fig.
1). The constriction is realized in Perspex to allow
to see and measure all the features that appear
against the left side wall of the constricted part
(Fig. 2). The sediment used is rather coarse sand
with uniform grain-size distribution and a median
diameter of 1.72 mm and relative density of 2.63,
deposited with a porosity of 39 % (Becker & Kaiser 2008). The experimental initial condition is a
flat sediment bed (Fig. 2) that is progressively
saturated by introducing a small water discharge
of 2 l/s at the upstream end. At this flow rate no
sediment evolution is observed even in the narrow
part of the flume. When the flat sediment bed is
fully saturated, the upstream discharge is quasiinstantaneously increased to the regime value of
10 l/s. At this moment the water level increases
rapidly to the regime level (approximately 120 s
after the upstream discharge increase). The experiment is considered to start when the first
grains move, which takes place at corner A of the
constriction, approximately 20 s after the upstream discharge increase. The boundary conditions are a steady flow without sediment supply
upstream and a free outflow over a weir downstream.

Figure 2. Experimental set-up: constriction with the initial
flat sediment bed not yet saturated. Perspex structure used to
realize the constriction.

3 FLOW DESCRIPTION
This section aims to describe the observed flow
characteristics and the bed morphological evolution. An analysis of the observed features based
on a literature review is carried out.
3.1 Water profiles
To have an idea of the expected water level, a
one-dimensional computation was run, assuming a
rigid bed. Regarding the horizontal initial bed
slope and considering a global Manning roughness coefficient of 0.0167 s/m1/3 for the whole
channel, i.e. bed and side walls, the critical depth
can be calculated along the whole flume (Fig. 3)
while the uniform depth is equal to infinity. The
critical depth presents a discontinuity at the beginning of the constriction due to the change in
width. The downstream free outflow forces a
1232

critical control section that imposes a critical
downstream condition as end point of a subcritical
water profile. The resulting flow is then subcritical over the whole channel. The water profile calculated by integration of the Bernoulli equation is
represented in Figure 3. At the beginning of the
constriction the water profile presents a lowering
due to the flow acceleration in the contracted section, increasing the part of kinetic energy in the
total available energy.

classified as a clear-water scour (Dey & Raikar
2005).

Figure 4. Creation of the scour hole located at corner A of
the constriction: the white line is the initial bed level, the
black continuous line marks the erosion scour hole and the
black dashed line denotes the deposition crest.

The eroded sediments migrate in the constriction and generate a dissymmetrical evolution of
the bed profile due to the two-dimensional flow.
Indeed, the constriction of the fluid stream induces greater velocities on the right half of the
channel than on the left (Fig. 5). It results that (i)
on the left side, a part of the eroded sediments at
corner A are deposited and generate a deposition
crest (Fig. 4); (ii) on the right side, the main flow
reaches its sediment transport capacity, carries
further downstream the scoured sediments and
erodes slightly the sediment bed.

Figure 3. One-dimensional water profile: continuous line is
the water level and dashed line the critical depth.

In the reality, the water profile is meanly the
same as in one dimension but presents some variations in sections near and along the constriction.
Just before the constriction, the water level is
higher on left constricted side due to the reflection
against the obstacle and the consequent velocity
decrease, while velocity increases on the right
side. This velocity dissymmetry propagates in the
constriction entrance.
Finally, the sediment bed evolution induced by
the variation of the hydraulic parameters along the
x-axis and within cross-section progressively
modifies the water profile in time.
3.2 Morphological evolution
The flow discharge has been chosen to generate
sediment transport in the constriction reach only
and not in the wider upstream reach. This particular situation allows to focus on the morphological
evolution induced by a sudden discontinuity in the
sediment transport capacity (Armanini & Di Silvio 1988), materialised by the change in this case
from clear water flow to flow with bed-load transport. The increase of the sediment transport capacity in the constriction implies that the flow erodes
sediments at the geometrical discontinuity located
at the beginning of the constriction. Due to the
three-dimensional downflow against the transversal wall and the increase of velocities at the constriction entrance (Breusers & Raudkivi 1991), the
erosion generates a scour hole at its corner A (Fig.
4). Regarding the lack of sediment transport in the
approaching flow, this erosion mechanism can be

Figure 5. Flow constriction: greater velocities on the right
side than on the left.

Progressively, the excess of sediment transported by the constricted flow velocity at the beginning of the constriction is deposited downstream in a way to reach the sediment transport
capacity corresponding to a full-width flow recov1233

ered after the constriction. The deposited sediments form an oblique front that migrates downstream until the end of the flume (Fig. 6).

based on digital imaging techniques. Some other
measurement devices have been used in order to
control the experimental conditions, to check locally the results obtained by image analysis and to
provide directly important parameter evolution.
This section describes the different measurements techniques and the main obtained results, in
order to quantify the water and morphological
characteristics, qualitatively described in former
section.
4.1 Water levels
The evolution in time of the water level is provided by four ultrasonic gauges, one located in the
upstream part of the wide reach unaffected by the
flow contraction and three located around the constriction corner, as sketched in Figure 8. All the
gauges are located 0.15 m away from the flume
walls and at minimum 0.2 m from each other in
order to avoid parasitic reflections of the ultrasonic waves.

Figure 6. Oblique sediment front in the contracted part of
the reach (picture taken after flume drying at the middle of
the experiment).

The end of the experiment corresponds to the
time when the scour hole has reached the left wall
upstream of the constriction, which happens
around 15 minutes after the beginning of the experiment. Indeed, at this moment, the erosion in
the scour hole is not anymore sufficient to provide
sediment corresponding to its transport capacity in
the constriction and the flume bed empties progressively. The final shape of the scour hole after
complete drainage of the water is shown in Figure
7. The upstream shape of the scour hole corresponds to a half ellipse whose centre is corner A
of the constriction and major axis is transversal to
the flow.

Figure 8. Position of the four ultrasonic gauges.

These measurements give the evolution of the
water level and also allow to check the repeatability of the experiment. Indeed, initial and boundary
conditions being very sensitive, it is essential to
check that the different experimental runs can be
combined to form one single data set. This repeatability is assumed as satisfactory if the measured
water levels from different runs are in good
agreement.
0.25

z (m)

0.23

U1 - run 1
U1 - run 2
U1 - run 3

0.21
0.19

Figure 7. Picture of the scour hole after 20 min where the
scour hole reaches the side walls.
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4 EXPERIMENTAL MEASUREMENTS

Figure 9. Repeatability check of experimental conditions
with gauge U1.

The different measurement techniques used for
this experiment are all non-intrusive and mainly

As an example, Figure 9, showing the measured water level at gauges U1 for three different
1234

runs, confirms that the flow is identical between
three different runs.
Figure 10 shows the water level evolution for
three ultrasonic probes, U2, U3 and U4. The ultrasonic probe U2 presents some erratic signals but
the actual level evolution is easy to deduce from
the raw data. The three sets of water level illustrated in the figure are coherent with the known
hydraulic features of a flow in a constriction. Indeed, as explained in Section 3.1: (i) before the
constriction, the level of the narrowed side (left
side, U2) is higher than the level on the other side
(right side, U3); (ii) after the constriction, the
level is lower than before (U4).
These results evidence the required time to
reach the flow regime condition. The water level
increases during approximately 120 s before becoming stable, but 80 % of the evolution between
initial and regime levels are reached in 60 s.
0.25

Figure 11. Artificial long exposition of the camera sensor
over a range of ten frames around 3 minutes after the beginning of the experiment.

Figure 12 shows the velocities on a structured
grid around the constriction at time t = 3 minutes,
corresponding to the tracer positions given in Figure 11. The velocities are calculated by averaging
the particle velocities in grid cells of 2.5 cm by
2.5 cm during ten successive images, i.e. during
0.667 s. The velocity increase in the constriction
is clearly observable. The average cross section
velocities goes, approximately, from 0.3 m/s before the constriction to 0.7 m/s after.
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Figure 10. Water level evolution at gauge U2, U3 and U4.

4.2 Surface velocities
The surface velocities are calculated by particle
tracking velocimetry (PTV) algorithms in two dimensions (Capart et al. 2002). Pictures of floating
tracers spread on the water surface are taken from
above of the flume at a frequency of fifteen
frames per second in order to reconstruct the trajectories of the different tracers. For these experiments the flow has been filmed with 4 different
positions of the camera: every 0.7 m from 0.8 m
before the constriction (x = 4.6 m) to the downstream end of the flume (x = 7.4 m). An additional
acquisition window has been taken around the
constriction corner, between x = 5.1 m and
x = 5.7 m. From the trajectories of each particle at
the water surface, the velocities are easily derived.
Figure 11 shows the tracer trajectories around
the constriction at time t = 3 minutes. The picture
is constructed from ten successive images and is
similar to a long-exposure photograph. The constriction of the flow is clearly observable.

Figure 12. Velocity field around the constriction corner at
time t = 3 minutes.

4.3 Sediment bed level evolution
The transparent side walls of the constriction allow to observe the bed level evolution against
these side walls. As the maximum erosion and
deposition rates appear against these walls, the
automatic detection of the interface between
sediment and water is easy to produce by illuminating the back of the picture, in this case the right
side of the flow (Fig. 13). The detection is real1235

hole deepening and widening is decelerated with
time. The slope along the major axis of the elliptical scour hole is constant in time and is equal approximately to 32°, giving an idea of the submerged angle of stability of the sand.

ized by finding the maximum of light intensity
gradient on pictures. Pictures have been taken
every ten seconds until fifteen minutes after the
experiment beginning.

4.4 Bed topography
The morphological changes generated by the flow
were measured at different times during the experiment. A laser sheet imaging technique, described in more details in Soares-Frazão et al.
(2007), has been used to measure the shape of
successive cross-sections before and in the constriction. The measurement technique consists in
taking pictures of the bed profile with a digital
camera while a laser-sheet lights up a particular
cross-section. A preliminary calibration procedure
defines an affine transformation which allows to
convert the pixel coordinates of the laser profile
on the 2D camera image into 3D metric coordinates.
In order to reconstruct the entire bed topography, the acquisition devices (camera and laser) are
fixed on a moving system along x-axis, that allow
to take picture of each desired cross-section in the
same configuration, and then with the same calibration (Fig. 16). During each topographical survey, the flow is stopped and the water drained off
in order to take the pictures on a dry sediment
bed.

Figure 13. Bed level interface detection, sediments against
the left constriction side wall are the darker area.

The sediment bed level evolution is given
along the two walls forming the corner of the constriction, Figure 14 depicts the bed along the
transversal front wall of the constriction and Figure 15 features the first meter of the left side wall
after the constriction. The levels are given at time
t = 1, 2, 3, 5, 7 and 10 minutes, respectively.

Figure 14. Sediment level evolution against the transversal
front wall of the constriction at time, t = 1, 2, 3, 5, 7 and 10
minutes, from darker to brighter.

Figure 16. Laser-sheet technique acquisition system.

In the present case, the analysed sections are
located every 1 cm from 5.25 m to 5.55 m, around
the constriction beginning, and every 5 cm from
5.55 m to 7.35 m.
Figure 17 gives the reconstructed topography
at three different times. All figures illustrate
clearly the scour hole located at the corner of the
constriction (x = 5.4 m and y = 0.3 m), the deposition crest (5.6 < x < 6.2 m and y ~ 0.25 m) and the
oblique sediment front. As shown in Figure 18,
the scour hole presents a half elliptic shape upstream of the constriction, as already explained in
Section 3.2.

Figure 15. Sediment level evolution against the left side
wall of the constriction at time, t = 1, 2, 3, 5, 7 and 10 minutes, from darker to brighter.

These results highlight the evolution of the
scour hole and the deposition crest. The deposition crest reaches is maximum level in the first
minute and progressively decreases in height
while spreading downstream. The scour hole
forms quickly, the half major axis is about 8 cm
and the depth is about 3 cm in one minute, and
progressively becomes deeper and wider. The
1236

Figure 19. Manual measurements.

Figure 20 shows the evolution of parameters a,
b, c and zs, and confirm that the scour hole presents a half elliptic shape as a and c are practically
equal and greater than b. The evolution of these
parameters is rather fast in the first stages of the
experiment, from 0 to 3 s, then slows down afterwards. The sediment level at the scour hole centre
zs presents the same evolution in time and tends to
a minimum equal to 0.04 m. The manual measurements of the scour hole size are in good
agreement with digital imagery measurements.
Moreover, the resulting evolution in time of the
scour depth is in agreement with the asymptotical
scour depth evolution due to bridges piers in case
of clear-water scour, related in Raudkivi (1990).

Figure 17. Bed topography of the downstream end of the
channel at different times (levels in m): a) t = 3 min, b) t = 5
min and c) t = 7 min.
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Figure 18. Zoom on the scour hole at times t = 7 min (levels
in m).
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4.5 Manual measurements
Some manual punctual measurements have been
made during the experiments. These additional
data are useful to have direct and accurate information on important parameters but also to validate the other measurement techniques.
These measurements focus on the scour hole
size and shape (distances a, b and c in Fig. 19),
the sediment level zs at centre of the scour hole
and the bed load sediment volume carried out of
the flume (Vsb,out in Fig. 19).

t (min)

0
0

3

6

9

12

15

Figure 20. Evolution in time of scour hole shape parameters
a, b, c and sediment level at the scour hole centre zs.

The sediments transported out of the flume are
collected and weighted after drying. Regarding
the grain specific weight and the porosity of the
sediments, in this case equals to 25.8 kN/m³ and
0.39 respectively, the sediment volume Vsb,out can
be calculated. The time evolution of this volume
is represented in Figure 21. It is quasi linear between 2 and 10 min, but again greater in the first
stage of the experiment. This linear evolution corresponds to a constant sediment outflow that
seems consistent with the observed flow stabilisation that progressively appears in the experiment.
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Figure 21. Sediment volume carried out of the flume Vsb,out.

5 CONCLUSION
This paper presents the experiments of a clearwater scour generated by a sudden constriction.
The flow is qualitatively described from experimental observation and compared to previous
analyses found in literature but generally developed for scouring around bridge piers and abutments.
The implemented non-intrusive measurement
techniques allow to quantify the water level and
velocities and also the morphological evolution of
the bed, along the side walls and over the whole
flume.
The main observations concern the formation
of the scour hole located at the constriction corner. It presents an asymptotical evolution in time
and features an elliptical shape. The evolution of
the sediment bed in the constriction is twodimensional due to the flow pattern. These results
match particularly well the literature devoted to
bridge piers and abutments.
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Design of a Meandering Ramp located at the River “Große Tulln”
C. Sindelar & H. Knoblauch

Institut für Wasserbau und Wasserwirtschaft, TU Graz, Graz, Austria

ABSTRACT: In a physical model test a meandering ramp which is a special kind of step-pool ramp was
designed for the river “Große Tulln” in Austria. The final ramp design includes 12 step-pool units with a
horizontal pool after the first six pools. The first four pools are armored with boulders with a diameter of
25-50 cm (full scale). A 100-year flood wave (live bed condition) was simulated. Taking the bed levels
after this flood simulation another series of high flood events was performed under clear water conditions. The ramp proved stable during all these tests. Moreover a potential failure mechanism for step-pool
ramps on the transition from tumbling to rapid flow is identified.
Keywords: step-pool ramp, sediment transport, failure mechanism
1 INTRODUCTION
1.1 Existing Meandering Ramps

The social and political consensus on the importance of conserving and reestablishing the natural
environment has led, inter alia, to the Water
Framework Directive (WFD) within the European
Union. It came into force in December 2000.
One basic objective of the WFD is that all surface waters should achieve a “good ecological status” until 2015. This implies the river and the instream habitat continuity which is often interrupted by man-made lateral structures. According
to its river basin management plan, Austria has
about 28,000 lateral structures that are not fishpassable.
Step-pool-ramps are an ecological means for
replacing old weirs and vertical drops. A step-pool
ramp consists of a sequence of “steps” made of
natural boulders and “pools” in between. Steppool systems develop naturally in steep mountain
streams and have been adopted for man-made
ramps for streams and mildly sloped rivers alike.
As step-pool-ramps provide better river continuity
than the traditional, often steeper, block ramps,
they have become more and more popular in recent years, especially in the Alpine region.
In this paper the results of a physical model test
are presented in which a design for a so called
“meandering ramp” was developed for the River
“Große Tulln” in Neulengbach.

Step-pool systems develop naturally in steep
mountain streams (e.g. Schächli (1991)). Steppool ramps are based on this very stable natural
bed form.
Table
1. Existing meandering ramps
________________________________________________
location
ramp
slope
slope
height
(m)
ramp
(%)
stream (%)
________________________________________________
Grünauerbach, Austria
2.15
6.9
2.0
Stübmingbach, Austria
2.26
6.8
3.9
Scherlibach,
Switzerland 3.17
4.2
2.0
________________________________________________

The “meandering ramp” is a special kind of a
step-pool ramp. The steps of a “meandering ramp”
are alternately inclined to the left and the right
bank. This lateral inclination induces a meandering flow on low discharges which leads to reduced
velocities along the ramp (Figure 1). If possible
the pools of the ramp consist of the natural river
bed material. No additional armoring is needed.
This enables natural processes of scouring and
deposition. The steps are made of large boulders
with a diameter of approximately 1.5 m. At least
4/5 of a boulder are embedded into the natural
river bed (Figure 5). The meandering ramp has
been developed by the Austrian engineer Otmar
Grober and has been installed two times in Austria
and once in Switzerland so far (Table 1).
1239

2.2 Location of the Meandering Ramp
At the beginning of the model test there was the
idea to design a ramp for a particular location in
the Große Tulln river with an old weir that should
be replaced.
As there are many vertical drops to be replaced
in the project area it is desirable to make the result
of the model test applicable to several places. This
is possible because of the uniformity of the bed
geometry throughout the project area. Therefore a
straight physical model was built having the typical morphological properties of this area (Table 2).
160
300-year flood

140

100-year flood

discharge (m³/s)

120

Figure 1. Sketch of a meandering ramp (by O. Grober, grey
shaded boulders represent the lowest parts of the steps, bent
arrows indicate the direction of flow for low discharges)
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20
mean flow
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2 PROJECT AREA

0

d m = ∑i=1 Δpi ⋅ d i
n −1

30-year flood
100-year flood
300-year flood

91
123
153

800

1000

(1)

where n , Δpi and d i denote the number of grain
size classes of the sieve analysis, the fraction of
the grain size class i and the mean diameter of the
grain size class i, respectively.
Table
3. Sediment samples of the Große Tulln river
______________________________________________
Sediment samples d90
d65
dm
d60 /d10
Große
Tulln
(mm)
(mm)
(mm)
(-)
______________________________________________
Averaged
105
50
41
45.2
______________________________________________

Morphology
Discharge (m3/s)
_____________________________________________

Roughness kst (m1/3/s)
____________________
channel
26
banks
11-14

600

In May 2007 eight representative sediment samples were taken from the Große Tulln river and
analyzed according to the Austrian standard
ÖNORM B4412. Some characteristic diameters of
the sediments are presented in Table 3. The mean
diameter d m is defined as

Table
2. Morphology and Hydrology
______________________________________________
1.22
30
66

400

Figure 2. 100-year flood hydrograph in the project area calculated from a rainfall runoff simulation model

2.1 Morphology and Hydrology

mean flow
1-year flood
10-year flood

200

time (min)

The river “Große Tulln” is a tributary to the Danube River with its mouth 22 km northwest of
Vienna. The project area “Neulengbach” is located 18 km south of the confluence. Morphological and hydrological properties of the project area
are presented in Table 2. Neulengbach is situated
in the flysch zone. Typical for that zone are layers
of sediments that are almost water impermeable.
The flood events are thus characterized by an abrupt rise. Figure 2 shows a 100-year flood hydrograph that was calculated from a rainfall runoff
simulation model. The Große Tulln river has been
channelized and straightened in the 1970es. It has
a uniform cross sectional profile and many vertical drops due to the straightening. Within the major
part of the project area it is not possible to give
the river more space because of populated and
agricultural areas.

bed slope
5.8 ‰
bed width
10 m
bank
slope 1:3
____________________

165 min

3 EXPERIMENTAL SETUP
The experiments were carried out in the hydraulic
laboratory of the department of Hydraulic Engineering and Water Resources Management of the
University of Technology Graz in Austria. The
model has a scale of L=1:10, Froude similitude is
used. As can be seen in Figure 3 the model consists of a 3 m long inlet section with a slope of
1240

0.58 %, a ramp section with a length of 8.4 m and
a slope of 2.5% and an outlet section (3.6 m long,
slope = 0.58%). The banks and the inlet section
are fixed. Except for the model calibration where
the whole model had a fixed bed, the top layers of
the ramp channel and the outlet section consist of
a 15 cm thick mobile bed (Figure 3).

Table
4. Model sediments (converted to full scale)
______________________________________________
d90
d65
dm
d60 /d10
(mm)
(mm)
(mm)
(-)
______________________________________________
S1 rounded gravel 78
67
58
1.5
S2 rounded gravel 152
132
120
1.5
S3 gravel
145
85
73
11.0
S4 gravel with
139
71
58
8.2
4-fold
fine fractions
______________________________________________
Averaged sediment 105
50
41
45.2
samples
Große
Tulln
______________________________________________

Comparing gravel S3 to the grain size distribution
of the Große Tulln samples shows that the fine
grain sizes are missing in S3. Quadrupling the fine
grain sizes up to 0.25 mm of gravel S3 then the
resulting gravel S4 lies within the range of the
Große Tulln samples. Assuming that this procedure does neither enlarge the volume of the gravel
nor ameliorate the bed stability then gravel S3 can
be used instead of gravel S4.

Figure 3. Sketch of the physical model, longitudinal section

The water supply is realized by the laboratory’s
water recirculation pipe system. The water runs
into a tank located at the upstream end of the
model. From there it enters the inlet section via
bricks that serve as a flow straightener. Adjacent
to the outlet section there is a sand trap to collect
the sediments of the mobile and live-bed experiments. The tailwater level can be regulated via a
flap at the end of the sand trap.
The tailwater depth is adjusted to the normal
depth of a given discharge. For the calculation of
the normal depth in the model the Strickler roughness values kst (Table 2) have to be multiplied by
101/6 (Froude similitude). This yields Strickler
values in the model of kst = 38 m1/3/s (channel)
and kst = 18 m1/3/s (banks), respectively. In the
course of the model calibration the roughness of
the banks and the channel was increased by gravel
glued to the surfaces with a thin mortar until the
desired water levels for a given discharge were
achieved.
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Range Große Tulln River
model sediment S1 (full scale)
model sediment S2 (full scale)
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model sediment S4 (full scale)
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1
10
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100
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Figure 4. Model sediments & field samples

Different materials for the steps of the ramp were
used in turn: concrete bars, cobblestones, casted
concrete stones and finally natural boulders.
For the live bed experiments the sediments
were supplied manually at the upstream end of the
model.

3.1 Measurement equipment
The discharge was measured with a magnetic
flowmeter. Water levels were determined with a
hook gauge. Bed changes after a test run were
photogrammetrically surveyed. The resolution of
the resulting digital elevation model was 5 x 5
mm. For the velocity measurements a hydrometric
impeller and an ADV-probe were used.

3.3 Ramp design
If not otherwise stated all measures are given in
full scale dimensions. The initial ramp design was
provided by O. Grober whose experimental knowledge of the already existing meandering ramps
was invaluable. The initial ramp consists of 12
step-pool sequences with a length L of 6 m each
and a step height H of 0.15 m. This results in a
ramp slope I = H/L = 0.025 (Figure 5). Between
the first and the last six pools two horizontal pools
of 8 m length are arranged (see Figure 6). The
first and the last six pools will be referred to as
ramp 1 and ramp 2, respectively. Six meters
downstream of the ramp toe a boulder step leveled
with the bed stabilizes the structure.

3.2 Model sediments
Different model sediments were used as can be
seen in Table 4 and Figure 4. To improve the
comparability with the field samples of the Große
Tulln river the model sediments are converted to
full scale in Table 4. Experiments were run with
gravel S1, S2 and S3. The gravel S3 was found to
be most appropriate because its shape bore a close
resemblance to that of the field samples.
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measurement devices by the moving sediments.
Water levels were measured in the centerline of
the model. Due to the high turbidity of the water
the sediment movements could not be observed
during a test run. After a test run the bed was
again surveyed photogrammetrically.
Figure 5. Step-pool sequence, dimensions, scour pattern

The pools are separated by boulder steps. The
steps are alternately inclined to the left and the
right bank. The dimensions of the boulders of the
steps are approximately 1 m x 1 m x 1.5 m. The
boulders are embedded into the bed. In the initial
ramp design they protrude Δh = 0–15 cm from the
bed surface. In plan view one step has an S-shape
and connects to the banks at half length of the
pool where it joins the next downstream step
seamlessly. The steps thus form a continuous sinuous line. The lowest point of a step is aligned
with the bed level and is located a quarter distance
from one bank to the other. The upper part of each
step (which is alternately located near the left and
right bank) is reinforced with boulders downstream of the step (Figure 6).

Figure 7. Results from the photogrammetric survey: 3Dsurface (left) and orthophoto (right) of three step-pool sequences

A test run typically took 2¼ hours (~ 7 hrs full
scale) with a constant discharge. For those ramp
designs that yielded promising results for the constant discharges a 100-year flood wave simulation
was performed.
4 RESULTS AND DISCUSSION
In this section relevant findings in the development of the final ramp design are presented.
The maximum height Δh of a step protruding
from the channel bed was increased from 15 cm
(initial design) to 30 cm to induce a distinct
meandering flow at low discharges. Moreover this
increase enforces the direction of the flow towards
the channel center.
The combination of the channel width extension of ramp 2 and the high tailwater depth (because of the rough, flat outlet section) led to depositions downstream of the ramp. Therefore the
lateral channel extension is omitted in the final
design.
At the beginning of the experiments the tailwater level was regulated with a flap gate. This led to
sediment depositions in the outlet section. To
make sure that these depositions were not caused
by the influence of the flap gate the experiments
were eventually performed without the flap gate.
This way critical depth occurred at the downstream end of the model, so the energy gradient
was steeper then the bed slope in the outlet section. If the stability of the ramp could be achieved
under these conditions it would also prove stable
for normal flow conditions.

Figure 6. Sketch of initial ramp design, measures in (m)

The steps of the ramp can be considered as submerged groins. The reinforcement boulders not
only serve a stabilizing purpose but also serve to
direct the flow towards the channel center. Without these boulders the flow over the step would be
directed towards the banks.
Altogether 10 different ramp designs were
tested in 38 test runs with discharges ranging from
a 1-year-flood to a 100-year-flood.
3.4 Test run
Prior to each test run the channel bed was leveled
and then surveyed photogrammetrically (Figure
7). During a test run a flood event was simulated
under live bed or clear water conditions. For the
live-bed experiments the sediments were supplied
manually at the upstream end of the model. During the live-bed experiments no velocity measurements were possible so as not to endanger the

4.1 Scour patterns
Throughout the experiments one major concern
was the development of scours upstream of a step
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steps that are not embedded into the river bed. A
formula for the required mass of the step boulders
subject to a given slope and a given design discharge is provided. As a rule of thumb Korecky
recommends that the equivalent spherical diameter of the step boulders is five times larger than
that of the pool sediments.

(Figure 8). This was unexpected because upstream
scour patterns as in Figure 8 have not been observed at the prototype ramp in the Stübmingbach
(Table 1). Two surveys (Stübmingbach, Dec. 2007
& Dec. 2009) of the bed levels show scour patterns as in Figure 5. Undoubtedly the grain size
distribution of the pool material is a crucial point
in the appearance of the scour pattern. The same
experiment as shown in Figure 8 does not yield
upstream scour holes if the coarser sediment S3 is
taken instead of sediment S1 (Table 4). Increasing
the discharge from a 1-year-flood to a 30-year
flood (Table 2) then upstream scour holes develop
also for sediment S3. (Korecky 2007) reports the
occurrence of upstream scours in a physical model
test on flat sloped step-pool ramps. No further explanation is given. Korecky concludes that in
these cases the pool sediments should be coarser.

4.2 Flow regimes
Peterson and Mohanty (1960) investigate flow
characteristics in steep, rough channels. The
roughness elements have a constant height Δh
and a constant spacing L . Three major flow regimes can be distinguished: tranquil flow, tumbling flow and rapid flow (Figure 9).

Figure 9. Tranquil flow, tumbling flow and rapid flow (from
left to right)

The tumbling flow phenomenon is characterized
by a succession of flow transitions from supercritical to subcritical in a cyclic order. Due to the
consecutive hydraulic jumps the tumbling flow
regime dissipates a lot of energy. (Morris 1968)
derives a formula for the maximum discharge qcr
for which the tumbling flow can be preserved:
qcr = Δh 3 / 2 ⋅ (3 − 3.7 ⋅ I ) ⋅ g

(2)

L / Δh ≈ 8.5 − 10

(3)

where Δh = roughness height (m), g = gravity acceleration (m/s2), I = bed slope (-), L = spacing (m), respectively. Equation (3) should be fulfilled to prevent the generation of roll waves that
are superimposed on the stable tumbling flow. If
roll waves are present Morris speaks of an “unstable tumbling flow”. It occurs on the transition
from stable tumbling to rapid flow.

Figure 8. Bed levels after a 1-year-flood, 5 step-pool units
of ramp 1, ramp design no. 5, model sediment S1, no flap
gate

In a series of model tests on sediment transport in
step-pool streams Whittaker (1987) also observes
upstream scours. He bonds such scour patterns to
the unstable tumbling phenomenon (see 4.2).
Moreover he presumes that upstream scours do
not occur in natural step-pool systems because of
armoring processes of the pools. This is probably
true for natural step-pool streams where the sediment sizes and the slope of the stream have adjusted to a dynamic balance. Designing a ramp
structure that is steeper than the natural river slope
leaves the critical question of the required sediment sizes of the steps and the pools to the engineer. Design criteria for block ramps without steppool structures exist (eg. Schauberger 1975,
Knauss 1979, Whittaker and Jäggi 1986, Platzer
2000). Vogel (2003) presents design criteria for
step-pool ramps with trough-shaped armored
pools. Korecky (2007) derives design criteria for
flat-sloped step pool ramps with plane pools and

Figure 10. top: Initial bed surface; bottom: tumbling flow at
a 1-year flood discharge, ramp design no. 8, ramp 1, model
sediment S3 (note: to show the flow from left to right the
pictures have been mirror-inverted)
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mean diameter of the base material. For ζ < 3.5
and 3.5 ≤ ζ ≤ 5 the respective failure mechanism
patterns are different. Pagliara and Chiavaccini do
not connect the failure mechanism to the unstable
tumbling flow regime.
The results from the physical model test described in this paper suggest that the potential
failure mechanism due to the flow transition from
tumbling to rapid flow must not be neglected for
step-pool ramps. This assumption is supported by
pictures in Vogel (2003) showing ramp experiments at discharges just before the failure of the
ramp. Some of these critical discharges mark the
transition from tumbling to rapid flow.

The three flow regimes could be observed in the
physical model test described in this paper. Due to
the lateral inclination of the steps the hydraulic
jumps were observed only in parts of the pools at
a 1-year flood discharge (Figure 10).
It follows from equation (2) that for increasing
discharges the roughness height has to be increased in order to preserve the tumbling flow regime. During a flood wave the rising discharge
produces deeper scour holes in the pools of a steppool ramp thus prolonging the tumbling flow regime. As the flood subsides, the transported sediments fill up the scour holes again.
During the experiments the transition from stable tumbling flow to rapid flow took place as follows: At stable tumbling flow the wave length of
the undulating free surface equals the spacing of
the steps L . Increasing the discharge also enlarges the free surface wave length, the hydraulic
jump migrates to the next downstream step until it
is finally washed over this step. The transition
from tumbling to rapid flow didn’t occur simultaneously in all the pools. Due to the high turbidity
of the water the scour depths could not be determined during a test run. Therefore Morris’ proposed equation (2) could not be verified. A valid
criterion for the upper boundary of the tumbling
flow regime would be a useful tool in designing a
ramp though. Ramp slope I , spacing of the steps
L and the roughness height Δh could be chosen
such that the tumbling flow (and thus good energy
dissipation) could be preserved for the given design discharge. An analysis of Morris’ own experiments shows however that equation (1) greatly
overestimates the maximum discharge for mild
slopes up to 10 %. (Morris’ main focus was the
design of steep drainage chutes for highways.)
Although it could not be observed visually during the experiments the results suggest that the
transition from tumbling to rapid flow promotes
the development of scour holes upstream of the
steps and endangers the stability of the steps.
To prevent upstream scour holes in the experiments the steps were eventually reinforced with
smaller boulders upstream of the steps.

4.4 Shape of boulders, pool armoring
The shape of the step boulders is important. Some
experiments were performed with cobblestone
steps for ramp 1 and casted concrete steps for
ramp 2. The casted boulders had a spherical
shape. As can be seen in Figure 11 the reinforcement made of cobblestones directs the flow into
the next pool. The hydraulic jump takes place
downstream of the reinforcement (first pool, left
side). On the other hand the reinforcements made
of spherical boulders do not act as one single
structure. The individual boulders are not able to
direct the flow towards the channel center (second
pool, right side). For the construction of the ramp
it is therefore recommended to use boulders that
are rather cubic than spherical, and to place the
boulders close to one another.

4.3 Failure mechanisms
Whittaker and Jäggi (1986) describe three failure
mechanisms for block ramps: 1.) entrainment of
the blocks out of the ramp, 2.) entrainment of bed
material from between the blocks and 3.) blocks
are swept away from the end of the ramp into the
scour hole. Pagliara and Chiavaccini (2007) point
out that failure mechanism patterns for reinforced
block ramps (step-pool ramps with different arrangements of the steps) depend on the ratio ζ
between the diameter of the boulders and the

Figure 11. Ramp design no. 8, ramp 2, model sediment S3,
1-year-flood; top: Initial bed surface; bottom: different flow
patterns over the cobblestone reinforcement and the
reinforcements made of spherical bouders (note: to show the
flow from left to right the pictures have been mirrorinverted)

It turned out that a stable ramp design could not
be found without armoring at least some of the
pools. In the final ramp design the first four pools
are armored with two layers of boulders with a di1244

Sediment was added to the model at the upstream
end of the model. The sediment rate was calculated using Meyer-Peter Müller’s formula (MeyerPeter, Müller 1949) in which the mean diameter
as given by equation (1) is applied.
The inlet section slope (0.58%) was used in the
sediment transport formula. Only a quarter of the
calculated sediment rate was added (Figure 13).
The higher the sediment input rate the better the
stability of the ramp. To be on the safe side a low
sediment rate is thus assumed. The lower sediment rate also takes into account the fact that sediment inputs in natural rivers do not occur at a
constant rate but may vary.

ameter of 25-50 cm (full scale). This armoring
layer is trough-shaped (maximum depth 0.5 m).
The trough is filled up with sediment S3 (Table
4). During the experiments some of these armoring boulders were entrained and deposited again
further downstream thus stabilizing also the ramp
downstream of the armored pools.
4.5 Final ramp design
The final ramp design includes 12 step-pool units
with a horizontal pool after the first six pools. All
steps are reinforced with boulders (diameter=1m)
up- and downstream of the step. The first four
pools are armored with two layers of boulders
with a diameter of 25-50 cm (full scale). This armoring layer is trough-shaped (maximum depth
0.5 m). The trough is filled up with the sediment
S3. The “triangles” bounded by step, reinforcement and bank are filled up with the armoring
boulders (diameter 25-50 cm full scale). The
channel width expansion on ramp 2 (Figure 6) is
omitted. Figure 12 shows an orthophoto of the final ramp design.

Figure 14. 3D-surface of the bed levels after a 100-flood
wave simulation under live bed conditions (bed levels and
station in (m))

Taking the bed levels after the 100-year flood simulation (Figure 14) another series of high flood
events was performed under clear-water conditions. Discharges ranged from a 1-year flood to a
10-year flood. These final tests took 100 hours
(full scale). The ramp proved stable during all
these tests.

Figure 12. Orthophoto of final ramp design

4.6 Stability tests

5 CONCLUSIONS AND OUTLOOK

A 100-year flood wave was simulated for the final
ramp design under live-bed conditions. The
downscaled 100-year flood hydrograph from a
rainfall runoff simulation model was used. A
pump control could adjust the discharge according
to the hydrograph at 1-min intervals (Figure 13).
discharge (l/s) / sediment addition (l/10 min)

400

In a physical model test a design for a meandering
ramp for the Große Tulln river was developed. It
proved stable during a series of flood events under
both live-bed and clear-water conditions. At low
discharges a meandering flow develops along the
ramp which reduces the velocities because of the
elongated thalweg. The meandering ramp is an
ecological means of replacing non-fish-passable
drop structures.
A failure mechanism for step-pool ramps has
been identified on the transition from tumbling to
rapid flow.
More detailed investigations are required to derive general design criteria for meandering ramps.
Currently basic flume experiments are performed
at the hydraulic laboratory of the department of
Hydraulic Engineering and Water Resources
Management of Graz University of Technology.
The aim is to derive a criterion for the maximum
discharge for which the tumbling flow regime can
be preserved for arbitrary combinations of ramp

100-year-flood (rainfall-discharge simulation model)

350

100-year-flood - discrete 1 min steps
stepwise discharge (averaged per 10 min interval)

300

sediment addition (10 min interval)
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Figure 13. 100-flood wave in model scale, discharges
regulated automatically by the pumps at 1-min intervalls,
sediment addition equals a quarter of the calculated
sediment transport according to Meyer-Peter Müller’s
formula.
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slope, spacing and height of the roughness elements.
In the project area Neulengbach at the Große
Tulln river the planning for a meandering ramp
based on this model test is ongoing.

Whittaker, J.G., Jäggi, M. 1986. Blockschwellen. Mitteilungen der Versuchsanstalt für Wasserbau, Hydrologie,
Glaziologie, ETH Zürich, 91.
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The influence of a bed load bearing tributary on the water level
underneath a run-of river plant
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ABSTRACT: Hydraulic model tests were performed at the Institute for Hydraulic Engineering at Graz
University of Technology to improve the sediment transport underneath the run-of river station St. Veit at
the river Salzach. These model tests, additional carried out measures at the river and numerical simulations proved the significant influence of a tributary on the aggregation situation at the mouth of the tributary. This silted bed load led to a significant rise of the water level underneath the power station which is
located some 600 m upstream of the mouth of the tributary. Two variants were carried out aiming to reduce or avoid the aggregation at the mouth of the tributary. The scale of the model test was 1:40, the river
was modelled at a length of 1000m. Especially the morphology of the river was analysed applying photogrammetry surveys. According to the results one variant was proposed for construction. A temporary installed river gauge proved the good success of the proposed measure.
Keywords: Sediment transport, Groins, Structure, Hydraulic models
The operating rules provide that specified
flood-water levels should not be exceeded and
sediment transport be enabled during floods. It
should be possible in the case of floods to draw
down the water level completely in all the reservoirs of the series so as to enable sediment transport through all the stations. The possibility of a
total drawdown is dependent on the hydrological
conditions and spawning periods (March to May).
Due to insufficient river flow during the last
few years, reservoir flushing at the St. Veit power
station has led to increased siltation directly
downstream of the spillway. This is undesirable
with respect to both hydro-generation and river
morphology. In order to find an answer to the hydraulic and engineering questions involved, Verbund – Austrian Hydro Power AG (AHP) –
passed a contract to the Institute of Hydraulic Engineering and Water Resources Management at
the Graz University of Technology to undertake
tests on an overall hydraulic scale-model with
both fixed and movable beds. The model studies
were intended to lead to an optimisation of the dividing structures located in the riverbed downstream of the power station, with the aim of devising suitable measures to improve sediment
transport in this river section by carrying sedi-

1 INTRODUCTION
The development of the Middle Salzach river
south of the city of Salzburg in the years between
1982 and 1996 included the construction of another six power stations. Over a stretch of 20km
with a head of approximately 80 m, the river flow
is being utilised for power generation in a series of
run-off-river stations (Figure 1).

Figure 1. Hydro Power stations at the Middle Salzach river
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ments further downstream. This is intended to reduce sediment deposition near the power station
and reduce the head loss involved.

spillway and power intake. The layout plan of St.
Veit power station is shown in Figure 3. The river
channel was modelled as a fixed or mobile bed as
required. The test set-up, built to scale 1:40, was
run as an undistorted overall model according to
Froude’s law of similitude.
Water was supplied to the model through two
pipelines of internal diameter 250 mm (river Salzach) and an internal diameter of 100 mm (brook
Grossarler Ache), equipped with an inductive flow
meter each. Two batching stations at the water intakes supplied the sediments, which were evenly
distributed over the cross-section.
For the river Salzach the hydrological conditions were simulated by supplying a flow of between Qmodel=8.78 l/s (mean flow MQ = 88.8
m³/s) and Qmodel=113.6 l/s (calculated maximum
flood flow RHHQ=1150 m³/s) for a rated discharge of Qmodel=19.0 l/s (Qrated=192 m³/s). The
discharge for starting a flushing campaign was determined with Qmodel = 21.7 l/s (Q=220 m³/s)
For the brook Grossarler Ache the hydrological
conditions were simulated by supplying a flow of
between Qmodel=0.8 l/s (mean flow MQ=8.0 m³/s)
and Qmodel=4.7 1/s (one-year flood flow HQ1=48
m³/s).

2 CURRENT SITUATION
The brook Grossarler Ache carries a lot of sediments into the river Salzach which deposits immediately downstream of the mouth. This situation caused an increase of the water level
upstream of the mouth, and in succession led to an
aggregation downstream of the St. Veit weir (Figure 2). This situation was analyzed by a 1d numerical model.
Further performed hydraulic model tests, numerical calculations and in-situ measurements
proved the influence of the tributary (Grossarler
Ache) some 600 m downstream of the hydro
power plant on the water level downstream of the
weir. This therefore increased water level caused
additional sedimentation below the weir and reduced the power generation.

3.2 Model Test, Sediment Transport
As sedimentation had changed the river-bed configuration, the river channel was first modelled as
defined in the acceptance documents for the
power project. Sediment transport in the model
was generally simulated by ceramic sand (ρ = 2.85
t/m³) of size fraction 0.25–2.0 mm. The model
sand mix, selected on the basis of six sediment
samples from below the power station, corresponded to a size fraction of approx. 10–50 mm in
the prototype (Figure 4).

Figure 2: Mouth of the brook Grossarler Ache into the river
Salzach

3 HYDRAULIC MODEL
3.1 Overview
A hydraulic model was performed to find a solution which reduced the negative influence of the
mouth of the tributary.

Figure 4: Size fractions bed load, prototype and model tests

Basically the moveable bed consisted of ceramic sand while the added sediment was plastic
material with a desnisty of ρ = 1.28 t/m³ and a size
fraction of 2.0–3.0 mm.

Figure 3: Layout plan of St. Veit power station

The hydraulic model covered an upstream
stretch of about 220 m and a length of about 780
m downstream of the power station, as well as the
1248

Following former performed calibration tests
the sediment input from upstream at the river Salzach was set to 480 m³/h in prototype which
equals 100 l/h in the hydraulic model.
As no values from prototype measurements
were available the equation of MeyerPeter/Mueller was applied for the calculation of
the bed load transport at the brook Grossarler
Ache. Considering an incline of the slope of
0.69% and a mean diameter of the grain size of
dm=50 mm the same amount for the bed load
transport (480 m³/h) was achieved.

ing the flushing situations. The water levels were
measured in profile P3200 and in the middle of
the turbine outlet.

Figure 5: Measures downstream of the weir St. Veit

Table 1: Bed load prototype and model tests
Parameter
Bed load
(plastic material)
Bed load
(ceramic sand)
Duration flushing

Prototype

Time turbine operation

5 INITIAL STATE

Model

480 m³/h

100 l/h

480 m³/h

17 l/h

25,3 h

4h

44,3 h

7h

The initial situation is shown in Figure 6. This
formation causes sedimentation at the mouth of
the brook and in a series an increase of the water
level upstream.

3.3 Load cases
Each load case consisted of the same scheme (Table 2).
Figure 6: Initial Situation at the mouth of the brook

Table 2: Scheme of each model test
phase

flushing I

Corresponding to this situation the hydraulic
scheme was applied which resulted in the following results (load cases according to Table 2):

Salzach
Großarler Ache
Q
bed load
Q
bed load
[m³/s]
[m³/h]
[m³/s]
[m³/h]
220
480
48
480

turbine op. I

192

-

8

-

flushing II

220

480

48

480

turbine op. II

192

-

8

-

Table 3: Water levels at profile P3200

Flushing I
Turbine I
Flushing II
Turbine II

Following each step an aerial survey (photogrammetry) was performed.

573.10 masl
572.42 masl
573.20 masl
572.28 masl

For calibration the water level in the prototype
would give a value of 573.20 masl (Q=200 m³/s)
which fitted well with the results from the model
tests.
Figure 7 shows the image of aggregation, following load case flushing I.
A strong sedimentation zone up to 2m in height
could be observed downstream of the turbine outlets. The sedimentation zone at the mouth of the
brook forced the river Salzach to the left side of
the riverbed.

4 MEASURES DOWNSTREAM OF THE
WEIR
For all performed load cases the same configuration for the area downstream of the weir was
applied (Figure 5). This configuration consisted of
- A training wall in between the turbine outlets
and the stilling basins
- An increase in height of the two separation
walls between the three stilling basins
- The construction of four groins at the left side
of the river bed and 2 groins at the right
side
Following results from former model tests the
gates at the left-sided weir kept being closed dur1249

(Table 5). Following this effect the measures of
this variant result in a small decrease of aggregation at the mouth according to the initial state
(Figure 9).
A more distinct flushing channel is formed
than in the initial state.

Figure 7: Initial state, image of aggregation, downstream of
weir (above) and mouth of brook (below)

6 VARIANT 1
The following 2 variants form the new proposed
hydraulic situation at the mouth of the Grossarler
Ache.
Variant 1 (Figure 8) consists of 7 groins on the
left side of the river Salzach, 3 groins on the right
side and in addition the shift of the mouth. This
shift is directed into the flow direction of the Salzach and should prevent the aggregation of the
mouth.

Figure 9: Variant 1, image of aggregation, downstream of
weir (above) and mouth of brook (below)

7 VARIANT 2
7.1 Design variant 2
In a further step variant 2 was applied by removing the groins at the mouth of the brook. Only the
shift of the brook Grossarler Ache was considered. The idea was to lower the water levels in
this area by preventing the strong aggregation at
the mouth.

Figure 8: Mouth of Grossarler Ache; variant 1

Corresponding to this situation the hydraulic
scheme was applied which resulted in the following results (load cases according to Table 2):
Table 5: Water levels at profile 3200

Flushing I
Turbine I
Flushing II
Turbine II

Figure 10: Mouth of Grossarler Ache, variant II

573.06 masl
572.44 masl
572.94 masl
572.44 masl

Corresponding to this situation the hydraulic
scheme was applied which resulted in the following results:

According to the initial state the results of variant 1 do not show significant altered water levels.
Variant 1 includes seven groins at the left side
of the riverbed. Due to their effect of narrowing
the width of the river these groins cause an increase of the water level in profile P3200. Therefore the water levels at profile P3200 reflect a
quite small decrease according to the initial state

Table 6: Water levels at profile 3200

Flushing I
Turbine I
Flushing II
Turbine II

572.72 masl
572.12 masl
572.80 masl
572.20 masl

In this case the water levels show a significant
decrease (15-40cm), according to the initial state.
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stream of the weir (Figure 7, 9, 11). Additionally
one have to consider the high momentum acting
on the first groin situated at the left side.
The proposed and installed groins downstream
of the weir form an erosion channel at the right
side of the riverbed which enhances the sediment
transport in cases of floods or flushing situations
(Figure 7, 9, 11).
7.3 Results measures at the mouth of the brook
The proposed shift of the brook Grossarler Ache
into the river Salzach reduces the water levels
downstream of the weir significantly (Table 6).
This situation yields to a minor aggregation downstream of the hydro power station (Figure 11). Because of the new design of the altered mouth the
Grossarler Ache passes the transported bed load
further downstream than in the initial state. A distinct erosion channel is formed on the right side of
the river.

Figure 11: Variant II, image of aggregation, downstream of
weir (above) and mouth of brook (below)

Figure 12 presents the progression of the water levels according to the duration of the performed
model tests. Presented are the water levels in profile P3200 and at the turbine outlet. Figure 12 includes load case flushing I and flushing II, according to table 2. All dimensions in Figure 12
represent prototype units.

8 MEASURES AT THE PROTOYPE
All the proposed measures of variant 2 were performed in summer 2009. Figure 13 presents the
rating curve for profile 3200. The water levels
were collected between September and December
2009 with a mobile gauging station.
The results illustrate the good performance of
the performed construction.

Figure 12: Variant II, progression of water levels over time

7.2 Results training wall and groins downstream
of the weir
The installation of a training wall to reduce sedimentation at the turbine outlets did not show a
significant influence on the water levels and the
energy height downstream of the weir.
For example: applying a discharge of
Q=192 m³/s would give a difference in water levels between the turbine outlet and profile P3200
of Δh=19 cm in the prototype. According to the
situation without the installation of a training wall
this situation would give a difference in water levels between the turbine outlet and profile P3200
of Δh=13 cm in the prototype.
The model tests proved the positive influence
of the training wall on the aggregation down-

Figure 13: rating curve profile 3200

9 CONCLUSIONS
Hydraulic model tests were performed at the institute for hydraulic engineering at Graz University
of Technology to improve the sediment transport
underneath the run-of river station St. Veit at the
river Salzach. Model tests proved the influence of
a bed-load carrying brook on this sediment transport. Following the model test of the initial state
two variants were developed focusing on the
1251

mouth of the brook. A proposed measure downstream of the hydro power plant was applied to the
two variants. According to the results one variant
was proposed for construction. The construction
was performed in summer 2009. Since then a
temporary installed river gauge proved the good
success of the proposed measure. Nevertheless the
water levels and the morphology will be monitored in a regular interval.
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Bed Load Transport Processes at River Flow Power PlantsHydraulic Model Test for the Lower Salzach River
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ABSTRACT: The design and construction of new hydroelectric power plants has been a much discussed
issue with respect to the necessity for increased use of renewable energy on one hand and sensitive ecological requirements on the other. The recently developed concept of a novel river hydro power plant is
currently being investigated at the hydraulic laboratory of the University of Innsbruck, Austria. The ongoing feasibility study regarding hydro power use at the lower Salzach River between Austria and Germany
should resolve, whether a sustainable use of hydro power is achievable under the given local circumstances. The main challenges are posed by the low water head available (approx. three meters), the ecological requirements mainly relating to fish passability and river ecology, as well as by the complex issue
of sediment and bed load transport and its interaction with the structure. Several ideas and concepts regarding effective bed load transport through and around the power plant have been collected and reviewed. This was followed by the optimisation of the arrangement of the structure. The physical model
test shall show the feasibility of all proposed measures.
Keywords: Bed load transport, Sediment transport, Model tests, Hydro power
bruck. The project is conducted on behalf of
Grenzkraftwerke GmbH in cooperation with a
number of experts and is supported by the Austrian Climate and Energy Funds.
The main technical challenge of this concept
lies in bed load transport processes, as transport
through the structure has to be ensured without
posing any danger neither to the structure itself
nor to the operation of the plant.

1 INTRODUCTION
The design and construction of new hydroelectric
power plants in alpine and pre-alpine regions has
been a long discussed issue over the last couple of
years. Supporters of hydro electric power have
pointed out the possibility of efficient and clean
generation of hydroelectricity as the main asset,
whereas objectors strongly recommend refraining
from construction of any further structures in fragile natural habitats like rivers. Hydroelectric
power will continue to be in the area of conflict
between the necessity for increased use of renewable energy on one hand and sensitive ecological
requirements on the other. In Austria, there is still
a potential of about 13 TWh/a, which is not used
yet and is rated as technically cost-effective
(Pöyry Energy, 2008).
Considering the circumstances, a new hydro
power project seems only, if at all, possible, if all
ecological requirements are met to a sufficient extent. The following example shows the recently
developed concept of a novel river hydro power
plant currently being investigated at the Unit of
Hydraulic Engineering at the University of Inns-

2 CONCEPT OF A RIVER FLOW POWER
PLANT
The concept of a run-of-river plant as described in
this paper was developed for a specific reach of
the lower Salzach River on the border between
Austria and Germany, but could be applied to
many pre-alpine rivers with similar characteristics.
At the Salzach River a strong erosion tendency
exists due to river straightening and lining undertaken over the last 150 years. The erosion tendency requires immediate river restoration, which
is planned to be achieved by the construction of
1253

mise inflow conditions to the plant while minimising the input of bed load into the intake. In addition, fish have to be protected from entering the
turbines by means of special screens.
In order to investigate all questions that arise
from this concept, a physical model was built at
the hydraulic laboratory at the University of Innsbruck. The following chapter describes a series of
model tests aiming at optimising the bed-load
transport through the structure.

block ramps to stabilise the river bed locally and
decrease the slope of the river in the remaining
reaches. The block ramps are intended to cover a
height difference of approx. 2.5 to 3.0 meters. The
concept of the river flow power plant aims at using the height difference created by the block
ramps to generate power.
Figure 1 displays a cross section through the
river flow power plant, showing the block ramp
on the left side and the power plant on the right.

3 MODEL TEST
3.1 Aims and Objectives
Figure 1. Cross section through a river flow power plant
looking downstream (Aufleger, 2009)

There are three main objectives which should be
met by the model tests carried out at the hydraulic
laboratory in Innsbruck. First, the feasibility of the
concept regarding effective bed load transport
through and around the power plant has to be
proved. Second, an optimisation regarding turbine
in- and outflow has to be undertaken and third,
hydraulics and effectiveness of the block ramp
have to be shown. The model tests described below only relate to the optimisation of bed load
transport.

Figure 2. View of river flow power plant with block ramp
(right) and overflowed power plant (left) (Pöyry, 2009)

3.2 Model Parameters
The model test is based on Froude model similarity. A scale of 1:30 was applied to the model, representing an area of 450 meters by 200 meters of
the Salzach River. The model features a movable
river bed which also requires a device to add bed
load material to the river.
The bed load of the Salzach River in the respective reach shows an average particle size of
about 20 mm. The particle size distribution is displayed in Figure 3 below. Scaling the particle size
with a scale of 1:30 would result in very fine materials to be used for the model test. As model
laws are only valid for cohesionless materials and
as viscosity effects have to be avoided, materials
which are too fine should not be applied for model
tests (ATV-DVWK 2003).

The block ramp has a slope of 1:50 and is interspersed by two universal openings, which are
gated by rubber dams. The main purpose of the
block ramp besides stabilisation of the bed is to
allow for passability of fish as well as bed load.
Furthermore, passability for boats heading downstream has to be guaranteed for historical reasons.
The openings in the block ramp have various
functions. In case of flood flows, they need to
provide flow area to keep water levels upstream of
the structure low and to ensure sediment transport
through the structure. Hydromorphological processes in the upstream river reach could also be
regulated by the continuously adjustable rubber
dams.
The power plant is intended to be overflowed
for reasons of overall appearance. The power
plant consists of four blocks containing five matrix turbines each. Additional weirs are located on
top of the blocks to allow for overflow and flood
water discharge. Sluices for bed load transport are
situated in between the turbine blocks. The specific characteristic of this power plant is its low
head of approximately 3 meters, which poses high
demands on turbine technology and causes high
specific construction costs. The main challenge
regarding the design of the power plant is to opti1254

Figure 3. Particle size distribution curves for bed load material in the Salzach River

Figure 5. Initial arrangement of the power plant and the bed
load barrier

In the model, a particle size distribution with an
average particle size of 0.97mm was used, which
represents a coarser material (Figure 3). As a result, Froude numbers of the grain in the natural
river and the model test differ. However, this is
necessary to impede negative effects such as ripple formation, which would not occur in nature.
Bed load transport rates were determined by
the help of Meyer-Peter/Müller’s formula and
added to the model according to discharge rates.
As changes in the river bed need to be measured and documented, a measuring system containing a 3D terrestrial laser scanner was installed
and used.

The crest of the barrier is 0.5 meters above the
planned river bed upstream of it, and well above
the turbine inflow. In front of the turbine blocks
semicircular sills should help to keep turbines free
of bed load and support bed load transport through
the sluices.
The initial design was tested with a 1 in 2 year
flood event with a discharge of 1240 m³/s (251 l/s
in model). The discharge was kept constant over a
period of 16 hours (equiv. of 88 hours in nature)
with a calculated bed load transport of 20 g/s
added to the model (equiv. of 88 kg/s in nature).
For this event all turbines were shut and all sluices
open and the water level was kept to a given
threshold.
The results of the first test showed major bed
load accumulations in front of the power plant
within the barrier. However, the screens were not
blocked at all and no deposition occurred on the
semicircular sills (see Figure 6). The area just upstream of each sluice was kept free of depositions
as well. Downstream of the power plant only very
minor depositions built up.

3.3 Initial Design
The initial design implemented in the physical
model consists of a straight river reach with the
combined block ramp on the left side and the
power plant on the right. The arrangement is displayed in Figure 4.

Figure 4. Initial arrangement of the river flow power plant
(upper half: block ramp with openings, lower half: power
house with bed load barrier)

To avoid bed load input into the immediate power
plant area, a bed load barrier is situated across the
intake area leading towards the universal opening
as shown in Figures 4 and 5.

Figure 6. Results of first model test

The laser scan results in Figure 7 illustrate the dimensions of the depositions, which reach a maximum of 5 meters depth equivalent in the intake
area.
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To mitigate this negative effect, the crest of the
barrier was raised at the end towards the pier. The
crest of the barrier was also designed cantilevering as shown in Figure 9 (left) to enhance the secondary flow along the barrier towards the opening
(Queißer et al, 2006).
Figure 7. Laser scan results of first model test

3.4 Optimised Design
As the results of the first test were not satisfying,
several amendments to the layout of the structure
were developed.
First of all, the width of the block ramp was increased allowing more water to pass over the
ramp and the openings in case of bed load transporting discharges, resulting in a decrease of bed
load input into the intake. This amendment
showed some improvement, but asked for further
changes.
In a next step, the arrangement of the bed load
barrier was entirely modified. By shifting the upstream right bank towards the middle of the river
(Figure 8) secondary flows are induced in order to
enforce bed load transport towards the universal
opening. By situating the intake of a power plant
in the outer bend of a river the input of bed load
into the intake can be reduced significantly
(Scheuerlein, 1984). In the Salzach river itself the
intake of the power plant will be located at an
outer bend. However, the outer bend could not be
modelled in the model test due to lack of space in
the laboratory. Instead, a straight river reach was
reproduced, which in terms of bed load input is
supposed to give conservative results. The bed
load barrier was placed further upstream and now
shows a steeper angle towards the opening in the
ramp. The ‘s’-shape of the barrier in plan view
prevents bed load transport over the barrier at the
upstream end of the barrier due to secondary
flows, but facilitates bed load transport over the
barrier close to the pier separating the power plant
from the ramp.

Figure 9. Left: crest of bed load barrier revised according to
Queißer (2006); Right: optimised design of pier.

Furthermore, to improve flow separation at the
pier the shape of the pier was optimised by use of
ellipse segments (Figure 9, right) according to
Rouvé (1958).
Moreover, the semicircular sills in front of the
turbine blocks were removed, as there was no evidence of their function. The initial screens were
replaced by inclined screens due to ecological
considerations regarding fish protection.
To analyse the function of the optimised version the same model test parameters as before
were used. Results show a major improvement to
the situation at the intake of the plant. Only a relatively small amount of bed load was deposited
within the barrier. No bed load passed through the
screens or remained in the sluices. The depositions within the intake show a maximum depth of
3.60 meters in front of the left half of the power
plant.
As it was not expected that the area within the
barrier could be kept completely free of depositions, this was a rather satisfying result.
Based on the fact that in case of a flood event
the area within the barrier cannot completely be
kept free of depositions, the important point is to
show that depositions can be removed from that
area during normal operation. For this purpose a
flushing test was undertaken. For a duration of
16 hours (equiv. of 88 hours in nature) a relatively
small discharge was run through the model with
only the bed load sluices open intending to clear
the deposited bed load from the area.
The results show that a good portion of the
deposition could be removed by flushing through
the sluices. Unfortunately, during this flushing
event a certain amount of bed load was moved
through the screen towards the turbines of the innermost block.
To enhance the flushing effect and avoid input
of bed load to the turbines, an additional sluice
was installed replacing the middle turbine of the
innermost block (Figure 10). The flushing test was

Figure 8. Arrangement of optimised design
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be removed during regular operation of the plant
and are hence of no further concern.

repeated and results were very positive. Only a
very small amount of bed load remained upstream
of the power plant (see Figure 11).

Figure 12. Laser scan results of the 1 in 100 year event

In summary, the functionality of the proposed
concept regarding bed load transport through the
structure could be proved for a wide range of discharges.

Figure 10. Arrangement of optimised design

Arrangements of the model test including a variety of groynes were checked but did not show any
major improvements to the situation.

4 PERSPECTIVES
Up to this point the main focus of research was
put on optimisation of the structure regarding
sediment transport with use of physical model
tests.
The physical model will be used for a variety
of further tests, including the optimisation of turbine inflow, hydraulic investigation and optimisation of the combined block ramp and stability tests
of the block ramp, as well as investigation of
passability of the ramp for fauna and boats.
Furthermore, 2D - numerical simulations looking into hydraulics and sediment transport of the
whole river reach will be undertaken.
In addition, there will be 3D modelling of different aspects of the power plant using FLOW 3D.
Special interest will be laid on the inflow to the
power plant in general as well as inflow to turbines.
As the concept of the run-of-river plant is complex, a variety of further research areas arise from
it. These include

Figure 11. Laser scan results of optimised design after flushing with additional sluice

The first sets of model tests to analyse the initial
and optimised design were performed using a discharge of 1240 m³/s. In order to demonstrate that
the optimised arrangement works properly for
higher discharges, a 1 in 20 year event as well as a
1 in 100 year event were investigated.
For the 1 in 20 year event, a constant peak discharge of 1725 m³/s was simulated over a period
of 8 hours (equiv. of 44 hours in nature) with a
calculated bed load transport of 32 g/s added to
the model (equiv. of 141 kg/s in nature). For the 1
in 100 year event, a typical hydrograph with a
peak discharge of 2050 m³/s was run for a duration of 55 hours in nature with corresponding rates
of bed load transport.
Both events showed a very similar picture to
prior events. The 1 in 20 year event resulted in
moderate bed load depositions upstream of the
power plant. Prior flushing tests had shown that
depositions of this magnitude can be nearly completely removed from this area.
For the 1 in 100 year event depositions in the
upstream area were surprisingly low, whereas
depositions downstream of the plant were rather
substantial (Figure 12). Nevertheless, prior tests
had shown that downstream depositions can easily

the elaboration of a comprehensive sediment management tool supported by
physical and numerical modelling,
the examination of turbine technology
looking particularly at fish friendliness,
sediment transport. screens and costs,
the assessment of fish protection measures
and fish passability options,
the assessment of river characteristics
and possibly life cycle assessment of the
plant
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5 CONCLUSIONS
The presented example shows a recently developed concept of a novel river hydro power plant
currently being investigated. The main technical
challenge of the concept lies in bed load transport
processes, as transport through the structure has to
be ensured without posing any danger neither to
the structure itself nor to the operation of the
plant. The concept was optimised by use of a
physical model test in such a way that bed load
transport was directed through the openings in the
block ramp and transport through the power plant
itself was kept to a minimum. After successful
demonstration of the functionality of the structure
regarding bed load transport, the existing physical
model will be used for hydraulic optimisation.
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ABSTRACT: The paper describes the results of a physical model test which aimed at improving the sediment transport through the backwater of a hydropower plant to reduce the flood risk of the town of
Hallein. In addition, some of the results were compared with results of a three-dimensional sediment
transport model applying the sediment transport formula by Wu et al. (2000). The numerical results when
using the default values for the transport formula show a good agreement for the main erosion and deposition pattern but not for the absolute bed levels. A parameter variation slightly improved the numerical
results.
Keywords: Sediment transport, Hydropower plant, Physical modeling, Numerical modeling
river reach upstream of the power plant, on the
one hand, by optimizing the measures to direct the
bed load material to the weir and, on the other
hand, by partly lowering the weir crest of the hydropower plant. Both measures were intended to
improve the sediment transport through the hydropower plant by increasing the transport capacity and, hence, also the flood protection of the
town Hallein by lowering the mean bed level in
the two arms. Due to the complex geometric and
hydraulic situation the measures were optimized
by applying a hybrid model combining a physical
model, a two-dimensional numerical flow model
and a three-dimensional numerical sediment
transport model. The paper explains the main results of the physical model (Figure 1) and compares some of these results with the threedimensional sediment transport model.

1 INTRODUCTION
In the town of Hallein (Salzburg/Austria) the river
Salzach is divided into two arms with an interjacent, flood-free island. A hydropower plant is located approximately 190 m downstream of the
confluence of these two branches. The sill was
originally built to stabilize the degrading river bed
of the river Salzach and had a free flow over the
construction. In a second step, the hydropower
plant was erected on the sill. The current transport
capacity of the upstream river reach is too low
which resulted in continuous bed aggradations in
the two river arms during the past years. The flood
risk continuously increased over the years and, finally, led to a flooding of Hallein during the 80year flood in 2002. Thus, it was decided to develop a morphological sustainable solution for the

Figure 1. Schematic of the physical model.
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2 PHYSICAL MODEL

Table 1. Characteristic discharges
Nature [m³/s]
142
520
1065
1325
1690

MQ
HQ1
HQ10
HQ30
HQ100

2.1 Geometry, grain size and discharges
The physical model ran from km 81.660 to km
80.100 and, thus, reproduced a river section of
1560 m. The maximum width of the section was
333 m. The hydropower plant was located in the
downstream part of the modeled river section.
Thus, the river section was divided into a reach
upstream of this power plant with a length of
1260 m and a downstream reach being
300 m long. The hydropower plant consisted of
four weir fields, each with a width of 25 m and
with a weir crest height of 438.0 m ü.A. (Figure 1).
The physical model was scaled 1:50 applying
the Froude's law. This resulted in a total model
length of 39 m (including model in- and outlet)
and a model width of 6.66 m (model-scale sizes).

Physical model [l/s]
8.0
29.4
60.2
75.0
95.6

2000
1800
Model hydrograph

Discharge [m³/s]

1600

Bed level measurements

1400
1200
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0
0
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140
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Figure 3. Model hydrograph.

Cumulative mass [%]

80

modified on the basis of the transport formulas of
Hunziker (1995) and Zanke (1999) and of incipient motion of the grain depending on the grain
Reynolds number (see also Cao et al. 2006). From
this procedure the following characteristic grain
sizes were derived for the physical model:
d30/dm/d90 = 5.9-26.0/23.9-52.9/57.7-116.4 mm.
The model hydrograph (Figure 3) was derived
from the duration curve of the river Salzach and
the characteristic discharges (Table 1).

70
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10

Msc+Standard deviation (coarse)

0
0
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Figure 2. Natural sieve curve.

100
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2.2 Current situation and proposed system
The current design (Figure 4) generally directs the
approaching flow of the right river arm to the left
hand side of the river to increase the distance between the powerhouse and the obvious sediment
bank resulting from the curve geometry of the
right river arm. The consequences are a slightly
retarded flow and, hence, also a reduced bed load
transport in the left river arm and this finally led
to a flooding of the town in 2002.
The proposed system aimed at both the reduc-

The physical model was built with a movable
river bed. The sieve curves of 10 samples taken
from the concerned river reach provided the basis
for the model sieve curve. From these samples
both a mean sieve curve and the standard deviation were calculated (see Figure 2). To transfer
morphological assessments from the physical
model to nature and to get comparable transport
processes the calculated mean sieve curve was

Figure 4. Current situation (a) and proposed system (b) of the sediment directing measures
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2.3 Results

tion of the sediment deposition in the inside curve
at the right hand river side and the reduction of the
backwater in the left river arm. The measures
(Figure 5) leading to the best results can be summarized as follows:
1. Lowering of the weir crest height of the two
middle weir fields of the power plant by 2.0 m;
2. Extension of the island by a flow dividing
structure (rough wall) which divides the flow of
the two river arms until a 10-year flood and, thus,
was expected to reduce the backwater in the left
river arm and to improve the approach flow to the
power plant;
3. Training structure to prevent sediment depositions at the powerhouse inlet;
4. Rip-rap section as a scour protection at the
outside curve of the right river arm along the dividing structure and along the right training structure.

The results of the bed level development due to
these measures after all experimental runs with
different discharges are explained by means of the
mean bed level changes in two characteristic control cross sections, P4 and P5 (see also Figure 8),
respectively. As shown in Figure 6, an erosion
process could be initiated in both river arms due
to the changed sediment control system. The
backwater effect in the left river arm was reduced
remarkably since the mean bed levels exhibited an
erosion process at least for discharges equal and
higher than 1000 m³/s. For the maximum discharge (1690 m³/s) the erosion trend stopped due
to a high amount of sediment arriving from the
upstream river reach. But these highly mobile
sediment depositions were removed even by the
following low discharges. The sediment transport
in the right river arm was increased to an even
higher extent which resulted in mean bed level
changes up to -0.8 m.
Thus, these results proved the suitability of the
proposed measures for both an improved bed load
transport in both river arms and a reduced flood
risk for the town Hallein.
3 NUMERICAL MODEL
In recent years, several 2D and 3D numerical
morphodynamic models have been developed, for
predicting bed deformation and, in some cases,
sorting processes for graded sediment size distributions (e.g. Minh Duc et al. 2004, Zeng et al.

Figure 5. Proposed, optimized system.
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Figure 6. Mean bed level changes in the control cross sections P4 and P5 depending on the discharges.
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2005). In this study, the semi-implicit numerical
model SSIIM (Olsen 2002) was applied to compute bed changes over time. For spatial discretization, a finite volume method with a nonorthogonal, structured and adaptive grid in vertical direction was used.
The model has several options to calculate the
sediment transport. For the present study, the
sediment transport formula for bed load according
to Wu et al. (2000) was chosen which was implemented to the 3D model by Fischer-Antze (2004)
and successfully applied to the Danube near Vienna/Austria. In this transport formula, a correction factor accounts for the hiding and exposure
mechanisms assuming to be a function of the hidden and exposed probabilities. According to Wu
et al. (2000) the hiding and exposure correction
factor considers not only the influence of sediment particle size but also the bed material gradation. To model armouring processes a two layer
concept of the model with an active upper layer
(layer thickness = dmax) and a lower inactive layer
was implemented in the program.
The grid geometry was constructed according
to the proposed optimized system (Figure 4b) and
consisted of 213 cells in longitudinal, 70 cells in
transversal and 10 cells in vertical direction. The
complex geometry was reproduced by outblocking
parts of the grid (e.g. island). The mean sieve
curve (Figure 2) divided into 7 fractions was used
as the model sieve curve. The model roughness
was calculated from the d90 of the sieve curve
(Manning's n = d901/6/26) and used as a uniform
value for the whole bed except the rip-rap sections.

Table 2. Parameter variation of the transport formula
Run1
Run2
Run3

m
-0.6 (default value)
-0.6 (default value)
-0.3

θcrit
0.03 (default value)
0.045
0.03 (default value)

Figure 7. Bed level changes in the physical model after a
discharge of Q = 500 m³/s.

could be well reproduced by applying the default
parameters (see Figure 7 and Figure 8). But the
actual bed heights were over or under predicted.
As shown in Figure 9, the default parameters
(Run1) overestimate the mobility of the grain
causing deeper scours and higher sediment banks
than measured.
Therefore, two other tests varying m (-0.6/-0.3)
and θcrit (0.03/0.045) were conducted to analyse
their influence on bed deformation (see Table 2).
Reducing the absolute value of m results in a
weaker consideration of the hiding-exposure effect. Therefore, small grains are less protected by
larger ones which led to reduced bed changes and
a slightly better agreement of measured and calculated results. Increasing the threshold value to
θcrit = 0.045 for incipient sediment motion, as also
derived by Meyer-Peter and Müller (1949), has
the same effect on bed deformation as reducing
the absolute value of m. A higher value for the
non-dimensional critical shear stress considers
armouring processes but, in the present study, also
reduced the grain mobility considerably. Therefore, it is to be expected that θcrit = 0.045 will not
give satisfying results for higher discharges too
when armouring processes have less importance.
These numerical tests expect to give the best
results for the parameter combination of m = -0.3
and θcrit = 0.03 (default value) when modelling
the bed deformation also for higher discharges according to the model hydrograph. However, each
model calibration results in a specific parameter
set representing specific transport processes.
These transport processes might be changed due

4 COMPARISON OF THE RESULTS OF
PHYSICAL AND NUMERICAL MODEL
Often transport formulas are developed for a specific problem and are limited to a given range of
applicability due to their empirically determined
parameters. For practical applications of numerical models it is of utmost importance that transport formulas are applicable to a wide range of
situations. If a numerical model is a useful planning tool it, after all, depends on the effort for
calibrating the model, i.e. on the applicability of
the default values of the empirical parameters for
specific problems. Thus, the model was applied by
using the default values for the exponent of the
correction factor (m = -0.6) as well as the nondimensional critical shear stress ( θcrit = 0.03) as
derived by Wu et al. (2000).
The main erosion and deposition pattern especially due to the curve geometry of the right river
arm and after the confluence of the two river arms
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5 CONCLUSIONS
A physical model test was conducted aiming at an
improved sediment transport through the backwater of a hydropower plant to keep the bed levels
low, since the current low sediment transport capacity in the river reach upstream of the hydropower plant caused the flooding of the town
Hallein in 2002. Several measures such as training
structures for sediment and flow to increase the
sediment transport capacity were optimised within
the model test. In addition, the morphodynamic
3D model SSIIM was applied to this case in order
to investigate if a 3D model may reproduce erosion and deposition pattern for such a complex
situation. The numerical results were compared to
some results of a physical model test. Although
the main erosion and deposition pattern could be
well reproduced by the numerical model, the absolute bed levels did not agree with the measured
results satisfyingly. Further tests with parameters
deviating from the default values of the used
transport formula slightly improved the calculated
results.
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Figure 8. Bed level changes [m] in the numerical model after a discharge of Q = 500 m³/s.
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Figure 9. Measured and calculated bed and water levels in cross section P1, P2 and P3 after a discharge of Q = 500 m³/s.
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ABSTRACT: Several methods have been proposed to control sedimentation process. These may include

catchment’s management, flushing, sluicing, density current venting and dredging. Flushing is used to erode
previously deposited sediments. In pressurized flushing, the sediment in the vicinity of the outlet openings is
scoured and a funnel shaped crater is created. In this study, the effect of bottom outlets cross section on the
dimensions of flushing cone was investigated experimentally. For this purpose, experiments was carried out with
three bottom outlet diameters, five discharges release for each desired depth of water and three water depths above
the center of bottom outlets. The results indicate that the volume and dimensions of flushing cone are strongly
affected by the bottom outlet diameter. Finally, by using regression analysis, a dimensionless equation was
presented for calculating the volume of sediment released from dam and also its dimensions of half-cone scouring.

Keywords: Pressure Fushing, Local Scouring, Bottom Outlet, Sediment, Reservoir
openings is scoured and a funnel shaped crater is
created. Figure 1 illustrates the longitudinal view
of flushing cone in the vicinity of bottom. This is
only an option in reservoirs with small reservoir
capacity to water inflow, and large capacity of
sluices (Qian, 1982). Pressurized flushing has
been studied extensively in the literature (White,
1984- Shen and Lai, 1993- Fang and Cao, 1996Scheuerlein, 2004- Emamgholizadeh, 2005 and
2006). In spite of advances in the investigation
of pressure flushing technique at reservoir
storage, studies about the effect of bottom outlet
diameter on flushing cone development are
limited and more information about this
phenomenon is needed.

1 INTRODUCTION
Sustaining the storage capacity of existing
reservoirs has become an important issue rather
than building new reservoirs which is difficult
due to strict environmental regulations, high
costs of construction, and lack of suitable dam
site (Shen, 1996). Several methods have been
proposed to control sedimentation process. These
may include catchment’s management, flushing,
sluicing, density current venting and dredging.
Flushing is used to erode previously deposited
sediments (Brandt, 2000). One of the most
effective techniques is flushing through which
the deposited sediment is hydraulically removed
by the flow. The oldest known method of
flushing, practiced in Spain in the 16th century,
was referred to by D’Rohan (Brown, 1943). The
excess in shear force of accelerated flows created
by sudden opening of the bottom outlets of dams
loosens and re-suspends the sediment. The flow
will then wash them up from the system. If
flushing takes place under a pressurized this
flushing is called pressure flushing and has only
local effects around the outlet. In pressurized
flushing, the sediment in the vicinity of the outlet

Flushing Cone
Water Level
Dam Wall
Sediments
Bottom Outlet
Reservoir Storage
Figure 1. Longitudinal and plan view of flushing half-cone
in the vicinity of bottom
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Adjacent to the reservoir, an underground
tank as well as a pump was used to prepare and
recirculate the desired inflow water discharge
which named water supply system. Water supply
system of model was also supported by an
adjusting valve, a digital flow-meter, and an 11meter flume upstream of model. Along the basin
side walls, a movable frame was mounted to
carry the measuring instruments. After each
experiment, the scour cone configuration was
measured by a digital point gage device.
For the downstream section it was use another
stilling basin which the mixing flow of water and
sediment was collect in it and through a plastic
pipe in a closed circuit with the underground
tank. The settling basin was a rectangular flume
of 3.6 meter long, 1 meter wide, and 0.76 meter
height. At the end of settling reservoir there was
a V-notch weir (with angle of 90o) to measure of
outflow discharge. In Figure 2 a schematic plan
view of the experimental setup and the hydraulic
circuits is given. T e notation of flushing halfcone under a discharge of 2 lit/s, water depth of
36 cm and 5.08 cm diameter of the outlet are
illustrated in Figure 3.

Estimation of sediment volume removed or
volume of flushing cone is important for
designing of bottom outlet gates, in which the
optimum and the best bottom outlet can be
designed with respect to the cross section.
Researches for evaluation of geometric
characteristics of scouring cone against various
cross section of the bottom outlet are necessary,
in order to proper design of the bottom outlet.
Moreover, dimensions of flushing cone are
also effective on rescue of power plant intakes.
This paper deals experimentally with pressure
flushing phenomena and investigation about the
effect of bottom outlet cross section on volume
and dimensions of flushing cone. The results are
tabulated in terms of statistical measures and
also illustrated in the scatter plots.
2 MATERIALS AND METHODS
2.1

Experimental arrangements

The experiments were conducted at hydraulic
laboratory of Gorgan University of Agricultural
Sciences and Natural Resources in Iran
(Meshkati, 2010). Experiments tests carried out
on hexahedral shallow basin whose overall
dimensions consist of 3 meter length, 2 meter
wide and 1.5 meter height. Using two reticulate
sheets at the reservoir’s entrance, a smooth flow
is created. The front wall of model will be easy
to change to modify different cross sections of
reservoir bottom outlets. The outlets of main
reservoir include four different gate valves with
diameter of 2.54, 3.81, 5.08 and 7.62 cm. The
sediment deposits at the main reservoir was
consists of silica particles with uniform size
distribution, with a median diameter of d50=1
mm and geometric standard deviation of σ=1.25.

Wmax Scouring
Lmax Scouring
Flow
direction
Local Half-Cone Scouring
Figure 3. Local Half-cone scouring at the vicinity of
bottom outlet

Settling
basin area
3.60

Flow
dissipater
area

1m

Weir

1m

Returning flow from
the model toward water
supply

Maine
reservoir

Sediment
1m
Deposited
sediment area

3

Returning flow from the
model toward water
supply

Inlet Flow

2m

P

Supply
System

1m
Flow
dissipater
area

Figure 2. Schematic plan view of the experimental setup and its hydraulic circuits
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(1)

Table 2. Range of dimensionless parameters

Dimensional Analysis

The volume of flushing cone (VScouring) may be
written as a function of the following variables:

Parameters
VScouring/Hw3
Fr*
Hs/Hw
DOutlet/Hw

VScouring = φ (U Outlet , DOutlet , H w , H s , B, d50 , ρ s − ρ w , ρ w , g ,ν )

(1)
where, UOutlet= velocity of flow at the entrance
of bottom outlet, Doutlet= the cross section of
bottom outlet, Hw= the height of water above the
center of bottom outlet, Hs= the height of
sediment deposited above the center of outlet, B=
the width of reservoir, d50= the median size of
sediment particles, ρs= the density of sediment,
ρw= water density, g= the acceleration due to
gravity and ν = the kinematics viscosity. By
using Buckingham theorem, and choosing the ρw,
Hw, and UOutlet as repeating variables, following
functional relationship describes dimensionless
flushing volume:
VScouring
H w3

= ϕ(

U Outlet

g ( Gs − 1) d50

,

Hs D
,
)
Hw Hw

2.3

H

= ϕ(

U Outlet

g ( Gs − 1) d50

,

Hs D
,
)
Hw Hw

(2)

(3)

2.2 Experiment Designing
As mentioned above, for considering the effect
of bottom outlet cross section on dimensions of
flushing cone, the experiments were conducted
with three different outlet diameters (1, 2 and 3
Inch), three water depth above the center of
bottom outlet i.e. 36, 66, 96 cm and at least four
different discharges for each water depth. Table
1 and 2 respectively shows the range of variables
conducted for measured experimental data and
dimensionless parameters uses in dimensional
analysis.
Table 1. Range of variables in this research

Parameters
Discharge release (QOutlet)
Depth of water (Hw)
Outlet diameter (DOutlet)
d50

Experimental investigation

For running the experiments, the deposited
sediment were flattened and leveled firstly to a
specific level above the center of bottom outlet
(16 cm), and the model was slowly filled with
water until the water surface elevation reached to
a desired level. Then, the bottom outlet was
manually opened until the outflow discharge,
become equal to the inflow discharge.
Consequently, the sediment was released from
main reservoir. At the beginning of the
experiment when the downstream outlet opened,
sediment
was
discharged
with
high
concentration, but the concentration of sediment
flushing decrease with time. Experiments were
continued until the flushing cone reached to an
equilibrium (no further particle motion will be
observe) condition in which the sediment
concentration was negligible at the end of the
experiment. The time required for the formation
of the flushing cone depends on hydraulic
conditions. The development of flushing cone
was very fast, and the process finished in less
than one minute to ten minutes in the
experimental model. In this study, the time for
running the experiment was set to 45 minute. At
the end of each experiment, the flushing outlet
was closed in which the incoming discharge was
set to zero then water was carefully and slowly
drained from the main reservoir. After the run of
each experiment, the bed level of scouring was
measured using digital point gages, and the
volume of flushing cone was calculated by
Surfer8.0) software.

Where Gs = ρs/ρw, also using the same
procedure, the width of flushing cone (WScouring)
can be expressed as:
WScouring

Variations
0.00046 -0.372
0.16 -32.2
0.166 -0.444
0.026-0.21

Variations
0.15-15 Lit sec-1
36, 66, 96 cm
2.54, 3.81, 5.08
and 7.62 cm
1mm

3 RESULTS AND DISCUSION
As mentioned before, a half-funnel shape of
scouring is created at the vicinity of outlet gates
in the pressure flushing operation. The maximum
scour depth of this cone is found very close to
the dam wall. Surface development of scouring
cone is same in both width and length, but the
plan shape of the flushing cone over the
deposited sediment is close to half a
circumference. The cone slopes of both
longitudinal and side are approximately equal,
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Volume of Flushing Cone(ccm)

and also these are similar to the angle of
sediment submerged repose. Figure 4 to 8 shows
the variation of flushing cone dimensions (width
and volume) versus the outflow discharge of
bottom outlet for four bottom outlets which it
was used in this research. These figures show,
for constant water depth in the model, with
increasing outflow discharge the dimensions of
flushing cone increase, and as could be found,
approximately there is same trend between all of
outlets. Also, for constant outflow discharge,
lower water depth in reservoir causes bigger
scouring dimensions, as it could be seen in Fig 4
to 8. Therefore, for more sediment removal and
for having greater dimensions of flushing cone,
pressure flushing operation must perform under
both possible lowest level of water and must be
use in full open outlets condition. This is clear
that by decreasing water surface elevation under
constant discharge, vertical gradient of velocity
and bed shear stress increase which lead to an
increase in sediment carrying capacity in the
reservoir. Also for constant water depth, with
increasing the outflow discharge, water velocity
and bed shear stress increases and consequently
greater amount of sediment releases from dam.
These results are in agreement with previous
research completely. As can be understood from
figures 9 to14, there is direct relation between
cross section of bottom outlet and dimensions of
flushing cone. In other word, for constant
outflow discharge and constant water depth, with
increasing the diameter (cross section) of bottom
outlet, dimensions of flushing cone increases.

5500
Hw =36 cm

4500

Hw =66 cm
Hw =96 cm

3500
0

0.4

0.8

1.2

1.6

Outflow Discharge(L/s)

Width of Flushing Cone(m)

Figure 5. The variation of flushing cone volume versus
outflow discharge, for different water depth and the
bottom outlet with 2.54 cm diameter.
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Figure 6. The variation of flushing cone width versus
outflow discharge, for different water depth and the
bottom outlet with 3.81 cm diameter.
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3500
0

Outflow Discharge(L/s)

0.6
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1.8

2.4
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Figure 4. The variation of flushing cone width versus
outflow discharge, for different water depth and the
bottom outlet with 2.54 cm diameter.

Figure 8. The variation of flushing cone volume versus
outflow discharge, for different water depth and the
bottom outlet with 3.81 cm diameter.
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Figure 9. The variation of flushing cone width versus
outflow discharge, for different outlets cross sections and
36 cm water depth.
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Figure 10. The variation of flushing cone volume versus
outflow discharge, for different outlets cross sections and
36 cm water depth.
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Figure 11. The variation of flushing cone width versus
outflow discharge, for different outlets cross sections and
66 cm water depth.

Figure 12. The variation of flushing cone volume versus
outflow discharge, for different outlets cross sections and
66 cm water depth
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Figure 13. The variation of flushing cone width versus
outflow discharge, for different outlets cross sections and
96 cm water depth.

Figure 14. The variation of flushing cone volume versus
outflow discharge, for different outlets cross sections and
96 cm water depth.

The comparison of the prediction accuracy using
multiple linear regression analysis on training
data set and testing data set, by using the
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sediments have fewer compress to each other
and as result, less friction force make against
erosion force during flushing operation. The
multiple linear regression were developed using
the non-dimensional of experimental data,
according to the dimensional analysis and
functional relationship given by equations 2 and
3, following equations are obtained for volume
and width of flushing cone, respectively:

statistical parameters such as root mean square
error (RMSE) and R-squared value were
calculated(Table 3).
Table 3. Statistical verification for presented equations

Perfor
mance
index

Training

Testing

Training

Testing

R2
MAE
RMSE

0.997
0.0023
1.6E-05

0.997
0.0037
5.E-05

0.997
7.9E-05
9.E-09

0.999
6.2E-05
8.E-09

VScouring

WScouring

VScouring
Hw

3

= 4.6(

WScouring

A close fit was obtained during the training,
testing and especially in validation, and the
results show that the errors in predicting the
flushing cone volume and flushing cone width
are much low.

Hw

U Outlet

g ( Gs − 1) d50

= 0.02(

U Outlet

)0.21 (

g ( Gs − 1) d50

H s 2.2 D 0.89
) (
)
Hw
Hw

)0.1 (

H s 0.75 D 0.34
) (
)
Hw
Hw

(4)
(5)

The experimental data related to this research
consisting of 65 data series are divided into two
parts randomly: a training set consisting 50
series and a testing set consisting of 15 data
series, for assess the performance of proposed
regression model. Figure 15 depict the results
with the performance indices between estimated
and observed experimental data for the testing
data sets.

4 CONCOLUSION
This study shows that AOutlet is the main
parameters in correlating the flushing cone
dimensions. The results indicate that with
increase of diameter of bottom outlet, the new
hydraulically condition established on flushing
mechanism. And this mechanism is common
between all of scouring dimensions. The results
indicate that with increasing the diameter (cross
section) of bottom outlet, dimensions of flushing
cone increases, and the new hydraulically
condition established on flushing mechanism.
And this mechanism is common between all of
scouring dimensions. So that, for bigger bottom
outlet, there is greater diameter influence and
they can make stronger orifice flow,
consequently they can erode the sediment
particle form farther distance from outlet.
Based upon experimental data, under clear
water flow, dimensionless equations for
prediction of flushing cone characteristics are
presented. The present equations have high
correlation coefficient and in spite of their
correlation there applicability should be tested
using other experimental and field data. Further
experiments are necessary by using different
size, shape and graduation of bed material, under
different hydraulic conditions to conform the
results obtained from this study.
The bigger bottom outlets have greater
diameter influence, so they can make stronger
orifice flow, consequently they can erode the
sediment particle form farther distance from
outlet. In addition to, in the bigger outlets there
is more space on dam wall for releasing, also
outflow streamlines or on the other means

0.5

R2 = 0.997
MAE=0.0037
RMSE= 5.027E-05

3

Calculated VScouring/H w

0.4
0.3
0.2
0.1
0
0

0.1

0.2

0.3

Experimental data of V

0.4

0.5

3
Scouring/Hw

Figure 15. Plot of observed and estimate of dimensionless
flushing cone volume for testing data set using regressive
model.
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ABSTRACT: To predict the undesirable effects of bank retreat and to inform effective measures to prevent it, a wide range of bank stability models have been presented in the literature. These models typically express bank stability by defining a factor of safety as the ratio of driving and resisting forces acting
upon the incipient failure block. These forces are affected by a range of controlling factors including the
bank profile (bank height and angle), the geotechnical properties of the bank materials, as well as the hydrological status of the riverbanks. In this research, to disclose the integrated effect of the various parameters affecting the stability of riverbanks, the impacts of simultaneous changes of parameters affecting
bank stability are evaluated in a series of sensitivity analysis test using a simple model of bank stability
analysis. In order to investigate integrated effect of parameters uncertainty, all effective parameters have
been divided into two groups, i.e., strengthening and weakening parameter groups. The results of similar
and converse variations of two groups of parameters on the main factor of safety are shown in the paper.
Keywords: Stability analysis, Riverbank, Planar failure, factor of safety, Uncertainty
USA. Odgaard (1987) also reported that the U.S.
Army Corps of Engineer's (1983) study of the sediment budget of the Sacramento River, California, showed that, of the 11.5 million tons of total
sediment inflow to the system, 6.8 million tons
(59 percent) is derived from bank erosion.
Although a wide range of individual processes
can contribute to riverbank retreat (Thorne, 1982;
ASCE Task Committee, 1998), the erosion of
bank material through mass wasting is probably
the most serious from the perspective of water resources management (e.g., Dapporto et al., 2003).
This is because mass wasting involves rapid
channel widening and the near-instantaneous delivery of large volumes of sediment to the channel.
Several factors can lead to the onset of mass failure. These include reductions in the strength of
the bank materials as a result of weathering (e.g.,
Lawler, 1993; Couper and Maddock, 2001), spatially controlled changes in the geometry of the
failure block from fluvial erosion (e.g., Hooke,
1979; Simon et al., 1999; Amiri-Tokaldany et al.,
2003; Rinaldi et al., 2004; Darby et al., 2007; Rinaldi and Darby, 2008), the development of tension cracks (Darby and Thorne, 1994), hydrographic characteristics (e.g., Rinaldi et al., 2004),

1 INTRODUCTION
Due to direct benefits for human civilization (e.g.
agricultural and industrial water supply, construction of hydro-electric power stations, navigation
improvement) as well as protecting against floods
and other river disasters, rivers have long been a
subject of interest for scientists and engineers.
Among different aspects in river engineering, the
stream channel width is one of the most reliable
and indicative variables for describing stream characteristics and morphology (Andrews, 1982).
Bank retreat is also a key process in fluvial dynamics, affecting a wide range of physical, ecological, and socioeconomic issues in the fluvial
environment (Rinaldi and Darby, 2008). Bank
erosion processes may be responsible for the delivery of large volumes of sediment, with associated sedimentation hazards in the downstream
reaches of a fluvial system, which in turn, may
represent a significant problem in river management (Rinaldi & Casagli, 1999). Odgaard (1987)
stated that the weight of silt and clay entrained into the water from cut banks is estimated to be 3040 percent of the suspended load of the East
Nishnabotna and Des Moines Rivers in Iowa,
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(2008). Based on their results, they suggested that
to evaluate bank stability accurately special attention must be paid to determining the values of the
bank material cohesion, in agreement with Samadi
et al. (2009) results and groundwater table, in contrast to the Samadi et al. (2009) results. Differences between results of these two studies may partly
reflect the differences in the bank stability models
employed in the two studies, but they may also be
related to the specific baseline parameter values
employed in the two sensitivity analyses. This is
the problem of contingency. Although separate
uncertainties associated with estimating the values
of several parameters affecting the stability of riverbanks with respect to planar failure have been
investigated recently, we need to know about the
integrated effects of parameters uncertainty in the
reliability of riverbank stability modelling.
In order to investigate the integrated effect of
parameter uncertainty, all effective parameters
have been divided into two main groups, including strengthening and weakening parameter
groups (see Table 2 for more details). The results
of similar and converse variations of two parameter groups on the main factor of safety are shown
in the paper. The results together with previous
research are used to provide guidelines for parameterizing bank stability models that are based on
the planar type failure mechanism, which is the
riverbank stability analysis that has most commonly been employed in the geomorphic literature.

the presence of certain types of vegetation (e.g.,
Smith, 1976; Pizzuto and Meckelnberg, 1989;
Thorne, 1990; Millar and Quick, 1998; Simon
and Collison, 2002; Pollen and Simon, 2005; Pollen, 2007; Van De Wiel and Darby, 2004, 2007),
soil moisture conditions and seepage forces (e.g.,
Thorne, 1990; Rinaldi and Casagli, 1999; Simon
et al., 1999) and the presence of negative pore water pressure in the unsaturated portion of banks
(e.g., Rinaldi and Casagli, 1999; Simon et al.,
2000; Simon and Collison, 2002). These factors
have been taken into account in a wide range of
models that have been introduced to analyze the
stability of riverbanks with respect to a range of
specific types of bank failures (e.g., Thorne and
Tovey, 1981; Osman and Thorne, 1988; Simon et
al., 1991, 2000; Darby and Thorne, 1996; Rinaldi
and Casagli, 1999; Simon and Collison, 2002;
Amiri-Tokaldany et al., 2003).
In order to apply bank stability models, estimating the value of the controlling parameters that
represent the various factors that affect the stability of riverbanks is necessary. These factors include (i) the bank profile (typically represented
using the bank height and bank angle); (ii) the
geotechnical characteristics of the bank materials
(cohesion, friction angle, and density of the soil
material); (iii) stream flow characteristics (e.g.,
water surface elevation and groundwater table
elevation) that control the hydrological status (in
particular the pore water pressure distribution) of
the riverbanks. The degree to which the values of
these parameters can be determined accurately varies according to whether they can be estimated
either via direct field or laboratory measurements
(though even in this case the magnitudes of the
associated measurement errors will still vary) or
by some other indirect means (e.g., through the
use of models to estimate bank pore water pressures, tension crack depths, and the failure plane
angle). The varying extents to which these controlling factors can be parameterised accurately
suggests that each parameter may exert a varying
influence in terms of generating uncertainty in the
analysis of bank stability. Samadi et al. (2009)
have shown that care should be taken when estimating the values of river bank height, river bank
angle, flow depth, bank material cohesion, and the
bank material unit weight as these are the most
sensitive parameters. Conversely, a cruder estimation of tension crack depth, the soil internal friction angle, ground water level, and the matric suction angle, may still provide a reasonable degree
of accuracy in the bank stability analysis, due to
the relatively low model sensitivity to this group
of parameters. These results are only in partial
agreement with the results of a similar sensitivity
analysis undertaken by Langendoen and Simon

2 RIVERBANK STABILITY ANALYSIS
THEORY
Among various types of river bank failure, planar
failure is the most common type, being associated
with steep, relatively low, banks with thin cohesive layers (Thorne, 1999). The stability analysis
of these banks can be carried out by computing
the ratio of resisting and driving forces applied to
the most critical failure surface. This surface can
be determined by performing the stability analysis
iteratively for different failure surfaces, considering the variation of forces affecting the stability in
each case. In Figure 1, the framework for analysing the stability of a natural river bank, together
with the forces acting on the incipient failure
block, are illustrated. For each iteration, the factor
of safety is estimated using:
FS p =

FR p
FD p

(1)

where FSp = the factor of safety against block sliding (FSp < 1 indicating the onset of failure), and
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FRp and FDp = the resultant resisting and driving
forces acting on a unit width of the failure block,
respectively. Hence, bank failure is predicted to
occur once the ratio of resisting and driving forces
falls below unity. A large number of riverbank
stability analyses exist for planar failures (e.g.,
Osman and Thorne, 1988; Darby and Thorne,
1996; Rinaldi and Casagli, 1999; Simon et al.,
1999; Amiri-Tokaldany et al., 2003; among others), with each model varying in the ways they
simulate the resisting and driving force terms in
Eq. (1). For the purposes of this research, we
elected to employ a bank stability analysis (AmiriTokaldany, 2002; Amiri-Tokaldany et al., 2003)
that is relatively simple but which is able to account for most of the factors known to influence
the stability of banks subject to planar type failures: layered riverbanks, the presence of tension
cracks, as well as the effects of pore water and
hydrostatic confining pressures.

FR p = C ′L + S tan φ b + (W cos β + Fcp cos θ
− U w − H tw sin β ) × tan φ ′

where C ′ = the effective cohesion of the bank
material acting along the surface of failure plane,
L = the length of the failure plane, S = the resultant negative pore water pressure, φb= the angle
expressing the rate of strength increase relating to
the negative pore water pressure, Uw= the resultant uplift force or positive pore water pressure
acting on a unit width of the failure block, and φ'
= the effective internal friction angle of bank material. By geometry:
2
⎛ 2
′2 2 ⎞
W = γ / 2 ⎜⎜ H −k − H −kh ⎟⎟
tanα ⎠
⎝ tan β
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Figure 1. The bank geometry and forces exerted on the incipient failure block.

In the model, the resultant driving force acting
on a unit width of the failure block is given by
(Amiri-Tokaldany, 2002; Amiri-Tokaldany et al.,
2003):

FD p = W sin β − Fcp sin θ + H tw cos β

(4)

where γ = soil unit weight, H= overall bank
height,
H ′ = uneroded bank height, k= tension crack
depth, kh= relic tension crack depth, α = bank angle. Finally, WSE and GWSE = the level of water
surface in the river and in the ground, respectively, and yfp= elevation of floodplain, ys= elevation
of base of uneroded bank slope, yk= elevation of
base of tension crack, yt= elevation of base of relic
tension crack, yf= elevation of most critical failure
plane. The model does not directly take into account the effect of shear stress exerted by water
flowing in the channel upon the river bank materials. This is not a limitation because in most
channels, the magnitude of shear stress exerted
upon the bank materials is, compared to the hydrostatic force, negligible. The long-term effects
of shear stress on the stability of the slope are,
however, indirectly accounted for by changing the
characteristics of the bank profile, such as the
bank height and bank angle, in response to fluvial
erosion.

yfp
WSE

(3)

2.1 Limitation of the stability model

(2)

Although the model selected for use in this research is able to account for all the key factors influencing the stability of banks subject to planar
failures, all models are idealisations and as such
recognising the inherent limitations of this one is
helpful. Similar to many existing models, vegetation is not considered. Consequently, the effects
of vegetation can only be accounted for by adjusting the parameter values (e.g., soil cohesion and
unit weight) appropriately. In calculating the pore
water pressures, we assume that the phreatic surface is parallel to the floodplain surface and its
level changes with respect to the variation of the
water table. Moreover, the distribution of water
pressure in the channel adjacent to the bank is assumed to be hydrostatic. Because of the lack of

where β = the failure plane angle, θ= the angle
between the direction of the resultant of the hydrostatic confining pressure and a normal to the
failure plane, W = the weight of a unit width of the
failure block, Fcp= the hydrostatic confining pressure acting on a unit width of the failure block, Fx
and Fy= horizontal and vertical component of confing pressure, ω = the angle at which the resultant
of the confining pressure acts on the bank surface,
and Htw = the hydrostatic force exerted by the water present in the tension crack on a unit width of
the failure block. Also, the resultant resisting
force acting on the failure block is given by (Amiri-Tokaldany, 2002; Amiri-Tokaldany et al.,
2003):
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data regarding the relationship between soil moisture and the matric suction for most soil types, the
possibility also exists of inaccurately estimating
the effects of negative pore water pressure in the
current model.

selected, while noting that the upper limit is the
maximum possible and that bank slopes that are
shallower than 36° were not investigated because
they tend to be stable, even for very weak bank
materials.
Table 1. Properties of the reference riverbank
simulations* (cited in Samadi et al., 2009).
Variable
Bank height (m)
Tension crack (m)
Bank angle (o)
Flow depth (m)
Groundwater level (m)
Bank material cohesion (Pa)
Soil unit weight (N/m3)
Friction angle (o)
Matric suction angle (o)
Factor of safety (-)
Slope of incipient failure plane (o)
Width of failure block (m)
Volume of failure block (m3)

3 SENSITIVITY TESTS

Failure
variables

Input variables

Young (1999) highlights that since the inherent
uncertainty associated with modelling most environmental systems is often acknowledged, it is
surprising that many models are completely deterministic in nature. Research surrounding slope
stability has revealed that the heterogeneity of
soils provides a major source of uncertainty in estimations of operational shear strengths within all
slope design applications (El-Ramly et al., 2005),
and therefore is a well recognised issue within
geotechnical research (El- Ramly et al., 2002).
Samadi et al. (2009) to determine the impacts
of the independent parameters on bank stability,
evaluated the effects of the parameters on the factor of safety (FSp) in a series of model sensitivity
analyses, following the approach adopted by Van
de Wiel and Darby (2007). In this approach, a real
riverbank located in northern Mississippi (hereafter referred to as the reference bank, Table 1) has
been selected to provide a factor of safety
representing marginal stability conditions (FS =
1.091), so that an opportunity exists for variations
in the parameter values to either stabilize or destabilize the bank (Van de Wiel and Darby, 2007).
Next, using the same riverbank, the impacts of
variations in each individual parameter on the factor of safety are investigated, while keeping all
other parameter values constant. In these sensitivity tests, the range over which each parameter was
varied (Table 2) was selected as follows:
(i) The reference bank height (3.83 m) was varied, in the range from 1.4 to 7.3 m. These limits
were arbitrarily selected, but they are sufficiently
wide to encompass a wide range of riverbanks that
are likely to experience the planar failures that are
the subject of the current analysis. Banks that are
lower than 1.4 m were not investigated because
these tend to be stable across a wide range of geotechnical characteristics, while very high banks
are often subject to rotational failures (Thorne,
1982).
(ii) The range of tension crack depth was selected on the basis that the maximum depth of the
tension crack is half the bank height (Taylor,
1948; Thorne and Abt, 1993). Based on the reference bank height of 3.83 m, this gives an overall
range of 0.0 to 1.9 m for this parameter.
(iii) The range of bank angle values (36° – 90°)
used in the sensitivity tests was again arbitrarily

used in the

Value
3.83
0.74
86
1.95
1.95
15500
20860
15.42
18
1.091
50.3
2.3
5.36

* Note: Values of tension crack depth, river flow depth,
groundwater table, and the matric suction angle were not
measured, so their values were instead selected to ensure
that the reference bank’s stability is marginal (i.e., to give
FSp = 1.091).
Table 2. Range of parameter values used in the sensitivity
analyses.
Series Bank property

Parameter range

1

Bank height (m)

2

Tension crack depth (m)

1.4 ⎯⎯⎯→ 7.3

3
4
5
6
7
8
9

Increase

Increase

⎯⎯⎯→ 1.9
Increase
Bank angle (o)
36 ⎯⎯⎯→ 90
Increase
Bank material cohesion (Pa) 0 ⎯⎯⎯→
41000
Increase
Soil unit weight (N/m3)
10500 ⎯⎯⎯→ 24000
Increase
Friction angle (o)
9.5 ⎯⎯⎯→ 50
Increase
Matric suction angle (o)
10 ⎯⎯⎯→ 26
Increase
Groundwater level (m)
0.0 ⎯⎯⎯→ 3.8
Increase
Flow depth (m)
0.0 ⎯⎯⎯→ 3.8
0.0

Factor of safety range

()
Decrease
5.55 ⎯⎯⎯⎯
→ 0.68
1.26
3.03
0.15
2.21
0.83
1.08
1.23
0.91

Decrease
⎯⎯⎯⎯
→ 0.94
Decrease
⎯⎯⎯⎯
→ 1.01
Increase
⎯⎯⎯→
2.43
Decrease
⎯⎯⎯⎯
→ 0.86
Increase
1.71
⎯⎯⎯→
Increase
⎯⎯⎯→
1.11
Decrease
⎯⎯⎯⎯
→ 0.80
Increase
⎯⎯⎯→
2.19

Parameter
class *

Ø
Ø
Ø
×
Ø
×
×
Ø
×

*Symbols: × = strengthening parameters,
Ø = weakening parameters.

(iv) Geotechnical parameter values (bank material cohesion, unit weight, and friction angle)
were initially defined according to the range of
values reported in Darby’s (2005) bank material
database, but with the parameter ranges extended
by a factor of ± 25% to ensure that the sensitivity
tests conservatively encompass a wide range of
natural riverbank material types.
(v) According to Rinaldi and Casagli (1999)
and Simon et al. (1999), the magnitude of φb
ranges from 10° to 26°, so this was the range used
herein.
(vi) Based on the reference bank height, we assumed that both the water level in the river and
the groundwater level change from their lowest
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level (zero relative to the river bed) to the bankfull
discharge level.
In the last research (Samadi et al., 2009), the
implications of uncertainty associated with estimating the values of independent parameters affecting the stability of riverbanks with respect to
planar failure have been investigated by undertaking a series of model sensitivity analyses. Based
on an arbitrarily selected threshold precision of ±
15% as an index of significant impact on simulated factors of safety, results were presented in
terms of the degree to which typical parameter
uncertainties affect the reliability of simulated factors of safety (Table 3) for the relatively simple
case of an arbitrary reference riverbank. Based on
this analysis, uncertainties in estimating bank
height, bank angle, bank material cohesion, and
soil unit weight are large enough to significantly
impact the reliability of bank stability modelling,
at least at the ± 15% threshold, and for the specific conditions encountered at the reference riverbank employed herein. In contrast, typical uncertainties associated with the other controlling
parameters (tension crack depth, friction angle,
groundwater level, matric suction angle and flow
depth) were not initially found to be large enough
to adversely affect the reliability of bank stability
modelling.
Table 3. Summary of the sensitivity analysis results indicating the significance of parameter uncertainty in affecting the
reliability of simulated factors of safety* (cited in Samadi et
al., 2009).
Bank parameter

Typical
parameterization
uncertainty (%)

Parameter value
range needed to
induce a 15% change
in factor of safety (%)

Bank height
Tension crack
Bank angle
Bank material cohesion
Soil unit weight
Friction angle
Matric suction angle
Groundwater level
Flow depth (m)

± 72
± 72
± 54
± 220
± 26
± 40
± 48
± 25
±1

-14.4 to +22.7
-100.0 to +156.8
-8.6 to +4.7
-19.4 to +20.0
-14.2 to +20.3
-65.6 to +67.3
>> ± 48%
-100.0 to +61.5
-66.7 to +30.8

Effect of
parameter
uncertainty on
reliability of bank
stability estimate
Highly Significant
Insignificant
Highly Significant
Highly Significant
Significant
Insignificant
Insignificant
Insignificant
Insignificant

* Note that the typical parameterization uncertainty is here
taken as the largest of the two sources of uncertainty (measurement error and natural variability).

Although the specific quantitative results clearly depend on the model that Samadi et al. (2009)
have selected for use in their study, their general
findings are likely to be transferable to a wide
range of other stability models. As such these
findings present a number of important implications for investigators interested in applying bank
stability models to analyse problems of riverbank
retreat and width adjustment. First and foremost,
greater attention should be paid to estimating the
input parameter values accurately if the reliability
of model predictions results are not to be con1281

founded by those parameter uncertainties. Most
previous studies have simply ignored these uncertainties. The key source of input parameter uncertainties is the inherent natural variability of the
bank morphology and/or sedimentology, rather
than measurement error per se. This implies that
investigators should pay greater attention to the
careful sampling of bank morphological and sedimentological parameters, such that the statistical
variation can be defined more clearly. In particular, sampling strategies should seek to define the
variability of these parameters by undertaking
multiple replicate measurements. It is important to
understand that this natural variability encompasses both spatial and temporal dimensions, presenting a challenging problem of sampling design.
We recognize the logistical difficulties involved,
but our findings show that comprehensive parameter sampling is necessary, given the magnitudes
of the unreliabilities predicted herein. Indeed,
these magnitudes are so high that they appear likely to confound the substantial improvements to
the process basis of bank stability models that
have been made in recent years (e.g., see review
by Rinaldi and Darby, 2008). Only by adopting
this practice can future bank stability modelling
applications be made more rigorous than those
undertaken up until now.
In order to determine uncertainties associated
with estimating the values of effective parameters
in riverbank stability modelling, integrated effect
of parameters changing on the reliability of predicted factor of safety have been studied. Based
on the previous sensitivity analysis results of independent parameters (e.g., Langendoen and Simon, 2008, and Samadi et al., 2009), the effective
parameters have been categorized into two groups
of strengthening and weakening parameters. In
Table 2, increasing and reduction of strengthening
parameters including material cohesion, internal
friction angle, matric suction angle and river flow
depth, increase and reduce riverbank stability respectively. But weakening parameters including
bank height and angle, tension crack depth, soil
unit weight and groundwater level, have a reverse
effect on the riverbank stability, i.e., increasing
and reduction of weakening parameters, reduce
and increase riverbank stability, respectively.
Figure 2 shows the reverse changing effect of
these two parameter groups on the factor of safety.
In this figure, the effect of strengthening parameters increase and weakening parameters reduction
along with strengthening parameters reduction
and weakening parameters increase on the factor
of safety is shown. The same rate of change is assumed for strengthening and weakening parameters in Figure 2, i.e., all strengthening and weakening parameters are changed with the same rate

concluded that integrated reduction of all parameters, increases all simulated factor of safety values. So, if in the riverbank stability modelling, all
parameters were estimated less than the real value,
this would have an undesirable effect on the stability analysis results and increased the simulated
factor of safety incorrectly. The integrated increase of all parameters, reduces factor of safety
partially to the limit equilibrium amount (i.e., FS
= 1.0) and therefore it is concluded that integrated
increase of parameters, will not influence the reliability of riverbank stability modeling results.

of 2.5 percent on rising limb (top right) of curve,
respectively. However, they are changed with a
rate of 0.3 percent on falling limb (down left) of
curve, respectively.
0

Weakening parameters changes (%)

-5

-10

-15

3
Strengthening

Factos of safety (-)

2.5
2
1.5
FS=1.091

1

Weakening parameters

Weakening

0.5
0
-5

0

5

10

Main values
1.2

15

Max

1
Factor of safety (-)

Strengthening parameters changes (%)

Figure 2. Simulated bank stability (factor of safety) as a
function of reverse variations in a range of weakening parameters and strengthening parameters (see table 1 for definition of the reference bank).

In addition, for better understanding of parameter changes, the effects of separating changes of
these parameters are shown in Figures 3-4. When
we used the same rate for changing all parameters
(like Figure 2), one can reach their limit value
(min or max), while other parameters have not yet
enough value. So to solve this problem in Figures
3 and 4, different rate of change has been given to
the parameters. As can be seen, increasing the
strengthening parameters accompanying with decreasing the weakening parameters from their
main values, caused factor of safety rising with a
steep slope, but reduction the strengthening parameters accompanying with increasing the weakening parameters from their main values, caused factor of safety decreasing with a gradual slope.

0.8
0.6
0.4
0.2
0

Min

Main values
Strengthening parameters

Factor of safety (-)

Figure 4. Schematic variations of bank stability (factor of
safety) in regard to increase of weakening parameters and
reduction of strengthening parameters
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Figure 5. Simulated bank stability (factor of safety) as a
function of integrated variations in a range of effective parameters (see table 1 for definition of the reference bank).

Weakening parameters
Main values
35

Min

Factor of safety (-)

30
25
20

4 CONCLUSION

15

In this research, the integrated effect of uncertainties associated with estimating the values of all effective parameters on the reliability of riverbank
stability modelling, has been investigated. For this
purpose, all parameters were divided into two different groups; i.e., strengthening and weakening
parameter groups. The results of similar and converse variations of two parameter groups on the
main factor of safety are as following:
- By increasing and reducing the weakening
parameters including bank height and angle, tension crack depth, soil unit weight and groundwater
level, a reverse impact was observed on the factor

10
5
0

Max

Main values
Strengthening parameters

Figure 3. Schematic variations of bank stability (factor of
safety) in regard to reduction of weakening parameters and
increasing of strengthening parameters.

In addition, the effect of similar changes of all
effective parameters on the riverbank stability
analysis (i.e., the strengthening and weakening parameters) is shown in Figure 5. In this figure, increased and reduced effect of parameters on the
factor of safety is clear. Based on this figure, it is
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of safety; i.e., decreases and increases of riverbank stability, respectively.
- Increasing and reduction of strengthening parameters including material cohesion, internal
friction angle, matric suction angle and river flow
depth, increases and decreases riverbank stability,
respectively.
- Reverse changes of strengthening and weakening parameters from their main values, caused
factor of safety rising with a steep slope and decreasing with a gradual slope.
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Modelling riverbank retreat by combining reach-scale hydraulic
models with bank-scale erosion and stability analyses
L. Nardi & M. Rinaldi

Dept. of Civil and Environmental Engineering, University of Florence, Italy

ABSTRACT: In recent years many progresses have been made in understanding and modelling bank erosion processes, but an accurate quantification of shear stresses exerted by the flow on the bank area, and
consequently of the fluvial erosion rate continues to be a challenging issue. The objective of the present
research is to test different methods to evaluate the rate of riverbank retreat. The first step of the research
consisted in data collection, which included field surveys along a study reach of the Cecina River. Different hydraulic models have been selected in order to calculate the flow parameters involved in the quantification of erosion rates, with an attempt to test new methods for the estimation of near-bank shear
stresses, and subsequently to link them to bank erosion models. Specifically, we have employed a method
recently developed by Kean & Smith (2006) to determine the form drag exerted on small-scale topographic bank features and thus to quantify the near-bank flow field. Mass failure analyses have been carried out applying the Bank Stability and Toe Erosion Model (BSTEM) on the eroded profiles obtained
from the fluvial erosion analysis. Results and comparisons of the different methods are discussed.
Keywords: Riverbank retreat, Fluvial erosion, Near-bank shear stress, Bank stability
bank stability modelling at bank-profile scale.
However, the following limitations of this modelling system can be remarked: (1) the extremely
time intensive computation effort for some components (i.e. hydrodynamic and groundwater flow
modelling) do not encourage its use for more extensive applications; (2) near-bank shear stress
remains the most critical component to characterize, since direct measurements and numerical
modelling are both difficult.
The general aim of our research is to explore
other possible modelling methods more suitable
for a combined bank stability analysis at the reach
scale and attempting to address the previous limitations, with particular focus on the inclusion of
near-bank shear stresses. In this paper, the general
structure of the modelling methods, and some example of application of different models along a
study case are presented and discussed.

1 INTRODUCTION
Riverbank retreat is a key mechanism in river
morphodynamics, and its quantification requires a
combination of bank stability methods, typically
applied at the bank-profile scale, with hydrodynamic models to obtain the flow parameters necessary to estimate fluvial erosion. Several
progresses have been done during the last years in
modelling bank failures at the scale of single bank
profiles (see for example Rinaldi & Casagli, 1999;
Simon et al., 2000; Abernethy & Rutherfurd,
2000; Rinaldi et al., 2004; Pollen & Simon, 2005;
Darby et al., 2007; Pollen & Simon, 2008). At the
same time, several progresses have been achieved
in the field of hydrodynamic modelling, as demonstrated by the increasing diffusion of a wide
range of commercial softwares (i.e. RIVER2D,
TELEMAC 2D, FaSTMECH, SSIIM, DELFT3D,
CCHE3D, TRIVAST among others). However,
few attempts have been done to link bank stability
with hydrodynamic flow conditions at the reach
scale. Recent works of Rinaldi et al. (2008) and
Luppi et al. (2009) have provided examples of hydrodynamic reach-scale modelling combined with

2 STUDY AREA
The study case (Figure1 and Figure 2) is located
in the middle–lower part of the Cecina basin
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distributions of bank materials, measures of the
critical shear stress for cohesive materials by the
use of the CSM (Cohesive Strength Meter) (Vardy
et al. 2007), and measures of the small scale bank
roughness at 5-cm intervals on representative
reaches of two eroding banks, as required by the
Kean and Smith model.
Hydrodynamic modelling included the use of
two different types of numerical simulations: 1D
model (HEC-RAS 4.0), and River 2D, a two dimensional depth averaged finite element hydrodynamic model developed by the University of Alberta.
The Kean & Smith model for determination of
form drag for regular and irregular sequences of
topographic bank features was implemented in
MatLab environment. The roughness elements are
modelled as Gaussian-shaped features. The form
drag on an individual roughness element is determined using the drag coefficient of the individual
element and a reference velocity that includes the
effects of roughness elements further upstream. In
order to define the near-bank flow field, an outer
velocity at the boundary of the bank region, where
the flow is not affected by the roughness elements
on the bank, is required. The outer velocities have
been therefore calculated throughout the two hydrodynamic models. Both simulations have been
performed in steady state conditions, for different
discharges, from 45 m3/s up to 671.2 m3/s (return
period of 15 years).
Near bank shear stress has been obtained by
applying different methods (see Flow chart in
Figure 3), as follows:
1 Since the study case is characterized by the
presence of a meander, results of the mean
shear stress obtained by HEC-RAS have been
modified according to Soil Conservation Service diagram (1977) to account for the effect of
curvature. Afterwards, the near-bank shear
stresses have been obtained by applying the
Simons and Senturk (1977) distribution.
2 Simulations performed by River2D directly
provided shear stresses along the bank profiles
for the different simulated discharges.
3 Hydraulic models provided input data (values
of the flow depth and velocities within the region of the flow unaffected by bank roughness,
i.e. the outer boundary layer) required by the
Kean and Smith model. Different values of
near bank shear stresses have been obtained by
the model starting from both HEC-RAS and
River2D simulations.
Regarding fluvial erosion, an excess shear
stress formula (1) (Partheniades, 1965, Arulanandan et al., 1980) has been applied to quantify the
rate of fluvial erosion (ε):

(Central Tuscany, Italy) where detailed GIS
analysis on multi-temporal series of maps and aerial photos have shown the highest rates of riverbank retreat, with 2.7-3.8 m/year over the period
1994-2004. The catchment has an area of about
905 km2, and the river has a total length of about
79 km. The middle and lower parts of the catchment are dominated by hilly slopes constituted by
erodible fluvio-lacustrine and marine sediments,
and the river is sinuous and locally meandering.

Figure 1 Cecina basin and location of the study reach

Figure 2. 2006 aerial photograph showing the study reach
and monitored bank (aerial photograph reproduced by permission of Provincia di Pisa).

The eroding banks within the study reach have
vertical extension ranging from 2.0 to 3.8 m. Although the lateral bank stratigraphy is quite variable and includes several sedimentary layers (gravel, sand, sandy silt, massive silt or silt and clay),
the banks can be described as being composed of
a cohesive upper portion overlying a gravel toe.
3 METHODS
The research has been carried out according to the
following steps: (a) data collection; (b) hydrodynamic modelling; (c) numerical implementation of
the Kean & Smith (2006a, b) model; (d) fluvial
erosion; (e) bank stability.
Data collection included a detailed topographic
survey obtained by a differential GPS, grain size
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ε=kd(τ-τc)a

only for bank stability analyses. One of the main
reason of this choice is that BSTEM does not allow the user to specify shear stress as input data.
BSTEM calculates the factor of safety (FS) for
planar and cantilever failures in multi-layer riverbanks by using the following limit equilibrium
methods: horizontal layers (Simon et al., 2000),
vertical slices with tension crack (Morgenstern
and Price, 1965), and cantilever failures (Thorne
and Tovey, 1981).
The analyses have been carried out on the
eroded profiles obtained from the steady flow simulations, assuming a duration of 3 hours and using discharges contained within the cross sections.
Bank profiles are described with 23 points, which
are the maximum number of coordinates allowed
by the model. Below the water table, pore water
pressure calculations are based on hydrostatic
pressure distribution. The same formula was used
to estimate the negative pore water pressure (matric suction) above the water table. Failure plane
angle corresponding to the minimum value of the
factor of safety is calculated.

(1)

where ε (m s–1) is the fluvial erosion rate per
unit time and unit bank area, τ (Pa) is the boundary shear stress applied by the flow, kd (m3 Ns–1)
and τ c (Pa) are erodibility parameters (erodibility
coefficient, kd, and critical shear stress, τ c) and a
(dimensionless) is an empirically derived exponent, generally assumed to equal 1.0.
Finally, bank stability analysis was carried out
by applying the USDA-ARS Bank-Stability and
Toe-Erosion Model (BSTEM). The model was
originally developed by Simon et al. (2000), then
extended to account for the main effects of vegetation (Pollen and Simon, 2005) and extensively
applied to various studies (e.g. Cancienne et al.,
2008).

4 APPLICATION AND RESULTS
Bank retreat analyses have been focused on two
representative riverbanks along the reach: although both of the banks are composed of different layers (Figure 4), they have been schematically represented as composite banks, with a lower
gravel layer and an upper cohesive layer. Bank
parameters required by the models are reported in
Table 1.

Figure 3 Summary of tested models. hw is the downstream
water surface elevation obtained by the 1D model and used
as boundary condition for River2D mdel; Tau 1 is the near
bank shear stress obtained by applying formulas from literature (Simons and Senturk, 1977); Tau 2 is the shear stress
calculated by River2D; v1outer and v2outer are the velocities
obtained respectively by the 1D and 2D hydraulic model at
a distance where bank roughness does not produce any effect on the flow ; Tau 3 and Tau 4 are the near bank shear
stresses obtained by Kean and Smith model (K&S) starting
with v1outer and v2outer , respectively.

Figure 4 Upstream and downstream banks. Boundaries between the different layers of the banks are marked by lines.
Numbers in the photos represent different materials: (1)
Coarse gravel/ cobbles and sand; (2) Fine gravel and sand;
(3) Sand; (4) Sandy silt

In particular, for the cohesive material, critical
shear stresses (τc) have been measured by the cohesive strength meter (CSM), while erodibility
coefficients kd (both for granular and cohesive
material), critical shear stresses for the gravel

Although BSTEM also includes the computation
of fluvial erosion rates, this model was used here
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layer (for which direct measures are not available), and geotechnical parameters for the cohesive
layer (φ’, c’, and φb) derive from previous researches (Rinaldi et al., 2008, and Luppi et al.,
2009) carried out on a bank with similar characteristics.

Geotechnical parameters for the gravel layer are
those provided by BSTEM for that type of material.
A series of measurements of the amplitude of the
topographic elements with 5-cm intervals, respectively along the cohesive layer of the upstream
bank, and along the gravel layer of both (upstream
and downstream) banks have been first carried
out. The characteristic parameters of the Gaussian
shapes (Figure 5) which describe the roughness
elements on the banks (protrusion height, H;
streamwise length scale, σ; and spacing between
crests, λ) have been determined from these measurements. The same parameters of the upstream
bank have been assumed for the cohesive layer of
the downstream bank, since no measures were
available there.
Near bank shear stresses have been determined
for the two selected riverbanks. Analyses have
been carried out up to the maximum value of discharges contained within the cross sections, that is
302.3 m3/s (2 years return period) for the upstream bank, and 432.6 m3/s (4 years return period) for the downstream bank.

Table 1 Parameters used for the bank erosion modelling at
the upstream and downstream bank, both for cohesive (C)
and gravel (G) layer. τc is the critical shear stress; kd, the
erodibility coefficient; D50 the mean grain size; φ'
the effective friction angle; c' the effective cohesion; φb the
matric suction angle; γs the saturated unit weight; σ and H
are the streamwise length scale and the protrusion height of
the element roughness, respectively.
Upstream
Downstream
Bank
Layer

C

G

C

G

τc [Pa]

1.25

8.1

1.58

8.1

3

kd [m /Ns]

4.97E-06 6.14E-06 4.97E-06 6.14E-06

D50 [mm]
φ' [deg]
c' [kPa]

0.038
35.9
3.9

6.7
36
0

0.038
35.9
3.9

10.9
36
0

φb [deg]

25.5

15

25.5

15

20.2
0.9915
0.1621

20
0.2804
0.0745

20.2
0.9915
0.1621

20
2.94
0.75

3

γs [kN/m ]
σ [m]
H [m]

A
Z-Coordinate (m)

0.3

Bump profile
Gaussian Sequence Interpolation

0.2
0.1
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1
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-0.1
0

12

8

2

13

10

15
20
X-Coordinate (m)

25

30

35

0.15
0.1
3

0.05

7
5

8

6

4

2

0
-0.05
0

Z-Coordinate (m)

C

1

2

3

4
5
X-Coordinate (m)

6

7

8

9

0.3
0.2
1

0.1

7
2

3

0
-0.1
0

5

Figure 6 Value of near bank shear stress obtained by applying different methods on the upstream (A) and downstream
(B) bank. BP is the bank profile; WSE is the water surface
elevation obtained by River2D model; Tau 1 is obtained by
applying the Simons and Senturk (1977) distribution of
shear stress to the results of the 1D model; Tau 2 is derived
directly from the River2D model; Tau 3 and Tau 4 are the
near bank shear stresses obtained by the Kean and Smith
model starting with velocities in the region where the flow
is not affected by the presence of the roughnesses calculated
with HEC-RAS or River2D.

8
4

10
X-Coordinate (m)

5

9

6

15

20

Figure 5 Measurements and Gaussian fit of the topographic
elements for the characterization of the small-scale bank
roughness at: (A) cohesive layer of the upstream bank; (B)
gravel layer of the upstream bank; (C) gravel layer of the
downstream bank.
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and a different hydrodynamic model (DELFT3D)
was applied.

In Figure 6 values of near-bank shear stresses, obtained by applying different methods for the discharge with a return period of 2 years, are plotted
along the upstream and downstream bank profiles.
Shear stresses on the downstream bank are
higher than for the upstream bank. In particular,
values of shear stresses on both banks, directly or
indirectly resulting from the River2D model (Tau
2 and Tau 4), are significantly lower than the
shear stresses obtained from the 1D model (Tau 1
and Tau 3); the same results for the other simulated discharges, and values of maximum retreat
are a direct consequence. In fact, Table 1 shows
that the highest rates of erosion, obtained by the
steady flow simulation with duration of 3 hours,
occur on the downstream bank, by applying the
Kean and Smith model coupled with the HecRas
outputs.
The shear stresses calculated at the upstream
bank with all the methods used are always lower
than the critical shear stresses, therefore no fluvial
erosion is predicted. Moreover, the distribution of
the shear stresses Tau 3 (Figure 6) is not as regular as the distributions of the shear stresses resulting from the other models. Irregularities of Tau 3
are observed where variations in the Gaussian parameters or in the outer velocities exist. The outer
velocities have been selected for each point of the
bank profile at a distance of 1.8 m from the bank.
Since both the 1D and 2D model provide depth
averaged flow parameters, a logarithmic velocity
profile has been applied in order to obtain the velocity at each node.
The shear stresses obtained with the different
methods are used to quantify the rate of fluvial
erosion by the application of the excess shear
stress formula (1) (Partheniades, 1965; Arulanandan et al., 1980).
Table 2 provides results of maximum lateral retreat at the upstream and downstream bank after 3
hours of steady flow, for discharge contained
within the cross sections.
The highest values of lateral retreat have been
obtained at the downstream bank by coupling the
Kean and Smith model with the 1D hydraulic
model.
It is interesting to notice that, unlike results obtained using monodimensional models, values of
retreat obtained by River2D do not increase with
discharge. This is due to the complex relationship
between flow discharge and bank shear stress induced by the presence of the bends, which induces
a shifting of the main flow along a chute channel
in the central part of the cross section during high
flows, thereby causing a reduction in near-bank
shear stresses. Same findings are reported in Rinaldi et al. (2008), although the research was carried out at a different reach along the Cecina river

Table 2 Maximum lateral retreat obtained on the upstream
(A) and downstream (B) banks by applying different methods. S&S: Simons and Senturk (1977) distribution; HR:
HecRas model; R2D: River2D; K&S: Kean and Smith
(2006) model.
BankA Max lateral retreat [m]
110
148.7 302.3
45
Model
[m3/s] [m3/s] [m3/s] [m3/s]
S&S
0.00
0.22
0.17
0.35
R2D
0.00
0.00
0.00
0.00
HR+
K&S
0.09
1.52
1.56
1.47
R2D +
K&S
0.00
0.00
0.00
0.00
BankB Max lateral retreat [m]
110
148.7 302.3 380.1 432.6
45
Model
[m3/s] [m3/s] [m3/s] [m3/s] [m3/s] [m3/s]
S&S
0.00
0.44
0.61
0.87
1.19
1.32
R2D
0.00
HR +
K&S
0.00
R2D +
K&S
0.00

1.16

0.81

0.16

0.14

1.10

1.74

2.52

5.14

5.75

5.87

0.45

0.46

0.20

0.23

0.46

Table 2 highlights the importance of selecting the
appropriate model to predict the rate of lateral retreat. In fact, values provided by different combinations of models can even differ by one order of
magnitude.
4.1 Example of application
Due to the limitations of the monodimensional
modelling and to the presence of a meander along
the study reach, an example of application has
been carried out on results derived from the Kean
and Smith model based on outer velocities estimated by River2D. The application has been carried out on the downstream bank and using a discharge of 110 m3/s with a total duration of 15
hours. The presence of a tension crack with depth
of 0.5 m is included in the bank stability analyses.
The evolution of the bank profile can be summarized in 4 steps (Figure 7). Step 0 represents
the initial condition, before the occurrence of
fluvial erosion. Bank stability analysis provides a
safety factor (FS) higher than 1.0 (FS=5.71),
therefore the initial configuration is stable.
The profile corresponding to step 1 represents
the eroded profile obtained by applying the excess
shear stress formula. The steady flow duration has
been set to 3 hours. Although a scour occurred at
the toe of the bank, bank stability analysis shows
that the bank is still stable (FS=2.78).
After 15 hours (Step 2), fluvial undercutting
reaches high values and it causes bank failure
(FS=0.97). After the failure, the final bank profile,
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Figure 7 Downstream bank profile evolution.

5 CONCLUSIONS
In the present research numerical simulations have
been carried out in order to test methods for modelling riverbank retreat at the reach scale. The efforts have been mainly focused on the calculation
of near-bank shear stress, that is a key parameter
in modelling fluvial erosion processes. Specifically, we have combined 1D and 2D hydrodynamic models with the method developed by Kean
& Smith (2006) to determine the form drag exerted on small-scale topographic banks.
Bank stability analyses have been carried out
on the eroded profiles by simulating cantilever
and planar failures, and taking into account for the
effects of confining pressures, pore water pressure
on the saturated and unsaturated zones, and the
presence of tension cracks. An example of application of coupling different models have been presented. Since results from the 1D hydraulic model
have been considered to be not sufficiently adequate for the objective of the research, the two
dimensional depth averaged model, River2D, has
been applied in order to obtain the hydraulic parameters required by the near bank shear stress
model proposed by Kean and Smith. The procedure here proposed, consisting in the combination
of different selected models to simulate the key
processes involved in bank retreat, appears to be
suitable for larger applications to bank stability
problems.
In future research, more efforts should be focused on the characterization of the gravel material. In fact, in situ tests to measure the critical shear
stresses are not available for this type of materials,
although it is frequently present in composite
banks.
Moreover, monitored data of riverbank retreat
associated to some flow events are necessary in
order to assess the reliability of modelling results.
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ABSTRACT: Among various types of riverbank failure, planar failure is the most common type, being
associated with steep, relatively low banks composed of cohesive sediments. To analyse the stability of
riverbanks against planar failure, many parameters including failure plane angle and the location and
depth of tension crack have to be determined. In this research we have introduced a new analytical method to estimate the failure plane angle and also the amount of the bank retreat. Specifically, using field
and laboratory data, a set of curves to estimate the tension crack depth is introduced. Using data from
field study site, the results of the new method are compared with those obtained using existing models.
The results show that the equations introduced in this research to estimate the failure plane angle, give a
better agreement with the observations than the other models.
Keywords: Stability analysis, Tension crack depth, Riverbank, Planar failure, Factor of safety, Failure
plane angle
1 INTRODUCTION

FR p = CL + S tan φ b
+(W cos β + Fcp cos θ − U − H tw sin β ) × tan φ

One of the sources of river sediment is riverbank
failure among which planar failure is the most
common type. This phenomenon usually happens
in steep and relatively low height banks composed
of cohesive sediments (Thorne, 1999). In such
cases, riverbank stability analysis is typically undertaken by computing the ratio of resisting and
driving forces applied to the most critical failure
surface (Figure 1); i.e. FS=FRp/FDp, in which FS,
FRp, and FDp = factor of safety with respect to
bank failure, the resultant resisting force, and the
resultant driving force, respectively.
There are a large number of riverbank stability
analyses for planar failures (e.g. Osman and
Thorne, 1988; Darby and Thorne, 1996; Rinaldi
and Casagli, 1999; Simon et al., 2000; AmiriTokaldany et al., 2003, Samadi et al., 2009,
among others), with each model varying in the
ways they simulate the resisting and driving
forces. According to Amiri-Tokaldany et al.
(2003) the resultant driving and resisting forces
acting on a unit width of the failure block can be
written as follows:
FD p = W sin β − Fcp sin θ + H tw cos β

(2)

Where β = the failure plane angle, θ = the angle between the direction of the resultant of the
hydrostatic confining pressure and a normal to the
failure plane, W = the weight of a unit width of the
failure block, Fcp = the hydrostatic confining pressure acting on a unit width of the failure block,
Htw = the hydrostatic force exerted by any water
present in the tension crack on a unit width of the
failure block, C = the effective cohesion of the
bank material acting along the surface of failure
plane, L = the length of the failure plane, S = the
resultant negative pore water pressure, φ b = the
angle expressing the rate of strength increase relating to the negative pore water pressure, U = the
resultant uplift force or positive pore water pressure acting on a unit width of the failure block,
and φ = the effective internal friction angle of
bank material (Figure 1).

(1)
1293

veloped models to predict foresaid factors; e.g.
Osman and Thorne (1988), Alonso and Combs
(1990), Darby and Thorne (1996), AmiriTokaldany et al. (2003), among others. In terms
of tension cracks, there are some published paper
on determining the depth and location of tension
cracks; e.g. Lohnes and Handy's (1968), Darby
and Thorne (1994), Langendoen and Simon
(2008), among others. However, the validity of
them is undermined, while there is no analytical
solution to determine the failure plane angle. In
this research a method to determine the failure
plane angle and tension crack depth is introduced.
Figure 1 The framework for the riverbank stability analysis
used herein, illustrating the forces exerted on an incipient
failure block. H = height of riverbank; WSE = level of the
water in river; RI = elevation of the river bed; BW = location
of the tension crack or the magnitude of the bank retreat;
NG = natural ground level; GWSE = level of the ground water; α and β = angles of riverbank before and after bank failure, respectively; and K= depth of the tension crack. Points
yt, ys, yf, yfp and yk along with the heights H´, X, and Y are
used to define the geometry of the riverbank (After Samadi
et al., 2009)

2 MODEL DEVELOPMENT
2.1 Failure Plane Angle
As stated above, bank stability is modeled using a
factor of safety as defined in Equations (1), and
(2). To determine the failure plane angle, and the
depth of the tension crack, it is first necessary to
define all the known parameters in Equations (1)
and (2) so that they can be solved to determine
these two unknowns. Based on Figure 1, the
weight of the failed block can be determined using:

From Figure 1 and Equations (1) and (2) it is
evident that the failure plane angle ( β ) and tension crack depth (K), define the failure block
geometry, and thus play an important role on the
stability analysis of the riverbank. Unfortunately,
neither β nor K can be measured directly prior to
bank failure, so it follows that accurate estimation
of the factor of safety requires accurate prediction
of these parameters. Many researchers have de-

W =

AW
− BW
tan β

(3)

in which Aw and Bw are defined in Table 1.

Table 1. Equations used to calculate Aw and Bw. See Figure 1 for definitions of symbols

Bank Geometry type

Bank Geometry Specification

Aw

Bw

I
II
III
IV
V
VI

y k = y t = y fp & y f = y s

γs H 2 2

γ s H 2 2 tan α

y k = y t = y fp & y f < y s

γs H 2 2

γ s H ' 2 2 tan α

y k < y t = y fp & y f = y s

γs ( H 2 − K 2 ) 2

γ s H 2 2 tan α

y k < y t = y fp & y f < y s

γs ( H 2 − K 2 ) 2

γ s H ' 2 2 tan α

y k , y t < y fp & y f = y s

γs ( H 2 − K 2 ) 2

γ s ( H 2 − K h2 ) 2 tan α

y k , y t < y fp & y f < y s

γs ( H 2 − K 2 ) 2

γ s ( H ' 2 − K h2 ) 2 tan α

as:

Moreover, the angle of θ (Figure 1) is defined

θ = 90 − ( β + ω )

By rearrangement, the force resulting from the
negative pore water pressure (S), is determined using:

(4)

S =

where ω = the angle between the resultant of
hydrostatic pressure and the horizontal line (Figure 1). The hydrostatic pressure for different water
levels within the river, and for different bank
geometry configurations, can be determined using
the equations listed in Table 2.

AS
sin β

(5)

where AS depends on the bank geometry and the
magnitude of the capillary height rise within the
soil particles. If measurements of the soil matric
tension are available, the following equation can
be used to determine AS directly:
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γ
AS = w h L
2

U =

(6)

in which h = the matric suction and L = the effective length affected by matric suction. The hydrostatic force resulting from the presence of water inside the tension crack is also determined from the
relations introduced in Table 3.

Uw
cos β

(7)

⎛ A
⎞
U w = ⎜ U − BU ⎟
⎝ tan β
⎠

(8)

where AU and BU are parameters introduced for
purposes of clarity and which represent the bank
geometry and the relative positions of the water
surface and ground water table elevations, respectively (Table 4).

Moreover, by taking into consideration all possible bank geometries and relative locations of water levels in the river and the bank, and by rearranging, the positive pore water pressure (U) can
be determined using:

Table 2 - Equations to calculate Fcp and ω for different bank geometry and the location of river water level. See Figure 1 for
definitions of symbols
Fcp
Bank Geometry The location of
ω
Type
River Water
Level (WSE)
W SE ≤ y f
All types
0.0
I, II, V

y f < W SE ≤ y t

( H w2 1 + cot 2 α ) γ w 2

II, IV,VI
II, IV,VI

y f < W SE ≤ y s

H w2 γ w 2

y s <W SE ≤ y t

( H w4 + ( H w − ( H − H ′ ) ) cot 2 α ) γ w 2

V

y t <W SE ≤ y fp

( Hw4 + ⎣⎡( H − K h )( 2Hw −( H − K h ) )⎦⎤ cot 2 α ) γw 2

VI

y t <W SE ≤ y fp

( Hw4 + ⎡⎣( H ′ − K h )( 2Hw −( H ′ − K h ) ) ⎤⎦ cot 2 α ) γw 2

tan −1(cot α )
tan

4

−1

(( H

0.0

w

− ( H − H ′ )) 2 cot α H w2 )

tan −1 ([( H − K h )( 2 H w − ( H − K ) ]cot α H w2 )

4

tan −1 ([( H ′ − K h )( 2 H w − ( H ′ − K ) ]cot α H w2 )

4

Table 3- Equations to determine the value of AS and Htw . See Figure 1 for definitions of symbols
AS
Bank Geometry Type
The Location of
Capillary Height
Ground Water Table
within Soil
GWSE > y k

All Bank Geometry
Types

-

0.0

h + GWSE > y k

GWSE < y k

( Hw

2

− ( H − K ) ) γw 2

2

− K ) ) γw 2

h 2 γw 2

h + GWSE < y k

0.0
0.0

( AW − Fcp (cos ω + sin ω tan φ ) + BW tan φ + H tw ) cos β
−( BW − Fcp (sin ω − cos ω tan φ ) − H tw tan φ ) sin β −

At the point of incipient failure (i.e. for the case
when FDp = FRp), and substituting Equations (3)
to (10) into Equations (1) and (2), it can be shown
that:

( C ( H − K ) + AS tan φb − AU tan φ ) csc β −
cos β
− ( BU tan φ ) sec β = 0.0
( AW tan φ )
tan β

B ⎞
⎛ AW
− W ⎟ sin β − Fcp sin(90 − (β + ω ))
⎜
tan
tan
β
α⎠
⎝

(10)

By considering that:

C(H − K) AS tan φ b
+H tw cos β =
+
+
sin β
sin β
⎡⎛ A W
⎤
B ⎞
− W ⎟ cos β + Fcp cos(90 − (β + ω )) ⎥
⎢⎜
β
α
tan
tan
⎠
⎢⎝
⎥ tan φ
⎢
⎥
BU ⎞
⎛ AU
⎢ −H tw sin β − ⎜
⎥
csc
β
−
⎟
⎢⎣
⎥⎦
⎝ tan β tan α ⎠

( H − Hw

Htw

A = AW − Fcp (cos ω + sin ω tan φ ) + BW tan φ + H tw

B = BW − Fcp (sin ω − cos ω tan φ ) − H tw tan φ

(9)

After rearrangement, this gives:
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(11)
(12)

D = C ( H − K ) + AS tan φ b − AU tan φ

(13)

E = AW tan φ

(14)

Table 4- Equations for calculating AU and BU for different Bank Geometry Type and at different locations of river and ground
water level. See Figure 1 for definitions of symbols

Bank Geometry
Type

All Types
All Types
III, IV,V,VI
II,IV,VI
I,III,V
I,III,V
II,IV,VI
II,IV,VI
II,IV,VI
III,V
III,V
IV,VI
IV,VI
IV,VI
V
V
V
V

Au

Bu

GW SE ≤ y f

0.0

y f < W SE = GW SE ≤ y k

H γw 2

The Location of River (WSE) and
Ground (GWSE) Water Levels

y s <W SE ≤ y t

H u2 γ w 2

0.0
0.0
0.0
0.0

y f < GW SE <W SE ≤ y k ≤ y t

H u2 γ w 2

( H u2 − H w2 ) γ w 2 tan α

y f < GW SE <W SE ≤ y k ≤ y t

H u2 γ w 2

( H W − H u ) H u γ w 2 tan α

y f ≤ W SE ≤ y s < GW SE < y k ≤ y t

H u2 γ w 2

( H u − X ) 2 γ w 2 tan α

y s ≤W SE < GW SE < y k ≤ y t

H u2 γ w 2

( H u − X ) 2 − ( H w − X ) 2 γ w 2 tan α

y s ≤ GW SE <W SE < y k ≤ y t

H γw 2

( H u − X )( H w − H u ) γ w tan α

2
u

y k < W SE = GW SE ≤ y fp

(Y

2

2
u

y s ≤W SE < GW SE < y k ≤ y t

(Y

2

− 2Y H u ) γ w 2

( H u2 − H w2 ) γ w 2 tan α

(Y

2

− 2Y H u ) γ w 2

( H w − H u ) H u γ w 2 tan α

(Y

2

− 2Y H u ) γ w 2

( H u − X ) 2 γ w 2 tan α

y k < GW SE ≤ y t & y s < GW SE ≤ y t

(Y

2

− 2Y H u ) γ w 2

( H u − X ) 2 − ( H w − X ) 2 γ w 2 tan α

y k ≤ GW SE < W SE ≤ y t

(Y

2

− 2Y H u ) γ w 2

( H u − X )( H w − H u ) γ w tan α

y k ≤ y t < GW SE & y s < GW SE ≤ y t
y k ≤ y t < GW SE & y t < GW SE ≤ y fp

(Y

2

− 2Y H u ) γ w 2

( 2H u2 − ( H − K h ) 2 − H w2 ) γ w 2 tan α

(Y

2

− 2Y H u ) γ w 2

( H u − K h )( H w − H u ) γ w tan α

y s ≤W SE < GW SE < y k ≤ y t
y f ≤W SE ≤ y s < y k < GW SE ≤ y t

y s ≤W SE ≤ y t < GW SE ≤ y k
y t < GW SE ≤ y k

VI
VI

& y t < GW SE ≤ y fp

H u2 γ w 2

( 2H u2 − ( H − K h ) 2 − H w2 ) γ w 2 tan α

H γw 2

( H u − K h )( H w − H u ) γ w tan α

2
u

y f ≤ W SE ≤ y s < y k ≤ y t < GW SE

(Y

2

& y s < GW SE ≤ y t
y k ≤ y t < GW SE & y t < GW SE ≤ y fp

(Y

2

− 2Y H u ) γ w 2

( 2( Hu −X )( H' −Kh ) −( H' −Kh ) 2 −( Hw −X ) 2 ) γw 2tanα

(Y

2

− 2Y H u ) γ w 2

( H u − H w )( H ' − K h ) γ w tan α

y k ≤ y t < GW SE

VI

− 2Y H u ) γ w 2

VI
VI
VI

− 2Y H u ) γ w 2

( 2( H u − X )( H ' − K h ) − ( H ' − K h ) 2 ) γw 2tan α

y f ≤ W SE ≤ y s < y t < GW SE ≤ y k

H u2 γ w 2

( 2( H u − X )( H ' − K h ) − ( H ' − K h ) 2 ) γw 2tan α

y s <W SE ≤ y t < GW SE ≤ y k

H u2 γ w 2

( 2( Hu −X )( H' −Kh ) −( H' − Kh ) 2 −( Hw −X ) 2 ) γw 2tanα

H γw 2

( H u − H w )( H ' − K h ) γ w tan α

y t < GW SE ≤ y k

& y t <W SE ≤ y fp

F = Bu tan φ

2
u

ther both can be negative, both can be positive, or,
one can be positive and the other one can be negative. Clearly, solutions that provide values of β <0
are not physically meaningful, as is any solution
for which β > α. In the event that both solutions
for β provide positive values, but both are smaller
than the bank angle; i.e. 0 < β1 < β 2 < α , it can be
noted that the stability of riverbanks has an inverse relation with the riverbank angle; that is as
the riverbank angle decreases the riverbank becomes more stable. Similar to left or right limits,
in mathematics, we may consider that for β1 the
factor of safety tends to unity from its right hand
side (values bigger than 1), whereas for β 2 the
factor of safety tends to unity from its left hand
side (values less than 1). Hence, the smaller value
of β (i.e., β1 ) is chosen in these cases.
Otherwise, for F ≠ 0 , by taking:

(15)

it is then possible to derive:
A cos β − B sin β − D

1
cos β
1
−E
−F
= 0.0
sin β
tan β
cos β

(16)
By multiplying both sides of Equation (16) by

⎛ tan β ⎞
⎜−
⎟ , in turn this gives:
⎝ cos β ⎠
F tan 3 β + ( B + D ) tan 2 β + ( F − A ) tan β + ( D + E ) = 0.0
(17)

For F = 0 (cases 1 to 4 in Table 3), the failure
plane angle can then be determined using:
tan β =

A± Δ
2( B + E )

Δ = A 2 − 4( B + E )( D + E )

(18)

B +D ⎞
⎛
⎜ tan β = T − 3F ⎟
⎝
⎠

Hence, for Δ = 0, there is only one possible
root and the solution for β is unique. For Δ ≠ 0
there are two possible solutions for β, of which ei-

Equation (17) is reduced to:
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(19)

T 3 + pT + q = 0

a + b = 0.0

(20)

⇒ a = −1 and

in which:
p=

F −A 1⎛ B +D ⎞
− ⎜
F
3 ⎝ F ⎟⎠

K =

2

(21)

2

2

2

⎛
⎝

B +D ⎞
3F ⎟⎠

2

(23)

(24)

2.2 Tension Crack Depth
The depth of the tension crack is the only unknown parameter in the above equations and must
therefore be determined prior to calculating the
failure plane angle. Based on laboratory experiments and field observations, the tension crack
depth is a function of the specific weight of the
soil materials, the bank angle, and soil resistance
characteristics (internal friction angle and apparent cohesion, Ca):
F1 ( φ ,C a , γ s , α , K ) = 0.0

(26)

In which N = a non-dimensional stability number here. By considering the dimensions of the parameters in Equation (26), it can be seen that:
L = ( ML−2T

−2 a

) ( ML−1T

−2 b

)

(29)

To define the form of Equation (29) which indicates the relationship between tension crack depth
and the controlling parameters, and to gather highquality data for the purpose of model validation
(see Section 4), we designed a novel physical
model to conduct a series of experiments under
highly controlled conditions. Since during the
process of riverbank mass failure, the flow of water has no effective role upon this phenomenon,
the flow pattern is omitted, but to enter the effects
of hydrostatic water pressure against riverbank,
the physical model is constructed using a range
(see below) of sandy and sandy-silt materials inside a rectangular box with a length of 180 cm,
height of 100 cm and width of 60 cm. We installed two control valves at different positions to
apply different water depths against the bank constructed inside the box (Figure 2).

(25)

1 a b
γs Ca
N

(28)

3 LABORATORY SIMULATED BANK
FAILURE

The apparent cohesion includes the effective
cohesion as well as any additional strength due to
matric suction and/or plant roots. Since the number of parameters affecting the tension crack
depth is small, the Rayleigh method of dimensional analysis can be used. Hence, Equation (25)
can be written as:
K =

C
1 −1
γs Ca ⇒ N = a
N
K γs

To define a form for this relation, it is necessary to employ empirical data defined using either
laboratory or field experiments. Laboratory data
are especially attractive for this purpose since the
controlled conditions under which they are obtained are more amenable for precisely discriminating bank geometries immediately before and
after the bank failure, the time of bank failure, as
well as the precise mechanism of bank failure. In
contrast, such information is not typically accessible within the field, where data are usually gathered some time after bank failure events. It is
perhaps surprising, therefore, that physical models
of riverbank failure have not previously been
widely used in the literature and as a result there
is a substantive lack of empirical information
about the real situation of riverbanks at the time of
failure. In this research, we therefore employ data
from a novel set of laboratory experiments and
event-based field data.

(22)

from which the failure plane angle is given by:
β = tan −1 ⎜T −

b =1

F2 ( α , φ , N ) = 0.0

Hence, T can be calculated using:
q
q
⎛q ⎞ ⎛ p ⎞
⎛q ⎞ ⎛ p ⎞
+ ⎜ ⎟ +⎜ ⎟ −3 + ⎜ ⎟ +⎜ ⎟
2
2
⎝2⎠ ⎝ 2⎠
⎝2⎠ ⎝ 2⎠

a + 2b = −1

Hence:

3

⎛ B + D ⎞ ( F − A )( B + E ) D + E
q = 2⎜
+
⎟ −
F
⎝ 3F ⎠
3F 2

T =3−

and

(27)

which implies that:
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verbank angle, the value of N may be estimated
from Figure 3, from which the tension crack depth
can then be estimated. During and after each laboratory experiment, the amount of β, K, and BW
were measured carefully to be able to compare
them with those obtained using the method described above; i.e. β which obtained using Equation (24) and K which obtained using Figure 3.
Based on Figure 1, BW can be estimated when the
amounts of β and K are known.

Figure 2 A schematic plan and cross section of the physical
model used in the riverbank failure experiments. Note that
in this case, H’=H=Hf

In Figure 2 Hw, Hu are the depth of water in the
river and the depth of ground water above the
bank toe, respectively. Experiments were conducted using 4 different types of uniform sediment, with mean grain sizes of 2.5, 1.5, 0.25, and
0.05 mm, respectively. For each material a total of
5 bank failures were induced by varying γ s , φ , H,
H ' , and α, giving a total of 20 experimental bank
failures. For each material, specific weight was
measured using sand core tests, while the soil cohesion and internal friction angle values were obtained via direct shear tests. To measure the value
of the geometrical parameters of banks before and
after bank failure, graduated measuring scales
were attached to the box so that it was easy to
precisely (to within ± 1 mm) read and record these
parameters during each experiment.
To apply a hydrostatic confining force upon the
bank, and to create the ground water table, both
varying gradually over time, the opening of both
valves was adjusted to create a range of hydrographs with arbitrary shapes. In addition to the
data obtained from the laboratory experiments, we
also employed a field data set which included
measurements of tension crack depth from three
streams (Long Creek, Goodwin Creek and Hotophia Creek) in northern Mississippi, USA (Thorne
et al., 1981). These data lend confidence to the parameterization of the form of the tension crack
depth relationship (Equation 30). For each of
these groups of data, we calculated the dimensionless stability number (N), as defined in Equation
(30), and by considering the magnitudes of the internal friction and bank angle, we developed the
group of curves shown in Figure 3. In this way,
for given values of internal friction angle and ri-

Figure 3 Relationship between the dimensionless stability
number (N) and internal friction angle (φ) for a range of different riverbank angle as derived from laboratory experiments and field data

4 LIMITATIONS OF THE NEW MODEL
The new method presented here takes into account
the effects of a wide range of parameters in riverbank stability. However, some limitations remain.
The major limitation is that the model can only be
applied for homogenous riverbanks. The effects of
vegetation have not been considered and, in calculating the pore water pressure, it is assumed that
the phreatic surface is parallel to the floodplain
surface. The distribution of water pressure in the
channel adjacent to the bank is also assumed to be
hydrostatic.
5 ASSESSMENT OF MODEL
PERFORMANCE
To evaluate the model performance and to summarize the accuracy of the present equations, first,
we determined the mean relative error (MRE) of
each prediction using:
MRE =
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1 n Observed ( i ) − Pr edicted ( i )
∑
n i =1
Observed ( i )

(30)

where n = the number of tests, and Observed(i) and
Predicted(i) = the observed and predicted values of
the parameters of interest, respectively. The values of MRE for β, K, and BW so obtained are annotated on Table 4 and indicate that the new model predicts the failure plane angle very well (MRE
= 4%) though the ability to predict the values of
tension crack depth (MRE = 23%) and bank retreat (MRE = 27%) is not so good. The larger values of MRE for tension crack depth and bank retreat is, in part, related to the types of soil
materials used for laboratory experiments. The
materials of soil type 1 to 3 were non cohesion,
whereas soil type number 4 includes some cohesive materials, are necessary to create tension
cracks. So as shown in Table 4, MRE of tension
crack depth and bank retreat for soil type number
4 is only 16.10 and 13.34%, respectively, which is
considerably less than the amount of MRE for the
soil number 1 and also the average amount of all
tests. Hence, it seems that for cohesive soil materials, the present model should provide better results than non-cohesive materials.
To compare the accuracy of the new model, the
MRE for β, K, and BW as derived for a range of
different models is shown in Table 5. These data
clearly reveal that the predictions obtained from
the new equations developed herein represent an
improvement over existing methods.

Table 4- The Mean Relative Error of failure plane angle,
tension crack depth and bank retreat for 4 types of materials
used in laboratory experiments
Soil
Type
Number

Soil type description

β

K

BW

1

Cohesionless

4.54(5)

55.62(4)

25.55(5)

2

Cohesionless

4.24(3)

14.06(5)

44.37(5)

3

Cohesionless

2.78(4)

11.24(5)

20.06(5)

4

Cohesive

5.13(2)

16/10(4)

13.34(4)

Average
MRE
(%)

-

4(14)

23(18)

26.5(19)

Note: The numbers inside parenthesis indicate the number
of successful experiments for each soil type
Table 5- Comparing MRE of different methods for calculating β, K, and BW
Method

6 CONCLUSION
In this research we have introduced a new analytical method to estimate the failure plane angle. Using a combination of field and laboratory data, we
provide a set of empirical curves that are used to
estimate the tension crack depth. We found that
the new model provides a mean relative error
(MRE) of 4%, 23%, and 27% between calculated
and observed values of failure plane angle, tension
crack depth, and bank retreat, respectively. Hence,
the approach presented here, can be used to determine the geometrical parameters of the failed
blocks of riverbanks subject to planar failure.

Overall Mean Relative Error,
MRE (%)

β

K

BW

Lohnes and Handy (1966)

19

37.1

7.25

Osman and Thorne (1988)

34

37.3

6.75

Alonso and Combs (1990)

23

36.9

4.15

The new method

4

23

27
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Modeling of near-bank flow velocities during flow events as basis for
developing bank erosion equations
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ABSTRACT: Riverbank erosion is known as a complex interaction between several processes, many of
them poorly understood and probably some factors not even detected yet. Even though bank stability analyses exist that account for the main factors and couple mass wasting and fluvial erosion, field data at the
process-scale is rarely available so that calibration and validation of these models often remain incomplete. Earlier studies showed that bank retreat is mainly fluvially controlled and bank erosion equations
were developed by analyzing near-bank flow velocities. Even if calibration of these equations is valid only for a specific field site, also such bank erosion equations may deliver satisfying results without the
need of bank parameterization and process analysis. In the Upper Drava Valley several restoration measures were implemented and further measures are planned. Most of the sites exhibit similar bank properties. In Kleblach-Lind, the widening of a side-arm is monitored since its construction in 2002. Bank erosion equation parameters derived there would be of value for planning further measures. Two data sets of
bank retreat were available, one of a repeated bank edge survey during the initial widening, and one more
detailed bank geometry data set obtained by terrestrial photogrammetry. Near-bank flow velocities at a
defined distance from the bank were simulated with a 2D hydrodynamic-numerical model. The flow
event hydrographs were divided into discharge classes to allow an approximate simulation of the entire
events, and finally provide inclusion of time-variant flow velocities into the formula calibration. Inapplicability of the methodology to the study site highlights the influence sediment transport processes at the
river bed during flow events yield on bank erosion.
Keywords: Riverbank erosion, Empirical equations, Numerical modeling, Regression analysis, River restoration
ist (e.g., Kean and Smith, 2006; Nardi et al.,
2008a), monitoring studies of near-boundary
flows in the field are lacking, also given the hazardous conditions for monitoring during erosive
events.
Mass failures are triggered by gravitation when
destabilizing forces (part of the weight of the potential failure block) exceed the resisting forces
(shear strengths along the potential slip surface).
The weight of the potential failure block is subject
to changes by variations of the water content, and
may be increased by surcharge of trees (Thorne,
1990). Shear strength is reduced by positive pore
water pressures, but may also be significantly increased by negative pore water pressure (e.g., Rinaldi and Casagli, 1999) or by root networks from
riparian vegetation (Abernethy and Rutherfurd,
2001). As the bank stability depends on bank hy-

1 INTRODUCTION
Erosion of cohesive banks is widely accepted to
be an interaction between fluvial erosion at the
bank toe and mass failures in the upper part of the
bank, while the resistance to both, fluvial shear
and mass failure, is exposed to weakening and
weathering processes (e.g., Thorne, 1982; Rinaldi
and Darby, 2008).
Fluvial erosion results from detachment of single grains or aggregates of varying size by shear
stresses. The erosion rate induced by fluvial erosion depends on the sediment erodibility, which is
determined by a variety of sediment and fluid
properties (e.g., Grissinger, 1982; Arulanandan et
al., 1980). Shear stresses at the bank surface vary
strongly due to small scale topographic features.
While attempts to model near-boundary flows ex1301

without being able to assign eroded sediment volume to fluvial erosion and mass failure), empirical equations have the potential to deliver satisfying results with less effort. Ikeda et al. (1981)
related bank retreat to near-bank flow velocities to
explain meander migration (Figure 1).Pizzuto and
Meckelnburg (1989) used field data for regression
and generally confirmed a linear relationship between near-bank flow velocity and bank retreat
(Figure 2), originally proposed by Ikeda et al.
(1981).

drology, it is also subject to hydrological influences of vegetation (Simon and Collison, 2002).
Additionally, the bank stability varies with the
hydrostatic pressure the river stage exerts on the
bank surface (Simon et al., 1991).
Weakening and weathering processes such as
freeze/thaw cycles may destabilize banks and
strongly increase sediment erodibility (Lawler,
2005). Sediment properties may vary strongly in
the vertical, and, even more difficult to account
for in modeling, in the horizontal direction. Some
parameters are difficult to determine and may require detailed investigations, e.g. physical modeling studies from Nardi et al. (2008b) with coarse,
partly packed and cemented sediments.
This multitude of processes, factors and parameters involved makes it difficult to investigate
single processes in detail. Moreover, it gives to
the riverbank erosion a stochastic nature, which is
hard to reproduce accordingly in models.
1.1 Modeling attempts
Significant progress has been made in the development of general bank erosion models with increasing complexity, which capture the majority
of factors and processes identified so far (e.g.,
Darby et al., 2007; Van de Wiel and Darby, 2007;
Langendoen and Simon, 2008). For adequate application to obtain good results, these models require detailed bank parametrization and monitoring, both elaborate and expensive. Model results
have to be interpreted with care, as processes integrated in models are subject to simplification
and data for verification of single processes are
often not available. And, for specific sites, important processes may be missing in a general bank
erosion model.

Figure 2. Relationship between rate of bank retreat and
near-bank flow velocity for a meander bend of the Brandywine Creek in southeastern Pennsylvania (Pizzuto and
ASCE Task Committee on Hydraulics, Bank Mechanics,
and Modeling of River Width Adjustment, 2008).

1.2 Objectives of presented study
So far, empirical equations were derived by relating mean-flow properties (e.g., near-bank flow velocities during bankfull discharge) to bank retreat
(Odgaard and Abad, 2008); in a recent study by
Pizzuto (2009), the event scale bank profile evolution was related – amongst other variables – to the
maximum near-bank flow velocity per cross section during the event investigated. But near-bank
flow velocities and bank erosion vary strongly
with discharge during erosive events, and also the
duration of erosive flow velocities determines the
final bank retreat.
This work seeks to develop and apply a methodology of formula development which includes
the time-variant flow velocities in formula calibration. In this study, the applicability at a gravel-bed
river will be tested and the limits will be identified. In future studies, an improved methodology
would be the basis for the following aims: (a)
achieve higher correlation between developed
empirical equations and observed bank retreat, (b)
find significant differences in correlation also for
more complex, non-linear formula types, (c) decouple formula development and coefficient cali-

Figure 1. Proportionality of bank retreat to near-bank flow
velocity according to Ikeda et al. (1981) (Odgaard and Abad, 2008).

If monitoring data of bank retreat exists for a
specific site, the employment of bank erosion equations with empirically derived coefficients from
regression analyses is an alternative. Accepting
that the derived coefficients are only valid for the
originating site and that information about bank
retreat is sufficient at a larger scale (for example,
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sive gravel dredging, these measures caused a degradation of the riverbed, which led to economical
and ecological problems (Habersack and Nachtnebel, 1998).

bration from hydrograph characteristics of the investigated field site, also to (d) make results from
different study sites more comparable, (e) identify
limits for application, (f) test if a general formula
type can be found which fits best when applied to
a larger number of study sites, which could (g) satisfyingly predict bank erosion at any study site
based on small data sets of bank retreat observations.
The background of the specific investigated case –
bank retreat in a restored river section at the Drava River – and the importance of reliable bank
erosion models for this site will be explained in
the following chapter.

2.3 Restoration measures
In order to improve flood protection, ecological
integrity and to stop channel incision, since the
1990s several restoration measures were implemented at the Drava River. Bank protection structures were removed, the riverbed was widened
and side-arms were built or reconnected. These
measures also initiated self-dynamic bank erosion,
for example in the new side-arm at Kleblach-Lind,
where the monitoring of bank retreat has been
conducted (Figure 4).
So far, the widenings of the riverbed showed
stabilizing effects on the riverbed (Habersack et
al., 2010). After the side arm had been completed
in the year 2002, a small flood with a peak discharge of 286 m³s-1 initiated a widening of the
side arm almost doubling its width (from an initial
mean width of 29 m to a mean width of 55 m).
Since then the bank retreated moderately and allowed more detailed observation of the processes
involved in bank retreat.

2 STUDY SITE
2.1 Site characterization
The study site is located at the Drava River near
Kleblach-Lind in Southern Austria in a side-arm
within a restored section (Figure 3). There, the
mean discharge of the Drava River at a gauging
station near the study site is about 74 m³s-1; the
catchment area covers approximately 2561 km².
Floods mostly occur during snowmelt in the catchment basin in spring or after thunderstorms in
summer (one-year-flood: 320 m³s-1). The riverbanks are about 3.5 m high and consist of silty
and sandy deposits.

2.4 Importance of bank erosion model
After removal of bank protection structures bank
erosion causes a widening of the riverbed, which
strongly affects bed morphology. Too strong aggradation in side arms leads to continuous disconnection from the main channel and to reduced
morphodynamics, which may partially contradict
the original intention to improve ecological integrity. In the side arm investigated repeated dredging
is conducted since 2009 to satisfy fishery interests
by reconnection at low flow conditions.
Seeking for long-term functioning of side arms,
sediment transport models with integrated bank
erosion modules would be helpful in testing of
different types of side arm construction (for example regarding inlet or thalweg of the initial side
arm) and of different types of lateral boundaries
limiting bank retreat (for example related to construction type or distance to initial channel) before
measure implementation.
In the near future further restoration measures
will be implemented in the Upper Drava valley.
Bank erosion equations calibrated at the study site
Kleblach-Lind would be of great value, as the riverbanks at the other sites exhibit similar bank
properties.

Figure 3. Location of the study site.

2.2 Historical development
Historically, the Drava River was a partially
braided channel system. After heavy floods at the
end of the 19th century and in the 1960s the Drava
River was systematically regulated for flood control and for minimizing bed degradation. In combination with catchment-wide changes like torrent
control in tributaries, land use changes and inten1303

Figure 4. Bank retreat after initiation of a new side arm within a restored section at Kleblach-Lind at the Drava River (source:
Carinthian government).

100% of a bank retreat with a value of the mean
failure block width, while from the largest to the
smallest angle no retreat was assigned. This methodology was applied because a simple calculation of eroded volume per bank length and bank
height would overestimate mass failures in cross
sections used in further analysis. Mass failures
remove large amounts of sediment, but only little
or no erosion is necessary to make an already relatively unstable bank collapse. The erosive “work”
is done by continuous fluvial erosion, which
would not be detected when bank retreat was only
measured at the bank edge. Figure 5 shows the
bank profile evolution in a cross section.

3 METHODS
3.1 Survey methods
Field work included repeated surveys of channel
geometry. In the time immediately following sidearm opening large bank retreat occurred and tachymetric survey was applied for documentation.
Later the bank retreated more moderately, which
offered the opportunity to observe bank erosion at
the single process scale and delivered data of bank
retreat close to the onset threshold of bank erosion. In that case, bank retreat would not have
been represented sufficiently by tachymetric survey, so that additionally terrestrial photogrammetry was applied at a 30 m long bank section to observe event-scale bank profile evolution.

570.5

2008-11-02
2008-07-11
2008-06-14
2008-04-26

570.0

elevation (m a.s.l.)

3.2 Determination of bank retreat
In the data set obtained from the first monitoring
series when large retreat occurred and bank geometry was measured tachymetrically, bank retreat
was defined as the distance between the bank
edges before and after flow events.
For the second data set obtained by terrestrial
photogrammetry a methodology had to be developed to represent the observed state of bank profile evolution by an equivalent value of bank retreat. This modification was required because the
actual state of bank profile evolution could not be
accounted for as only one value for bank retreat
per cross section could enter the further analysis.
Using all digital bank elevation models, the mean
width of failure blocks at the top of the bank and
the smallest and the largest (steepest) bank angle
occurring were determined. The actual state of
bank profile evolution in a cross section was then
characterized by the actual bank angle. Bank profile evolution induced by fluvial erosion from the
smallest to the largest bank angle was defined as

569.5
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Figure 5. Bank profile evolution in a cross section.

3.3 Elevation model generation
The flow events of the time period investigated
induced morphological changes due to bank erosion and sediment transport processes. Nevertheless the flow velocity distribution, which caused
the investigated bank to retreat between two surveys, had to be modeled with constant channel
geometry. In order to represent satisfyingly the
hydrodynamic conditions in the channel during
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turbulence closure and delivers depth-averaged
flow velocities.
In some cases the 2-D approach may not adequately represent the flow field, in contrast to 3-D
approaches. Given the relatively large radii of
curvature of the investigated river sections, the
application of a 2-D model was considered suitable at the study site.
As flow velocities vary strongly close to the
bank, a standardized distance had to be defined
where the modeled flow velocities were taken
from for further analysis. The depth-averaged
flow velocities in a distance of half the mean bank
height from the bank toe seemed appropriate to
represent the near-bank flow field (Figure 7).

the events, intermediate geometries were generated on the basis of the surveys before and after the
events investigated. Intermediate banks were generated at half distance between the banks surveyed. The intermediate riverbed was created using a GIS software. Figure 6 demonstrates the
generation of the elevation model in a cross section. As an example, elevation models from two
channel surveys and the generated intermediate
elevation model are displayed in Figure 8.
r
r/2

r/2
b/2
b

r … bank retreat between channel surveys
b … bed level change between channel surveys
cross section before investigated events
cross section after investigated events
cross section in generated intermediate elevation model

bank retreat at a
computation point

Figure 6. Generation of ‘intermediate’ elevation models.
bank edge at survey before event(s)

3.4 Modeling of flow velocities

bank edge at survey after event(s)
bank toe of intermediate bank used
for computation

Hydrodynamics were simulated using the twodimensional numerical flow model RSim-2D, a
part of the RSim river modeling framework (Tritthart, 2005). The applied integrated hydrodynamic-numerical model is based on the Finite Element
method, a triangular mesh and the Smagorinsky

bank edge of intermediate bank
used for computation
computation points used for analysis

Figure 7. Placing of near-bank computation points at a standardized distance to the intermediate riverbank.

Figure 8. Detail from elevation models from 6 June 2002 and 20 June 2002 and generated intermediate elevation model.

All discharge classes were modeled and resulted in different flow velocities in the computation points observed. This way the time-variant
flow velocities and the duration of every flow velocity could be included in the regression analysis.
Ten discharge classes were considered sufficient

3.5 Hydrograph discretization
The hydrograph between two surveys was discretized using uniform discharge classes. For every
discharge class its duration in the investigated
events could be determined (Figure 9).
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for representation of hydrograph and flow velocity.
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Figure 9. Hydrograph discretized into discharge classes with
assigned durations (section for illustration).

3.6 Regression analysis
Ikeda et al. (1981) presented the following equation to calculate bank retreat at meandering rivers:
v = e(u b − U )

(1)

where v (ms-1) = rate of retreat, ub (ms-1) = flow
velocity near the bank, U (ms-1) = reach-averaged
velocity and e = dimensionless erosion coefficient
representing all bank properties, mechanisms and
processes which determine bank erodibility. With
equation (1) Ikeda et al. (1981) suggest that bank
migration is proportional to the near-bank velocity
(Figure 1) and occurs when ub is greater than U.
Pizzuto and Meckelnburg (1989) decoupled the
equation from U and found that erosion already
started at values of ub lower than U.
According to the hypothesis that bank retreat is
related to the near-bank flow velocity, the bank
retreat observed at every near-bank computation
point is the cumulative result of all flow velocities
and their durations during the events. Assuming
that a critical value for near-bank velocity as an
onset threshold exists, the excess shear stress formula for calculation of fluvial bank erosion (equation (2), Partheniades, 1965) may serve as an example for a formula type:

ε = k d (τ − τ c ) a

]

(3)

where ri (m) = bank retreat in the cross section of
near-bank computation point i, k (dimensionless)
= regression parameter no. 1, uij (ms-1) = flow velocity in near-bank computation point i of discharge class j, uc (ms-1) = critical flow velocity
(regression parameter no. 2), a (dimensionless) =
regression parameter no. 3, tj (s) = duration of discharge class j.
In equation (3) three parameters are unknown.
As this equation can be set up for every cross section analyzed, the system of equations is strongly
over-determined and the parameters can be calculated using a multivariate regression. For calibration of erosion coefficients the river sections analyzed have to be characterized by equal bank
erodibility, or differences in bank properties may
at least be assumed to be negligible. For this reason only cross sections where the banks exhibited
similar properties can be subject to one regression.
At the study site banks with and without woody
vegetation had to be separated.

t7 = 7.4 h

201.3

[

j =1

t8 = 4.9 h

224.3

63.4

10

ri = k ∑ ( u ij − u c ) a t j

4 PRELIMINARY RESULTS AND
DISCUSSION
The modeled flow velocities showed a strong discharge-related variation (Figure 10) and the nearbank flow velocities mostly increased with stage.
However, at banks where highest retreat was
measured, the modeled near-bank flow velocities
mostly decreased with stage and were generally
low (Figure 11).
Data regression would deliver unrealistic parameters and result in inapplicable equations predicting highest retreat rates at lowest velocities.
One possible general reason for this fact could be
observed at a bank section during monitoring at a
bank section of 60 m length, situated between two
groins which limit further channel widening. During low flow conditions most of the discharge in
the side-arm occurred beside a gravel bar in a run
along the bank. At higher discharges, the gravel
bar was submerged and the flow velocities along
the bank were smaller due to the groins which
strongly influenced the flow field. At highest discharges the flow along the bank was even recirculating. Surveys proved that this resulted in sedimentation along the bank during the event. When
the discharge went back to mean flow condition,
most discharge occurred between bank and gravel
bar again, where it was opposed to a reduced cross
section because of the bed aggradation. The flow
velocities at this time were much higher than dur-

(2)

where ε (ms-1) = fluvial bank erosion rate, kd
(m²skg-1) = erodibility parameter, τc (Nm-2) = critical boundary shear stress, a (dimensionless) =
empirically derived exponent.
Given ten discharge classes and hence ten flow
velocities per computation point, the bank retreat r
in the cross section of the near-bank computation
point i is calculated by:
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ing the same discharge on the rising limb of the
hydrograph and resulted in bed degradation and
large bank retreat until the initial cross section
along the bank was re-established.
This change of bed geometry during the event
and its effects on the flow velocities could not be
accounted for, as all flow velocities have to be
modeled with a constant geometry to make the
presented data regression analysis possible. At the
investigated banks bank retreat appeared to be
generally strongly influenced by non-equilibrium
115.1 m³/s (in main channel)

sediment transport during the flow events, so that
the presented methodology for developing and calibrating bank erosion equations could not be applied.
These findings also have implications on general modeling of bank erosion, for instance when
shear stresses modeled using constant geometry
are taken as input data for calculation of fluvial
erosion and bank stability modeling. Equilibrium
sediment transport on the riverbed along the bank
is therefore a pre-requisite.
214.3 m³/s (in main channel)

293.7 m³/s (in main channel)
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Figure 10. Modeled flow velocity distribution in a river bend at three different discharges.
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ities in the development and calibration of empirical bank erosion equations.
The presented methodology was not applicable
to the investigated banks of the study site due to
non-equilibrium sediment transport processes during flow events. The results highlighted the importance of sediment transport processes during
flow events for bank erosion. At the study site, the
effects of the groins on the flow have been identified as the main reasons for bed level changes
during flow events. There bank erosion and sediment transport would have to be modeled simultaneously to reproduce the observed bank retreats.
If empirical bank erosion equations are developed based on modeled near-bank flow characteristics and retreat data measured before and after
events, equilibrium sediment transport on the riverbed along the bank would be a pre-requisite.
This would have to be verified by measurements
of bed levels during the event or by calibrated sediment transport models.
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Figure 11. Modeled near-bank flow velocities in computation points along a bank of a river bend with duration of
flow velocities and measured bank retreats.

5 CONCLUSIONS
A multitude of processes, mechanisms, parameters
and variables is involved in riverbank erosion.
Hence, bank erosion modeling is associated with
high effort for parametrization of bank properties,
monitoring and model calibration. Recognizing
this, methods were looked for which deliver reliable results of bank retreat with little effort. In
meander migration studies bank retreat was related to near-bank flow velocities. A methodology
was developed to include time-variant flow veloc-
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Effects of spatial variability on the estimation of erosion rates for
cohesive riverbanks
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ABSTRACT: Human activities, such as dam construction, can cause excessive erosion of a riverbank due
to alteration of the natural flow regime. This erosion can lead to degradation in water quality and aquatic
habitat as well as loss of land and damage to riparian structures. Accurate estimation of erosion rates for
cohesive riverbanks is a difficult task owing to the complex nature of cohesive soils and their interaction
with the river flow. Past work has attempted to correlate physical and chemical soil properties with erosion rates, however the wide range of soil properties has made it difficult to produce a general model for
cohesive soil erosion. The erodibility of riverbank soil on the lower Roanoke River, North Carolina USA,
was estimated in situ employing the jet erosion test (JET) apparatus. The JET applies a water jet of uniform velocity directly to the soil and measures the resulting scour depth evolution over time. The measured data are then used to determine two empirical parameters, the erodibility coefficient and critical
shear stress. Several JETs were performed on different soil layers at sites with bank materials composed
primarily of silts and clays. The physical properties of each soil layer were determined through laboratory
analysis. Using boundary shear stress calculations from a simple analytical model, erosion rates are calculated assuming a linear excess shear stress model, and the effects of the spatial variability of soil properties on calculated erosion are investigated. While previous research has shown that the JET produces consistent results under controlled environments, results here demonstrate the importance of considering
spatial variability of soil types when estimating erosion rates.
Keywords: Jet erosion test, Erodibility, Critical shear stress, River bank erosion
1 INTRODUCTION

cluding sand and gravel, are typically granular and
coarser than cohesive soils causing the properties
of individual soil particles to dominate the characteristics of the soils. On the contrary, cohesive
soils, such as silt and clay, are finer and the soil
minerals, structure, chemicals and interacting
forces are typically more important to the overall
soil characteristics than the physical properties of
soil particles.
Erodibility of non-cohesive soils is determined
by gravitational forces and soil parameters such as
particle size, shape, and unit weight of soil (Graf,
1971), whereas that of cohesive soils is much
more difficult to estimate. As summarized by
Grissinger (1982), correlations of erosion rates
with combinations of plasticity, percentage of clay
particles, soil mineralogy, cation exchange capacity (CEC), and many other physical and chemical
soil properties have been investigated, but the
wide range of soil properties and complexity of

Various types of human activities can cause excessive erosion of a riverbank due to alteration of
the natural flow regime. Some problems due to
erosion include loss of land, damage to riparian
structures, transport of pollutants, and degradation
in water quality and aquatic habitat. As listed, erosion causes not only financial losses but also environmental problems. Therefore, active controls are
beneficial in an effort to reduce erosion.
To quantify the effects of erosion, proper estimation of erosion induced by the activities and
controls of human-induced activities are required.
However, estimation of soil erodibility and flow
characteristics in a river contain great uncertainty
and variability due to the complex nature of soils
and their interactions with the river flow.
Riverbank soils can be simply classified as
non-cohesive or cohesive. Non-cohesive soils, in1309

time. A jet of water is discharged directly to the
soil and the depth of the hole produced and duration are measured. Theoretically, the maximum
scour depth at equilibrium is required to estimate
the erosion parameters. However, it may take
hours or even days to reach equilibrium. Hanson
& Cook (1997) determined the two empirical
erodibility parameters (kd and τc) by adapting analytical procedures to estimate scour depth and
critical shear stress at equilibrium proposed by
Stein et al. (1993) and Stein & Nett (1997). The
theory, principles and procedures of the test are
described in detail in Hanson & Cook (2004) and
Annandale (2006). The jet test device has been
applied in several studies due to advantages such
that it is simple, relatively inexpensive, can be
performed in the field even on steep slopes, and
the erosion parameters are easily calculated using
a spreadsheet developed by Hanson and Cook
(1997) (Clark and Wynn, 2007; Wahl et al., 2008;
Walowsky Jr. et al., 2008; Wynn and Mostaghimi,
2006).

interactions of different parameters have made it
difficult to develop a general model for cohesive
soil erosion.
This study investigates the variability of erodibility parameters of cohesive soils and their influences on erosion rate calculations for the riverbanks of the lower Roanoke River near Roanoke
Rapids, North Carolina, USA, estimated by the in
situ submerged jet erosion test.
1.1 Estimation of erosion rate
Due to the complexity of cohesive soil erosion,
empirical methods have been widely employed
and accepted for cohesive soils for several decades. The linear excess shear stress equation is often used to estimate erosion and is commonly presented with three parameters: the erodibility
coefficient (kd) and applied and critical shear
stresses (τo and τc), which imply the rate of erosion when a given hydraulic shear stress is applied
and the ease of initiating erosion, respectively
(Hanson and Cook, 2004; Wan and Fell, 2004).

ε = k d ( τo − τ c ) a

for

τo > τc
(1)

ε=0

for

τo ≤ τc

where, ε = erosion rate (m/s), kd = erodibility
coefficient (m3/N·s), τo = applied shear stress by
flow (Pa), τc = critical shear stress of soil, and a is
a constant commonly assumed to 1.
The applied shear stress (τo) is related to the
flow conditions, whereas the other two parameters, erodibility coefficient (kd) and critical shear
stress (τc), are soil characteristics that typically are
determined by experiments. Erosion is considered
to occur when the applied shear stress is greater
than the critical shear stress of the soil (τo > τc),
and the total erosion is proportional to the erosion
rate and time interval over which erosion occurs.
1.2 Jet erosion test

Figure 1. Jet erosion test device

There are several available methods to measure
soil erodibility such as flume tests, jet erosion
tests, rotating cylinder tests, soil dispersion tests,
hole or crack tests, and the erosion function apparatus (Wan and Fell, 2004). In this study, a submerged jet test device was used on riverbanks in
the field.
The submerged jet test device was proposed
by Hanson (1990a; 1990b; 1991) as an in-situ test
technique to determine the erodibility coefficient
and critical shear stress of soils (Figure 1). This
test evaluates the erodibility of cohesive soils by
measuring the depth scoured by a water jet over

A few studies confirmed the accuracy and consistency of the jet test results under controlled environment (Hanson and Cook, 1997; Hanson and
Cook, 2004; Wahl et al., 2008) while others have
reported a wide range of results in nature (Hanson
and Simon, 2001; Shugar et al., 2007; Simon and
Thomas, 2002; Thoman and Niezgoda, 2008;
Wynn and Mostaghimi, 2006). However, in practice, most studies with the jet test used it as a single experimental method to obtain the erodibility
parameters due to limitations such as the availability of other tests and field conditions. In addition,
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the results are typically limited to a small number
of tests.

100
90
80
70

The applied shear stress by flow also needs to be
determined in addition to the soil-related parameters for erosion rate calculations. Several analytical and numerical methods are available for 2D
and 3D, and straight and curved channels. The
current study employed a simple analytical equation to estimate the distribution of boundary shear
stress. While more advanced techniques exist (e.g.
Kean et al., 2009, Shiono & Knight, 1991) the
simplified technique presented here allows the
general trends to be identified even if the magnitudes are not precise.
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Percent finer (%)

1.3 Applied shear stress by flow
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0
0.001
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0.01
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1
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Figure 2. Grain size distribution curves
40
35

CH

Plasticity Index (%)

30

(2)

where, τo = average shear stress on the boundary (Pa), γ = unit weight of water (N/m3), R = hydraulic radius (m), and S = channel slope (m/m).
Equation (2) is based on the assumption of one
dimensional flow and that the boundary shear
stress is averaged over the wetted perimeter,
whereas the actual shear stress distribution on a
riverbank is not uniform due to the channel slope
and curvature.
τ0 max = 1.1 ⋅ γRS

40

10

Boundary shear stress on trapezoidal channels
A simple equation for the boundary shear stress
in trapezoidal channel is adapted to estimate maximum shear stress on the slope.
τo = γRS

50

25

CL

20
MH or OH

15
10
CL-ML

5

ML or OL

ML or OL

0
0

20

40
Liquid Limit (%)

60

80

Figure 3. Atterberg test and soil classification

As shown in Figure 3, the soils are classified as
low and high plasticity silts (ML and MH) and
low plasticity clay (CL) by the unified soil classification system (USCS). The overall results are
summarized in Table 1 with soil types.

(3)

Thus, Equation (2) is updated to Equation (3) for
the maximum boundary shear stress on the slope
(τo max) which is estimated using the figures suggested by Anderson (1970) (Chang, 2002).

Table 1. Soil properties
USCS Sand % Silt % Clay %

2 LABORATORY AND IN SITU
EXPERIMENTS

CL

2.1 Soil properties

ML

Soil properties were determined from laboratory
tests using disturbed soil samples obtained randomly from the sites, and the sampling locations
were recorded to correlate with jet tests locations.
Grain size distributions and Atterberg tests results
of the soils are shown in Figure 2 and Figure 3,
respectively.

MH

LL

PI

16.6

50.2

33.2

41.8

18.6

10.9

8.1

7.3

5.8

3.9

25.8

47.9

26.3

41.0

13.8

18.4

10.9

9.5

11.9

7.2

9.2

44.7

46.2

52.7

21.6

No. of
Sample
26
10 (3)*

7
3.3
2.9
2.8
2.4
2.4
* 10 samples for grain size distribution and 3 samples for
Atterberg tests.
**Upper rows present average value, lower rows present
standard deviation.
***LL=Liquid Limit, PI=Plasticity Index
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2.2 Jet erosion test

3 RESULTS

Although Hanson and Simon (2001) observed a
relatively linear relationship between the two parameters after performing 63 jet tests; increasing
critical shears stress corresponds to decreasing
erodibility coefficient in log-log scale, they also
observed very erodible to very resistant soils with
a wide variation spanning four orders and six orders of magnitude for kd and τc, respectively.
Similar relationships and wide variations were also observed by Shugar et al. (2007) and Thoman
and Niezgoda (2008).

3.1 Erodibility parameters for soils

3.2 Estimation of applied shear stress

Eleven in situ jet tests were performed on the riverbank at different locations in different soils: 5
from CL, 2 from ML, and 4 from MH. The test
locations were randomly selected within the soil
layers where the properties were known. The detailed procedures for the jet erosion tests are
available in Hanson & Cook (2004).

The boundary shear stress on the bank slope by
flow is estimated using a simple analytical method.
As a hydropower dam is located about 77 river
kilometers upstream from the field, it is assumed
that a constant discharge with bankfull flow,
which is 566 m3/s discharge from the dam, could
be one of critical conditions for erosion in the
field. Thus, the applied shear stress at this condition is calculated to estimate the maximum erosion on the riverbank.
In the analytical method, the maximum shear
stress is assumed to develop at 2/3 of the flow
depth and decreases to zero linearly to the top and
bottom of the bank. Bed load movement in the
river channel is not considered in this study.
As shown in Figure 5, the maximum shear
stresses are estimated as 4.1 Pa at 566 m3/s discharge condition.

The results of the jet tests are shown in Figure 4
and Table 2. A wide range of both erodibility
coefficients (kd) and critical shear stress (τc) was
observed with no clear relationship between the
two parameters. Large standard deviations of each
parameter indicate the spatial variability of the parameters within the same soil type.
Based on the same erosion criteria used by
Hanson and Simon (2001) as shown with the dotted lines in Figure 4, the soils can be classified as
moderately resistant to very erodible soils.
Table 2. Jet test results

CL
ML

Erodibility
coefficient
(kd, m3/N·s)

Critical
shear stress
(τc, Pa)

2.0×10-6

3.8

2.4×10-6

2.7

1.2×10-6

5.2

1.5×10-6

5.7

1.0×10-6

9.6

No. of
Sample
5

Channel Width (m)

2
Flow Depth (m) and shear stress (Pa)

USCS

4
1.1×10-6
6.3
*Upper rows present average value, lower rows present
standard deviation.
MH

Erodibility Coefficient (m3/N·s)

1.E-05

CL

Very
Erodible

ML
MH

0

10

20

30

40

4
Flow rate= 566 m3/s
2
0
-2

τo max ANL=4.1 Pa

-4
-6
-8

1.E-06

Figure 5. Assumed shear stress distributions by analytical
method

Erodible

3.3 Variability of erosion rate

Moderately
Resistant

As the erosion rates are determined by three different parameters (kd, τc, and τo), soils may have
higher predicted erosion rates although one or two
of the parameters are lower. This is due to the fact
that the erosion rate is determined as a product of

1.E-07
0.1

1

10

100

Critical shear stress (Pa)

Figure 4. Jet test results from the lower Roanoke River with
the classifications of Hanson & Simon (2001).
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erodibility term and shear stress term as shown in
Equation (1).

Case 3 is for the field conditions that the applied
shear stress was obtained from calculations. In the
other cases, the applied shear stress was increased
from 1 to 10, which represent flow conditions other than the bankful discharge.
In Case 3, no erosion was predicted for 6 out of
the 11 samples due to the large measured critical
shear stress. The other 5 samples (three CL, one
ML and one MH soil) were found to be eroded,
with predicted erosion rates of 0.26m/day,
0.56m/day, and 0.43 m/day, for CL, ML and MH
soils, respectively. It also shows that erosion rates
range from 2.3 times (when τo=4.1) to 58 times
(when τo=8) in the clayey soils without considering no erosion cases.

Table 3. Variations of each parameter
Soil
Type

kd max
kd min

τc max
τc min

( kd × τc )max
( kd × τc )min

CL

6.5

15.3

45

ML

7.8

12.9

1.7

MH

27.9

14

35

Table 3 shows the ratios of maximum and minimum values of each parameter for soils. The ratios indicate how the parameters vary within each
soil, and how they change after multiplication.
In Table 4, the erosion rates with all combinations of the required parameters under 566m3/s
flow condition are compared. Each column in Table 4 includes a series of data under the same applied shear stress. Each calculated erosion rate in
the same column has a different erodibility coefficient and critical shear stress but the same applied
shear stress. The results in each row are calculated
with same erodibility parameters but different applied shear stresses.

Channel Width (m)
0

ML

MH

30

40

Flow Depth (m)

initial bank geometry

2

τ c =1.175 Pa, kd =0.443 cm3/Ns
τ c =1.068 Pa, kd =0.996 cm3/Ns

0
-2
-4
-6

Erosion rate ( ε , m/day)

CL

20

4

Table 4. Erosion rates with different applied shear stresses
Soil
Type

10

-8

Case No

1

2

3

4

5

Figure 6 Eroded bank geometry after 10 days

τo

1

2

4.1

8

10

Figure 6 shows an example of the erosion predicted from two different jet test results for the
same soil when the applied shear stress was assumed as 4.1 Pa and the flow continued for 10
days. With different values of the erodibility parameters, the total erosion ranges from zero to
2.57m for 10 days.

kd=0.40
τc=6.90

0.000 0.000 0.000 0.038 0.107

kd=0.44
τc =1.18

0.000 0.032 0.112 0.261 0.338

kd=6.13
τc =3.82

0.000 0.000 0.147 2.211 3.270

kd=1.00
τc =1.07

0.000 0.080 0.261 0.597 0.769

4 CONCLUSION AND DISCUSSION

kd=2.03
τc =6.02

0.000 0.000 0.000 0.350 0.701

kd=0.17
τc =9.26

0.000 0.000 0.000 0.000 0.011

kd=2.23
τc =1.19

0.000 0.156 0.560 1.311 1.695

kd=0.17
τc =12.13

0.000 0.000 0.000 0.000 0.000

kd=0.24
τc =14.81

0.000 0.000 0.000 0.000 0.000

kd=1.39
τc =0.53

0.056 0.176 0.427 0.894 1.134

kd=2.39
τc =10.79

0.000 0.000 0.000 0.000 0.000

Erosion rates are calculated using a linear excess
shear stress equation with erodibility parameters
(kd and τc) determined by jet erosion tests, and the
applied shear stress obtained from analytical method.
The values of the erodibility parameters obtained from the jet erosion tests varied considerably exhibiting wide ranges for the same soil. The
standard deviations of the erodibility parameters
in the same soil were larger than the averages,
and, thus, larger differences in the calculated erosion rate were observed. Due to the fact that the
erosion rate is determined by the product of erodibility coefficient and shear stress differences, the
calculated erosion rates are not proportional to the
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parameters. The lowest erosion rate was determined to be zero for all three soil types, and the
largest erosion rates were 0.27, 0.56, and 0.43
m/day for CL, ML and MH soils, respectively.
Assuming that the jet erosion tests were performed at a place representing that soil layer and
the other variables are obtained from reliable
sources, the erosion rate of clayey soils would be
one of the values in the Case 3-CL, which are, zero, 0.112, 0.147, and 0.261 m/day. For overall period that the dam discharge is over 566 m3/sec, the
predicted annual erosions from the 4 different erosion rates will be significantly different.
The estimated erosions in practical cases may
involve similar or worse uncertainty in the results
due to the fact that the typical number of tests performed in the field for practical cases is also similar or even smaller (Wahl, 2008; Walowsky Jr. et
al., 2008).
Thus, the variability of the tests results should
be reviewed before making erosion estimation using additional information such as statistical analysis with more test results, other references for the
erodibility of the similar type of soils, or other
empirical correlations using the other frequently
available soil properties.
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Modeling composite river bank erosion in an alluvial river bend
Tapas Karmaker & Subashisa Dutta

Department of Civil Engineering, Indian Institute of Technology Guwahati, India

ABSTRACT: Composite river bank formation is quite common in large alluvial rivers and very high
bank erosion rate is commonly reported in this type of formation. As of bank composition, cohesive layers of clay or silt formation are sandwiched by sand layers. Bank erosion processes involved are basal
erosion at the toe of the bank, cantilever failure of the overhanging soil layers and deposition of the bank
failure material. Factor safety of the cantilever failure also depends upon degree of saturation of the bank
soil. Integrating all these bank erosion processes with hydrodynamic and morphological processes in a
river bend, an analytical river model is proposed here. To demonstrate the model performance, a river
bend with active bank erosion rate in the middle reach of Brahmaputra river in India has been considered.
The soil erosion parameters such as critical shear stress and erodibility coefficients of cohesive layers
were measured by submerged-jet test apparatus and seasonal bank erosion rate at a few locations of the
bend were measured by repeated field survey using Differential Global Positioning System. The predicted
seasonal bank erosion rate by the analytical model is compared with the field measured one. The results
show the present analytical model works well for predicting the seasonal extent of bank erosion for the
composite bank in a river bend. The model can be used to obtain morphological dynamics of a sand-bed
river bend, accounting for variation in the bank material composition.
Keywords: Composite riverbank, Bank erosion, Cantilever failure, Critical shear stress
1 INTRODUCTION

of these processes is responsible for the river bank
erosion. The bank erosion for a homogeneous river bank is mainly dominated by a single process.
Moreover, the nature of the erosion for a cohesive
river bank is completely different from cohesionless (sand-bed) river bank. In a cohesive river
bank, the erosion takes place as crumbs of soil rather than individual particles, as they are bound
tightly by the electromechanical cohesive forces
(Lawler et al., 1997). On the other hand the erosion in cohesionless river bank is due to loss of
individual particles. The river bank erosion in case
of composite river bank is even more complex.
Banks of the alluvial river reaches are mostly
composed of stratified soil layers, grain sizes of
which vary from fine to coarse one. Normally, the
alluvial river bed and the lower layers of composite banks are composed of cohesionless materials
and the top layer of the bank is composed of stiff
clay soil with vegetation cover.
Several studies have been carried out by the researchers to quantify and model the bank erosion

High rate of bank erosion in the alluvial rivers has
been of great concern, causing serious problems to
the habitats, river and environmental engineers
and others through loss of fertile land, danger to
floodplain structures, increased downstream sedimentation, loss of valuables and lives (Muramoto et al., 1992; Mosselman et al., 1995; and Tingsanchali et al., 1997). Better understanding of the
bank erosion mechanisms is essential for designing a cost-effective bank protection system(s). Being associated with so many controlling variables
with uncertainty in the measurement, hydrodynamic and morphodynamic processes involved in
the bank erosion are always difficult to be completely understood/modeled in a large river (Karmaker & Dutta, 2009a).
River bank erosion occurs mainly due to three
processes: fluvial entrainment, sub-aerial erosion
and mass failure due to poor strength of the bank
materials (Lawler, 1995). One or the combination
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ble till date for estimate the composite bank erosion rate. In the present study an analytical river
model has been developed for the composite river
bank considering the entrainment and deposition
of the sediment particle from the bank surface,
basal erosion due to excess shear stress, cantilever
mass failure and near bank net sediment transport
rate. The main objective was to couple the analytical bank erosion and bed degradation model
(Chen & Duan, 2006) with erosion of the deposited sediment near bank in a river bend (Duan,
2005).

in a river. Field investigation of the composite
bank erosion was carried out in the last two decades only. Hagerty (1991) carried out a study to
show that the river bank erosion is not consistent
with peak flood discharge; rather it may occur
long after the peak flow especially for a composite
riverbank. Due to the presence of the pervious
clay layers, water seeps to the river from the bank
and causes erosion. Theoretical study of the mechanical processes of channels with erodible
banks was investigated initially by Ikeda et al.
(1981) and Parker et al. (1982). Later the model of
Ikeda et al. (1981) was improved by Blondeaux &
Seminara (1985), who explained theoretically the
resonance phenomenon between a bar and bend in
a channel with erodible banks. All these theories
assumed simple bank erosion model which considers the rate of bank line shifting is proportional
to the excess near-bank flow velocity over the
mean value. This concept cannot be applied to the
channel with complex planform. Kovacs & Parker
(1994), Nagata et al. (1996), and Duan et al.
(1997) developed numerical schemes to simulate
temporal changes in channel planforms due to
bank erosion. All these models have been evaluated with the limited cases of laboratory flume
studies with narrow, straight channel with noncohesive banks. Darby & Thorne (1996) and Darby et al. (1996) developed the bank erosion model
in which the rotational slip and planar bank failures were considered. Those two studies verified
the model prediction with natural bank erosion
rate.
Recent research on bank erosion model emphasizes on the fluvial erosion and finite element
based seepage analysis due to the variation of pore
water pressure (Rinaldi et al., 2004; Darby et al.,
2007; Rinaldi et al., 2008). Those predictions
were well validated with data from the natural river with composite bank. All the cases, the planar
failure and/or cantilever failure were considered
for bank stability analysis.
Duan (2005) developed an analytical approach
to calculate the rate of bank erosion for cohesive
soil. He related the bank erosion with the frequency of flooding and thus treated the erosion phenomenon as probabilistic approach. Chen & Duan
(2006) solved the two dimensional depth averaged
flow equations for a sine generated channel with
bank erosion processes. They considered the rate
of bank erosion as a net result of near bank sediment deposition and transport.
In spite of several advancements in the bank
erosion modeling and monitoring, limited studies
so far have been carried out for composite riverbank; especially for the alluvial riverbank which
is mostly composed of sand, silt and clay in layers. There is no mathematical river model availa-

2 ANALYTICAL MODEL
2.1 Fluvial erosion model
The fluvial erosion rate can be quantified using
the excess shear stress theory proposed by Partheiades (1965) and Arulanandan et al. (1980):

ε = kd (τ b − τ c )

a

(1)

where ε = fluvial erosion rate per unit time, kd =
erodibility coefficient of the bank soil, τ b = boundary shear stress for the cohesive soil, τ c = critical
shear stress and a = empirical exponent generally
considered as 1.0. Total fluvial erosion (E) for
time Δt can be computed as:
E = ω ' = ε × Δt

(2)

Erodibility parameters are highly variable and
difficult to estimate (Rinaldi et al., 2008). In situ
submerged jet testing devices was used to estimate the erodibility parameters for the cohesive
soils (Hanson & Simon, 2001). The bed shear
stress can be estimated by using, τ = γ RS , where,
γ the unit weight of water, R the hydraulic radius,
S the energy slope. Bank shear stress was estimated by using, τ b = 0.76γ RS , as suggested by
Leutheusser (1963).
2.2 Entrainment of the bank material deposited
at toe
The net average rate of bank erosion due to entrainment and deposition of the sediment particle
can be given through the following analytical relation (Duan, 2005):

⎛ τ ⎞
ξ = E1 ⎜1 − bc ⎟
⎝ τ b0 ⎠

3/ 2

τ b0

(3)

where ξ = depth averaged erosion rate of the deposited material at toe, τ bc = critical shear stress of
the deposited material, τ b 0 = shear stress at the toe
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where H = overhang height of the bank, m =
length of the upper crack, l = length of the lower
desiccation crack, b1 = width of the overhang
bank.

of the bank slope, E1 coefficient can be defined
as:
E1 = sin β

⎛
⎞
C
⎜1 − cos β ⎟
⎝ C*
⎠

CL'
3ρ s

(4)

where β = average bank slope, CL' = coefficient
of lift force using friction velocity, C = depth averaged suspended sediment concentration, C* =
equilibrium suspended sediment concentration,
ρ s = density of sediment particle.
2.3 Stability and cantilever failure
Cantilever stability of the bank can be assessed by
the combined effect of self weight, shear strength,
tensile strength and the compressive strength of
the bank materials. Three modes of failures can
occur: (1) shear failure, (2) beam failure and (3)
tensile failure. The factors of safety against these
failures can be computed from the equations by
Thorne & Tovey (1981):
Fss = A ×

(β − χ ) × β
β

β2

Fsb = A ×
Fst = A ×

2r

(1 + r ) B '
B
(1 − β )

Figure 1. Sediment mass balance in the near bank control
volume.

2.4 Bed degradation model
Bank advancement is caused by the deposition of
the sediment at the bank. The bank retreat as it is
eroded and transported away by the flow. Predicting bank advance or retreat is based on the mass
conservation of the sediment in a control volume
near the bank, including sediment from bank erosion and bank failure, sediment stored near the
bed and sediment flux transported in and out from
the control volume (Chen & Duan, 2006). The sediment continuity equation can be written as follows:

(5)

(6)

(7)

∂qs ⎞
h.ds
⎛
ds ⎟ b − qs b + qn ds = −ω '
(1 − P ) ρ s
⎜ qs +
∂s ⎠
2
⎝

where Fss = factor of safety against shear failure, Fsb = factor of safety against beam failure, Fst = factor of safety against tensile failure, r =
ratio of the tensile strength to the compressive
strength of soil. Other parameters can be written
as:
A=

σt
γ b1

(8)

B=

b1
H

(9)

⎛ β ⎞
B' = B ⎜
⎟
⎝β −χ ⎠
⎛ H −l ⎞

β =⎜
⎟
⎝ H ⎠
⎛m⎞
χ =⎜ ⎟
⎝H⎠

−ωb

b.ds
dh
ds(1 − P ') ρ sand
(1 − P) ρ s − ξ
2
cos θ

(13)

where ω ' = lateral bank erosion rate at the toe per
unit time in transverse direction, ωb = bed degradation rate at the bank toe, ρ sand = density of the
sand from river bank, qs and qn = sediment transport rate component in longitudinal and transverse
directions, P = porosity of cohesive soil, P' = porosity of the sandy deposits from the bank, θ =
angle of repose of deposited soil mass at the bank
toe, b = half width of the channel. Rearranging the
above equation, we can write:

2

(10)

ωb = −ξ
(11)
−

(12)
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2 dh
h (1 − P ) ρ s
−ω '
b cos θ
b (1 − P ') ρ sand

2
⎛ ∂qs
⎞
b + qn ⎟
⎜
b (1 − P ') ρ sand ⎝ ∂s
⎠

(14)

2.5 Empirical sediment transport

⎛
⎞
τ
h
qn = ⎜⎜ 7.0 + 5.382 c tanψ ⎟⎟ qs
τ
r1
⎝
⎠

In Eq. (14), the stream wise sediment transport
rate can be computed using Leiwei bed-load equation (Chien et al., 1989). The equation is valid for
a wide range of sediment particle grain size (D50 =
0.25-23mm) and the flow conditions (H/D = 5500). After simplifying the final form of the equation can be given (Chen & Duan, 2006):
qs = kqU 4

A brief procedure of the steps involved in the
present model is shown in a flow chart (Figure 2).
Brief descriptions of critical parameters used in
this model are presented in Table 1.
Input channel geom etry
and bank properties

(15)

where U = reach average velocity and kq can be
given by:
kq =

1.25
2 D50
g 1.5 H 1.75

where g = gravitational acceleration, H = reach
average flow depth.
The first order derivative of qs in the longitudinal direction can be expressed as:

Com pute erosion of
deposited m aterial at
bank toe

∂qs
∂U
= kq 4U 3
∂s
∂s

Com pute bed
erosion

(17)

The conceptual diagram for the mass balance
in the control volume is depicted in Figure 1. The
transverse bed load transport rate can be given as
the ratio as derived by Ikeda (1989) by analyzing
the force balance of the moving spherical particle
on a plane inclined to both the longitudinal and
transverse direction:
Cs =

qn
= tan ϕ +
qs

CL
μ
τc
CD

λμ

τ

tanψ

τn
h
= 7.0
r1
τs

Com pute fluvial
bank erosion
Com pute cantilever
stability analysis

Adjust channel
geom etry
Figure 2. Process-based flow chart for bank erosion.

A

(18)

where ϕ = angle where the bed shear stress deviates from the longitudinal direction, tanψ =
transverse bed slope, μ = coefficient of the kinetic friction between the particle and can be considered as 0.43 (Kikkawa et al., 1976; Ikeda, 1989),
λ = ratio of the kinetic friction coefficient to the
static friction coefficient equals to 0.59 (Ikeda,
1989), τ c and τ = critical and actual bed shear
stresses respectively, CD and CL = drag and lift
coefficients, can be considered as CL/CD = 0.85
for spherical particle (Kikkawa et al., 1976). Engelund (1974) expressed the direction of bed shear
stress with the deviation angle can be given as:
tan ϕ =

Input stage
hydrograph

Velocity and discharge
com putation

(16)

1+

(20)

B

C

(19)

where τ n and τ s are the bed shear stress in the
transverse and longitudinal direction, h the flow
depth, r1 the local radius of curvature. After substituting the final form of the equation (18) can be
rewritten as:

Figure 3. Schematic diagram of various stages of the bank
erosion in a composite river bank. (a) Initial bank profile (b)
progression of basal erosion (c) failure of the cantilever
mass and its deposition near river bed with angle of repose
along with bed degradation.
1318

Table
1. Details of critical parameters used in the mathematical model with brief description.
_____________________________________________________________________________________________________
Variable
Computational procedure
Value used
_____________________________________________________________________________________________________
Erodibility coefficient, ( kd )
Through field experiments, e.g., submerged jet test
Site specific
Through field experiments
Site specific
Critical shear stress ( τ c )
Computed from average energy slope
variable
Boundary shear stress ( τ b )
and depth of flow
'
Reported value
0.178 for uniform sediment
Coefficient of lift force ( CL )
Depth averaged actual suspended
Measured in situ
450 mg/l
sediment concentration (C)
Equilibrium suspended sediment
Estimated from empirical equation,
600 mg/l
e.g., Yang’s approach
concentration ( C* )
Ratio of the tensile strength to the
Computed through laboratory experiments
Reported value 0.10
compressive strength of soil (r)
Determined through the laboratory experiments of
5000 Pa
Tensile strength ( σ t )
undisturbed samples
Sediment transport rate component
Determined from empirical equation, which
Valid for D50 = 0.25-23 and
depends on reach average velocity (U)
Flow depth/D50 = 5-500
in longitudinal direction ( qs )
-Sediment transport rate component
Fractional part of qs estimated through
empirical equation
in transverse direction ( qn )
Erosion rate of deposited sediment
Computed based on near bank sediment transport
-rate, critical and developed shear stress angle of
near toe, ( ξ )
repose and coefficient of lift
Coefficient of the kinetic friction
Based on particle shape
0.43
between the particles ( μ )
Ratio of the kinetic friction coefficient
Reported value
0.59
λ
)
to
the
static
friction
coefficient
(
_____________________________________________________________________________________________________

3 STUDY AREA
The study site is located along the Brahmaputra
river (at Jamuguri, North Lakhimpur), North-East
India. The site ( 26050 '08" N , 930 46 '08" E ) is
about 70 km upstream of Tezpur town. Figure 4
shows the geographic location of the site. The river flows from east to west at this location. Morphological studies using multi-date satellite imagery (LISS-III) show that after 2004 extreme
flood, a large river bend has been formed at the
location. Till date the river bank is under severe
threat of erosion. It also has been found from the
satellite imagery study that a bank area of 2.4 km2
was eroded out during the flood season of 2004.
The radius of the centerline of the bend is about
2460 m and the channel widths at the upstream
and downstream are 630 m and 1126m, respectively (Karmaker & Dutta, 2009a).
Detailed hydrographic and river bank survey
was conducted twice: during the moderate flow
condition and during high flood condition (water
level nearly 1m higher than the bank full discharge) for the years 2007 and 2008. The survey
includes the data collection like bathymetry using
GPS aided Echo-sounder, velocity profile through
ADCP, river bed and bank soil samples, depth averaged water samples for suspended sediment
concentration. The measuring devices were
mounted on an engine propelled vessel. The accuracy of the GPS instrument was +/-1.5 meters.

A

B

Figure 4. Study reach. (a) Index map. (b) Satellite imagery
of the site in 2007 (Pt-1, Pt-2, Pt-3 and Pt-4 are the monitoring points for measuring bank erosion rate).
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The eroding bank has an average height of 5 to
6 m. Although the thickness of different layers are
variable, but the average composition can be described as (from top to the bottom): (1) a stiff cohesive layer with grass (thickness of 100-150 cm),
(2) a layer of densely packed silt (thickness of 2530 cm), (3) a layer of silty clay (thickness of 4050 cm), (4) a layer of fine sand (40-50 cm), (5) a
layer of sandy silt (thickness of about 300 cm), (6)
below that a layer of silty clay at the bank toe.

firmed from the local people during the field survey. However, the lag time could not be compared
due to the absence of the temporal in-situ bank
erosion data.

3

79
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1

Fss

0
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In the present study, the hydrographic data of year
2008 is used. The stage hydrograph in this type of
a large river basin consist of multiple flood waves
(Karmaker & Dutta, 2009b). Similar nature of
flood hydrograph with flood waves can be found
in Figure 5. The reach averaged observed velocity
was considered to calibrate the model through the
Manning’s roughness factor.
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The analysis of the cantilever failure for the monitoring point-4 will be discussed. The estimated
factors of safety for three types of cantilever failure, as given in Figure 5, indicate that among the
four cases of mass failure, beam type of failure
occurred three times and one case is for shear
failure. Although it was reported by Thorney &
Tovey (1981), that the shear failure is the most
common type of cantilever bank failure. No case
of tensile bank failure was found from this simulation. Moreover, the simulated factors of safety fall
within the comparable limit for beam and shear
type of failure cases.
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4 RESULTS AND DISCUSSION
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Figure 5. Temporal variation of factors of safety in cantilever bank failure. (a) For shear failure, (b) for beam failure
and (c) tensile failure

4.2 Bank erosion
The cumulative bank erosions at the four different
monitoring points are compared with the observed
bank erosion rate. Figure 6 shows the simulated
seasonal cumulative bank erosion. The sudden increase in the erosion indicates the cantilever mass
failure. Results indicate the variability of the time
of failure of the bank in spite of the monitoring
points not so far apart. Fluvial erosion is the key
factor prior to the cantilever failure in this model.
So the higher critical shear stress, lower the fluvial erosion and longer cantilever stability. Among
the four monitoring points, the critical shear stress
at Point-2 is quite high and about 10 N/m2. During
the entire period no seasonal bank erosion was
found at that point. It was also observed that the
cantilever failure lagged well behind the flood
peaks. Similar nature of bank failure was con-

Figure 6. Predicted cumulative bank erosion for four monitoring points
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Total seasonal bank erosion at the four monitoring points are shown in Table 2. The model
predicts little higher for the observation points 1
and 4, but slightly under predicts for point 3.
Apart from the various types of erosion considered in the present model, there may be seepage
erosion, which is quite common for composite
bank (Wilson et al., 2007; Fox et al., 2007). The
under predicted result may be justified as the
presence of seepage erosion, which was observed
during the field survey. There was no erosion at
the monitoring Point-2. Interestingly, similar result is predicted by the model.

rivers. II: Model evaluation. J. Hydr. Engrg., ASCE,
122(4), 194-202.
Darby, S. E., Rinaldi, M., Dapporto, S. 2007. Coupled simulation of fluvial erosion and mass wasting for cohesive
river banks. J. Geophys. Res., 112, F03022; DOI:
10.2029/2006JF000722.
Duan, J. G. 2005. Analytical approach to calculate rate of
bank erosion. J. Hydrau. Eng., 131(11), 980-990; DOI:
10.1061/(ASCE)0733-9429(2005)131:11(980)
Duan, G., Jia, Y., Wang, S. 1997. Meander process simulation with a two dimensional numerical model. Proc.,
Conf. on Mgmt. of Landscapes Distributed by Channel
Incision, University of Mississippi, Miss., 389-394.
Engelund, F. 1974. Flow and bed topography in channel
bends. J. Hydr. Div., ASCE, 100(HY11), 1631-1648.
Fox, G. A., Wilson, G. V., Simon, A., Langendoen, E.,
Akay, O, Fuchs, J. W. 2007. Measuring streambank erosion due to ground water seepage: correlation to bank
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ASCE, 109(9), 1327-1342.
Kovacs, A., Parker, G. 1994. A new vectorial bedload formulation and its application to the time evolution of
straight river channels. J. Fluid Mech., Cambridge, U.
K., 267, 153-183.
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of Hydrological Science, 175-184.
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Table 2. Comparison of the observed and computed bank
erosion
in four monitoring points.
________________________________________________
Location
Observed erosion (m) Computed erosion (m)
________________________________________________
Pt-1
4.8
5.63
Pt-2
0
0
Pt-3
2.85
1.28
Pt-4
3.72
4.54
________________________________________________

5 CONCLUSION
This paper presents a bank erosion model in a river bend addressing the basal erosion due to hydraulic force, all possible types of cantilever failure of the overhang soil mass, the erosion of the
deposited bank material at the toe of the bank after cantilever failure and the bed degradation. It
also computes the near bank sediment concentration by considering sediment transport and mass
failures. The study shows that the fluvial erosion
of the cohesive layers found to be the critical
processes in the selected river reach. Nevertheless,
seepage erosion is also an important part of the
bank erosion in the composite banks, which needs
to be included in the present model in near future.
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Modelling of undercutting and failure of non-cohesive riverbanks
M. H. Nasermoaddeli & E. Pasche

Institute of River and Coastal Engineering, Technical University of Hamburg, Germany

ABSTRACT: Modelling of riverbank erosion has been a major interest among the researchers in the last
few decades, but still little progress has been attained in bank evolution modelling in non-cohesive soils.
This is mainly due to the incomplete understanding of the dominant processes and too simplified theoretical concepts used to describe the processes. The recent investigations of the authors on bank erosion
process showed that undercutting of the riverbank, avalanche of the submerged zone of the bank, as well
as failure of the overhang are the dominant processes in non-cohesive (sandy) riverbank erosion. A novel
approach has been developed to model these processes by introducing a conjugated domain concept, in
which hydrodynamic, sediment transport and bed evolution equations are descritized on finite element
computational domain, while bank evolution is computed and simulated on a morphological domain. The
bank evolution model includes avalanche and cantilever failure (tensile and shear types) processes. Pore
pressure distribution in the riverbank has been approximated using an analytical function. The new developed numerical model was verified by field measurements. The simulation results showed that the proposed model has enhanced the simulation accuracy up to six fold in comparison to the earlier methods.
Keywords: River bank erosion, Modeling, undercutting, Cantilever failure, Non-cohesive
1 INTRODUCTION

Apart from different numerical and mathematical approaches applied in the mentioned works,
what distinguishes them substantially, is the number of physical processes considered in their approaches. However, the reliability of numerical
models do not exclusively lie on the number of
processes being modelled, but (as well as) on the
fact that to what extent the applied mathematical
approaches are capable to describe the physical
process being modelled. The latter depends on
how well these processes have been understood.
Hence, a plenty of researches have been devoted
to improve the knowledge on bank erosion process and mechanisms in the last two decades, especially recently, which are summarized in the following.

In the process of lateral migration of the river
channel, bank erosion plays the most important
role. Study of the riverbank erosion is a key issue
in meander restoration programs, which are often
essential for rehabilitation of aquatic life. Land
loss due to the riverbank retreat have a strong impact on floodplain dwellers, agricultural lands on
the margins of the rivers, bridge crossings, bank
protection works and other hydraulic constructions. Neglecting this process during flood events
may result in underestimation in risk analysis of
flood prone areas.
Therefore, it is not surprising that several research works have been achieved, especially in
last two decades, to model bank erosion process
(for example Mosselmann,1992; Kovacs and
Parker, 1994; Shimizu et al., 1996; Nagata et al.,
2000; Schmautz,2003; Chen and Duan,2006;
Darby et al.,2007; Rinaldi, et al,2008). A review
of several other research works can be found in
ASCE Task Committee (1998a, 1998b).

1.1 Riverbank erosion process
It is well-known that riverbank retreat occurs both
by continuous fluvial erosion as well as abrupt
bank failure (Thorne,1982; Lawler et al.
1997;ASCE Task Committee, 1998;etc.). Riverbank-toe erosion causes to increase the bank
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the flow is not bank full in such rivers, the failure
surface comprises primarily and mainly the submerged part of the bank. This is in sharp contrast
to the failure mechanism in cohesive soils, in
which the failure block extends via tension cracks
up to the top of the bank (Osman and Thorne,
1988; Darby et al,2000).
Bank-toe is eroded due to the fluvial erosion
resulting in local steepening of the riverbank in
the submerged area (Fig.1-A). It can be postulated
that as soon as the submerged riverbank local
slope reaches beyond its consolidated angle of repose (φc), the bank material of the over-steepened
area (up to the water surface) slides in a shallow
layer (in a cascade form) into the scoured banktoe leaving a hanging zone over the water surface
and an undercutting zone under the water surface
(Fig. 1-B). This process introduces a complex
bank geometry comprising vertical as well as negative slope in the undercutting and overhang
zones.
Matric suction (negative pore water pressure)
together with consolidation in the unsaturated
zone of the bank act as an (apparent) cohesion
force to stick the fine sand particles together
enabling the formation of the overhang. The overhang can be further stabilized due to cementation
and the small vegetation roots.
The failed bank material deposits at bank-toe in
form of a slump or with saturated angle of repose(φs) as shown in Fig. (1-B), or transported as
bed and wash load depending on the local flow
and sediment transport capacity and sediment
size.
Therefore, three different zones can be distinguished on the incised riverbank according to
their slopes (Fig. 1-b), which are induced due to
different geotechnical and fluvial processes. This
distinguishes mainly from earlier works, in which
generally one angel of repose has been considered
as the stability criterion of the whole bank slope in
non-cohesive soils and a parallel bank retreat has
been assumed (Hasegawa,1981; Nagata et
al,2000; Jang und Shimizu,2005; Duan et al,
2001; Hafner,2008). Furthermore, in earlier
works, formation and stability analysis of the
overhang in non-cohesive riverbank has not been
considered.
In the following, a mathematical model to simulate bank erosion process in non-cohesive
sandy soils is presented. Undercutting due to
bank-toe erosion, cantilever failure (shear and tensile types) and the effect of vegetation (Cancienne
et al,2008) are considered in this model. Since
non-cohesive bank failure in saturated portion is
not deep-seated in the bank, as in cohesive soils,
the effect of the sharp gradient of phreatic line in
the vicinity of the bank surface (or failure plane)

height and the slope of the bank to the extent that
eventually riverbank mass failure occurs (Carson
and Kirkby, 1972;Thorne, 1982;Simon et al.
2000).
Abrupt bank failure in cohesive soils is in form
of rotational (circular) or planar failure surfaces
(Thorne,1982). While in non-cohesive soils, bank
failure is mainly due to dislodgement and avalanche of the individual particles in submerged
area of the bank with higher slope than the angle
of repose, or due to shear failure along shallow,
very slightly curved slip surfaces (ASCE Task
Committee,1998). Consolidation and cementation
increases the stability of natural non-cohesive
slopes beyond its critical angle of repose, specially in fine sandy soils.
Eroding of underlying non-cohesive layers
creates overhang in cohesive soils which may
eventually fail in either of three modes: shear,
beam and tensile failure (Thorne and Tovey,1981). Shear and beam failure result in a similar vertical bank profile after failure. Beam failure
is a result of tension cracks in the overhang. Tensile failure occurs when only the lower part of an
overhang block fails along an almost horizontal
failure surface.
In the last decade an appreciable advancement
has been attained in understanding the mechanism
and processes involved in bank failure. Positive
pore water pressure in the riverbank acts to reduce
bank stability, particularly in rapid draw down
stage in channels following a high flow (ASCE
Task Committee,1998, Simon et al. 2000, etc.).
The negative pore water pressure above the water
surface acts as an apparent cohesion and resists
against failure, which increases the overall stability of the bank in cohesive soils (Casagli, et
al.,1997, 1999; Curini, 1998; Simon et al., 2003,
Rinaldi, et al.,2004) as well as local stability of
the unsaturated zone in non-cohesive (sandy) soils
(Nasermoaddeli and Pasche 2008).Confining pressure of the water stage in the river increases the
stability of the cohesive riverbank (Darby and
Thorne,1996; Casagli, et al. 1999), which may not
hold for the non-cohesive soils (Nasermoaddeli
and Pasche 2008).
Seepage out of the riverbank removes finer sediments and results in local failure of the bank referred to sapping (Ullrich et al., 1986;Hagerty,
1991; Fox et al.,2007;Wilson et al.,2007 and Cancienne et al.,2008), which results in formation of
cavities or undercutting zones in the riverbank.
This process is one of the important destabilizing
factors, especially in non-cohesive (sandy) soils.
Undercutting process in sandy riverbanks, due
to the bank-toe erosion and cantilever failure, has
been studied with respect to the dynamics of the
flow by Nasermoaddeli and Pasche(2008). When
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has been neglected, assuming to be in equilibrium
with water stage in the river. This issue should be
further studied by application of the seepage models.
A)

∂v
∂v
∂v
∂
1 ∂ (hτ xy )
+ u + v = − g ( z0 + h ) +
+
∂t
∂x
∂y
∂y
ρ h ∂x
1 ∂ (hτ yy ) τ w, y − τ b , y
+
ρ h ∂y
ρh

where h = water depth, t= time, ρ = water density,
g = gravity, z0= bed elevation, u and v = depthaveraged velocities in x and y directions , respectively. τ = depth-averaged Reynolds shear stresses
(indices show the tensor direction). τ w and τ b =
wind and bed shear stresses, respectively. Eq. (1)
is the 2D depth–averaged continuity equation and
Eqs. (2) and (3) are 2D depth-averaged momentum equations in x and y directions, respectively.
Coriolis Force and dispersion terms are not included in the above equations. Applying eddyviscosity concept of Boussinesq, the Reynolds
shear stresses can be described as follows (in tensor form) :

Undercutting zone
Bed before erosion
φ

c

B)
Overhang

φu
φc

⎛ ∂ui ∂u j
+
⎜ ∂x
⎝ j ∂xi

φs

τ ij = −ui′u ′j = υt ⎜

The mathematical model has been integrated into
the morphodynamic model of RMA10s-Kaylpso
and verified by field measurement. The result of
field measurements has been already presented in
Nasermoaddeli and Pasche(2008).

k=

The generally accepted practice to model morphological evolution is the integration of hydrodynamic and sediment transport with a morphological model (bed and bank evolution models). In the
following the hydrodynamic model is presented
followed by sediment transport and morphodynamic model.

)

(5)

1

2
2
⎡ ⎛ ∂u ⎞ 2
⎛ ∂v ⎞ ⎛ ∂u ∂v ⎞ ⎤ 2
υ t = ( cs Δ ) ⎢ 2 ⎜ ⎟ + 2 ⎜ ⎟ + ⎜ + ⎟ ⎥
⎝ ∂y ⎠ ⎝ ∂y ∂x ⎠ ⎦⎥
⎣⎢ ⎝ ∂x ⎠

(6)

where cs =empirical factor between 0.065 to 0.23
(Forkel,1995) and Δ= (area of the grid)1/2.

The governing equations of shallow flow in rivers
can be described by the 2D depth-averaged Navier-Stocke’s equations as follows:

(2)

(

1 2
u ′ + v′2 + w′2
2

2

2.1 Hydrodynamic model

1 ∂ (hτ xx )
∂u
∂u
∂u
∂
+u
+v
= − g ( z0 + h ) +
+
ρ h ∂x
∂t
∂x
∂y
∂x
1 ∂ (hτ xy ) τ w, x − τ b , x
+
ρ h ∂y
ρh

(4)

A turbulence model is required to model the
eddy viscosity and close the above shallow water
equations (Eq. 1-3). Among different available
turbulent models (zero equation to two equation
and Reynolds stress models, Rodi, 1993), Smagorinsky turbulent model has been applied here,
which reads as follows:

2 MATHEMATICAL APPROACH

(1)

⎞ 2
⎟⎟ − kδ ij
⎠ 3

where τij = Reynolds stress tensor in ij direction
with i,j=1,2 (1=x and 2=y directions), ui´ and uj´ =
instantaneous velocity fluctuation components
with bar over them indicating time-averaged values, υt= eddy viscosity, ui and uj = depth-averaged
velocity components, δ= Kronecker delta, and k =
turbulent kinetic energy which is defined as follows:

Figure 1. Schematic demonstration of undercutting process
in non-cohesive banks. A) prior to the bank slide. B) After
bank slide.

∂h ∂hu ∂hv
+
+
=0
∂t ∂x
∂y

(3)

2.2 Sediment transport
It is assumed that sediment transport is in equilibrium condition, implying that if the sediment
concentration is greater than sediment transport
capacity, net deposition takes place, whereas if
sediment concentration is less than transport capacity net bed erosion occurs. The total sediment
transport can be computed using depth-averaged
advection-diffusion equation as follows:
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⎛ ∂c
∂c
∂c ⎞ ∂
∂c
h ⎜ + u + v ⎟ − (Γ x h ) −
∂x
∂y ⎠ ∂x
∂x
⎝ ∂t
∂
∂c
(Γ y h ) − Sbank − S = 0
∂y
∂y

SF =

(7)

h
(ceq − c)
tc

(8)

where ceq = equilibrium total sediment concentration and tc = an adaptation time scale for deposition or re-suspension of sediment.
To compute equilibrium total sediment transport (ceq), the equilibrium bed load and suspended
load concentration has been computed separately
using the method of van Rijn (1984a,b) and
summed up together.
It is recognized by the authors that modeling suspended and bed load transport separately (either
as equilibrium or non-equilibrium formulation)
may improve the sediment transport modeling,
however, the focus of this work has been primarily on modeling bank retreat process.
2.3 Bed evolution
To model bed elevation change due to the net erosion or deposition the following equation was applied (King,2005):
ρ s (1 − λ )

∂z0 h
= (c − ceq )
∂t tc

r

eff .

+ψ tan φ b − W cos ϕ u tan φ ' )

(W sin ϕ )
u

(10)

where SF= safety factor; cr= cohesion due to
the root reinforcement; Leff. = the effective length
(area per width) of the root zone. ψ is force produced by matric suction on the unsaturated part of
the failure surface (kN/m); W =weight of the soil
block (kN); φu =most critical slope of the failure
surface of the unsaturated consolidated soil of the
overhang, which should be determined as a calibrating parameter or on-site measurements, and
φ´= friction angle. The term φb varies for all soils,
and for a given moisture content (Fredlund and
Rahardjo, 1993), having a normal range of 10-20°
( Simon et al., 2000, Casagli et al 1999). Data on
φb are particularly lacking for alluvial materials,
which should be calculated by measurements using Tensiometer or similar devices.
Pore pressure distribution in the riverbank can
be modelled using Richards equation (Dapporto et
al.,2001,2003; Rinaldi et al.,2004 and Darby et
al., 2007,Rinaldi et al., 2008). However, as already mentioned, due to assumption of equilibrium state with water stage in the river this approach was not followed. As a simplification, the
pore water pressure was approximated by a simple
quadratic function (similarly a linear function has
been applied by Langedoen and Simon, 2008). In
the submerged zone of the bank, pore pressure has
been considered to be hydrostatic.
Furthermore, it is assumed that if the overhang
is submerged due to the water rise in the river, the
submerged portion would collapse in form of tensile failure (Thorne and Tovey,1981) immediately
due to loss of matric suction (equilibrium state
with water stage in the river). This assumption
may lead to significant difference with the actual
pore pressure in submerged zone of the overhang,
depending on the duration of submergence. To the
extent of the knowledge of the authors, there is
still no study available on the pore pressure distribution in partly submerged overhang blocks. This
will be a part of the future work of the authors
team.
Two methods for distribution of eroded bank
materials have been applied. In the first method,
the whole eroded material due to the all three possible modes of erosion (avalanche, tensile and
cantilever failure) are summed to a lump mass and
distributed using a cumulative mass distribution
function over bank-toe. Alternatively, the eroded
materials resulting of each mode of erosion are
passed separately to Eq.(7) as a source term.

where c = total depth-averaged sediment concentration, Γ = t/σ turbulent diffusion coefficient (σ =
Schmit number), Sbank = rate of bank erosion , S=
net rate of sediment deposition(-) or erosion(+),
which is computed as follows:
S=

(c L

(9)

where = bed porosity, ρs = bed sediment density
and the rest of the parameters have been already
declared. In the literature, other forms of the
above equation can be found(for example, Phillips
and Sutherland ,1989).
2.4 Bank evolution
The above-mentioned new concept of three angle
of repose (bank-toe, undercutting zone and overhang zone) has been applied to model bankerosion process in the present work.
Based on the field measurements (Nasermoaddeli and Pasche,2008) the slope of failure plain in
case of cantilever failure (shear failure) may vary
from a steep positive to a negative value. However, only steep positive values are considered here.
The failure of the overhang occurs when the safety factor (Eq.10) is less than 1.
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domains turns to be identical (state 3 in Fig.2). By
further advancement of erosion new undercutting
front and overhang (outer) edge nodes are generated.
By cantilever failure of the overhang, a positive slope φu <≈ 90° is allowed here, which is determined by calibration. More studies is required
to define this angle analytically by considering
different parameters such as pore pressure distribution in the overhang, water stage in the river,
effect of the vegetation root reinforcement and
shape of the overhang block.

3 NUMERICAL APPROACH
The above-mentioned riverbank erosion model
has been integrated into the RMA10s-Kalypso
model, which is based on the well known finite
element fluvial model of RMA10s (King,2005).
At each time step, hydrodynamic and sediment
transport models are solved decoupled. After updating bed elevation based on the Eq.(9), the stability of the submerged zone of the river is examined, with the method already described. It is
then controlled for a probable tensile failure of the
submerged part of the overhang. Finally, the stability of the overhang is examined using Eq. (10).
The finite element nodes are updated after distribution of eroded materials using the either methods described above. At each time step the
above procedure is repeated.
Formation of undercutting and overhang result
in vertical and negative slopes in the bank topography, which is not allowed in numerical mesh of
2D depth-averaged models. Even in 3D hydrodynamic models, which apply layered 3D elements,
such deformations are not permissible. To solve
this problem, a morphodynamic domain conjugate
to the finite element mesh was defined, on which
the complex river bank evolution is modeled.
Hydrodynamic, sediment transport and bed
evolution models are solved on the finite element
domain. Each finite element node along the cross
sections, under bank erosion study, is linked with
a profile node in morphodynamic domain. The
nodes in both domains are allowed to be vertically
displaced, while the profile nodes at the front of
the undercutting at the lower(inner) edge of the
overhang as well as the outer edge of the overhang are allowed to be adapted laterally and vertically. The former is the case by developing undercutting (state 1 in Fig.2) and the latter by
occurrence of tensile failure (state 2 in Fig.2).
As it is observed form this figure, all of the FEnodes in submerged zones belong to the both domains, however the profile nodes in overhang
zone belong exclusively to the conjugate morphodynamic domain. After avalanche (slide) of the
submerged zone, due to over steepening of banktoe, the profile nodes as well as FE-nodes in this
zone are projected on a slope with angle of φc.
This yields in lateral displacement of the undercutting front. The rise of water stage in the river
above the lower edge of the overhang results in
tensile failure of the submerged overhang, which
is modeled by eliminating the nodes defining undercutting front and overhang outer edge. New
nodes in profile domain are generated in place of
these nodes along the new water stage.
By the failure of the overhang all of the exclusive nodes in profile domain are omitted and both

New water
stage
Displacement of
undercutting front

3

2
Outer edge of the overhang

Initial FE-& profile node
1
Displaced FE- & profile node
Initial profile node
New profile node
Profile domain
Profile domain after erosion
FE-domain

Φc

Figure 2. Conjugate numerical domains for simulation of
bank erosion with complex geometry.

As it is observed in Fig. (2) , if the undercutting front does not coincides with a FE node, a
new exclusive node is generated within morphological domain with no counterpart in FE domain.
Depending on the element size, this may introduce
a minor deviation between the flow field in FE
domain and the real flow field that would have existed in the morphodynamic domain. However,
this is close to the lateral boundary and near water
level, which should introduce minimum error in
the flow field near bank zone.
4 VERIFICATION DATA
To study riverbank erosion in non-cohesive
(sandy) soils, an intensive field measurement was
conducted along a river bend of a small shallow
river, Hardebek-Brokenlander Au in North of
Germany, by the authors (Nasermoaddeli and
Pasche,2008). The river discharges into the upper
reach of the river Stoer near Neumuenster and had
been restored to a natural form in 2002. The bed
and bank of river is composed of mainly fine sand
(d50=0.2 mm) and the bank top is covered with
vegetation during the whole year.
Bank profile was measured using 3D terrestrial
laser scanner between October 2006 and March
2008, intermittently. Bathymetry was measured
using RTK-GPS. Three cross sections along the
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under-predicted, while at the second section it has
been over-predicted. That can be correlated to
four major factors. First, the applied hydrodynamic model does not include dispersion terms to consider the effect of secondary currents in increase
of bed shear stress towards the bend apex. Nevertheless, the current available dispersion models
are based on simplified assumptions, which hold
only on the center line of a circular channel (Yalin,1992) and over-predict the shear stress at outer
bend (Hafner,2008). Second, the total sediment
transport model applied here is a simple model
that does not account for the non-equilibrium bed
load transport across river bend and the effect of
secondary currents are not either considered in
bed load transport. Third, the applied bed evolution model does not account for bed load transport
effect (Exner equation) but total load. Fourth, the
lump distribution of the failed bank materials may
lead to erroneous distribution of material at banktoe in river bend.

river bend (entrance to the bend, upstream of the
bend apex and at bend apex) were selected for
verifying the new developed morphodynamic
model. Flow and water level was monitored once
from January to April 2007 and another time during the same period in 2008. The largest flood
event occurred in January 2007(Fig. 3), which
forms the current simulation period.
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Figure 3. Discharge and water level hydrograph used for
morphodynamic simulation.

The section upstream of the bend apex
13.4

5 SIMULATION RESULTS

Measured05.01.2007

13.2

Measured30.01.2007

13
Elevation (AMSL)

During the simulation period the discharge varied
from 1.19 to 3.03 m3/s and sediment concentration
discharging to the river reach varied from 70 to
397 mg/l. The unsteady morphodynamic simulation comprised 194 time steps with a variable duration (6 minutes to 20 hours).
The result of simulation of bank retreat for the
period of January 5 to March 30,2007 using the
new developed morphodynamic model has been
presented in Fig.( 4 and 5). Since almost no bank
retreat was measured at entrance section to the
bend, the result of simulations for this section has
not been presented in these figures.
To account for cementation and consolidation,
an increased critical (saturated) angle of repose
φc=60° and unsaturated critical angle of repose of
φu =84° for overhang zone have been applied. The
lump method of distribution of waste bank material has been applied, since the other mentioned method was accompanied with instability in few time
steps. A quadratic function was applied for simulation of negative pore pressure distribution over
water table by considering equilibrium with water
stage in the river.
As it is observed from Fig. (4), the model has
been able to predict bank profile precisely at the
section upstream of the bend apex, however, the
bank retreat of bank top at bend apex has been
over-predicted (68% error). In both cases, satisfactory results could not be attained in bank-toe
zone. At the first section bed elevation has been

Initial mesh in profile domain

12.8

Simulation(unsat. slope=84; Critical slope=60)

12.6
12.4
12.2
12
11.8
11.6
1.5

2.5

3.5

4.5

5.5

6.5

Distance to the left shore(m)

The section at the bend apex
13.3
Measured 05.01.2007

13.1

Measured 30.01.2007

Elevation (AMSL)

12.9

Inital mesh in profile domain

12.7

Simulation (Unsat. slope 84; Critical slope 60)

12.5
12.3
12.1
11.9
11.7
11.5
2

3

4

5

6

Distance to the left shore (m)

Figure 4. Bank profile before and after 25 simulated days
compared with measurements.

To compare the simulation results with current
practice of non-cohesive bank erosion modeling, a
simulation using one critical angle of repose
(φc=60°), here on called 1-slope, and a simulation
without considering negative pore pressure function with two slopes, namely, φc=60° and φu
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bank erosion process in non-cohesive (sandy)
soils that improves appreciably the accuracy of
bank retreat modeling in such soils. Undercutting
of non-cohesive riverbanks due to the bank-toe
erosion and cantilever failure (shear and tensile
types) have been considered in this concept. Furthermore, the effect of negative pore water pressure was approximated using an analytical function. Inclusion of such a function gained an
improvement of more than double fold in simulation of bank retreat. By comparing the traditional
method of non-cohesive bank erosion simulation
(1-slope models) with the new developed method,
up to nearly 6 fold accuracy has been attained in
simulation of bank retreat at two cross sections
along a river bend during one month flooding period.
Further investigation is required to improve the
stability analysis of the overhang failure in sandy
soils ( both shear and tensile types). In the current
work, undercutting due to sapping failure was not
considered. A comprehensive study of the effect
of pore pressure dynamic in sapping failure of
non-cohesive riverbanks is recommended. The
mechanism of distribution of wasted mass on
bank-toe is an issue which needs more investigation and plays an important role in long-term simulation. Finally, the effectiveness of the proposed model should be further examined in longterm simulation.

=84°, here on called 2- slopes, were achieved. The
result of this comparison is presented in Fig.(5).
As it is observed from this figure, the current
approach has extremely enhanced the capability of
simulation of the riverbank retreat in both sections. The comparison of the amount of the overpredication of the bank retreat using the mentioned three methods in respect to the actual bank
retreat has been presented in table(1).
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Figure 5 . Comparison of the application of the new model
and earlier methods of simulation of bank erosion.

As it is observed form this table, the new morphological model were up to 6 time more accurate
than the traditional 1-slope method. Although the
2-slope method improves the simulation result,
however neglecting effect of the negative pore
pressure deteriorates the simulation accuracy up to
two times.
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Effects of riparian vegetation on experimental channel dynamics
Wietse I. van de Lageweg, Wout M. van Dijk, Remko Hoendervoogt &
Maarten G. Kleinhans
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ABSTRACT: Through bar theory it is known that channel width-depth ratio affects bar pattern and that
relatively narrow channels with strong banks are required for meandering. Riparian vegetation is able to
alter the channel width-depth ratio and therefore the channel pattern. However, determination of the underlying mechanisms and processes has remained scarce and qualitative and hence these effects are not
yet fully understood. The objective of this study is to experimentally determine the effects of riparian vegetation on bank strength, channel pattern and meandering dynamics. Bank erosion and -failure experiments were performed with four different vegetation species to quantify the strength introduced by plant
roots at the experimental scale. To study pattern evolution and morphodynamics we used a 1.25x7.5 m
flume with a constant discharge and sediment feed. The introduction of vegetation in experiments results
in narrower and deeper channels. Higher vegetation density leads to static channels with occasional sharp
bends. Vegetation increases the threshold for erosion and failure of bank material as indicated by higher
measured cohesion values and lower bank erosion rates. We conclude that a low vegetation density is
crucial to maintain a dynamic fluvial system.
Keywords: Riparian vegetation, Channel pattern, River bank erosion, Fluvial morphology
1 INTRODUCTION

sediment such that bars will develop into levees
earlier (Kleinhans, 2010).
Whilst many field and laboratory studies describe these processes or model some of them, the
entire suite of processes and feedbacks which riparian vegetation exerts on channel pattern remain
poorly understood. Large-scale experiments with
self-formed patterns could enhance our quantitative insights if the scaling of bank strength can be
done properly (see also Kleinhans et al., this volume).
The main objective of this study is to determine
and quantify the effects of riparian vegetation on
experimental bank strength and channel pattern
development. This is done by a series of systematic tests involving detailed bank erosion and failure
experiments, and large-scale flume experiments.

1.1 Channel pattern and bank strength
Natural rivers show a wide variety of channel patterns ranging from nearly straight to meandering
and braided. The channel pattern determines how
a river flows through the landscape, and develops
its surrounding banks, levees and floodplains.
Bank strength determines elementary characteristics of rivers such as channel width-depth ratio,
bar and channel pattern, and natural flooding frequency (Kleinhans, 2010). Without bank strength
natural and experimental rivers evolve into wide
and shallow braided rivers with a chaotic bar pattern (Parker, 1998). When bank strength is present
rivers are narrower and deeper, and often have alternating bars (Struiksma et al., 1985; Camporeale
et al., 2007; see also van Dijk et al., this volume).
Pools in between these alternating bars can lead to
systematic bank erosion (Darby et al., 2002)
which often leads to a meandering channel pattern. This process can be enhanced by riparian vegetation which adds strength and traps cohesive

1.2 Bank failure
At the interface of flow and river bank the relation
between the resisting forces of the bank material
and the hydraulic force of the flow determine the
failure process (Simon et al., 1999). Bank erosion
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results in bank undercutting after which the geotechnical forces of the bank material determine
whether the bank fails.
Bank failure occurs when the gravitational
force exceeds the resisting strength of the bank
material. In its simplest form of a planar failure of
unit width and length, the gravitational force is
given by:
G = W ⋅ sin β

Furthermore, some roots break during mass failure, while others are pulled out but remain intact.
The hydrologic effects of riparian vegetation
concern canopy interception and evapotranspiration. These processes lead to drier and
better drained banks with a reduced weight as well
as lower positive pore pressures, which decrease
the risk of bank failure (Simon and Collisson,
2002).
Riparian vegetation can also decrease bank
stability. It creates a higher hydraulic roughness,
or locally diverts the flow to the banks, which
may lead to bank erosion and can therefore be the
onset of bank instability (Rowntree and Dollar,
1999). The weight of the riparian vegetation can
either be detrimental by adding additional mass on
a potential failure plane, or beneficial by adding
normal stress and thereby shear strength (Simon
and Collisson, 2002).
During a number of flume studies vegetation
was introduced. Gran and Paola (2001), Tal et al.
(2004) and Tal and Paola (2007) seeded alfalfa to
a braided experimental river in non-cohesive uniform sediment during low flow. The roots provided strength to the banks and the stems created
a higher hydraulic roughness to the flow during
floods, which resulted in the transition from a fully braided to a wandering pattern. Braudrick et al.
(2009) obtained low-sinuosity meanders using alfalfa which increased bank strength and trapped
the light-weight sediment that filled-in lower areas
of the floodplain.

(1)

where W=weight of failure block (N) and β=angle
of the failure plane (°). The resisting force can be
represented by the Coulomb equation for welldrained conditions:

τ f = c'+σ ' f tan ϕ '

(2)

where τf=shear strength at failure (N/m2),
c’=effective cohesion (N/m2), σf’=effective stress
at failure (N/m2), and φ’=effective angle of internal friction (°). Stability can be expressed by assuming limiting equilibrium between the driving
force G and the shearing resistance mobilized
along the length of the failure plane. Often these
two forces are expressed in the factor of safety
(Fs) which is the ratio of the resisting (Eq. 2) to
driving (Eq. 1) geotechnical forces. (Simon et al.,
1999).
1.3 Effect of riparian vegetation on bank failure
The role of riparian vegetation in affecting bank
stability has been widely recognized (e.g. Ziemer,
1981; Thorne, 1990; Simon and Collison, 2002;
Tal et al., 2004). The main effects of riparian vegetation on bank strength can be divided into mechanical and hydrological ones.
Mechanically, riparian vegetation increases
bank strength by roots which physically bind sediment particles so the threshold shear stress for
erosion increases (Thorne, 1990; Simon and Collison, 2002). Soil without roots has a high compressional strength (the ability to maintain the
original shape) but little tensile strength (the ability to stretch and extend). Roots add tensile
strength and elasticity, which help to distribute
stresses and thus enhance the bulk shear strength
of the soil (Simon and Collison, 2002). An increase of root density leads to increased soil
strength (Ziemer, 1981; Simon and Collisson,
2002). Individual roots become stronger as they
become larger, but the strength of roots varies for
different species (Ziemer, 1981). Pollen et al.
(2004) and Pollen (2007) concluded that the root
tensile strength does not simply add soil strength.
The tensile strength added by the vegetation is a
function of bank material and moisture content.

2 METHODS
2.1 Materials
In this study four plant species were selected
based on their hypothesized fast growth capacity
and root system characteristics. These species
were alfalfa (Medicago sativa), garden cress pepper weed (Lepidium sativum), garden rocket (Eruca sativa) and thale cress (Arabidopsis thaliana).
The applied sediment was well-sorted, finegrained and of unimodal size-distribution. The
median grain size (D50) was 180 μm and the D10
and D90 were 119 μm and 248 μm respectively.
2.2 Experimental setups
To gain specific knowledge on riparian vegetation
and bank strength a number of auxiliary experiments were conducted. This specific knowledge
was applied in setting up and interpreting the
large-scale flume experiments.
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2.2.1 Vegetation experiments

2.2.4 Flume experiments

Vegetation was grown under five different environmental conditions (Table 1) to provide additional insight into the growth process, reaction to
stresses and root characteristics of different vegetation species. All experiments had a duration of
eight days and every day the evapo(transpi)ration,
number of plants, height of the plants and the
length of the roots were observed.

The large-scale flume experiments were conducted in a 7.5x1.25 m flume set at a slope of
0.005 m/m. The setup consisted of a closed water
circulating system with sediment input at the upstream boundary. Water and sediment entered the
flume by a 0.3 m long supply channel placed at an
angle of 30° to initiate meandering. The initial
straight channel was 0.07 m wide and 0.015 m
deep. Sediment feed material was identical to the
bed material (see also van Dijk et al., and Kleinhans et al., this volume).
A vegetation density of 2.2 seeds/cm2 was applied after thirty hours of flow. The vegetation
grew for three days under saturated conditions and
under a grow lamp before the steady flow of
0.5 l/s was continued. After sixty hours, the vegetation density was doubled to 4.4 seeds/cm2 and
after eighty hours the discharge was increased to
0.9 l/s.
Measurements involved flow velocity, channel
depth, channel width, bed level height, sediment
transport and number of scour holes at two hour
intervals. Additional morphologic information
was available from a digital camera on a gantry
and from a fixed time lapse camera. The time
lapse camera took pictures of the middle section
of the flume at an interval of five minutes.

Table
1. Parameter space of the vegetation experiments.
________________________________________________
Experiment
Variable _______________________________________
Control
Growlamp Cold
Dark Acid
Moist
0, 25, 50 100
100
100
100
(%)
75, 100
Lighting Tl
Growlamp Tl
None Tl
Temp.
20.9
24.8
3
20.5
20.9
(°C)
pH
7
7
7
7
2.4
________________________________________________

2.2.2 Bank erosion experiments
Standardized bank erosion experiments were done
to relate the rate and amount of bank erosion to
bank material properties (see also Kleinhans et al.,
this volume). The setup consisted of a closed circulating water system, with a head tank which
guaranteed a constant discharge of 0.1 l/s. The
water supply channel was 0.055 m wide, 1.185 m
long and coated with a sand layer to represent
sand roughness. The standard mold had a volume
of 0.645 l and was inclined with a 45° angle to the
water supply channel. Bank erosion was monitored from a fixed camera position.

3 RESULTS
3.1 Vegetation experiments

2.2.3 Bank failure experiments

All plant species germinated quickest and grew
best on a fully saturated soil during the control
vegetation experiment. Further vegetation experiments were therefore performed with saturated
soils, and are compared to the saturated control
experiment (Table 2).

Direct shear tests related the peak material shear
strength at failure to the normal stresses (ASTM,
2004). For present experiment, the direct shear
apparatus incorporated a motor to move a piston
at a predefined constant rate (horizontal displacement). A load hanger system provided the adjustable (one, five or ten additional kilograms) normal
stresses. A pressure sensor recorded the vertical
displacement (dilatation). Also, the apparatus was
connected to a data logger which recorded the
shear and normal stresses over time. A linear
trend line of maximum stress at failure versus
normal stress was fitted to three replica measurements. The intersection of the trend line with the
y-axis (σ’=0) resulted in the cohesion value (c’),
and the slope of this trend line indicated the angle
of internal friction (φ’).

3.1.1 Plant species
A clear division between the four plant species
was observed for all growth characteristics. The
species garden cress pepperweed and garden
rocket germinated quickly, had large number of
plants, were tall and developed significant root
systems. Both alfalfa and thale cress showed
slower germination, smaller number of plants, remained small and developed only small roots.
An important difference between the root systems of garden rocket and garden cress pepperweed was observed. The main root of garden cress
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Table
2. Qualitative assessment of plant species and environmental conditions.
____________________________________________________________________________________________________.
Plant species
Environmental conditions
___________
_______________________
GP
A
GR
T
Control
Growlamp Dark
Cold
Acid
________________________________
_______________________________________________
Germination
fast
medium medium slow
fast
fast
fast
no
fast
# plants
high
low
high
low
high
medium
high
none
high
Stem height
large
small
large
small
large
medium
large
none
large
Root length
large
small
large
small
medium
large
medium none
medium
_____________________________________________________________________________________________________
* GP is garden cress pepperweed, A is alfalfa, GR is garden rocket and T is thale cress. The environmental conditions are evaluated for plant species garden rocket only.

pepperweed penetrated deeply but did not develop
sideward, whereas garden rocket had one main
root which also developed side branches. The
main root penetrated deep, and the smaller
branches developed sideward which caused a better anchoring of the plant in the soil.

3.2 The effect of vegetation on bank erosion and
bank failure
3.2.1 Effect of growth duration and vegetation
density on bank erosion
Figure 1 shows the resulting sediment volumes after twenty minutes of flow, for different degrees
of river bank vegetation cover.
The river bank without vegetation (Figure 1A),
and the bank with a low vegetation density
(0.5 seeds/cm2) and short growth duration (two
days) (Figure 1B) showed a smoothly curved bank
line. The influence of the vegetation on sediment
entrainment by the flow was small.
For a bank with moderate vegetation density
(2.2 seeds/cm2) and long growth duration (six
days) the eroded volume after twenty minutes of
flow decreased markedly (Figure 1C). The bank
with
the
highest
vegetation
density
(4.4 seeds/cm2) and long growth duration (six
days) was much stronger than at half this density.
The locus of maximum bank erosion shifted upstream with increasing vegetation density.

3.1.2 Environmental conditions
The grow lamp lighting resulted in a relatively
small stem height when compared to the control
experiment. It was observed that the plants were
darker green in color and had thicker stems and
leafs.
In comparison to the control experiment, the
dark condition showed the same number of plants,
similar root lengths, and even an increased stem
height. The absence of light did not limit the
growth process during the first eight days. The
color of the plants was different due to the absence of chloroplasts, which caused yellow to
white plants.
The acid condition resulted in a similar number
of plants, stem height and root length as was observed in the control experiment. Seeds did not
germinate for the cold condition.
3.1.3 Synthesis of vegetation experiment
Most important for further experiments are the
growth characteristics, reaction to stresses and
characteristics of the root system of the four plant
species. Garden cress pepperweed and garden
rocket grew the largest stem heights and root systems, whereas thale cress and alfalfa remained
smaller and showed a slower development. Also,
garden rocket showed the most favorable root
length to stem height ratio which, combined with
the side root branches, added to better anchoring.
Application of a grow lamp caused more robust
plants by limiting the stem height while stimulating stem and leaf thickness and root growth at the
same time. Further experiments were therefore
continued with a saturated soil, garden rocket as
plant species and the grow lamp as environmental
condition.

A

B

C

D

Figure 1. Sediment block after twenty minutes of flow for a
river bank with A) no vegetation, B) scarce vegetation cover, C) moderate vegetation cover, and D) dense vegetation
cover. See main text for further explanation of terms. The
white dashed lines indicate the initial sediment block position. Flow is from lower left along the block to the upper
right.
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A more quantitative analysis of the effect of riparian vegetation on bank erosion is provided in
Figure 2. It shows the rate at which the sediment
volume decreased over time as a function of vegetation density and growth duration.

The effect of the aggregates was threefold:
First, the flow was divided over multiple plants,
which resulted in a more irregular erosion surface.
Additional effect was the support of individual
plants by the aggregate which enabled them to
sustain longer compared to individual plants. The
largest effect of the vegetation aggregates was
their ability to catch upstream eroded plants in direct analogy with large woody debris in real rivers. This initiated the formation of a vegetation
cover in front of the eroding surface. This vegetation cover dampened the erosive capacity of the
flow considerably and resulted in a reduction of
the local bank erosion.
3.2.3 Effect of growth duration and vegetation
density on bank failure
The results of the direct shear tests were interpreted in terms of the cohesion c’ (Table 2) and
angle of internal friction φ’ (Table 3). The bank
without vegetation had a cohesion value of 1.7 ±
0.8 kPa. In general, the cohesion values for banks
with a vegetation cover were higher. However, no
general trend in cohesion was observed for samples with different vegetation densities or growth
durations.

Figure 2. Time series of river bank erosion for different vegetation covers. Signatures of vegetation densities are identical for two (grey) and six (black) days growth duration.

The solid line represents a river bank without
vegetation. The erosion rates of the two days of
growth duration samples (grey signature) resembled the erosion rate of the sample without vegetation during the first ten minutes very well. After
this initial period, the sediment volume decreased
less fast compared to the sample without vegetation. Vegetation density did not seem to affect
bank erosion for this growth duration.
The samples with growth duration of six days
(black signature) deviated already earlier from the
erosion rate of the sample without vegetation. The
degree to which they had a lower erosion rate depended on their vegetation density. This indicates
that the effect of increased growth duration on
bank erosion was of primary importance, whereas
the effect of a higher vegetation density was only
of secondary importance.

Table 2. Cohesion values ± 1se (kPa) for different vegetation
densities (seeds/cm2) and growth durations (days).
________________________________________________
Vegetation
Growth duration (days)
density
(seeds/cm2)
0
3
5
________________________________________________
0
1.7 ± 0.8
0.5
5.0 ± 4.1
-0.1 ± 2.2
1.0
6.5 ± 2.7
5.1 ± 3.9
2.2
5.7 ± 2.1
9.0 ± 1.1
4.4
7.0
±
2.9
8.8 ± 4.3
________________________________________________

From the bank failure experiment the angle of internal friction φ’ was derived too (Table 3). The
bank without vegetation had an angle of internal
friction of 41.0 ± 1.7°. In general, the angles of internal friction for banks with a vegetation cover
were lower.

3.2.2 Contrasting effects of vegetation on bank
erosion
The general effect of increased vegetation density
was increased bank strength. However, for low
vegetation density the erosion was locally enhanced (Figure 1B). Around individual stems and
roots additional turbulence was generated which
attacked the banks and led locally to increased
erosion.
When the vegetation was more aggregated
bank erosion was suppressed and sometimes
stopped. Vegetation aggregates were mostly observed for the higher vegetation densities and appeared to become dominantly effective for longer
growth durations (Figure 1C and 1D).

Table 3. Angle of internal friction ± 1se (°) for different
vegetation densities (seeds/cm2) and growth durations
(days).
________________________________________________
Vegetation
Growth duration (days)
density
(seeds/cm2)
0
3
5
________________________________________________
0
41.0 ± 1.7
0.5
43.2 ± 7.4
48.0 ± 4.2
1.0
36.8 ± 5.0
38.8 ± 7.4
2.2
35.4 ± 3.9
30.2 ± 2.2
4.4
37.1
±
5.5
35.9 ± 8.0
________________________________________________
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3.3.2 Hydrodynamics

The banks without vegetation showed the smallest absolute standard errors in both the cohesion
value and angle of internal friction. The presence
of the vegetation clearly added uncertainty by increasing the standard error markedly. The effect
tended to be larger for longer growth durations
and higher vegetation densities and may be due to
the roots, which may either break or drag through
the sediment.

Observations of the number of scour holes, active
(i.e. sediment transport taking place) channel
width, channel depth, and width-depth ratio (Figure 4) indicate that the vegetation dampened the
activity in large parts of the study reach quickly
after its establishment. The number of scour holes
(Figure 4A) showed a gradual decrease for a
growing effect of the vegetation. The initial value
of about 300 scour holes which was obtained during the formation of the braided pattern, reached a
new equilibrium of about fifty active scour holes
after about sixty hours of flow.
The active channel width (Figure 4B) showed a
strong decrease from 0.65 m to about 0.15 m after
the establishment of the vegetation. The increase
of the vegetation density after sixty hours of flow
was able to decrease the channel width further to
0.12 m. An increase of the discharge from 0.5 l/s
to 0.9 l/s after eighty hours of flow did not affect
the active channel width.
The channel depth (Figure 4C) remained remarkably stable around the initial channel depth
of 0.015 m. However, the time-average active
channel depth was 15% larger for the experiment
with a vegetation cover in comparison to the experiment without vegetation.
During the development of the braided pattern
the width-depth ratio (Figure 4D) increased dramatically, mainly due to the large increase of the
active channel width. After the establishment of
the vegetation, width-depth ratios decreased to
about ten. The result was an increased floodplain
flow which could not be focused in the main
channels by the vegetation and was unable to alter
the morphology.

3.3 Effect of a dense vegetation on channel
dynamics
3.3.1 Channel dynamics
A braided pattern formed in the well-sorted fine
grained unimodal sediment during the first thirty
hours of flow (Figure 3A). A vegetation density of
2.2 seeds/cm2 was uniformly applied to this
braided pattern during low flow, but mainly occupied the higher and drier patches, visible as the
lighter areas in Figure 3A.
After ninety hours of flow (Figure 3B) and ongoing plant growth a system had formed in which
the flow was too weak to deepen the main channels. A number of main active channels can be
identified in Figure 3B which tended to follow the
same general course as the main active pathways
of the remnant braided pattern. The vegetation
was unable to focus the flow which led to a static
pattern. In the upstream section a pattern emerged
which was characterized by widespread scour hole
and braided bar formation typical of a braided river pattern, whereas in the downstream section
sharp bends and local erosion in the outer bends
was observed.
A

B

Figure 3. Evolution from a braided river pattern (A) to a static anastomosing river pattern (B). Flow is from left to right. The
flume has a width and length of 1.25 and 7.5 meters respectively.
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getation results in narrower and deeper channels,
i.e. lower width-depth ratios. Introduction of vegetation altered a braided channel pattern to a static anastomosing pattern, showing that there is a
fine balance between the requirement to increase
bank strength and to maintain channel mobility.
The auxiliary vegetation experiments have resulted in a preliminary data set regarding germination, growth characteristics and evaporation of
four different plant species. During previous
flume studies (e.g. Gran and Paola, 2001; Tal and
Paola, 2007; Braudrick et al., 2009) alfalfa was
seeded. However, based on the results of the vegetation experiment this species is not the most suitable to apply. Garden cress pepperweed and garden rocket both reached larger stem heights and
root systems. Furthermore, garden rocket showed
the most favorable root length to stem height ratio
which, combined with the side root branches,
added to better anchoring. In general, the choice
of species and the growing conditions should be
adjusted to the required effect of vegetation.
The effect of the vegetation on bank erosion
was clearly related to vegetation density. At low
density however, bank erosion was locally enhanced around individual stems and roots. The direct shear test, quantifying material strength,
yielded uncertain results. This may have been due
to individual roots either snapping or dragging
through the relatively small sample. The cohesion
value was generally higher whereas the angle of
internal friction was generally lower for banks
with vegetation compared to bare banks.
Longer time scales are needed to be able to simulate succession of the vegetation correctly and
to learn about the effect of vegetation on bank
strength over longer time periods. Specific vegetation pilot studies are therefore proposed to study
the effects of different plant species, growing
conditions, the application of floods, plant mortality and seeding strategy on the establishment of a
steady-state vegetation cover. This is needed as
the bank strength of this steady-state is relevant
for scaling purposes.

Figure 4. Time series of A) number of scour holes, B) active
channel width (m), C) channel depth (m), and D) widthdepth ratio from a straight channel to an anastomosing river
pattern.

3.3.3 Morphology
The final channel pattern resembled a static anastomosing pattern characterized by relatively large
stable islands intersected by few active channels.
Bends were relics of the initial braided pattern and
were immobile apart from some sharpening due to
localized erosion of the outer bank (Figure 5). In
the inner bend pioneer vegetation settled on top of
a forced bar from seeds in the recirculating flow.

Figure 5. Sharp bend with establishment of pioneer vegetation on top of a forced bar. Flow is from right to left.

The pioneer vegetation increased the hydraulic
roughness across the point bar which caused a local decrease of the flow velocity in the inner bend
region and therefore the bar developed to about
bank-full height. Further growth was not possible
as the discharge was held constant.

5 CONCLUSIONS
The main findings of this study are:
• The introduction of vegetation in experiments
results in narrower and deeper channels.
Higher vegetation density leads to static channels with occasional sharp bends.
• Vegetation increases the threshold for erosion
and failure of bank material as indicated by
higher measured cohesion values and lower
bank erosion rates and lower angles of internal
friction.

4 DISCUSSION
Average active channel depth increased with
about 15% due to vegetation whilst active channel
width decreased markedly from 0.65 to about
0.15 m, demonstrating that the introduction of ve1337

•

Four tested plant species respond differently to
growing conditions, which can be employed to
obtain required bank strength and hydraulic
resistance.
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Response of technical-biological bank protection to ship-generated
wave actions – first results
S. De Roo & P. Troch

Hydraulics Laboratory, Department of Civil Engineering, Ghent University, Ghent, Belgium

ABSTRACT: Growing awareness of the environmental aspects related to the transitional zone between
land and water directs research into more ecologically sound, ‘soft’ engineering bank protections too.
Considering this new set of boundary conditions, off-bank timber piling in combination with reed vegetation has been installed along the river Lys (Zulte, Belgium), a non-tidal, restricted waterway subject to
heavy shipping traffic, in an attempt to reconcile both the technical and environmental requirements of a
revetment. Since ship-induced water movements form the core threat to bank and vegetation stability, a
subtle compromise between load and protection needs to be found. To determine and evaluate the shipinduced forcing, we designed an on-site prototype monitoring system to continuously acquire data of the
impact of the ship wave climate on the bank protection. The first results indicate that the wave attack of
the predominant primary ship wave system on the river bank is not sufficiently reduced by a single row of
off-bank piling, in contrast with a 20% reduction of the secondary wave heights. Hence, questions arise
whether this type of bank protection is a valuable alternative on these waterways. Ongoing research therefore addresses the twofold load reduction of this technical-biological bank protection, including the wave
attenuation through a reed vegetation belt.
Keywords: Ship waves, Bank protection, Energy dissipation, Prototype monitoring
question remains how effective this technicalbiological bank protection is in operation.
Failures of revetments, dikes or other bank protecting structures are known to be the result of
tractive forces from currents, water level variations, wind-generated and ship-generated waves
(Escarameia, 1998; Schiereck, 2001). With regard
to restricted waterways subject to heavy shipping
traffic, such as the river Lys, a good knowledge of
the ship-generated wave actions on, and the geotechnical resistance of the bank protection is
therefore essential for the proper design of embankment structures.

1 INTRODUCTION
Traditionally, river bank revetments are made of
conventional, merely technology-based ‘hard’
protection materials like concrete, riprap, sheet
piles etc. Nowadays, growing awareness of the
environmental aspects related to this transitional
zone between land and water directs research to
more ecologically sound, ‘soft’ engineering bank
protections too. Within this line of research, offbank timber piling in combination with reed vegetation was installed in some sections along the navigable river Lys (Zulte, Belgium) to reconcile
both technical and environmental requirements of
a revetment. For a reasonable construction and
maintenance cost, environmental benefits are increased and sustainable techniques are attained.
Only little on-site research has however been devoted to experimentally investigate the assumption of wave load reduction, which is essential for
better environmental circumstances (e.g. Coops et
al., 1994; Kucera-Hirzinger et al., 2009). So the
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Figure 1 Location of the Lys basin in the Scheldt river catchment, zooming in on the measurement site with close-up of the
monitored technical-biological bank protection, consisting of off-bank timber piling in combination with (reed) vegetation.

Navigating ships generate a specific pattern of
bank-directed surface waves. Its characteristics,
such as propagation directions, wave heights, and
wave periods alter with ship design (different
types, draught, speed) (e.g. Johnson, 1958; Sorensen, 1973) and navigation orientation and interact
with topographic boundaries and local hydraulic
conditions (e.g. Bhowmik & Mazumder, 1990).
As a result, theoretical calculations and simulations of the ship-induced loads on a specific embankment are not straightforward. Field measurements thus provide a welcome alternative for
the determination of these forces and the response
of the bank protection to the ship-generated wave
actions.
Objective of the present study is to analyse the
energy dissipation through a single row of offbank timber piles, designed to act as a wave reductor. The paper outlines the first, quantitative
results, and points to some interesting conclusions
in contrast with the current assumptions.

2 STUDY SITE
The prototype monitoring system is installed on a
cross section of the river Lys (Zulte, Belgium),
which is situated in the north-western part of the
Scheldt river catchment. In the seventies, the watercourse was straightened and canalized to allow
inland navigation up to CEMT-class IV. The use
of larger (and faster) ships however prompted the
waterway administration to allow vessels up to
CEMT-class Va. This permission is a provisional
measure, in anticipation of a further deepening of
the profile to gain a narrow (one-way traffic) profile for vessels up to CEMT-class Vb. With, on
monthly average, 1500 barges passing through the
lock of Sint-Baafs-Vijve, the river Lys is categorized as a waterway subject to heavy shipping
traffic.
Furthermore, the river Lys has a fixed water
level which is maintained during normal weather
conditions, and a small cross-sectional width (50.2
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Figure 2 Primary and secondary wave system around a navigating ship (adapted from Schiereck, 2001)

Figure 3 Parameters of the ship wave pattern for a ship navigating at subcritical speed.

m on the still water level) and depth (3.5m), making it a restricted, non-tidal waterway.
High embankments, the small cross-sectional
width and trees along the crest of the dikes limit
the fetch length for generation of significant wind
waves. Consequently, it is believed that shipgenerated waves contribute the largest amount of
erosive energy to the river bank in normal weather
conditions, i.e. non-flow dominated situations.
Site selection was guided by the need to find a
location where (1) the technical-biological bank
protection is applied, and (2) the waterway has a
sufficiently long straight section. This setup allows limit (maximum) speed for displacement
ships, and cruising ship speed in case of planing
ships and hence, is representative of maximum
ship-induced forcing on the river bank.
Armoured concrete revetment originally protected the river bank but cumulative physical
processes undermined this rigid structure and led
to progressive bank erosion, resulting in the presence of a vertical cut-bank. At its base a very gentle sloping beach of eroded sediment is found,
partly colonized by (reed)vegetation. A row of
off-bank timber piles is placed in front of the bank
to act as a first wave reductor.

cant water level depression along the hull of the
ship. It is initiated with a front wave at the bow of
the ship, travels as a drawdown wave along the
ship and ends with the stern wave (Schiereck,
2001). Associated with these characteristics is the
return current. In order to overcome its resistance,
the navigating ship transfers energy to the water
body in the form of a water displacement from the
front to the back of the ship, inducing a return current (Sorensen, 1973).
Transverse and diverging secondary waves,
propagating under an oblique angle to the sailing
line of the ship, are caused by the dynamic pressure distribution due to discontinuities in the hull
profile. The secondary wave train usually consists
of two higher waves followed by 10 to 15 smaller
waves. Lord Kelvin (1887) was the first to analytically investigate this wave pattern. Later on,
his work was extended by Havelock (1908).
Figure 2 depicts the primary and the secondary
ship wave system of a ship. All observable parameters of the ship wave pattern for a ship navigating at subcritical speed are illustrated in Figure
3. The magnitude and thus, relevance of these parameters varies with the characteristics of the
navigating ship and the local geometry of the waterway.

3 SHIP WAVE BASICS

4 MATERIALS AND METHODS

Ship-generated waves have their distinct characteristics in comparison with wind-generated
waves. Navigating ships generate specific patterns
of surface waves, which can be separated into the
primary and secondary wave system of a ship. Although the duration of the wave train of a ship is
very limited at a given location, it is a complex
wave pattern, consisting of different components
which are frequently superimposed.
The primary wave system, propagating in the
navigation direction, is characterised by a signifi-

4.1 Ship wave measurements
During a two and a half month survey (August, 7 October, 24 2009), ship wave characteristics were
registered using pressure sensors (Druck PTX
1830, GE Sensing & Inspection Technologies),
which continuously recorded the water level fluctuations at a sampling frequency of 10 Hz.
The pressure sensors were laboratory calibrated
via a progressive stepwise hydraulic pressure generation with a pressure calibrator, determining the
scaling and offset parameters of each sensor. Out1341

plied to distinguish the primary and secondary
wave system from one another by their respective
wave periods, i.e. more than 10 s for the primary
wave system and the interval period between the
primary wave system and the wind-generated
waves for the secondary wave system.
Once the primary and secondary wave signals
are extracted, their relevant wave parameters are
processed making use of the zero down-crossing
method.
A detailed description of the practical analysis
methodology can be found in De Roo & Troch
(2010a).
Figure 4 Experimental test setup on a single row of timber
piles along a cross section of the river Lys, consisting of two
pressure sensors mounted on the bottom end of a steel
suppporting structure (A: pressure sensor alongside the
fairway ; B: pressure sensor alongside the river bank).

4.3 Energy dissipation through timber piles
Forces in waves are important when dealing with
erosion and protection. The working principle of
the applied technical-biological method relies on
the reduction of the excessive kinetic wave energy
by a single row of timber piles (debarked impregnated pine) in front of the bank down to a manageable level in the water strip behind, where
wave energy is further dissipated due to (1) bottom friction, (2) wave breaking and (3) wave attenuation through a (reed) vegetation belt before
reaching the river bank.
A wall that consists of vertical piles can act as
a wave reductor if there is little space between the
piles (Schiereck, 2001). Part of the wave energy
will then be absorbed because the water has to
flow through the construction. Another way of absorption, the internal ‘work’ in structures, is carried out by the bending (reed) vegetation belt, but
this method is not considered here.
The effectiveness of the wave reducing piling
is easily quantified by means of the transmission
coefficient CT:

put voltages at fixed pressures were recorded for
100 bursts and averaged. The pressure sensors operate a factory set measurement range from 0 to 1
bar. They have a six times permissible overpressure and the signal precision to linearity is specified to be ±0.06% of full-scale of the best straight
line.
Figure 4 depicts the experimental test setup on
a single row of timber piles along a cross section
of the river Lys at Zulte (Belgium). Two pressure
sensors are deployed in a cross-shore array,
mounted on the bottom end of a steel supporting
structure. Both devices are fixed at the same relative depth to each other. In order to monitor the
incident and transmitted ship waves, pressure sensor A is located in the fairway, at a distal point of
15 m from the river bank and 1.5 m before the offbank timber piling. Pressure sensor B is placed 2
m behind the off-bank timber piling, alongside the
river bank.
The measured pressure time series provides the
necessary data for investigation of the local wave
climate, affected by the waterway geometry and
the heavy shipping traffic.

CT =

HT

HI

(1)

where HT and HI are respectively the transmitted
and the incident wave height [m].
Equivalent is the use of the energy density:

4.2 Ship wave analysis

1
E = ργ H 2
8

Signal analysis of the ship waves is handled using
a self-designed program implemented in Labview
(National Instruments), which carries out the data
(pre-) processing as well as the data analysis.
In this way, the subsurface water pressure time
series is converted to a time series of surface water elevations by correcting the pressure signal for
depth attenuation using the linear wave theory
(Ellis et al., 2006). Ship wave events are identified
and selected based on pre-defined minimum criteria for peak detection and peak interval time. In
the frequency domain, filtering is additionally ap-

(2)

were ρ is the fluid density [kg/m³], g represents
the acceleration of gravity [m/s²] and H the wave
height [m].
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Figure 7 Cumulative distribution of the drawdown, primary
and secondary wave height. Averaged values of all measured ship wave events.

Figure 5 Example of the primary ship wave system

Erratic data or non-recording of a ship wave
event by one of the pressure sensors led to the exclusion of 339 events from further processing.
Figure 5 and Figure 6 exemplify the separation
into the primary and secondary ship wave system
by the analysis software. Here, the maximum
drawdown is 0.35 m and the suction lasts for
18.34 s. The stern wave has a height of 0.35 m
and a wave period of 7.86 s. The maximum secondary wave height is determined to be 0.21 m.
These short wave heights decay rapidly from 0.21
m to 0.0044 m in a few minutes. The primary
wave system shows a period of 24.78 s while the
secondary wave has a 7.42 s period.
In general, a ship passage affected the technical-biological bank protection on the measurement
location for, on average, 516 s. The largest observed drawdown was analysed at 0.59 m, the
highest recorded primary wave and secondary
wave were respectively 0.60 m and 0.32 m.
Figure 7 illustrates the prevailing wave climate
by indicating the cumulative distribution of the
drawdown, the primary and the secondary wave
heights. Given the significant higher values for the
primary wave height and drawdown, the graph
clearly points out the predominance of the primary
wave system in a restricted, non-tidal waterway
such as the river Lys. The probabilities of the
drawdown and stern wave obviously exhibit similar characteristics; the secondary wave demonstrates a deviating behaviour.

Figure 6 Example of the secondary ship wave system

The transmission coefficient and wave energy
ratio between incident and transmitted waves are
calculated per ship wave event for the primary and
secondary wave individually. Like in various previous research, a.o. Ellis et al. (2002); Hofmann et
al. (2008), the maximum wave height in both
wave systems serves as criterion for the determination of load reduction through the row of timber
piles.
5 RESULTS
5.1 Ship-generated waves
The measurement campaign resulted in the selection of 3718 ship wave events. Taking into account that 3945 ships passed through the lock of
Sint-Baafs-Vijve, located 8 km upstream of the
measurement site, it can be said that 94% of the
shipping traffic is detected by the software. However, this holds just a rough estimation of the
accuracy of detected ship passages because
recreational boat traffic can bypass the lock, and
the event selection routine of the software is not
able to separate two overtaking or closely following ships from each other.

5.2 Energy dissipation through timber piles
The variances observed between the incident and
transmitted waves of the primary and secondary
wave system are compared in Figure 8 and Figure
9 respectively. Quasi no reduction in wave height
is found for the primary wave system. The slope
of the linear correlation line plotted through the
secondary wave data indicates a decrease in
1343

Figure 8 Variance between the incident and transmitted
wave height for the primary wave system. Linear regression
analysis indicates no clear difference between the wave
heights.

Figure 9 Variance between the incident and transmitted
wave height for the secondary wave system. Linear regression analysis indicates a reduction in wave height of roughly
20% for the transmitted waves.

wave height for the transmitted waves with 20%.
Given the predominance of the primary wave system, questions arise whether the timber piles
properly act as wave reductor for the prevailing
wave climate.
These doubts are confirmed in the calculated
wave transmission coefficients, using Equation
(1), and energy densities for the incident and
transmitted waves, using Equation (2). Table 1
summarizes the values of these variables. Both
transmission coefficients, close to unity, indicate
the failure of the timber piles regarding load reduction. The large standard deviation shows the
high variability in absorption between the waves.
The difference in magnitude by a factor 10 between the primary and secondary wave energy
density once more recognises its superiority to the
secondary wave system.

Taking into account the specific patterns of
bank-directed surface waves which interact with
local conditions, an experimental test setup was
designed along the river Lys, a restricted non-tidal
waterway subject to heavy shipping traffic. The
resulting time series of subsurface water pressures
was converted into water elevation series per ship
passage. Primary and secondary wave systems
were characterized separately, using a selfdesigned program implemented in Labview.
Analysis of the ship wave characteristics indicated that the prevailing wave climate in a restricted, non-tidal waterway is dominated by the
primary ship wave system. Energy dissipation
through the timber piling was quantified using (1)
linear regression analysis between the incident
and transmitted wave heights, (2) the determination of the wave transmission coefficient, and (3)
the difference in energy density between incident
and transmitted waves. Only the secondary wave
system seems to experience significant wave
height reduction. Hence, the effectiveness of the
wave reducing piling appears to be insufficient for
the preponderant wave climate.
This alternative bank protection type however
consists of a twofold load reduction, i.e. a first reduction by an off-bank timber piling, followed by
a further wave absorption through a (reed) vegetation belt. In order to quantify the complete response of this technical-biological bank protection
method to the heavy ship wave climate, a more
extensive prototype monitoring system has been
designed and brought into operation at the same
measurement site. The layout of the new monitoring system is presented in De Roo et al. (2010b).
Improvements in the test setup include (1) the use
of additional pressure sensors to be able to determine the incident and transmitted wave climate
and (2) the application of suspended solids and
water velocity measurement devices.

Table 1. Determination of the transmission coefficient (CT)
and ratio between energy density of incident (EI) and transmitted (ET) waves for the primary and secondary ship wave
system.
______________________________________________
ET/EI
CT
____________
_____________
PW *
SW
PW
SW
______________________________________________
Mean
1.05
0.98
1.24
1.21
Stand.dev
0.36
0.50
1.63
3.86
_____________________________________________
* PW: Primary wave; SW: Secondary wave

6 CONCLUSIONS AND OUTLOOK
Objective of the present study was to analyse the energy dissipation of ship waves through a single row of off-bank timber piles, designed to act as wave reductor in a technicalbiological
bank
protection
type.
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ABSTRACT: Bendway weirs have been applied as a counter measures for outer bank erosion. The hydraulic effects of the weirs reduce erosion on the outer bank of the bend by redistribute the flow patterns
in river bend. Despite many studies conducted, the design criteria are not based on technical design procedure. Therefore it is the purpose of this study to investigate the effects of bendway weirs spacing on
bed topography; this study was conducted on a 90 degree flume bend in the hydraulic laboratory of Shahid Chamran University. Series of structures were placed on three different spaces. Tests are conducted
under different flow conditions. Bed topography was measured after each test. From the analysis of this
study it was found that the location of scour hole moves from the outer bank, where there are no bendway
weirs to the centre, for the case if bendway weirs are used. The maximum scour hole depth along the
outer bank is generally reduced and shifted toward the centre at most of the tests. The results of this study
can improve the design process of the bendway weirs for use in river bend
Keywords: Bendway weir, submerged weir, bank erosion, river bend
(Abad et al. 2008). Rhoads (2003) stated that at in
Illinoise alone, bendway weirs have been installed
at hundred sites. The technique originally was developed by the US Corps of Engineers to improve
the navigation on the Mississippi rivers (Derrick,
1994). Over the past 20 years, the use of
bendway weirs has shifted from navigation
maintenance on large rivers to erosional control on small non-navigable rivers. Bendway
weirs are low cost, stone made structures angled
slightly upstream into the flow from outer bank of
a river bend. When several weirs are installed
around a bend, the effect is to deflect flow away
from the outer bank throughout the entire bend.
These structures also disrupt the helical motion of
fluid that typically occurs in meander bends. By deflecting flow away from the outer bank and disrupting helical motion, the high shear stress near the
base of the bank associated with the normal pattern
of flow through a bend is altered, and the zone of
high velocity and bed shear stress shifts toward the
center of the channel.
Jia et al. (2005) studied the flow pattern of a
river bend due to installation of bendway weirs
both experimentally and numerically. They found
that when the flow is affected by the bendway

1 INTRODUCTION
In a typical river bend, surface water currents tend
to move from the inner bend toward the outer
bend, concentrating flow and increasing flow velocity along the outer bank of the bend. A secondary flow current also is developed in river bend.
Another most important characteristic of flow in
river bend is the general helical current induced
by the balance of centrifugal force and the gravity
force. Such higher velocities, secondary flow and
general helical current can lead to outer bank erosion and formation of point bar in the inner bank.
In addition when the flow is affected by pattern of
the secondary current, the piloting of a vessel is
very difficult. This is because surface flow pushes
the vessel toward the outer bank.
Over the past years several measures have been
investigated to improve the flow pattern in river
bend for the purpose of reducing outer bank erosion or safe piloting. Submerged vane or Iowa
vanes which have been extensively studied by
Odgaard (2009) is an example of these techniques.
In recent years, submerged weir or bendway
weir has become a popular method to control or
reduce bank erosion along meandering rivers
1347

hibit helical motion and re-distribution of momentum near the outer bank.
Current design criteria are based primarily on
expert judgment rather than a technical design
procedure. There are some criteria for design purpose as follow:
Bendway weir height- In the literatures no optimal height has been determined for bendway
weir. The main criterion is that it should be between normal low flow and medium flow water
surface (Derrick 1998, Smith and Wittler, 1998).
Castro (1999) suggests maximum height should
be between one-third and one-half average depth
at the mean annual high water level.
Angle of projection, θ , between the bendway
weir axis and the upstream bank line tangent typically ranges from 50 to 85 degrees. Experiments
by Derrick (1994) resulted in a weir angle of 60
degrees being the most effective for the desired
results in a physical model of a reach on the Mississippi River. Placement of weirs at higher angles will divide the flow instead of redirecting it
and cause bank scalloping and erosion; lower weir
angles will not redirect flow away from the bank
(Derrick, 1997, 1998).
Bendway weir length (L) is primarily depends
on the desired amount of thalweg replacement and
shifting of the point bar (Derrick, 1997, 1998).
Most designers describe length as related to the
width of base flow, ranging from one-quarter
(Derrick, 1997, 1998) to one-half (Derrick, 1997,
1998) of base flow width. It should not exceed
one-third the mean channel width (W). Weirs designed for bank protection need not exceed ¼ the
channel width. A length of 1.5 to 2 times the distance from the bank to the thalweg has proven satisfactory on some bank stabilization projects.
Spacing-Bendway weirs should be spaced (S)
similarly to spurs. Spacing can be taken as three to
five times of weir length (Derrick, 1997, 1998).
Some investigators have pointed out that bendway weirs are effective bank erosion measures
(Odgaard & Kennedy, 1983), but others indicate
that bendway weirs in some cases have no or little
effect on bank erosion. The purpose of this study
is to conduct experimental tests to see the effect of
bendway weirs on controlling bank erosion in a
sharp river bend and to see the effect of spacing
bendway weirs on shifting scour patterns toward
inner bend.

weir, separation and recirculation will developed
in the flow field. The general main flow alignment
and the helical current will be influenced by the
blockage of the river width. Figure 1 shows the
flow pattern found by Jia et al.(2005) with the
presence of bendway weirs in river bend.

Figure 1 Flow structure around a bendway weir (Jia et al.
2005)

Jia et al (2009) a 3D numerical model of
CCHE3D applied to simulate the flow patterns of
Victoria bendway weirs. The purpose was to
evaluate the hydraulic performance of bendway
weirs in a natural river at various flow stages.
They conducted field data at low stages and found
that the bendway weirs produce three major hydraulic zones at low stage: 1) a region of stagnant
or re-circulating flow between the weirs along the
outer bank; 2) a thalweg inward of the weir tips
characterized by a high-velocity core at the surface and decreasing velocities toward the bed and
inner bank; and 3) a shear layer immediately
downstream of the weir tips between the recirculating flow and the thalweg. Simulations of
flow structure for medium- and high-flow conditions by CCHE3D models indicate that weirs tend
to deflect the flow downward toward the bed in
the lee of the weirs. These effects result in locally
high boundary shear velocities on the bed in the
lee of the weirs and along the outer bank above
the tops of the weirs. Thus, although weirs generally protect the bank toe, they may lead to high
shear stresses on the face of the outer bank. The
results of three dimensional field flow velocity
measurement and use of the three dimensional
numerical model of CCHE3D conducted by Jia et
(2009) clearly demonstrated that with the presence
of bendway weir, the surface flow direction is
aligned to the inner bank being favourable for
navigation. The general helical secondary current
pattern in the channel is redistributed by the presence of weir. In particular, bendway weirs modify
the flow patterns at river bend as follow (Derrick,
1997): 1) deflect high-velocity near bed flow
away from the outer bank. 2) increase flow resistance near the base of the outer bank, and 3) in1348

width) and installed at angle of 60 degree upstream into the flow direction. The height of weir
from the original bed was kept constant equal to
one third of the flow depth equal to 5 cm. Three
different spacing lengths of 24cm(3L), 32cm(4L)
and 40cm(5L) were tested each under four different flow discharges of 10, 14, 18 and 22 lit/sec.
High flow conditions were aplied in the tests
program. Flow depth during all tests was kept
constant as high as 15 cm so the weirs were
submerged at all tests. Froude numbers in this
study were equal to 0.14, 0.19, 0.25 and 0.30.

2 MATERIAL AND METHODS

2.1 Experimental set-up
To reach the purpose of this study, a 90° bend
flume was constructed in the hydraulic laboratory
of Shahid Chamran University. The ratio of bend
radius to the flume width is equal 2. The bend can
be categorized as a sharp bend. Figure 1 show the
experimental flume used in this study. Figure 2
shows a top view of the bend with weirs installed.
A stilling tank was used at the beginning of the
flume to supply a uniform water flow and several
porous screens were used in order to prevent flow
surface waves transfer to the flume. The height of
flume 70 cm and the sediment thickness at the
flume bed was 36 cm which is composed of natural uniform sand with average size of 1.26 mm.

2.2 Tests with no bendway
The initial experimental tests were conducted in
order to determine the incipient motion of particles in the flume with 90° bend. After a few tests
the flow discharge of 25.16 lit/s with flow depth
of 15cm was found to be the lowest discharge for
our test program. In this situation the ratio of flow
velocity to the velocity at incipient motion of sediment particles is equal to 0.95. For this test, the
location of maximum scour depth in the outer
bend occurs at downstream end of flume at location of 80° to 90°. Further experimental tests were
carried out for discharges of 22, 26, 30 and 34
lit/s, respectively, and constant depth of 15cm. it
should be noted here that in order to prevent the
upstream sediment materials to move, the surface
sediments were consolidated by using spray glue
and therefore no sediments transfer was observed
during the experiments. This means that although
the flow discharge was higher than the incipient
motion, the clear water condition was prevalent in
all tests. To determine the relative equilibrium
time for scour hole, a 12 hour long experiment
with a discharge of 22 lit/s was conducted. During
this test, maximum scour depth at the outer bend
was measured at various time by a Point Gauge.
Figure 3 shows the relative equilibrium time of 12
hours at 80° and 90° of outer portion of bend
where maximum scour occurs. Scour depths are in
mm whilst time is measured in minute. As it can
be seen from Figure 3, maximum scour depth of
10.4cm is happened after 12 hours, whilst scour
depth of 9.2cm can be reached at 90 min. This indicates that 85% of scour depth occurred during
the first 90 min of the test. Thus all other remaining experimental tests, with or without bendway,
lasted for 90 minutes.

Figure 1. Schematic plan of the flume and 90° bend

Figure 2. View of 90° bend flume with weirs installed.

In order to prevent scouring in all experiments,
the tail gate was kept closed at the beginning of
each test and the water depth was increases gradually by opening of the inlet valve. After the desired discharge is reached, the tailgate was gradually opened until the desired uniform flow depth
in the entire flume is reached. In this study Bendway weirs were made of wood. Length of each
weir was equal 8 cm(less than one third of flume

2.2 Tests using bendway
For the purpose of this study, tests were conducted using series of bendway installed at the
outer wall of the bend as can be seen in Figures 4
through 6. These photos are shown the scour pat1349

terns around bendway for flow discharge of 22
lit/sec or Froude number=0.3. Bendway spacing in
these photos is 5L, 4L and 3L respectively.

Figure 6 Bendway weirs at 3L spacing and Froude number
equal to 0.3(looking downstream)

Figure 3. Scour depth (in centimetres) versus time (in minutes).

Figure 7 Bed topography with Bendway weirs at 3L spacing
and Froude number equal to 0.3
Figure 4 Bendway weirs at 5L spacing and Froude number
equal to 0.3(looking downstream)

Figure 8 Bed topography without Bendway and Froude
number equal to 0.3

2.3 Measuring devices

Figure 5 Bendway weirs at 4L spacing and Froude number
equal to 0.3(looking downstream)

Bed topography of the flume at the end of each
test was measured using a bed profiler instrument.
Flow discharge measured by the V-notch weir at
the downstream end of the flume. The flow depth
measured by point gage.

At the end of each test, bed topography was recorded
using bed profiler instrument. These data then were
used to plot the bed topography of the bend. Figure 7
and 8 show the results for the case of without and with
bendway weirs at 3L spacing. The Froude number in
both figures was 0.3.
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3 RESULTS
During the experimental test, it was observed that
in almost all tests, the first stages where sediment
particles began to move was near the outer bend.
During early experiments, the sediment movement
began from 15° to 20° and transported to the inner
portion of the bend. It was obvious that as the
secondary flow expanded over this region the sediment particles moved earlier to the inner bend.
It should be noted also that in experiments without
bendway the unevenness of the flume bed was
less in inner bend whilst it was more obvious in
outer bend; however, by using a series of bendway this situation was corrected. On the other
hand, maximum erosion, on average, occurred in
experiments without bendway around 85° to 90°
of outer bend whilst when bendway was used it
would occur in less than 45° to 60° of edge of
weirs. This means that the scour hole shifts from
downstream end to the upstream and from outer
bank to the center. Other experiments were conducted to study bendway spacing length effects.
The results of the bendway effects in all experiments are presented in Figures 9 through 11 for
3L, 4L and 5L spacing respectively. These figures show the scour depth at the edge of each
bendway for different flow discharge. In each figure, the scour depth increases as flow discharge
increases. By comparison of these figures, it can
be seen that for bendway spacing of 4L less scour
depth occur.

Figure 11 maximum scour depth in outer bank at various
discharge versus bendway location (weir spacing, S=5L)

4 CONCLUSION
In this study experimental tests conducted in 90
degree flume bend to investigate the effect of
bendway weirs spacing lengths on bed topography. Tests conducted with and without bendway.
It was found that a scour holes develop around the
bend. The main difference in bed topography with
bendway weir is that the thawleg is not found to
be located closed to the outer bank and it is shifted
to the center of flume. The point of maximum
scour hole also is shifted from the downstream
end of flume further upstream. From the experimental results it was found that bendway weirs
can reduce the bend scour and redistributes the
scour patterns around the bed more uninformative.
It was found that less scour depth at Bendway
weirs spacing of 4L occurs.
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A new measure for riverbank protection in braided channels with
dramatic change of discharge
Shaohua Marko Hsu

Department of Water-Resources Engineering & Conservation, Feng Chia University, Taichung, 407,
Taiwan

Chinkun Huang

National Cheng Kung Univ., Tainan, Taiwan

ABSTRACT: After observation in series laboratory experiments, Porous Cylinders were tested for levee
protection in the downstream Da-jia River at Kch-Juang reach, Taiwan. Morphological situation of the
river is braided with steep slope and the bed material is mainly composed of cobble and gravel. In the
middle of the main stream and with considerable distance away from the protected levee on river bank,
four lines of porous cylinders were installed and arranged across a deep channel flowing towards the protected levee, which was reconstructed from a broken situation due to previous strong flow events. After
the porous cylinders were initially installed in March of 2007, and before any major flood, the river-bed
elevation around the installed porous cylinders was measured as a background reference. Since then, the
East-Asian rainy season (plum rain) occurred in June, the Typhoon Sepat came in August, the Typhoon
Wiptha came in September, and the Typhoon Krosa came in October, 2007. Elevation surveys between
each strong-flow event indicate that the porous cylinders slowed down strong flow past them and caused
deposition behind most cylinders which can reach 1.5 to 2.0m. Also, the deep channel with four lines of
porous cylinders was divided into several paths, and detoured to downstream orientation from the original
angle of attack and mainly detoured along the line-up direction of the porous cylinders. As a result, levee
protection achieved due to this behind-cylinder deposition as well as detour of original deep channel
which reduced the impact of momentum flux onto the levee.
Keywords: Porous cylinder, Levee protection, Bed scour/deposition, Angle of attack
In practice, to achieve the goal of levee protection, the channel with strong flow which destroyed the previous levee should be identified. A
group of porous cylinders is needed instead of only single one. Firstly, porous cylinders were divided into several sub-groups. Depending on
which direction we prefer to detour the main flow,
porous cylinders in each sub-group then line up in
a suitable direction which across the deep channel
to form a suitable angle with the direction of potential strong flow. During high flow periods,
around the flow-attacked faces of the porous cylinders, local scour occurs and also line up in the
designate direction, while on the rear faces of the
porous cylinders a zone of deposition occurs due
to velocity decrease and increase resistance to the
flow in the designate direction, and as a result, the
original flow direction detoured towards the lineup direction of each sub-group of porous cylinders.

1 INTRODUCTION
Currently, the existing measures employed in
Taiwan for protecting levee include spur dike,
groyne, riprap, anchoring the foundation of levee
by piles, … etc.. These measures, although different in certain aspects, are all limited in their location, which must near the bank where the levee
locates, and therefore, is passive to the attack of
rapidly migrating flow. In this study, an active
kind of measure is proposed, which can be installed in the deep channel of river far away from
the bank, and deflects the flow before it approaches the protected bank.
Porous media with flexible material was employed in this study to reduce the risk of being destroyed by strong flow comes with cobbles and
gravels. Local scouring is also considered. Heavy
machine was utilized to install this measure deeply under the river bed.
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Installed in a distance from the protected bank,
this measure can be a strong supplement to the existing levee-protection measures on the bank.
2 CHARACTERISTICS OF POROUS
CYLINDERS
2.1 Porous cylinders used in this study
The idea on designing the porous cylinder is to
make the mesh as large as possible to let the flow
pass through, yet with a constraint that the outer
shape can sustain under strong flow. The material
used should be flexible and as economical as
possible. The surface of the cylinder is simply a
net with regular meshes. The interior of the cylinder is empty except the necessary structure to
support the outer shape. Until now, two types are
employed, one is vertical style and the other, horizontal style. The horizontal type can be put on the
surface of river bed immediately downstream of a
drop structure, with energy dissipation effect to
prevent drop-flow erosion on the foundation of a
dike. The vertical type can be used for bridgescour prevention, river-flow re-orientation, or
shore line protection. For large area protection,
several rows of lined up vertical type are needed
to accumulate collected effects. The cost is usually limited and its material is easily accessible
(Huang, C.K., 2002; Huang, C.K., and Hsu, L.C.,
2007).

Figure 1 Top view of depth-averaged velocity profiles before and after a porous cylinder (Shi, W.R., 2007)

2.3 Separation, vortex strength, and drag force
It was found that, due to flow trans-passing
through the cylinder, separation postponed to a
higher flow condition, form drag reduced, and
flow field stabilized (Fransson et. al, 2004, and
Bhattacharyya et. al, 2006).The 3-D phenomena
for flow past a cylinder is reduced by reducing the
inertial force in the over-shooting zone. The pressure at the previous stagnation point is reduced
due to trans-passing flow, and so the down flow
on the front edge of the cylinder is reduced too,
and so the horseshoe vortex becomes weaker. The
trans-passing flow increase the inertia force in the
longitudinal direction of low velocity stable zone
and so reduce the Karman vortex shedding. Compared to a solid cylinder, the drag on a porous one
by integration on the surface is reduced due to
similar reasons.

2.2 Flow around a porous cylinder
Because the porous cylinder has an outer shape of
a blunt body, similar flow characteristics do exist
as the 3-D phenomena for flow past a bridge pier,
which include horseshoe vortex on both sides of
the pier, Karman vortex trail behind the pier, and
vertical vortex near surface, etc. As sketched on
Figure 1, part of the approaching flow, screened
by the porous cylinder, becomes the center part of
bleed flow (trans-passing flow) which passes
through the porous media with reduced velocity,
and other parts of approaching flow become two
over-shooting flows with increased velocity. Existence of this bleed flow reduces the amount of velocity increase in the over-shooting flows and also
restrains the occurrence of Karman vortex trail
behind the cylinder, which also stabilize the flow
field behind the cylinder. The zone of bleed flow
is called the low velocity stable zone. The zone of
over-shooting flow is called the high velocity unstable zone.

3 FIELD EXPERIMENTS
3.1 Nature of Da-jia river
The watershed divides are higher than 3000 m.,
which makes this river a steep stream with series
of hydro-power plants. The length of the main
stream is about 124 km. The drainage area is
1,236 square km, with 90% are mountain and terrace. Upstream slope is 1/36, mid-stream is 1/43,
downstream to the river mouth is 1/90. Averaged
total volume of water per year is 2.5 billion cubic
meter. Design flood for 100 year return period is
10,300cms (Water Resources Agency, 2002). The
mean diameter of river-bed material, Dm, is, between 71.3 to 114.3 mm, categorized as Small
Cobble.
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flow should create bed scour on the leading face
of each cylinder and a belt of scour can be produced if the distance between the neighboring cylinders is near enough. On the other hand, on the
rear side of the cylinders, deposition will occur
due to velocity reduction which reduces flow capacity to move sediment. A zone of deposition
will form. All together, combining these two effects, a detour of the channel flow could happen
and so the strong flow may shift from here and
change its direction away from the bank. Potential
of destruction on the protected levee can then be
released.

3.2 Levee-protection need in the study site
The study site, shown on Fig. 2, locates at the
downstream reach of Da-jia river and is not far
from river mouth. In the aspect of fluvial morphology, this reach belongs to braided river with
coarse material in plain area (relatively speaking)
(Water Resources Planning Institute, 2001). Figure 2 shows that the study site, surrounded by a
dotted square, is located downstream of the national high way 3 on the east side, and upstream
of a coastal railway and provincial way 1 on the
west side. In this reach, sediment transport only
during high flow condition and mainly in the form
of bed-load transport. Main channels, although not
very deep, migrate slowly and will cause severe
scour when they approach any bank. In Fig. 2, on
the south (or left) bank of the study site, two main
channels meet at the point B, where the levee on
that bank was destroyed in a previous typhoon,
and a new levee was just completed. Fig. 3 is a
closer view of point B, the Kch-Juang levee, between levee section 1K+300 and 1K+500, two
flows merge together and run through the left
bank for more than 200 m. Fig. 3 was taken on
June, 2006, during the plum rain season. On the
site, we could see clearly that strong vortices were
generated by the confluence of the two strong
flows. Damage on the concrete surface can be
seen from Figure 3. Protection on this reach of levee (and so the highway behind) from further
damage is really necessary.

Figure 3 Two flows meet at the left bank levee-protection
site

Figure 4 A belt of scour and zone of deposition within/behind a series of porous cylinders

After field investigation, we set up a strategy,
according to the existing flow confluence, trying
to move the meeting location of the two strong
flows away from the protected levee. Four rows of
porous cylinders were installed, as Fig. 5, across
the main channel heading from north-east toward
south bank. They were named as A, B, C, and D
lines or series. On each row, 10 cylinders were installed, and named 1, 2, 3, …, until 10, from
downstream to upstream (from west to east). For
example, the B3 cylinder was the third cylinder
countered from west toward east on the B line.

Figure 2 Aerial photo of the study site at Da-jia River

To fulfill this protection need, other than reinforcement on the levee, it is better that we can reduce the strength of the eddies around the bank or
even move the strong flow away from the protected bank. To achieve the above goals, utilizing
the porous cylinders were proposed by the authors
and accepted by the Third River Management Office, WRA as a field test with very limited budge.
The functions we anticipated are shown on Fig. 4,
for each line-up of a sub-group of cylinders, the
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mined (Figure 7a). Secondly, pile driving with a
steel I-beam at each spot was done to an enough
depth (Figure 7b). In this specific example, 4.8 m
deep was designed for each pile, and 4 m distance
between each neighboring pile. Totally, 40 piles
were installed. To reinforce these 40 piles against
strong flow during flooding time, another steel Ibeam was installed at 2m downstream side between each two piles (Figure 8). The supporting
pile was 5m deep and connected on bed surface
with the existing piles by L-shape steel (Figure
7c). Two segments were finally put on each pile
and finished the installation (Figure 7d, Figure 8).
Site installation was carried by a contractor and
finished on the end of March, 2007.

Figure 5 Relative location of field setup

3.3 Installation and details of porous cylinder
Market-available plastic material was chosen to
assemble the porous cylinders for flexibility and
economy. As shown in Fig. 6, three compound
layers exist – outer, middle, and interior layers.
Diameter of the cylinder is 1.24 m, and each segment is 1 m in height.
Figure 8 Dimension of all parts

3.4 Discharge records during the site test
Discharge records after site installation of the
porous cylinder is very important to this study.
For four reasons that we chose discharge records
at a weir 15 km upstream from the site (ShinKang weir) as a reference to the site. Firstly, the
records in the nearest gauge station were not
available. Secondly, only significant discharges
were needed since the bed material in the test site
moves only during high flow situation. Thirdly,
there is no large tributary between the test site and
the chosen weir. Finally, Discharge measurement
in this weir is relatively accurate due to water resources management purpose.

Figure 6 Design and details of a compound style of porous
cylinder

Procedures of installation are shown in Figure
7. Firstly, the line of each sub-group was located,
and then the position of each cylinder was deter-

Figure 7. Procedures of site installation
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4 RESULT AND DISCUSSION
Field surveys were only performed on the back
side of the porous cylinders due to limited budge.
Four surveys were done following each significant
discharge event, and are plotted on Figure 10(a),
(b), and (c) for row D, C, and B, respectively. The
date of each survey is noted in the indent.
Cylinders of row A were either destroyed or finally buried by sediment under the bed surface after the October typhoon, therefore, only rows B,
C, and D were shown on Figure 10. Since the flow
was complicated and many factors are involved in
channel migration, the following discussion can
only base on the limited data available, yet, the effects of the proposed measure can still be seen.
Row D was on the downstream of A, B, and C,
as a result, based on Figure 10, deposition occurred at all cylinders of row D. Rows B and C
were in front of D, with strong flow approaching,
some had deposition and other had scour, but over
all, deposition is the main feature.

Fig 9. Discharge hydrograph at an upstream weir during the
field test, 2007

Figure 9 is a 7-month discharge hydrograph between 1st April to 29th October of 2007. Four
groups of significant discharge can be seen from
Figure 9, which are the East-Asian rainy season
(plum rain) occurred in June, the Typhoon Sepat
came in 18th August, the Typhoon Wiptha came
in 18th September, and the Typhoon Krosa came
in 6th October, 2007.
Field observations were performed during the
high flow periods with emphasis on the condition
of protected levee and surrounding flow. Satellite
images or aerial photos at important hours were
purchased to see the migration of flow paths. After each significant flow and during flowrecession period, field surveys were performed to
see the changes of bed elevation along each row
of porous cylinder.

Fig 10. Evolution of bed elevation at each cylinder after each flood
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4.1 From newly installation to plum rain ended
After newly installation on site, topography or
elevation among all porous cylinders can be seen,
based on survey on 16th of May in Figure 10 (a),
(b), and (c). Row C located at a higher position.
For row B, the elevation is higher in B1 and decrease to B10. Row D, compared with B and C, is
obviously the lowest. The elevation difference between B1, the highest, and D3, the lowest, is
2.6m, with a distance 60m in between.
Figure 11 is a photo taken during a higher flow
period and Figure 12, lower flow period immediately after plum rain (also refer to Fig. 9 for discharge information). In Figure 11, water depth is
more than 2m, with velocity around 3 m/s. When
flow passed through four rows of cylinders, a region of low-velocity zone behind the cylinders
can be seen, and two flows formed surrounding
those cylinders (Figure 11). One of the two flows,
past row B, is the original path of deep channel.
The other, made a detour, through the downstream
side of row A and row D, and flowed towards the
left bank with a smaller angle of attack. Between
these two flows was the region of low-velocity
zone.
In the low flow situation of Figure 12, obvious
deposition was observed in the rear side of row D.
Based on Figure 10(a), the deposition along row
D is around 1.5m. Not much change in Row C
(Figure11(b)). Based on Figure 10(c), the main
channel shifted from cylinders B6~B10 to B1~B5,
and resulted in 0.8~1.6m degradation along
B1~B5 and 0.8~1m deposition along B6~B10. At
this time point, the main flow was separated into
two parts and the strike area by the flow enlarged,
which reduced the erosion forces tremendously
upon the foundation of levee.

Figure 12 Low flow after plum rain finished on June 15th,
2007

4.2 After two major typhoons in August and
September
Based on Figure 10(a), the deposition during those
two typhoons along D1 to D5 is around 0.5m and
similar amount of degradation along D6 to D10,
but all were still much higher than the original bed
elevation. Deposition along C1 to C6 was about
0.7~1.5m (Figure 10(b)). Deposition along B1 to
B7 was about 0.6~1.5m (Figure 10(c)). The original deep channel, past B1~B5 and C9~C10 before
the two typhoons, was further shifted downstream,
which meets the original goal of our plan.
At this time point, several cylinders were either
destroyed by the previous flow with stone or were
almost buried by gravels and cobbles. This reduced the following effect of the original design.

Figure 13 Satellite image (Formosa II) after Typhoon Sepat
in August, Typhoon Wiptha in September, and before Typhoon Krosa in Oct., 2007

Figure 11 High flow during plum rain season on June 9th,
2007
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degree of freedom and flexibility and so is more
active.
6. This measure is suitable for mountain rivers
with dramatic discharge change, such as rivers in
Taiwan, Japan, or New Zealand, and can be combined with the existing measures
7. Porous cylinder is relatively inexpensive and
easy for installation, so very worthwhile for future
popularization.
8. Porous cylinder should be considered as
wearable and need to be maintained after each
flood, especially the most front row is the most
vulnerable ones.

4.3 After typhoon in October
After the October typhoon, further deposition on
row D up to 2~3m above the original bed (Figure
10(a)) and all cylinders were buried except D10.
An emerged flood plain with about 2m deposition
covered the row A and D area. Degradation occurred along C3~C10 (Figure 10(b)) and B1~B4
(Figure 10(c)), where a deep channel still passed.
Some of the porous materials were removed by
the flow and only the piles were left. Compared
with Figure 13, satellite image on Figure14 shows
that the two separated flows were further apart.
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Figure 14 Satellite image (Formosa II) after Typhoon Krosa
in Oct., 2007

5 CONCLUSION
1. Porous cylinders can screen out strong flow, reduce flow velocity, and so reduce the amount of
sediment transport behind them. In a field test
with steep slope and large moving cobbles, under
a series of flooding flows, deposition occurred on
the back side of the cylinders, and the targeted
main flow was separated into less harmful flows.
2. Arrangement of porous cylinders into line by
line is proved effective in this field test in terms of
detouring main flow path and so reducing the angle of attack and eroding force at the protected
spot.
3. Deposition in this field test is in the order as
the height of the porous cylinder, which was 2 m
above the river bed. Natural migration of deep
channels contributed to part of degradation at the
surveying spots.
4. Accumulation of serene-out effect was observed that a downstream row of cylinders had
more deposition than its upstream ones.
5. Compared with the existing bank protection
measures, which must be located around the bank,
the porous cylinder can be installed far away from
the protected spot. This give river engineers more
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ABSTRACT: Many alpine torrents convey regularly debris flows of high destructive hazard. After
several granular events observed in Bruchji’s torrent near the Blatten village in the Swiss Alps, it was
decided to manage the risk of similar debris flows by designing and constructing a control structure inside
the torrent bed. Associated with a breach in the right bank side of the torrent, this control structure should
divert part of the moderate and high debris flow events toward the original alluvial cone. Two different
configurations of the control structure were tested and optimized through a series of physical tests. The
basic concept of this structure is to create a local lateral contraction of the torrent section topped by a
horizontal rack or by a deflector beam. A physical model at the scale of 1:20 was built and granular
debris flows were simulated by four successive discrete pulses. The behavior of the structure was tested
inside the linear part and inside the bend of the channel reach. The geometry and dimensions of the
control structure were also optimized to divert laterally a maximum volume of debris flow materials.This
paper describes the physical model experiments, presents and discusses the main test results, and
proposes an optimized geometry of the control structure. The most efficient configuration consists of a
unilateral contract of the channel flow section inside a channel bend and to install a deflector beam.
Keywords: Granular debris flows, Experimental study, Diversion structure, Physical scaled modeling
1 INTRODUCTION
1.1 Problematic
The catchment area of Bruchji’s torrent, a
tributary of Kelchbach river in the Swiss Alps, has
steep rock slopes covered with unconsolidated
materials. During heavy precipitation events, large
amount of liquefied landslides of saturated debris
are regularly initiated and transported toward
Blatten village located on the downstream end of
the catchment area (Figure 1). Two historical
events of granular debris flow have been observed
in 1995 and 2001. The texture of these flows was
composed of material ranging in size from clay to
about 0.5 m3 of rock boulders. The high flooding
risk induced by the limited flow capacity of the
Bruchji’s reach that travels the Blatten village, has
urge the local authority to search for suitable
solutions to protect lives and goods. An interesting
proposition to divert granular debris flows has
been proposed [11]. The aim of this solution is the
partial diversion of moderate and high debris flow
events from the torrent’s bed toward a managed
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area inside the historical alluvial cone. In this area,
a progressive drainage and phase separation of the
water-sediment mixture will occur. The solid part
of the flow will settle down and water will be
redirected back to the torrent’s bed by means of
dikes that bound the deposition area.
1.2 Basic design guidelines
The design report [11] suggests the following
basic guidelines: (i) not more than 10000 m3 of
debris flow should reach the existing deposit
reservoir, (ii) the excess volume of debris flow
should be diverted to the future deposition area or
forced to be stopped and settled down inside the
torrent’s bed along the reach situated upstream
from the existing deposit reservoir, (iii) the
volume of solid material deposited in the bed of
the torrent should be kept as low as possible, and
(iv) the control structure should provides a way for

Scars formed by
debris flow
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Figure 1. Arial view (left) and schematic longitudinal profile (right) of the Bruchji’s torrent upstream from the Blatten village.

clear water following the debris flow events, to
return back progressively to the torrent’s bed.
The basic concept is to create a local lateral
contraction of the torrent section and to open a
breach in the right bank side of it. The local
artificial narrowing and widening of the flow
section leads to a partial energy dissipation of the
flow. This induces local sediment deposition
inside the bed which creates an obstacle to the
following debris flow masses. When the depth of
deposits reaches the crest level of the lateral
breach, part of the debris flow is diverted toward
the deposition area. The final constraint imposed
to the control structure is that clear water flowing
with classical bed load transport should not
generate flow diversion through the breach.

Configuration A

Configuration B

During normal Flood
Horizontal
rack

Objective
Classical bed transport with no
lateral diversion.

Deflector
beam

During debris flow events
Objectives
Partial deposition in the torrent
bed
Partial diversion toward the
deposition area.

Following the debris flow
events
Objectives
Fast clearing of the flow section
Flushing the deposit by bed
transport.

Figure 2. Schematic presentations of the operation process
of the two tested configurations of the control structure with
bilateral (left) and unilateral (right) contractions of the
torrent cross-section.

1.3 Aim of the paper
The reliability of the suggested risk management
solution depends on the efficiency and robustness
of the future control structure. To enhance the
behavior and optimize such a complicated
structure, physical model tests for two different
configurations A and B (Figure 2) and two
different locations of the control structure (Figure
1) were carried out in the Laboratory of Hydraulic
Constructions (LCH) of the Ecole Polytechnique
Fédérale de Lausanne (EPFL). The physical
model was designed to generate successive
discrete surges of granular debris flow.
This paper presents the physical model set-up,
describes some tests that have been carried out,
and provides a rather detail analysis of results. It
aims to determine the widths of the channel
contraction and lateral breach, the level of the
horizontal rack for the A type control structure,
the lower level of the deflector for the B type, and
the crest level of the diversion breach.

2 EXPERIMENTAL SET-UP
2.1 Prototype characteristics
The investigated reach of Bruchji’s torrent has a
trapezoidal cross section with 13 m of base width
and 45 degrees of banks slope. It is a quasiprismatic reach with a constant longitudinal slope
of 26 %.
Bruchji’s floods are mainly caused by
convective rainfall during thunderstorms. For
flood return period of one hundred years, the
water peak discharge lies roughly between 22 and
26 m3/s [11]. The Probable Maximum Flood
(PMF) is estimated to 40 m3/s (Table 1). The one
hundred years and the PMF flood events can
mobilize large volumes of solid materials
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estimated between 30000 and 50000 m3 for the
former (rare events) and 70000 and 100000 m3 for
the latter (possible events) (Table 2). The existing
sediment reservoir has a volume capacity of about
10000 m3. Its capacity is sufficient for debris flow
events generated by rainfall of 20 years return
period. The maximum sediment volume of
100000 m3 corresponds to the available materials
that can be potentially mobilized during one
single PMF event.

Bruchji’s
torrent

N
Limits of the
modeled reach

Control structure
(position 1)

Control structure
(position 2)

Flow
contraction
sections

Table 1. Bruchji’s water discharge during floods [11]
Flood return period
Discharge [m3/s]
20
12 – 20
100
22 – 26
PMF
40

Diversion
breaches

Table 2. Estimated volume of debris flow events [11]
Events
Return period
Volume [m3]
Frequent
20
10000 – 15000
Rare
100
30000 – 50000
Possible
300
70000 – 100000

Figure 3. Topographical plan view of the modeled reach of
the Bruchji’s torrent with the two different positions of the
control structure.
Sediment
mixture tank

2.2 Model characteristics
The physical scaled model of the Bruchji’s torrent
was built respecting a geometrical scale of 1:20.
The physical model covers a prototype area of
140 m long and 65 m wide (Figure 3). It includes
also a small area of the future deposition reservoir
at the right hand side of the torrent. A schematic
3-D view of the physical model of 7 m long and
3.25 m wide is shown in Figure 4.
At the upstream boundary of the model, a
0.5 m3 tank is used to prepare the mixture of
granular debris flow. This tank is equipped with a
regulated gate with fast opening maneuver. The
discharge of the debris flow is controlled by
adjusting the height of the rectangular section
defined laterally by the tank walls and vertically
by the torrent bed and the lower edge of the gate.
The mean front velocity v, the front height h,
and the flow rate Qs of the upstream debris flow
are determined by ultrasonic height measurements
spread out over the entire length of the modeled
reach.
Considering the depth of the unconsolidated
and potentially movable materials that cover the
Bruchji’s catchment area, a prototype volume of
one single surge of 4000 m3 of debris flow has
been considered. The design debris flow event
was taken as being a “Frequent event” according
to Table 2. Therefore, the performance of the
control structure has been evaluated by simulating
four consecutive and identical pulses with a total
prototype volume of 16000 m3.

Modeled
channel bed

Part of the
alluvial cone
area
Sediment
recuperation tank
Figure 4. Topographical 3-D view of the scaled physical
model.

Two different positions for the control structure
were tested. The first one was at the end of the
straight line of the channel while the second was
at its curved part.
2.3 Similarity criteria and grain size distribution
The physical model was built according to Froude
similarity which preserves the ratio of inertial to
gravitational forces in model and prototype.
After a series of preliminary tests with clear
water and debris flow without the control
structure, the following three main parameters
were adjusted: (i) the opening area under the
mixture tank gate, (ii) the roughness of the
channel reach, and (iii) the grain size distribution
and water content of the debris flow mixture.
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content modifications were done on the sediment
mixture.

In clear water tests, the channel roughness was
created using gravels of d90= 1.5 cm which is in
Froude similarity with the d90= 30 cm of Bruchji’s
torrent measured during an in-situ line sampling
campaign. Having no additional information on
the prototype depth of flow during clear water
floods of 20 years return period, it was decided to
fix the crest level of the diversion breach and the
horizontal rack grid for the A type control
structure 1.4 m above the torrent bed (in prototype
scale). It was the same level that reaches the water
surface during tests without debris flow.
For debris flow tests, it was found that the
channel roughness used in clear water tests drains
the debris flow mixture during its descent. The
flow decelerates and stops before reaching the
downstream channel edge. Therefore, different
channel roughnesses were tested by smoothing
more and more the channel surface. The measured
debris flow parameters h, v and Qs for about 20
tests with the same channel roughness were very
scattered. For a completely smooth channel, the
mean vlues of h, v and Qs were around 1.2 m,
5 m/s and 100 m3/s, respectively (prototype
values). These values were obtained using a debris
flow mixture with the grain distribution curve
shown on Figure 5. The opening height under the
gate of the mixture tank was adjusted to a value of
20 cm.
The preparation of the debris flow mixture to
use in the laboratory tests was done using an
iterative procedure. Based on Bardou thesis [2], it
is possible to predict the debris flow behavior
based on its grain size distribution. To produce a
granular debris flow, known also as collisionalfrictional flow [1], the grain size distribution of
the mixture should be within the region 2 shown
on Figure 5. It is situated under the Bonnet-Staub
border [5] and separates regions of mud flow
(viscoplastic) and classical bedload flow. The
final grain distribution curve of the mixture used
in Bruchji’s tests is shown in bold continuous line
on Figure 5. On this same Figure and for
comparison raisons, some mixture distribution
curves that have been used in other laboratory
experiments [3, 4 and 12] are also shown. It has to
be noted here that the mixture tank was
continuously supplied with a 5 m3/s of water
injected near its base. It was equipped with an
overflow pipe to keep a constant water level
inside it.
The channel roughness, the debris flow mixture
and the gate opening height have been validated
by comparing the mean values of the tests output
parameters h, v and Qs to other characteristic
mean values of some reference works (Table 3).
Since a good agreement was found between
these values, no further rheological studies and

1

Viscoplastic

2

Collisional-frictional

3

Frictional-viscous

Border
between
debris
flows with viscoplastic and
frictional-collisional
behaviors
(Bonnet-Staub
1998) [5]

4

Bedload

Grain size distribution used
in Bruchji’s physical tests

Figure 5. Classification of the behavior of debris flow
mixtures according to their grain size distributions [2]. Also
shown, six grain size distributions (including Bruchji) for
some reference experimental mixtures [3, 4 and 12].
Table 3. Mean characteristic values for debris flows
extracted from some reference works
Measured
Variable Value
Source
parameters
Front height
h [m]
1–3
Bardou [2]
1.2
Rickenmann [8]
1.2 – 3.5
Sinniger [9]
Front wave
v [m/s]
3–5
Davies [7]
5.9
Rickenmann [9]
1–7
Bardou [2]
5
Takahashi [10]
100
Empirical formula
Discharge
Qs [m3/s]
Qs=0.1·V5/6
(with V=4000 m3)
87
Rickenmann [8]
60 – 70 British Columbia [6]

2.4 Measuring devices
The debris flow depth was measured continuously
with eight ultrasonic probes distributed all along
the channel length. The first significant change in
each probe signal indicates the arrival time of the
debris flow head at the probe measurement
section. From these measurements, the debris flow
parameters can be extracted. The water supply for
the model was controlled by a valve and the
discharge was measured by an electromagnetic
flow meter. Systematically, a topographical
survey of the model channel bed was performed
after each test. All the experiments were also
documented using photos and video recordings.
The measuring devices used to quantify the
relevant parameters of the experimental study are
listed in Table 4.
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5

Table 4. Measuring devices and accuracies
Parameter
Instrument
Accuracy level
Model Prototype
Flow level
Ultrasonic probe
± 1 mm
± 2.0 cm
and depth
Water
Electromagnetic
± 0.25 l/s ± 0.5 m3/s
discharge
flowmeter
Front velocity Ultrasonic probe
± 1 mm ± 4.5 mm/s
+ chronometer
± 0.1 sec
Topography Limnimeter
± 1 mm
± 2.0 cm

36°

3 0°

4

25,4

The first series of laboratory tests were carried out
with the control structure of type A having the
dimensions shown on Figure 6a. The height of the
debris flow head increases when it reaches the
upstream contraction cone of the structure. The
flow passes over the grid and looses part of its
constitutive water. This mass drainage decelerates
the flow and forces the sediment to settle down on
the grid. This will form an obstacle to the flow
and debris flow is diverted through the lateral
breach to the deposition area. A part of the solid
mass is also retained in the channel bed at the
upstream side of the structure. At the end of the
debris flow event simulated by four discrete and
identical pulses, clear water is injected inside the
model to test the flushing process and the reopening of the flow section below the rack. A
water discharge equal to 5 m3/s (one year return
period flood) was used. The control structure was
tested at the two channel positions 1 and 2. The
control structure was more efficient in the channel
bend position than in the straight channel reach.
The B configuration of the control structure was
tested in a second series of laboratory tests (Figure
6b). In this configuration, a unilateral contraction
was used inside the channel cross section. It was
placed 12 m downstream the bilateral contractions
of configuration A. The breach width was also
adjusted to a value of 25.4 m measured in
prototype scale. To increase the efficiency and the
robustness of the structure, an inclined deflector
beam was added. The lower level of the deflector
was determined as being the level reached by the
debris flow deposits after the simulation of the
two first surges of debris flow. Tests have shown
that the configuration B diverts a debris volume
10 to 15% higher than the A configuration. The
scattering of the diverted volumes was also lower
in B than in A configuration. So, further on in this
paper, only the tests results of the former structure
type are presented and discussed in detail.

(b)
Figure 6. Plan views of the optimized versions of the control
structure. a) Configuration A, b) Configuration B. (All
dimensions are in prototype scale and are in meters).

According to the design guidelines, not more
than 10000 m3 of debris flow should reach the
existing deposit reservoir situated downstream
from the control structure after the simulation of
four debris pulses. The lower face of the deflector
was adjusted to the same level of the sediment
deposit generated after the first two successive
surges. Thus, debris flow was only diverted
during the third and forth debris pulses.
3 TESTS RESULTS
3.1 Debris flow parameters h, v, and Qs
Eight ultrasonic sensors were used to measure the
time history of the debris flow heights. Figure 7
shows the output results obtained from these
sensors during one test pulse. Sensors from 1 to 4
cover the channel reach situated upstream from
the control structure while the four others (5 to 8)
cover the downstream reach. Formulae that have
been used to determine the debris flow parameters
are also depicted on Figure 7. Having as input the
relative distances between sensors, the detection
of the time lag between the front records allow the
estimation of the mean flow velocity v between
two successive sensors. From the mean flow depth
h measured inside each reach, the mean flow
discharge Qs is deduced.
Figure 7 shows also the longitudinal profiles of
debris flow. The typical head and trailing body
can be clearly observed in the records of the first
four sensors. The dispersion phenomenon has
flattened the profiles of the four other sensors.
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The flushing tests with clear water following
the debris flow event have efficiently eroded the
alluvial bed. Water flow has returned back rapidly
to the bed of the Bruchji’s torrent.

150

Depth of debris flow [mm]
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v = Δ1,2 / t
A1,2 = (b + h1,2).h1,2
Qs = [(A1 + A2)/2].v
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Figure 7. Depth history of debris flow measured by the eight
ultrasonic sensors (in model scale).

20
10
0

3.2 Time evolution of the solid deposits

0

2

The evolution of the deposits depth for a typical
four pulses test is shown on Figure 8. The effect
of the local unilateral contraction of the channel’s
section leads to a maximum deposition height near
the contraction’s entrance. The deposition area
extends upstream progressively from pulse to
pulse to reach a length of about 50 m (in prototype
scale) measured from the contraction section. At
the end of the forth debris flow pulse, the total
injected volume was equal to 16000 m3 and the
maximum prototype depth’s deposit reached 4 m.
Figures 9 and 10 show two test photos of the
sediment deposits at the end of the first and third
pulses respectively.

Deposition after the second debris flow sequence (Volume of sediments 8’000 m3)

20
10
0

0

3

Deposition after the third debris flow sequence (Volume of sediments 12’000 m3)

20
10
0

0

4

Deposition after the fourth debris flow sequence (Volume of sediments 16’000 m3)

Figure 8. Time evolution of the deposition heights during a
typical four successive debris flow pulses of 4000 m3 of
volume each (units in meters and in prototype scale).

3.3 Volume balance
A typical volume balance of the solid materials is
shown in Table 4. For the optimized control
structure of type B, a volume of about 8500 m3 of
debris flow material can transit through the
structure. This volume is below the threshold
volume of 10000 m3. The deposition volume
inside the torrent reach at the upstream side of the
structure is about 5570 m3 while the diverted
volume is equal to 1860 m3.
The evolution of the deposition volume from
pulse to pulse is given on Figure 11. It is clearly
shown that no diversion occurs during the two
first pulses. A small amount of materials is
deposited upstream the structure. At the third
pulse, the diversion volume is near 27% of the
pulse volume. The total diverted volume after the
fourth pulse is about 12% of the total injected
volume. A higher volume percentage (near 35%)
is stocked upstream the structure. About 53% of
the total injected materials transit downstream.
Figure 12 shows the volume balances for four test
series of four pulses each. The small variations of
volumes between these tests confirm the
robustness of the solution adopted.

Unilateral
contraction

Lateral breach

Figure 9. Photo of the model taken from upstream showing
the deposits at the end of the first pulse of debris flow.

Deflector beam

Figure 10. Photo of the model taken from upstream showing
the deposits at the end of the third pulse of debris flow.
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volume will be near 12% of the total event
volume. About 35% will be stocked inside the
torrent in the upstream side of the structure and
near 53% will be transited downstream.
The flushing tests done at the end of the debris
flow events have efficiently eroded the alluvial
bed formed by the material deposits. After each
event, the water flow has returned back rapidly to
the bed of the Bruchji’s torrent.

Table 4. Balance of debris flow volumes during a typical
four pulses event of 4000 m3 each.
Total injected volume, V(in):
16000 m3
Total transited volume, V(out):
8570 m3
Total upstream deposited volume, V(stock):
5570 m3
Total diverted volume, V(div):
1860 m3
100%
80%
60%

V(in)

40%

V(out)

20%

V(stock)
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Figure 11. The evolution of the volume distribution
percentages of deposit materials during a typical event of
four pulses.
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Figure 12. Volume balances for four test series composed
each of four pulses.

4 CONCLUSION
The experimental study presented in this paper,
has been a very useful tool for designers to
optimize their control structure to divert the debris
flow events of the Bruchji’s torrent. This study
has led to the following conclusions:
The control structure should be constructed in
the curved part of the Bruchji’s torrent (position
2). The centrifugal forces created by the bend
effect favorites the diversion of debris flow.
The configuration of the control structure with
a unilateral contraction and beam deflector
(configuration B) was 10 to 15% more efficient
than the bilateral contractions solution with
horizontal rack.
The optimized control structure of type B
reduces the channel width from 13 to 9.5 m and
limits the flow height to 2.7 m below the deflector
beam. The width of the lateral breach in the right
bank side of the torrent is adjusted to 25.4 m.
During a typical debris flow event composed of
four discrete pulses of 4000 m3 each (event with a
return period of 20 years), the total diverted
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ABSTRACT: This paper is aimed at the development of a model for the thickness of the transport layer in
stratified geomorphic flows such as sheet-flows or immature debris flows occurring, for instance, as a
consequence of dam failure. These are flows with high geomorphic potential, occurring at or generating
high shear stresses, whose ultimate driving mechanism is gravity. The micromechanical characteristics of
the sediment and viscous flow-grain interactions are of paramount importance in the definition of the
constitutive equations that relate stresses and shear rates within the flow. The model was derived from the
granular flow theory based on Chapman-Enskog’s dense gas kinetic theory. A 2DV conceptual model
was employed to render the flow structure in a flow in the absence of longitudinal pressure gradients. The
2DV model was further simplified to obtain an implicit formula for the thickness of the transport layer.
The role of the flux of fluctuating particle energy and of the granular temperature is clarified. Results of
the simplified formula are discussed and compared with the result of the complete model. Solutions of
hyperbolic instantaneous dam-break problems over mobile beds, incorporating the present model of the
transport layer thickness, are presented.
Keywords: Granular-fluid flows, Sheet flows, Granular temperature, Contact load
Chapman-Enskog kinetic theory (Chapman &
Cowling 1970). However, simple relations for the
collisional stress tensor are not possible without a
good number of approximations and hypothesis
(Savage & Hutter 1989, Jenkins & Richman 1985,
Jenkins & Hanes 1998). When the solid
concentration exceeds a certain value, interparticle
friction plays an important role. Kinetic theories
have been modified to account for these effects
(Nott & Jackson 1992, Jenkins 2006). The
presence of an interstitial viscous fluid has not yet
been incorporated with sufficient degree of
completeness in spite of theoretical advances
(Jenkins & Hanes 1998) and experimental work
(Armanini et al. 2005). Some solutions have been
proposed including viscous effects. Berzi &
Jenkins (2008a,b) have used a linearized version
of the phenomenological rheology proposed by
GDR MiDi (2004) to obtain analytical solutions to
the steady, fully developed flow of a granularfluid mixture over an erodible bed. Explicit
translation of collisional-dominated rheologies of
mixtures of granular material and viscous fluids
into closure models for shallow-flow advection-

1 INTRODUCTION
Flows with high geomorphic potential, herein
geomorphic flows, develop frequently a layered
structure with intense sediment transport in the
lowermost flow region. A large number of flows
can be included in this category, including river
flows in the upper regime exhibiting sheet flow
and flows resulting from dam or dyke breaking or
breaching. These flows have in common the
ultimate driving mechanism, gravity, ii) and the
fact that they are slender flows and the importance
of the micromechanical characteristics of the
sediment in the definition of the constitutive
equations. The dynamics of the transport layer is
thus determined by grain-scale interactions
between the granular and the fluid phase. In
general, these interactions can be classified as
collisional, frictional and viscous (e.g. Iverson
1997).
The theoretical body for granular flows is well
established within the dense limit of the
1371

dominated stratified flows have been attempted by
Ferreira (2008) and Ferreira et al. (2009).
The objective of this paper is to present the
detailed development of a model for the thickness
of the transport layer in stratified geomorphic
flows such as sheet-flows or immature debris
flows. The model is based on the granular flow
theory rooted on Chapman-Enskog’s dense gas
kinetic theory, namely from the equation of
conservation of fluctuating kinetic energy,
incorporating viscous and frictional effects.
Section 2 is dedicated to the description of the
physical system and to the presentation of the
steady state solution of the conservation and
constitutive equations of the granular-fluid flow
over an inclined bed. Section 3 presents the main
steps that conduct to the formula of the steadystate thickness of the transport layer, from the
simplified solution of depth-averaged equation of
conservation of the fluctuating kinetic energy.
Section 4 presents a discussion of the simplified
model. The paper is closed by a Conclusion and
recommendations.

are dominant. Within the framework of the
Chapman-Enskog theory, it is possible to derive
the equations of conservation of mass, momentum
and energy (associated to the fluctuating motion)
for the granular phase (details in Ferreira 2005,
pp. 231-250) in layer B. In steady flows, these can
be written, respectively, as
ρ( g ) νui(,gi) = 0

(1)

Tij( ,gi) + ρ( g ) νg j + f j( gw ) = 0

(2)

−Φ i ,i + Tij( g ) u (jg,i) − γ ( gw ) = 0

(3)

where

(

Tij( g ) = μ ( g ) ui(,gj) + u (jg,i)

)

(4)

is the granular stress tensor, ρ( g ) is the particle density,
ν is the solid fraction (concentration at a specific
point in the flow), ui( g ) stands for the granular velocity
g
is the acceleration of gravity,
field,

))

( (

1

μ ( g ) = 8 / 5π1/2 ρ( g ) νϑ1ϑ3d s Θ 2
viscosity, Θ = 13 c 'i c 'i

is

the

granular

is the granular temperature,

c 'i is the fluctuating component of the particle
velocity,

2 THE PHYSICAL SYSTEM
Sheet-flow is a two-dimensional stratified flow
involving a mixture of water and granular
material, picked up from the bottom. The granular
phase is composed of cohesionless sediment
grains, nearly elastic, slightly rough and
approximately spherical. The fluid is viscous and
incompressible. The flow structure is depicted in
Figure 1. Three main layers are identified: A,
characterized
by
small
mean
sediment
concentrations or by clear water and where
turbulent stresses are dominant; B, a transport
layer featuring decreasing concentrations upwards
and stresses mainly originated in the granular
phase; and C, the bed composed of grains with no
appreciable horizontal mean motion.

Φ i = K ( g ) Θ, j

is

the

(

(5)

flux

)

of

fluctuating

K ( g ) = 4 / π1/2 ρ( g ) νϑ1ϑ4 d s Θ

1
2

is

the

energy,
granular

thermal conductivity (or granular diffusivity),

(

γ ( gw ) = 24ρ( g ) (1 − e( gw ) ) νϑ1Θ 2 / π1/2 d s
3

)

(6)

is the rate of dissipation (due to inelastic collisions
and viscous damping) of the fluctuating energy,
f j( gw ) is the force per unit volume encompassing
the interaction (essentially of viscous nature) of
the fluid and granular phases and buoyancy, ds is
characteristic diameter of the grains, ϑ1 , ϑ2 , ϑ3
and ϑ4 are functions of the solid fraction (details
in Ferreira 2005, p. 246) and e( gw ) is the immersed
restitution coefficient (Ferreira 2005, p. 248).
It should be noted that the granular normal
stresses are isotropic, hence reduced to the
granular pressure, P ( g ) = − 13 Tii( g ) , calculated by the

equation of state

P ( g ) = νρ( g ) (1 + 4ϑ1 ) Θ

Figure 1. Detail of a sheet-flow with highlighted idealized
layered structure.

(7)

and the mixture behaves as an incompressible
fluid. This result and the definitions of the
granular viscosity and the granular conductivity
are a direct consequence of the dense limit

In layer B, it is expected that granular
collisional stresses are dominant except in a thin
bottom boundary layer where frictional stresses
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approximation (see details in Jenkins & Richman
1988, Ferreira 2005, pp. 231-238).
The equation of conservation of fluctuating
energy, Eq. (3), reveals that, unlike
thermodynamic systems where every given
constant temperature can be made to correspond
to an equilibrium state, a granular system can
maintain a steady state of agitation, characterized
by a given granular temperature, if and only if the
rate of production ( Tij( g ) u (jg,i) ) equals the diffusive
flux and the dissipation, i.e. if Tij( g ) u (jg,i) = Φ i ,i + γ ( gw ) .

A detailed characterization of the twodimensional (vertical) flow in layer B is obtained
by solving numerically a set of ODEs including
equations (2) to (7) and the equations of
conservation of momentum of the fluid phase,
subjected to appropriate boundary conditions
(details in Ferreira 2008). Solutions reproducing
experimental conditions of Sumer et al. (1996),
namely plastic pellets with ds = 0.003 m, specific
density s = 1.27 and dry coefficient of restitution e
= 0.825 are shown in Figure 2.

Figure 2. Computed profiles of the relevant non-dimensional quantities in the transport layer. (a) Velocity of the granular
constituent. (b) solid fraction. (c) granular temperature. (d) flux of fluctuating energy. (e) granular shear stresses. (f) dissipation
(negative, normal thickness), diffusion (thin lines) and production (positive, thick lines) of fluctuating energy; production is
considered positive while diffusion and dissipation are negative. Simulations 1, 2 and 3 correspond to, respectively, θ = 1.74,
θ ≈ 2.49 and θ ≈ 3.07.

It was found that the immersed restitution
e( gw ) = e − 0.005θ
coefficient
is
where
( w)
θ = T (Yb ) ( ρ g ( s − 1)d s ) is the Shields parameter,
where y is the vertical coordinate and Yb is the
bed elevation. It is observed that the solid fraction
increases almost linearly with the flow depth (Fig.
2b). The shear stress is not constant in the
transport layer (Fig. 2e) because its work must
balance that of the force of gravity in the direction
of the flow. The modulus of the flux of the
fluctuating kinetic energy increases towards the
bed (Fig. 2d). This means that fluctuating energy
is constantly being extracted from the mean flow
and directed towards the bottom. As a
consequence, the frictional sub-layer cannot
increase indefinitely with increasing values of the
Shields parameter and consequent increasing
normal stresses.
The flux of fluctuating energy is, as required, zero
at a large distance form the bed, as the system

becomes sufficiently rarefied. The derivative of
the flux, i.e., the diffusion of the fluctuating
energy is plotted in Fig. 2f along with the
production and dissipation. It is clear that the
diffusion term is much smaller than the production
and the dissipation terms, which justify its
elimination from some theoretical formulations
(see Armanini et al. 2005). An increase in the
Shields parameter represents an increase in the
shear rate. Thus, the absolute value of all
quantities in Fig. 2 increase with the Shields
parameter since they are all increasing functions
of the shear rate.
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3 CLOSURE EQUATIONS FOR THE
TRANSPORT LAYER
The integration of the equation of conservation of
the fluctuating energy, equation (3), over the
contact load layer reads
Ys

Ys

Ys

Yb

Yb

Yb

− ∫ d y Φ d ξ + ∫ Tyx( g ) d y u x( g ) d ξ − ∫ γ d ξ = 0

=

(8)

b

(10)

where uctop = u x( g ) .
Ys

The vertical velocity distribution in the contact
load layer can be approximated by the empirical
estimate of Sumer et al. (1996). Hence, the depthaveraged velocity is
uc =

⎛h ⎞
10
g ( s − 1) d s θ ⎜ c ⎟
7
⎝ ds ⎠

u

1
− ⎛ h ⎞
5
g ( s − 1) d s θ 4 ⎜ c ⎟
=
2
⎝ ds ⎠

Θc

3

ΦY

b

hc

∫

hc

0

(14)

3
2

νϑ1Θ d ξ

0

3
2

1
2

( )

νϑ1Θ d ξ = Cc GΘc + O Cc 2

(15)

( 2 (1 − C ) )
3

c

is the

d y (ux )
1
2

≈ ds

uctop hc
Θc

1
2

=

7 uc hc
ds
1
4
Θc 2

(16)

3
2

⎛7 u h ⎞
= ⎜ ds c c ⎟
ℜ ⎠
⎝4

3

(17)

The mean sediment volumetric concentration
can be obtained, under capacity conditions, from
the integration of the equation of conservation of
fluctuating kinetic energy in the frictional layer
(details in Ferreira 2005, pp. 279-280), rendering

(12)

⎞
⎟−
⎠

g

and can be used to relate the granular temperature
and the depth-averaged velocity, as

so that uctop uc = 7 4 . Introducing (11) and (12), Eq.
(10) becomes
3
⎛ h θ ⎞4 ⎛ 7 3 h
10 w
+ ρ( ) ⎡⎣ g ( s − 1) d s ⎤⎦ 2 ⎜ c ⎟ ⎜ − c
7
⎝ ds ⎠ ⎝ 4 4 h

∫

hc

Θ

and
top
c

) ρ( ) 1

1
2

ℜ = ds

(11)

3
4

gw )

counterpart of Carnaham & Starling’s (1969)
radial distribution function for averaged
quantities, Cc is the mean sediment volumetric
concentration in the contact load layer.
The shear efficiency number, ℜ (Savage &
Jeffrey 1981), is a measure of the correlation
between the generation of collisional stresses and
the state of agitation of a granular system,
measured by the fluctuation velocity field. It can
be interpreted as a measure of the efficiency of the
shear work in generating a particular state of
agitation. This number will take on different
values depending on the properties of particles,
namely their coefficients of restitution and of skin
friction. ℜ is Ord(1) for intermediate solid
fractions, is much smaller than 1 for dilute
systems and is much larger than 1 for dense
systems. Parameter ℜ can be re-written as

)

3
4

(

γd y

and where G = Cc ( 2 − Cc )

where γc is the depth-averaged rate of
dissipation and hc is the thickness of the transport
layer. Assuming that the shear stress associated to
the granular phase is approximately linear (Fig.
(g)
= τbc d y (1 − y h ) = − τbc h , being h
2e) d y Tyx
the flow depth, and that the velocity at the bed is
u x( g ) y =Y = 0 , Eq. (9) becomes

1
−
4

Yb

24 1 − e(

1
hc

Ys

⎡ u top h ⎛ u top
⎞⎤
Φ Y + τb uc ⎢ c − c ⎜ c − 1⎟ ⎥ − hc γ c = 0
b
h ⎝ uc
⎠⎦
⎣ uc

Ys

where

Φ Y + ⎣⎡Tyx( g )u x( g ) ⎦⎤ − hc γ c − ∫ u x( g ) d y Tyx( g ) d ξ = 0 (9)
Yb
b
Yb

(

∫

π ds

where Φ is the flux of fluctuating energy, Ys is
the elevation of the top of the transport layer
Considering that the flux of fluctuating energy
is zero at the boundary between the suspended
sediment and the contact load layers and applying
the Leibnitz rule, it is obtained
Ys

1
hc

γc =

Cc =

(13)

θd s
tan ( ϕb ) hc

(18)

where ϕb is the internal friction angle at the bed.
Substituting (11) in (17) and (15), (17) and (18)
in (14), one obtains

− hc γ c = 0

The averaged value of the rate of dissipation is
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4

2

24 ⎛ 5 ⎞
1
G
w
γ c hc = 1 ⎜ ⎟ (1 − e ) sρ( )
×
2⎠
tan ( ϕb ) ℜ3
2 ⎝
π
1
4

⎛h ⎞
× ⎡⎣ g ( s − 1) d s ⎤⎦ θ ⎜ c ⎟
⎝ ds ⎠
3
2

−

hc ⎛ β2 ⎞ 3
=⎜ ⎟ θ
ds ⎝ χ ⎠

(19)

3
4

The flux at the bed is calculated by the
formulation of Jenkins & Askari (1991), modified
by Ferreira (2005), p. 255

QY = −
b

⎡
5π
tan 2 ϕ
⎢3 (1 − e ( gw) ) −
b
4ϑ30
⎢⎣

⎤

( )⎥⎥ ϑ

2 12
Θ N
π1/ 2

⎦

40

(20)

where N represents the weight of granular material
per unit bed area, i.e. the granular pressure at the
bed. Introducing the equation of state for the
normal stress at the bed, Eq. (7), and Eq. (18), Eq.
(20) becomes
3

QY

b

2
w ⎡ g ( s − 1) d s θ ⎤
= −ρ( ) ⎢
⎥ ×
⎣⎢ tan ( ϕb ) ⎦⎥

(21)

⎡
⎤
5π
( gw)
−
tan 2 ( ϕb ) ⎥ M 0
⎢3 1 − e
4K0
⎦
× ⎣
πsG0 ν 03

(

)

3
4

⎛h ⎞ ⎛h ⎞ ⎛7 3 h ⎞
×θ ⎜ c ⎟ + ⎜ c ⎟ ⎜ − c ⎟ −
⎝ ds ⎠ ⎝ ds ⎠ ⎝ 4 4 h ⎠
G ( Cc ) 1 − 12
262.5
− 1 1 − e( gw) s
θ =0
3
ϕ
ℜ
tan
(
)
b
π2

(

3

3

−

1
2

0.8

2
R

1.5

0.9

1

(22)

0.5
0
0

Eq. (22) is the closure equation for hc. Notice
that
(22)
can
be
written
as
3

0.7

2.5

)

( xc ) 2 χ ( hc ; h ) − β2θ 4 ( xc ) 4 − β3θ

(24)

3

)

3
2

Cc
1− p

where p is the bed porosity, describes the data
fairly well.

⎡
⎤
5π
( gw )
−
tan 2 ( ϕb ) ⎥ M 0
⎢3 1 − e
4K0
0.49 ⎣
⎦
−
×
3
π
sG0 ν 0 tan 3 ( ϕb )
3
4

which is a linear relation such as the one proposed
by Wilson (1987). For typical values of the
parameters involved, the slope in (23) varies
between 2 and 5.5, which is two to five times
smaller than the value proposed by Wilson in his
equation hc d s = 10θ . It is thus proposed that the
large ℜ limit does not represent the variation of hc
correctly and full equation (22) should be used.
The introduction of ℜ in (22) envisaged the
introduction of the effects of the granular
temperature. Thus, the parameter ℜ, computed
with depth-averaged quantities, should be
provided independently. Data from Ahn et al.
(1992) and from the numerical simulations carried
out to produce Fig. 2 are appropriate to estimate
the shear efficiency number. Such data is replotted in Fig. 3 along with estimates of ℜ, in the
form of a family of lines parameterized in terms of
(1 − e). Thus, as seen in that figure, the linear
relation in the form

ℜ = ⎡⎣ 0.65 + 8 (1 − e ) ⎤⎦

where K0 and M0 are the counterparts of ϑ3 and ϑ4
for averaged concentrations. Introducing (19) and
(21) in (13) one obtains

(

(23)

0.1
0.2
0.3
0.4
Depth-averaged concentration, Cc

0.5

Figure 3. Solid lines correspond to Eq. (24) with the
parameter e taking on the values 0.7, 0.8 and 0.9. Crosses
(+) correspond to the dry granular flow data of Ahn et al.
(1992). Numerical results for Sumer’s (1996) sediment of
type a (◊), and sediment of type b (♦).

= 0 where xc =

7 3 hc
−
. The large ℜ limit
4 4 h
corresponds to dense flows with high dissipation
of fluctuating energy due, for instance, to viscous
effects from an interstitial fluid (Savage & Jeffrey
1981). In this limit, (22) reduces to

hc/ds and χ ( hc ; h ) =

4 DISCUSION OF THE THICKNESS OF THE
TRANSPORT LAYER
Equation (22) was tested against the experimental
data of Sumer et al. (1996). These authors
quantified hc d s by two methods: direct visual
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inspection and extrapolation from the solid
fraction profile.
Figures 4 and 5 display the experimental
results Sumer et al. (1996) corresponding to visual
inspection. It is believed that the extrapolation
from the solid fraction, although more susceptible
to be compared among researchers, greatly
overestimated the thickness of the transport layer.
A sensitivity analysis to the values of the
restitution coefficient, to the total discharge, q,
and to the solid fraction at the bed are performed
in Figs. 4a, 4b and 4c. Fig. 4d shows a different
kind of sensitivity analysis: several parameters are
varied, corresponding to the geometrical and
mechanical characteristics of the sediment
employed by Sumer et al. (1996).
In agreement with the findings of Zhang &
Campbell (1992), the increase of the values of the
coefficient of restitution results in an increase in
the thickness of the contact load layer. The main
effect of decreasing the total discharge while
maintaining the bed shear stress is the narrowing
of the ratio hc d s , as seen in Fig. 4b. It was also
found that the smaller the solid fraction at the bed
the larger the values of hc.
The most interesting result expressed in Fig. 4
is the invariance of hc d s as a response to the
variation of the type of sediment. If the proper
values for the relevant parameters are chosen,
namely the restitution coefficient and the internal
friction angle at the bed, the non-dimensional
thickness of the contact load layer is virtually
independent from the type of sediment. In Fig. 5,
the specific conditions of the experimental tests of
Sumer et al. (1996), namely the discharge rate and
the flow depth, are reproduced in the computation
of hc d s . The numerical values are efficiently
represented by the power law

hc
= 1.7 + 5.5θ
ds
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e = 0.8
e = 0.5

10
5
0
0

1

2

θ (-)

3

4

5

30

b)(

h c /d s (-)

25
20
15

ν0 = 0.55
ν0 = 0.60
ν0 = 0.65

10
5
0
0

1

2

1

2

θ (-)

3

4

5

3

4

5

30

c)

h c /d s (-)

25
20
15
10
5
0
0

θ (-)

Figure 4. Thickness of the sheet-flow layer as a function of
the Shields parameter. Sensitivity analysis to (a) the
restitution coefficient; e = 0.5, 0.8, 0.9 and 0.95;
tan(ϕb) = 0.35; ν0 = 0.65; q = 1.0 m2/s; (b) maximum solid
fraction at the bed; ν0 = 0.55, 0.60 and 0.65; e = 0.8; tan(ϕb)
= 0.4; q = 1.0 m2/s and (c) the characteristics of the
sediment grains. The four types of granular material used by
Sumer et al. (1996), were plastic (ds = 0.003 m, s = 1.27, e =
0.75 and ds = 0.0026 m, s = 1.14, e = 0.75), acrylic (ds =
0.0006 m, s = 1.13, e = 0.75) and sand (ds = 0.00013 m, s =
2.67, e = 0.8); ν0 = 0.6; tan(ϕb) = 0.4; q = 1.0 m2/s. Circles
(○) stand for Sumer’s et al. data.

(25)

Thus, for faster, yet possibly less accurate,
computations, Eq. (22) may be replaced by (25). It
is noteworthy that Wilson’s (1987) equation for
the thickness of the sheet-flow, hc d s = 10θ was
obtained from an equation such as (18) with Cc =
0.625, the maximum packing of identical spheres,
and Bagnold’s (1954) value of tan(ϕb) = 0.32. Eqs.
(18), (22) and (25) state that the variation of hc/ds
is not exactly linear with the Shields parameter
and
that
the
depth-averaged
sediment
concentration is not exactly constant, as in classic
sheet-flow studies (e.g., Wilson 1987, 1989).
These results seem to be in a better agreement
with the two-dimensional numerical simulations
performed previously in section 2.

The results of the full 2DV numerical
simulations are also shown in Fig. 5. Comparing
with experimental results, it is observed that these
simulations underestimate hc for high Shields
numbers. This may be an effect of the techniques
used to estimate experimentally the thickness hc.
The agreement between the simplified models Eq.
(22) and (25) and the full 2DV model is
qualitatively good. The introduction of the
simplifications led to an overestimation of hc
relatively to the complete model.
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Table 1. Main features of experiments of Ferreira et al.
(2006)
______________________________________________
TEST
hL (m) YbL (m) hR (m) YL (m)
______________________________________________
35_00_00
0.35
0.00
0.00
0.35
35_10_00
0.25
0.10
0.00
0.35
_____________________________________________

20
18
16

h c /d s (-)

14
12
10

The non-dimensional flow experimental and
numerical profiles are presented in Fig. 6. In that
figure, x is the longitudinal coordinate, starting in
the gate (dam) location, and z is the elevation
measured from the initial bed level downstream.

8
6
4
2
0
0.5

1.0

1.5

θ (-)

2.0

2.5

3.0

a)

Figure 5. Non-dimentional thickness of the sheet-flow layer.
Crosses (+) stand for the results of (22); triangles (Δ) and
circles (○) stand for the experimental results of Sumer et al.
(1996). Dashed line (- - - -) stands for the results of equation
(25). Large circles stand for the results of the full 2DV
model. Black circles ( ) stand for plastic (ds = 0.003 m, s
= 1.27, e = 0.75) and white circles ( ) stand for acrylic (ds
= 0.0006 m, s = 1.13, e = 0.75).

It is noteworthy that Fraccarollo & Capart
(2002) used a relation similar to (18) in order to
compute the thickness of their transport layer. In
order to derive (18), they assume that there is a
discontinuous state of shear stress across the
interface between the bed and the transport layer.
This interface acts like a phase interface and
requires that there is a basal slip velocity. At the
sharp interface they apply Rankine-Hugoniot
shock conditions thus obtaining (18). Fraccarollo
& Capart (2002) then assume that the
concentration in the transport layer is constant and
use (18) to compute hc. The advantage of the
present formulation is that the thickness of the
transport layer is computed from an independent
formula, using energy considerations, allowing for
a variable mean sediment concentration.

b)

Figure 6. Non-dimensional flow profiles: a) test 35_00_00;
b) test 35_10_00. Black lines represent the numerical
solutions obtained using Eq. (25) and grey lines stand for
experimental dam failure results of Ferreira et al. (2006).

The results presented in Fig. 6 show a
reasonable agreement between the calculated (Eq.
25) and the measured thickness of the transport
layer. In the region behind the wave-front, where
high shear stresses occur, the agreement is better
than in low velocity regions, which may indicate
that inertial effects, absent in the present
formulation, will have to be introduced for a better
overall agreement.

5 APPLICATION TO DAM FAILURE TESTS
The dam failure experimental results of Ferreira et
al. (2006) are used to test the validity of the
closure equation for the thickness of the transport
layer devised in this paper (Eq. 25). The
experiments were composed of different water
levels upstream and downstream. The bed was
composed of PVC pellets with equal or different
levels upstream and downstream. The main
features of the experimental tests are presented in
Table 1, where hL and hR are the initial water
depth, respectively, upstream and downstream, YbL
and YL are the initial upstream bed and water
levels, respectively. More details can be found in
Ferreira et al. (2006).

6 CONCLUSIONS
The main results of the present work may be
summarized as follows.
The thickness of the transport layer may be
derived from the equation of conservation of the
particle fluctuating energy.
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The driving mechanism is similar to that
controlling the flow depth in turbulent, uniform
(in the longitudinal direction) open-channel flows:
the stronger the energy production (in this case
due to large coefficient of restitution or otherwise
increased granular stresses), the more important
the vertical flux of fluctuating energy and the
thicker the transport layer to allow for complete
energy dissipation.
The proposed model, by introducing the
solution of an extra conservation equation, allows
for a variable sediment concentration in the
transport layer.
Preliminary tests reveal that the normalized
thickness of the transport layer may be
independent of the bed material.
A simplified model, suitable to be introduced
in layered shallow flow models was derived,
maintaining the main features of the complete
model.
Dam-break simulations, incorporating the
proposed model, show a reasonable agreement
between the measured and the calculated
thickness of the transport layer.
The main differences occur for low velocities,
where the model overestimates the thickness of
the transport layer. Research is needed in the
inertial terms of the equation of conservation of
energy to obtain an unsteady flow formula for the
thickness of the transport layer.
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ABSTRACT: Many types of flows of geophysical interest can be approximated as layered systems made
of two shallow fluids of distinct densities. Among these flows, the propagation of a dam-break wave over
a granular material can be represented by an upper clear water layer over a dense mixture of water and
moving grains. However, the numerical simulation of one-dimensional two-layer immiscible fluid flows
has to deal with a number of difficulties. Amongst the challenging difficulties, the 4 × 4 system of governing equations is known to exhibit a loss of hyperbolicity under certain flow configurations. In this paper, an approximate Riemann solver derived from the Harten-Lax-Van Leer formalism is presented to address the hyperbolicity issue. Numerical results are presented for dam-break flows involving (i) the same
fluid upstream and downstream of the dam, (ii) the collapse of a body of light fluid over a uniform layer
of a denser fluid, and (iii) a clear-water layer over a granular bed. The results obtained with the new
solver are compared to existing experimental data where available.
Keywords: Two-layer model, HLL solver, Hyperbolicity, Dam break, Shallow water
(2005) further considered distinct granular concentrations in the layers and accounted for the
granular phase dilatation resulting from grain entrainment across the bed interface. Chen et al.
(2007) assumed that the superposed layers differ
in velocity, density and also rheology to treat confluence problems, but without considering granular dilatancy. Castro et al. (2007) applied a onedimensional two-layer model to lock-exchange
problems and tested it for the case of the Strait of
Gibraltar. Spinewine & Zech (2005) and Chen &
Peng (2006) extended the Spinewine (2005)
model to two-dimensional configurations. Leal et
al. (2006) used the assumption of local equilibrium capacity of sediment transport in a two-layer
description, adopting the energy principles of
Bagnold to derive different types of closure equations between the layers. Savary & Zech (2007)
investigated the boundary conditions and highlighted a possible loss of hyperbolicity of the twolayer model equations (i.e. eigenvalues of the system become complex) under certain conditions.
The physical meaning of this loss of hyperbolicity
is poorly documented.
In this paper, a modified HLL solver is used.
The conservation laws in each layer are written in

1 INTRODUCTION
In the last decade, two-layer models were developed for a large range of applications in the geophysical flow field, due to the clear physical
meaning of the layered flow description. For instance, Zech et al. (2008) discerned the efficiency
of a two-layer approach for the simulation of dambreak induced near-field sediment movement,
while a classic one-layer model with bank failure
operator appeared appropriate only for the far
field.
Fraccarollo & Capart (2002) developed a twolayer flow model, in which the upper layer is
made of clear water and the lower layer is a mixture of water and sediment, representing a bedload transport layer. Mass and momentum conservation is imposed separately to each layer while
shear-stress closures are imposed between the layers and between the lower layer and the bottom,
made of non-moving sediments. In this first
model, a same constant sediment concentration
and a same constant velocity in the layers were
assumed. Capart & Young (2002) relaxed this assumption by decoupling the depth-averaged velocities of the two flowing layers. Spinewine
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a form where most of the coupling between layers
is accounted for by specific source terms, thus removing those from the flux terms and hereby preserving strict hyperbolicity of the homogeneous
system of equations.
Another difficulty for two-layer models is to
balance the source terms induced by interfacial
forces, a requirement to avoid spurious interface
diffusion and preserve static configurations. Wellbalancing is achieved by summing balance equations for the two layers, while a specific procedure
is used to prevent spurious interface diffusion.
The present paper presents three applications
of the two-layer solver in dam-break configurations. The first considers classical dam-break
waves propagating over a fixed bed. The second
considers the collapse of a body of light fluid
propagating over a uniform layer of a denser fluid.
The third considers a dam-break wave propagating over a loose layer of sand. In the latter case,
the dense “fluid layer” is made of a mixture of
water and moving sediment being entrained by the
flood wave; the two-layer solver has consequently
been extended to allow for erosion and deposition
of sediment.
The paper is organised as follows. The governing equations of the two-layer model are first recalled. The adapted HLL solver accounting for the
coupling between the two layers as source terms is
then briefly presented. Finally, the three applications are tested and conclusions are drawn.

zu

p(z)

hl

zb

ρl

Figure 1. Definition sketch for the flow variables.

where hk is the depth of the kth layer and qk = uk hk
is the unit discharge of layer k (uk is the depthaveraged velocity of the flow in layer k). The
momentum equation for the upper layer u can be
written as

∂qu ∂ ⎛⎜ qu2 g 2 ⎞⎟
∂h ⎞
⎛ ∂z
+ hu = − ghu ⎜ b + l ⎟
+
∂t ∂x ⎜⎝ hu 2 ⎟⎠
∂x ⎠
⎝ ∂x

(2)

where g is the gravitational acceleration and zb is
the bed level. In the same way, the momentum
equation for the lower layer l reads
∂ql
h ⎞ ⎤
∂ ⎡ q2 ⎛
+ ⎢ l + ⎜ χ hu + l ⎟ ghl ⎥
2⎠ ⎦
∂x ⎣ hl ⎝
∂t
∂z
∂z
= χ ghu l − g ( χ hu + hl ) b
∂x
∂x

(3)

where χ = ρu / ρl and zl is the elevation of the interface between the two layers, zl = zb + hl. Equations (1), (2) and (3) can be recast in vector conservation form as

The governing equations are developed for two
layers of immiscible fluids of distinct densities,
using the shallow-water assumption. This means
that no mass exchange occurs between the layers.
Frictionless motion of the fluid layers is further
assumed.
The governing equations can be written in conservation form by means of a continuity and a
momentum equation for each layer. As sketched
in Figure 1, subscript u denotes the upper layer,
usually made of water, or, more generally, of a
fluid of lighter density ρu and subscript l denotes
the lower layer, usually a denser fluid of density
ρl, for example a mixture of water and sediment.
The continuity equations read

k = l, u

zl

ρu

2 GOVERNING EQUATIONS

∂hk ∂qk
= 0,
+
∂x
∂t

hu

∂U ∂F
+
=S
∂t ∂x

(4)

with vectors U, F and S defined as follows
qu
⎤
⎡ hu ⎤
⎡
⎥
⎢q ⎥
⎢
2
2
qu / hu + ghu / 2
u
⎥ (5a, b)
U = ⎢ ⎥, F = ⎢
⎥
⎢ hl ⎥
⎢
ql
⎥
⎢ ⎥
⎢ 2
2
⎣ ql ⎦
⎣ql / hl + ghl / 2 + χ ghu hl ⎦
0
⎡
⎤
⎢
⎥
− ghu ∂zl / ∂x
⎢
⎥
S=
⎢
⎥
0
⎢
⎥
⎣ χ ghu ∂zl / ∂x − g ( χ hu + hl ) ∂zb / ∂x ⎦

(1)

(5c)

The Jacobian matrix A of system (4) is defined as
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⎡ 0
⎢ 2
2
∂ F ⎢cu − uu
=
A=
∂U ⎢ 0
⎢ ' 2
⎣ (cl ) χ

1

0

2uu
0

0
0

0

cl2 − ul2

0 ⎤
0 ⎥⎥
1 ⎥
⎥
2ul ⎦

U in+1 = U in
+

(6)

(7)

∂ U ∂F
=0
+
∂t ∂ x
⎧U L
U ( x, t ) = ⎨
⎩U R
n

⎪
⎬

⎫
⎪
⎪
⎬
for x < xi +1/ 2 ⎪
for x > xi +1/ 2 ⎪⎭

(10)

where the subscripts L and R denote the value of
the variable in the left state and the right state, respectively.
The Riemann problem is not solved exactly,
which would require an analytical solution of system (4). An approximate solver, derived from the
HLL solver (Harten et al. 1983), is used.
In the original version of the HLL solver, the
fluxes are computed assuming that the solution of
the Riemann problem is made of two discontinuities separating the left and right state from an intermediate region of constant state (Figure 2). The
exact nature of the discontinuities does not need to
be known. The jump relationships across the two
discontinuities can be solved for the intermediate
region of constant state U* and F*

λ u(1) = uu − cu ⎫
λ l(1) = ul − cl ⎪
⎪
λ l( 2) = ul + cl ⎭

(9)

the contributions of the source term at the interfaces i – 1/2 and i + 1/2 to the momentum balance
in the cell i. The discretisation of the two source
terms is detailed in Section 3.2. The flux Fin++11/ /22
at the interface i + 1/2 is computed by solving the
following local discontinuity problem (Riemann
problem)

The celerity cu is the classical celerity of waves
in still fluid, while cl is obtained by transforming
the total depth (hl + hu) of the upper and lower
layers into an equivalent depth (hl + χ hu). The
equivalent depth is defined in such a way that the
pressure gradient along a vertical in the upper
layer u is the same as in the lower layer l. The
quantity c’l, is introduced only for the convenience
of notation. It does not bear any physical meaning
such as a wave propagation speed in still fluid.
Note that the coupling between the layers appears
in the Jacobian matrix A only via χ. It is accounted for by the pressure-driven term –
ghu ∂ zl / ∂x in the source term S, which comes
from the reaction exerted by the lower layer onto
the upper layer
As mentioned above, the eigenvalues of A are
all real and distinct, i.e. this model does not exhibit any loss of hyperbolicity

λ u( 2) = uu + cu ⎪

)

where the superscript n denotes the time level n,
the subscript i denotes the average value of the
variable over the computational cell i, Δt is the
computational time step and Δxi is the length of
the cell i. Vectors S in−+11//22, i and S in++11//22, i represent

where the celerities cl , cu , c’l , are defined as follows

cl2 = (hl + χ hu ) g ⎫
⎪⎪
cu2 = ghu
⎬
⎪
2
'
(cl ) = ghl
⎪⎭

(

Δt n +1 / 2
F i −1 / 2 − F in++11//22 + (S in−+11//22,i + S in++11//22,i ) Δt
Δ xi

(8)

3 ADAPTED HLL SOLVER

F* =

The present section briefly introduces a modified
two-layer shallow-water solver.

⎫
λ + FL − λ − FR λ − λ +
− +
(U L − U R )⎪
+
−
−
λ −λ
λ −λ
⎪
⎬
⎪
⎪
⎭

λ + U R − λ − U L FL − FR
U* =
+ +
λ +− λ −
λ −λ−

3.1 Finite-volume discretisation and principle of
the HLL solver

(11)

-

where λ and λ+ denote the propagation speeds of
the discontinuities. In the present method, the following estimates, involving (8), are proposed :

The governing equations (4) are discretised as follows by a finite-volume scheme with a splitting of
source terms derived from the source term upwinding technique (Bermudez & VazquezCendon 1994)

(
= max (λ

)
⎬
,0)⎪⎭

λ− = min λ l(1, L) , λ l(1, R) , λ u(1,)L, λ u(1,)R ,0 ⎫⎪
λ+
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( 2)
( 2)
( 2)
( 2)
l , L, λ l , R , λ u , L, λ u , R

(12)

quently, the principle of action and reaction between the two layers is satisfied.
Finally, the source term S is computed as

U

UL

0
⎤
⎡
⎥
⎢
S (u ) = ghu , LR ( zl , L − zl , R )
⎥
⎢
S=⎢
⎥ (15)
0
⎥
⎢
⎥
⎢ − χ S (u ) + g ( χ h
u , LR + hl , LR ) ( zb, L − zb, R ) ⎦
⎣

UR
x
U

λ–

with

hk , LR =

λ+

x

2

, k = l, u

(16)

4 APPLICATIONS

Figure 2. Principle of the HLL Riemann solver. Simplification of the multiple wave exact solution (top) into a twowave approximate solution (bottom).

Three dam-break tests are proposed: (i) with water
as a single density fluid over a fixed bed, (ii) with
a light fluid over a dense fluid over a fixed bed
and (iii), with water over an erodible sand bed.

3.2 Discretisation of the source term
Many approaches for the discretisation of the
source terms, involved in equation (9), are available from the literature (see e.g. Gallouët et al.
2003). In the proposed approach, the contributions
of the source terms S as defined in equation (5c)
are discretised as

S in++11//22, i

hk , L + hk , R

4.1 Dam-break flow of single density fluid

⎤
⎡0
⎤
⎡0
⎥
⎢ (u )
⎢ (u ) ⎥
Si +1 / 2, i +1 ⎥
⎢
⎢ Si +1 / 2, i ⎥
n +1 / 2
=⎢
⎥ (13)
⎥, S i +1 / 2, i +1 = ⎢
0
0
⎥
⎢
⎥
⎢
⎥
⎢ S (l )
⎥
⎢ S (l )
⎣ i +1 / 2, i +1 ⎦
⎣ i +1 / 2, i ⎦

where the term S i(+k1) / 2, i represents the part of the

Numerical simulations for the propagation of a
dam-break wave of pure water are compared to
the experimental results obtained by Çağatay &
Kocaman (2008) for dry (α = h1/h0 = 0) and wet
bed case (α = 0.1 and 0.4), where the initial upstream water depth h0 is 0.25 m and where the initial downstream tailwater depth is denoted h1.
(Figure 3). In the simulation, it is arbitrarily assumed that hu = h0 and hl = 0 in the reservoir while
hu = 0 and hl = h1 downstream. So the two bodies
of water keep their original identity, while not distinguishable in the reality.

source term applied to cell i and S i(+k1) / 2, i +1 is the
contribution of the source term to cell i + 1, with
k = l or u. These terms are computed using a classical source term upwinding technique (Bermudez
& Vazquez 1994)

Si(+k1)/ 2,i

⎫
λ+
= + k − Si(+k1)/ 2 ⎪
λ k−λ k
⎪

Si(+k1)/ 2,i +1

⎬
− λ −k
(k ) ⎪
= +
Si +1 / 2 ⎪
λ k − λ −k
⎭

Figures 3. Initial conditions for the single density test.

The dimensionless time T is obtained by multiplying the dimension time t by (g/h0)1/2. Figures 4, 5
and 6 give the water surface profiles at early
stages following a dam break. For wet cases (Figures 5 and 6), the grey curve is the contact discontinuity marking the point at which both initially
separated fluids are in contact with each other.
For the dry-bed case (Figure 4), the simulated
mean slope of the water surface is in good agreement with the experiments and the wave front celerity is slightly underestimated.

(14)

The wave celerities (12) are used in both layers
for the upwinding procedure (13). This guarantees
that the second and fourth components of the
source term S (5c) are assigned in the same way to
the cells on both sides of the interface. Conse1382

For the wet-bed cases (Figures 5 and 6), a
negative wave front is propagating upstream while
a positive one is observed in the downstream direction. The upstream part is quite well simulated.
With the positive wave, a front is forming at early
times (Figures 5a and 6a) leading to oscillations
and breaking waves at greater times (Figures 5b
and 6b). These physical instabilities are not well
reproduced by the two-layer model because of the
hydrostatic pressure assumption. However the
mean level of these waves is well reproduced. The
wave front celerity is better simulated for a greater
tailwater depth h1 (Figure 6 in comparison with
Figure 5).
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Figure 5. Dam-break flow over wet bed (α = 0.1). Computed (black, solid line) and measured (dotted line) water
surface profiles at time (a) T = 1.57, (b) T = 6.51. Grey line:
contact discontinuity between reservoir and tailwater.
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This test aims to investigate different density ratios between the light fluid layer (upper layer u)
and the denser fluid layer (lower layer l). The initial conditions are as sketched in Figure 7. Depending on the density ratio χ = ρu / ρl, the freesurface will evolve between two asymptotic profiles. For χ = 1, both layers have the same mobility and the free surface will be given by the
Dressler solution of a dam-break flow in a channel
with an initial tailwater depth, as presented in the
previous section. For χ = 0, the top layer will not
be able to set the bottom layer in movement, and
the Ritter case of a dam-break flow over a fixed,
initially dry bed is obtained, where the solution
given by Stoker (1957) applies.

0

0

x /h 0

4.2 Dam-break flow of light fluid over dense fluid

h /h 0

0.6
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-4

-2

0
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6

8

-4

-2

0
2
x /h 0

Figure 6. Dam-break flow over wet bed (α = 0.4).Computed
(black solid line) and measured (dotted line) water surface
profiles at time (a) T = 1.5, (b) T = 6.51. Grey line: contact
discontinuity between reservoir and tailwater.

(b) T = 5.01
-8

-6

10

x /h 0

Figure 4. Dam-break flow over dry bed. Computed (black,
solid line) and measured (dotted line) water surface profiles
at time (a) T = 1.13, (b) T = 5.01.
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the Ritter / Stoker (Stoker 1957) solution can be
clearly observed for decreasing density ratios. Interesting to note is also the small wave propagating ahead of the main front that progressively
evolves towards the classical shape of a dambreak wave front over dry bed, where the free surface is tangent to the bottom. This is referred to as
a “Ritter pinch-off” by Spinewine (2005).

Figure 7. Initial conditions for the light fluid over dense
fluid test case.
1.2

(a)

1.0

4.3 Dam-break flow over granular bed
This test studies the morphological evolution of a
moving sediment layer (transport or bottom layer
s) under the action of a water flow (top layer w).
In particular, this test aims to reproduce the laboratory results of small-scale dam-break waves on
an initially flat sand bed obtained by Spinewine &
Zech (2007). In this case, the bottom boundary is
made of a loose sand layer which is allowed to
erode or deposit. In the following, the top level zu
becomes zw, the clear-water level, zl becomes zs,
the upper level of the transport layer and, zb is the
movable bed level (Figure 9).
In order to account for the bed erodibility, the
physical and numerical model presented in Sections 2 and 3 is extended following Spinewine
(2005) and Savary (2007). The hypotheses of immiscible and frictionless fluids are no valid anymore. Indeed, mass and momentum transfer may
occur between the layers, due to the change in
sediment concentration (Cb, Cs) and velocities
(ub = 0, us, uw). Granular dilatancy is considered,
i.e. the mobilization of bed material is associated
with an expansion of the granular matrix so that
the volumetric sediment concentration in the moving layer is lower than in the static bed (transition
from solid-like to fluid-like behaviour). For instance, in case of erosion, sediments from the bed
are incorporated in the transport layer and, to recover a constant sediment concentration in the
transport layer, water is leaving the clear-water
layer to enter the transport layer. The transport
layer depth is thus increasing while the clearwater layer depth is diminishing and the bed level
is lowered. From the point of view of the clearwater layer, there is a loss of mass, but also a loss
of momentum associated with water leaving the
clear-water layer at velocity uw to enter the transport layer at velocity us. Moreover, diffusive momentum transfers occur due to friction at the interface between the layers.
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Figure 8. Dam-break flow of a light fluid over a dense fluid
(a) χ = 1, (b) χ = 0.2 and (c) χ = 0.05. Abscissa: x / (gh0)1/2,
ordinate: h / h0. Solid black lines: numerical solution. Solid
grey lines: limit case for χ = 1 (Dressler solution). Dashed
grey lines: limit case for χ = 0 (Ritter solution).

Figure 8 shows the computed results for the following density ratios: (a) χ = 1, (b) χ = 0.2 and (c)
χ = 0.05. They are given for a non-dimensional
time T = 2500. The depths h0 and h1 are 1 m and
0.357 m, respectively. In each figure, the two asymptotic profiles are indicated in light grey. The
evolution from the Dressler / Stoker solution to
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eb =

τ s −τ b
ρb u s

es = −

Cb − C s
eb
Cs

The definition of an erosion rate eb is thus
added to the system of governing equations. This
erosion rate is the evolution of the interface level
with time –∂zb/∂t, due to vertical sediment transfer
between the bed and the transport layer. It is positive in case of erosion. In a similar way, the rate
es, related to the displacement of interface –∂zs/∂t
is defined and can be related to eb.
Three source terms are also added to the governing equations: they express (i) geomorphic interactions between the layers (involving the interface displacement rates eb and es), i.e. mass and
convective momentum transfer, (ii) friction at the
interface between the water layer and the transport
layer (involving the shear stress exerted by water
on the transport layer τws) and, (iii) friction at the
interface between the transport layer and the bed
(involving the resistance shear stress to the flow
exerted by the bed τb).
The modification of system (4) becomes

τ ws = ρ w C fw u w − u s (u w − u s )

(20a)

τ s = ρ s C fs u s (u s )

(20b)

τ b = τ crit + tgϕ (ρ s − ρ w ) g h s

(20c)

where ρw, ρs and ρb are the water, transport layer
and bed volumetric mass, respectively, Cfw and Cfs
the water and sediment friction coefficients, τcrit
the threshold value of τb allowing for erosion and
ϕ the angle of repose. The following values are
adopted (Spinewine 2005): ρw = 1000 kg/m³,
ρs = 1369.6 kg/m³, ρb = 1890.4 kg/m³, Cs = 0.22,
Cb = 0.53, Cfw = 0.008, Cfs = 0.06, τcrit = 0 and
ϕ = 30°.
Figure 10 shows the simulated and experimental levels for the early times of a dam-break with a
initial water level hw0 of 0.35 m in the reservoir
and an initial flat bed at zb = 0 m. Although the
general trend is well reproduced by the model, the
simulated wave front celerity is overestimated and

(17a)

0.4

⎛ ∂z
∂h ⎞
τ
= − ghw ⎜⎜ b + s ⎟⎟ + u w es − ws
∂x ⎠
ρw
⎝ ∂x

(17c)

0.2
0.1
0

-1

0

1

2

3

2

3

x (m)

-0.1

⎤
∂ q s ∂ ⎡ q s2 ⎛
hs ⎞
+
⎢ + ⎜ χ hw + ⎟ ghs ⎥
∂t ∂ x ⎢⎣ hl ⎝
2⎠
⎥⎦
τ
τ
∂z
∂z
= χ ghw s − g ( χ hw + hs ) b − χ u w es + ws − b
ρs ρs
∂x
∂x
(17d)
∂ zb
= −eb
∂t

(a) t = 0.25 s

0.3

z (m)

∂ q w ∂ ⎛⎜ q w2 g 2 ⎞⎟
+
+ hw
∂t
∂ x ⎜⎝ hw 2 ⎟⎠

(17b)

0.4

(b) t = 0.75 s

0.3

z (m)

∂ hs ∂ qs
= eb − es
+
∂x
∂t

(19)

and with the shear stresses

Figure 9. Two-layer model with a moving sediment layer.

∂ hw ∂ qw
+
= es
∂t
∂x
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with the displacement rates given by
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1
x (m)

0.4

The experimental data discussed in section 4.1
were kindly made available by Prof. H. Çağatay
and S. Kocaman, from the Hydraulic Laboratory
at the Civil Engineering Department of Çukurova
University, Turkey.

(c) t = 1.25 s

0.3

z (m)

0.2

0.1
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Figure 10. Dam-break wave over mobile bed, simulated
(solid line) and experimental (dashed line). From up to
down water, transport and bed levels.

the transport layer depth hs is underestimated at
the earliest time (Figure 10a).
5 CONCLUSION
Two-layer models may be useful when two bodies
of fluids interact, for instance in case of dambreak over mobile bed. In the literature, one of the
main problems associated with two-layer models
is the loss of hyperbolicity that occurs under certain flow configurations (Savary & Zech 2007).
This is due to the interactions between the two
fluid layers.
This paper described an adapted HLL solver to
face this difficulty. Including the pressure-induced
terms in the source terms allows the loss of hyperbolicity to be avoided. Three dam-break applications are tested. The first one consists in a single
density fluid, namely water, propagation over
fixed bed in dry and wet conditions. The second
test treats a light fluid over a denser fluid. These
two first cases assume immiscible and frictionless
fluids. A third application shows the possibility
for the model to treat mobile-bed cases, if frictional and geomorphic source terms are added to
the system, allowing erosion and deposition of
bed sediment.
These applications give good confidence for
further research in the dam-break simulation with
two-layer shallow-flow models. Some possible
improvements could be explored: relaxed assumptions about velocity distribution in the layers, numerical second-order accuracy developments, and
a two-dimensional extension of the presented
model.
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An accurate well-balanced, generalized Roe-type approach for the
simulation of debris flows over mobile bed
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ABSTRACT: this work presents an accurate Riemann Solver for the two-phase, mobile-bed debris-flow
equations. The solver is characterized by the capability of including the nonconservative term in the developement of the Riemann-problem solution leading to a well-balanced approach. The proposed scheme
has been implemented in a new version of the TRENT-2D code, a depth-integrated two-phase debris-flow
model developed by one of the authors. The noteworthy increase of the model accuracy, due to the significant reduction in the numerical diffusion, will be presented by comparing the results of the two versions
of the model when applied to test cases and real cases as well. The analysis of some unphysical discontinuous steady solutions admitted by the original equation system highlight the necessity to account for
some important physical mechanisms such the influence of the bed slope on the direction of the sediments. This feature has been included in an approximated way in the model and its influence on the simulation is illustrated.
Keywords: Debris-flow, Mobile-bed, Two-phase flow, Generalized Roe Solver, Well-balance
of the relations between primitive and conserved
variables.
In this paper we present the result of our effort
to improve the capabilities of the TRENT2D
model (acronym for Transport in Rapidly Evolutive, Natural Torrent, see Armanini et al., 2009).
In particular we present a new numerical scheme
that appears to be much less diffusive respect the
original one employed in the TRENT2D model.
This scheme is based on a generalized Roe-type
approach that allows dealing with the non conservative term of the equation in the solution of a
Riemann problem that develops on the sides of the
cells in a Godunov numerical framework. Moreover, this scheme is intrinsically well-balanced (i.e.
it solves exactly the steady-state solutions) because it is based on exact Rankine-Hugoniot relations.
The other novelty introduced in this paper is
the introduction of a “diffusive” terms in the system. In fact, the original system, allows some
steady discontinuous solutions that are not physically acceptable. This is essentially due to the fact
that the original system neglects some mechanisms that can play a fundamental role in some
two-dimensional situations. For instance, depth-

1 INTRODUCTION
Two-dimensional numerical simulation of debrisflow is becoming a key instrument not only for
back analysis but also for forecasting analysis, i.e.
for hazard mapping. It is therefore important to
keep on developing models with increased capacity to describe real events.
In the Alpine regions, debris flows are very often characterized by a two-phase behaviour with a
rheology that is essentially grain-inertial (Armanini et al., 2009). Therefore much of the research
effort is devoted to this type of flow. The relevant
system of equations can be obtained from the
mass and momentum conservation of each phase.
Several simplifications are generally accepted as
good approximations for most of the flow conditions that occur in actual real debris-flow events
(see sect. 2) and the shallow-water assumptions
are applied in order to obtain two-dimensional
models.
From a numerical point of view, the system of
partial differential equations presents challenging
problems connected to its intrinsic nonconservative nature and to the strong nonlinearity
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mixture concentration, cb is the sediment concentration in the bed (assumed constant), u and v are
the x and y components of the depth-averaged
mixture velocity and cδ = (1+cΔ), where Δ=(ρsρw)/ρw, being ρs and ρw the densities of the liquid
and solid phase respectively. Hx∂W/∂x and
Hy∂W/∂y are the non conservative terms deriving
from the pressure exerted by the bed on the control volume, where W= (h, zb, u, v)T is the vector
of the primitive variables and

averaged sediment velocity may deviate from the
averaged fluid velocity because of the transversal
slope of the bed. This mechanism, well known in
classical sediment transport, is not yet observed in
debris flows and its actual existence must be supported by suitable experimental evidence. Other
mechanisms that actually occur in mobile-bed situations are bed sliding, bank failure and so on. In
this work, we have propose an approach for including all of these mechanisms, all lumped in one
extra term.
The paper is structured as follows: section 2
presents the mathematical model while in section
3 the numerical strategy is outlined. In sec. 4 we
present the comparison between the new approach
and the old one. Conclusions end the paper.

⎡0
⎢0
Hx = ⎢
⎢0
⎢
⎣0

0
⎡
⎤
⎤
⎡ 0
⎢
⎥
⎥
⎢ 0
0
⎢
⎥
⎥
⎢
; Ty =
Tx =
⎢
⎥
0
⎢− τ x / ρ w ⎥
⎢
⎥
⎥
⎢
⎢⎣− τ y / ρ w ⎦⎥
⎦
⎣ 0

The mathematical model is a free-surface, mobilebed, depth-integrated, shallow-water two-phase
flow in which the solid and the liquid fraction interact each other and with the bed. The mathematical system is constituted by the conservation equation of solid mass, mixture mass and mixture
momentum in which the following assumptions
are then introduced: interphase forces due to possible slight deviations between velocities of the
solid and liquid phases are negligible; the pressure
distribution are linear along the vertical direction;
the concentration is constant through the flow
depth; the tangential stresses act only along the
bed. More detail on the equations and the assumptions can be found in Armanini et al. (2009).
The resulting model is described by the following system:

τ b / ρ w = F ( u , h) u

⎡ h + zb ⎤
⎢ch + c z ⎥
U = ⎢ δ b b⎥
⎢ c uh ⎥
⎢ δ
⎥
⎣ c vh ⎦

λ2
25 ρ s
F ( u , h) =
sin φ d 2 u
4 ρw
Y
and

(2)

)

(

⎤
⎥
⎥
⎥
⎥
⎦

)

(5)

(6)

with:

where the vector of conserved variable U and the
conservative fluxes F and G are defined as:

(

(4)

where τb = (τx,τy) are the x and y component of the
bed tangential stress vector.
In order to close the problem, some relationships must be introduced. Regarding the tangential stress τb, we used Bagnold's relation integrated on the depth and modified by Takahashi
(1978) on the basis of experimental data. Assuming that there is no phase-lag in module and direction between the depth-averaged velocity vectors
of the solid and the liquid phases has been considered, Bagnold's scalar relation can be written in a
vectorial framework as follows:

∂U ∂F ∂G
∂W
∂W
+
+
+ Hx
+ Hy
= Tx + Ty (1)
∂t ∂x ∂y
∂x
∂y

vh
⎡
⎤
⎢
⎥
cvh
⎥; G = ⎢
δ
⎢ c uvh
⎥
⎢ δ 2
⎥
gh 2
⎦
⎣c v h + 2

0 0 0⎤
0 0 0 ⎥⎥
0 0 0⎥
⎥
0 0 Γ⎦

where Γ = cδgh and g is the gravitational acceleration. Finally,

2 THE MATHEMATICAL MODEL

uh
⎡
⎢
cuh
F=⎢ δ 2
2
⎢c u h + gh2
⎢
δ
⎣ c uvh

0 0 0⎤
⎡0
⎥
⎢0
0 0 0⎥
; Hy = ⎢
⎢0
0 0 Γ⎥
⎥
⎢
0 0 0⎦
⎣0

[

]

λ = (cb / c )1/ 3 − 1

−1

(7)

(8)

where φd is the dynamic friction angle of the material, Y = h/da½ where d is the grain size, a is a
constant that has been set to 0.042 by Bagnold and
estimated equal to 0.32 by Takahashi (1978). In
order to avoid numerical singularity when h → 0
and to reduce the computational burden, we assumed Y as a characteristic parameter of the simulation, to be defined through a calibration
process considering a series of experimental tests
on the material of each simulated site.

(3)

where h is the mixture depth, zb is the bed elevation above a reference horizontal plane, c is the
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where the D vector is non-null only for the momentum component. It represents the integral of
the pressure exerted by the bed on the control volume. It is clear that the pressure distribution must
depend on the actual flow behavior in the neighborhood and inside the bed discontinuity. Lacking
experimental evidence some hypotheses must be
introduced.
In this paper we will use the following relation,
proposed in Rosatti and Fraccarollo (2006) (used
also in Rosatti et al, 2008, Rosatti and Begnudelli,
2010) on the basis of physical considerations:

As for the concentration c, we used the same
relation that has been adopted in several works
(Armanini 2009, Rosatti and Fraccarollo 2006,
Rosatti et al. 2008), a closure relation that does
not generate an excessive numerical burden but
has a physically based structure. The adopted relation can be written in the following form:
c = cb β

u

2

gh

= βcb Fr 2

(9)

Where β is a dimensionless transport parameter,
estimated from laboratory data.

(

D = − g (1 + c k Δ) hk −

zR − zL
2

)( z

R

− zL )

⎧ L if z L ≤ z R
where k = ⎨
⎩ R otherwise

2.1 Eigenstructure of the homogeneous system

(11)

Considering the x-split homogeneous part of system (1) with the relevant closure relation (9), it
presents four real and distinct eigenvalues where
one of them is equal to the velocity in the y direction v. The connected fields are genuinely nonlinear (and therefore they can develop either rarefactions or shocks) for three eigenvalues while
one is linearly degenerate for the field connected
with λ = v. A symmetric result can be obtained for
the y-split equations (with v in place of u).

It must be noticed that this relation derives from a
“fixed-bed” approach, where the bed thrust is exactly equal to the fluid thrust. In case of mobilebed, the pressure distribution may not be the
same. For example the concentration should be
equal to cb and not ck.
In any case, what is presented in the following
sections is substantially independent on the assumed thrust relation.

2.2 The generalized Rankine-Hougoniot relations

2.3 The necessity of a “diffusion” term
Several effects, with diffusive behavior and that
can play an important role in particular situations,
are implicitly neglected in deriving system (1).
For example if the bed is discontinuous or even if
the slope is large, local sliding is likely to occur;
moreover, sediments can diffuse from zone of
higher concentration to zone of lower concentration; finally, the depth-averaged velocity vector of
the solid phase may deviate from the depthaveraged vector of the liquid phase.
The necessity of a diffusion term capable, in
some way, of overcoming the uncertainty of eq.
(11) is suggested by a particular permanent solution of (1) that is rather unphysical. Let us consider a channel with initial cross section as in Fig. 2
with constant longitudinal slope S0, null velocity
in the y direction, depth and velocity equal to hL
and uL in the left part of the channel (i.e., to the
left of the bed discontinuity) and equal to hR and
uR in the right part. In the y-direction, the steady
solution satisfy the momentum balance, i.e. the
shock condition (10) with SS = 0, while in the xdirection uniform flows occur.
This particular solution is clearly unphysical
because a steady discontinuity in the bed cannot
exist in presence of a granular bed without cohesive features. This result suggests that relation
(11) is not completely reliable. Moreover, in these

The relations valid across a shock are not the
standard Rankine-Hugoniot relations because the
relevant system is not fully conservative. The role
played by the non conservative term can be obtained by writing the momentum conservation
principle in integral form applied to a mobile control volume with speed equal to the shock speed
(see Fig. 1).

Figure 1. Sketch of the 1D control volume used to derive the
Generalized Rankine Hugoniot equations.

The resulting relation, called Generalized Rankine-Hugoniot relation, present one more term respect the standard formulation (Rosatti and Fraccarollo, 2006):
FR − FL − D = S S (U R − U L )

(10)
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conditions the physical mechanism above mentioned may become important.
A

A

U

inside the transport layer reaches values typical of
debris flow, and that, in absence of bed forms,
there is clear analogy between the physics of bed
load transport and of debris flows. Therefore, we
simply considered the most widely accepted theories for the bed load and apply it to the case of debris flow introducing a calibration parameter that
becomes a characteristic parameter of the simulation, to be defined through a calibration process
considering a series of experimental tests on the
material of each simulated site, just like Y .
In particular, we start from the lateral bed load
formulation of Talmon et al. (1995). Considering
a bed channel as in Figure 3, in which the nearbed fluid velocity is η and whose transverse direction is ξ, the deviation γ between the sediment
transport direction and the flow direction can be
written in the following form:

U

R

L

z
x

y

H
H

R

L

ΔZ

tan γ = K
Figure 2. Sketch of the channel described in Section 2.3

∂z b
∂ξ

(12)

Indicating the component of the sediment
transport due to the bed slope with q ∇ z , under
the assumption that γ is small and thus
tan γ ≈ sin γ , we can write:

In order to obtain more realistic results, we
have faced the problem introducing a suitable
term in the sediment continuity equation that
summarizes, in some way, the combined effect of
several processes as discussed before. In particular we consider the effect of the bed slope on the
sediment velocity direction and we introduce in
the model a term which is a function of ∇2zb.

q ∇ z ≈ q sin γ = Kq

∂z b
∂ξ

(13)

More in general, indicating with q = (q x , q y )
the sediment transport discharge vector, the additional components q ∇ z = (q x∇ z , q ∇y z ) due to the
bed slope become:

(

)

q ∇ z = q x∇ z , q ∇y z = K q ∇ z

(14)

By adding this sediment fluxes, Eq. (differential formulation) becomes:
∂U ∂F ∂G
∂W
∂W
+
+
+ Hx
=Σ
+ Hy
∂t ∂x ∂y
∂y
∂x

(15)

where
Σ=−

∂ ⎛ ∂W ⎞ ∂ ⎛ ∂W ⎞
⎟ + Tx + Ty
⎟ − ⎜L
⎜L
∂x ⎝ ∂x ⎠ ∂y ⎜⎝ ∂y ⎟⎠

(16)

and
⎡0
⎢0
L=⎢
⎢0
⎢
⎣0

Figure 3. Fluid velocity, grain trajectories and generation of
lateral bed load.

There are several theories that describe the effect of local bed slope (i.e., of gravity) on regular
bed load transport (see e.g. Kovacs and Parker,
1994, Parker et al., 2003, Seminara et al., 2002).
There is no theory available explicitly developed
for the case of debris flow. However, it has been
observed (Fraccarollo and Rosatti, 2009) that in
the case of ordinary bed load, the concentration

0
0
0
0

0
0
0
0

where l = K q .
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0⎤
l ⎥⎥
0⎥
⎥
0⎦

(17)

3 THE NUMERICAL MODEL

Finally, since the updating algorithm of the
conserved variables copes simultaneously with
both directions (unsplit approach), the following
stability condition must be satisfied:

The numerical method employed in the TRENT2D model is described in Armanini et al. (2009).
Here, we briefly recall the most important features
and focus specifically on the flux evaluation, for
which a new approach is proposed in this paper.
The scheme is based on a finite volume approach (on Cartesian meshes of rectangular cells))
and the update algorithm for the conserved variables is obtained by time integration on a interval Δt and spatial averaging on a cell area Ai,j of
system (15). A classical operator-splitting approach is adopted: firstly, the homogeneous part
of eq. (15) is solved obtaining
~
U in,+j1

=

(

(

(
(

)

)
)

3.1 The Generalized Roe Solver
ˆ are obtained by using
The numerical fluxes Fˆ , G
a Roe-type approach for the solution of the Riemann problem on each side of the cell. We report
here the details for a RP in the x-direction; the
values for the y-direction can be easily worked out
with little effort.
The x-split RP is defined by the following nonconserative initial value problem:

(18)

⎧ ∂U ∂F
⎪⎪ ∂t + ∂x + H x
⎨
⎧U
⎪U( x, 0) = ⎨ L
⎪⎩
⎩U R

then the final solution is obtained by solving the
ordinary differential equation (19)
~ relative to
source terms with the initial value U in,+j1 :
dU
=Σ
dt

∂U
⎧ ∂U
(
,
)
=0
+
J
U
U
x
L
R
⎪⎪ ∂t
∂x
⎨
⎧ U if x < 0
⎪ U ( x , 0) = ⎨ L
⎪⎩
⎩U R if x > 0

Following a MUSCL-Hancock explicit approach (Harten et al., 1983), quantities evaluated
at time n+1/2 in eq. (18) are obtained with a fully
non conservative half-step after a linear reconstruction of the primitive variables. Side-cell fluxˆ are evaluated from the solution of a local
es Fˆ , G
Riemann Problem (RP) generated by linear reconstruction of the primitive variable obtained in the
previous half-step. The RP solution involves both
conservative fluxes and the contribution of the
pressure over the bed discontinuity (non conservative term). Details of the Riemann solver are given in the following section.
The resolution of equation (19) is made by Euler's implicit method in order to have no restrictions on the temporal step of integration:
~
n +1
n +1
U in,+j1 = U in,+j1 + Δt (Tx )i , j + (Ty )i , j

(22)

(23)

where J x (U L , U R ) is a suitable matrix whose values depend on the left and right conditions. This
matrix can be obtained by imposing the following
conditions:
J x (U L , U R ) = ( A ′ + A ′′ )B −1

(24)

where:

]

n +1
n +1 ⎞
Δt ⎛⎜ ⎡ ∂W ⎤
⎡ ∂W ⎤
⎟
−
−
l
l
Δy ⎜ ⎢⎣ ∂x ⎥⎦ i , j + 1 ⎢⎣ ∂x ⎥⎦ i , j − 1 ⎟
2
2 ⎠
⎝

∂W
=0
∂x
if x < 0
if x > 0

The Generalized Roe Solver (Rosatti et. al., 2008)
approximate (22) with the following linear RP:

(19)

[

(21)

where λmax is the maximum eigenvalue associated to the homogeneous part of system (15), i.e.
without Σ.

)

Δt ˆ n + 12
n+ 1
Fi + 1 , j − Fˆ i − 1 2, j
2
2
Δx
1
n+
Δt ˆ n + 12
ˆ 21
G 1 −G
−
i, j − 2
Δy i , j + 2
1
1
Δt n + 2
n+
n+ 1
−
Γi , j Wi + 1 2, j − Wi − 1 2, j
2
2
Δx
Δt n + 12
n + 12
n + 12
Γi , j Wi , j + 1 − Wi , j − 1
−
2
2
Δy
U in, j −

1
Δt
< λmax
max[Δx, Δy ] 2

A ′x ( WR − WL ) = (FR − FL )

(25)

A ′′x ( WR − WL ) = H x ( WR − WL )

(26)

B ( WR − WL ) = U R − U L

(27)

Matrices A 'x and B can be determined as Jacobian matrices respect to the primitive variables
W = (h, u, v, z ) evaluated for the following averaged values:

(20)

n +1
n +1 ⎞
Δt ⎛⎜ ⎡ ∂W ⎤
⎡ ∂W ⎤
⎟
− l
−
l
Δx ⎜ ⎢⎣ ∂x ⎥⎦ i + 1 , j ⎢⎣ ∂x ⎥⎦ i − 1 , j ⎟
2
2
⎝
⎠
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~ h + hR
h= L
2
(28)
v L hL + v R hR
u L h L + u R hR
~
~
; v=
u=
hL + hR
hL + hR
Detailed expression of the components of these
matrixes is not reported for lack of space while,
all the coefficients of the matrix A 'x' are null ex′′ whose value is
cept a34
⎛
δ ⎞
⎧L if z L ≤ z R
d = − g (1 + c k Δ)⎜⎜ hk − z ⎟⎟ , K = ⎨
(29)
2 ⎠
⎩R otherwise
⎝
Finally, the expression of the Generalized Roe
numerical flux FGR is:
4

4

m =1

m =1

F GR = FL + ∑ (λ− μR ) m = FR − ∑ (λ+ μR ) m

(30)

4.2 Accuracy and well-balanceness of the GR
solver

where

( ) = (1 + sign (λ~ ))λ~
( ) = (1 − sign (λ~ ))λ~

⎧⎪ λ+
⎨ −
⎪⎩ λ
~m

m

m

m

m

m

m

The accuracy of the GR solver has been already
presented in the 1D case by Rosatti et al. (2008)
where a comparison between computed and exact
solutions have been shown. In the 2D case, exact
solutions are available only in case of steady state
conditions when the diffusive terms are neglected.
In these cases, accuracy is connected with the
well-balanceness of the scheme (i.e. the capability
of reproduce steady solutions). Considering the
solution presented in section 2.3, a possible solution is (with reference to Fig. 2): hL = 1.711m, hR =
0.711m ; uR = 7.277m/s, uL = 4.691m/s ; cL = cR =
0.107.
The result obtained by the code is equal to the
exact solution and it is maintained in time indefinitely. This result is due to the fact (it can easily
demonstrated) that the GR solver uses the exact
generalized Rankine-Hugoniot relations in case of
steady conditions. This result cannot be achieved
with the LHLL scheme: starting from the same initial conditions, the solution smooth out in the ydirection because of its numerical diffusion. This
behavior is due to the fact that LHLL uses only an
approximation of the differential expression of the
bed pressure and does not account in an accurate
way the effect of the non conservative term in the
solution of the RP.

(31)

λ is the m-th eigenvalue of J x (U L , U R ) and
R m is the corresponding right eigenvector.
4 GENERALIZED ROE (GR) VS LHLL
SCHEME
In this section we present the capabilities of the
proposed GR method. Moreover, since we want to
show the superiority of the proposed approach
over the LHLL scheme used in the previous version of the TRENT2D model, we briefly present
the features of the old one.
4.1 The LHLL solver
The momentum flux terms due to the bed discontinuities are modeled with the LHLL solver (first
proposed by Fraccarollo et al., 2003) by considering two different values of the numerical flux on
the left and right side of the face. For the xdirection
~
S
= F HLL − S L L−, SRR Γ z bR − z bL
FLLHLL
(32)
,R

(

)

where L, R are respectively the left and~the right
~
initial values of Riemann's problem, Γ = c~ δ gh
(where c~ δ = (c Lδ + c Rδ ) / 2 ), F HLL refers to an
HLL (Harten et al., 1983) evaluation of the fluxes
and

S L = min {λkL , λkR } ; S R = max {λkL , λkR }
k =1,..., 3

k =1,..., 3

being λkL , λkR with k = 1,..., 3 the 3 eigenvalues associated to the 1D version of system and
evaluated with the values of the variables at the
left ( L) and right side ( R) of the discontinuity.
This solver adds a corrective term to the expression given by the classical HLL approach that
can be considered like a centered discretization of
the term (cΔ + 1) gh ∂zb / ∂x on the two sides of
the face with weights S L , R /( S L − S R ) . Rosatti
and Fraccarollo (2006) have demonstrated that
such flux expression comes from approximating
the solution of Riemann's problem with two
shock-waves, as in the HLL scheme, supplemented by a central standing shock. In addition,
this solution is based on the arbitrary assumption
that there is no variation in the primitive variables
U through the central shock.

4.3 Estimate of the diffusion coefficient for the
LHLL scheme
Figure 4 shows the evolution of a cross section at
time t = 100 s using LHLL (thin solid line) and
GR (bold solid line) solvers. As shown, the cross
section undergoes important modifications using
LHLL solver, while it does not vary at all using
the Generalized Roe solver. This is actually the

(33)
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ate to use the GR solver and add a specific diffusion term rather that letting the numerical diffusion to mimic such process. In order to compare
model predictions using the LHLL solver and GR
solver plus the diffusion term, using the diffusion
coefficient K (Eq. 16) as a calibration parameter.
The best fitting (relative to the solutions at t =
100s) was achieved for K = 7.6 × 10 -4 . In Figure 4,
the dashed lines represent the solution relative to
the GR solver plus the diffusion term. In a practical case, the estimation should be based on laboratory experiment specifically tailored for type
of process we want to simulate and for the type of
terrain that constitute the bed. In fact, what we
call "diffusion" also accounts for a variety of
processes, like bed sliding, bank failure and so on.
Actually, in this specific case, the real phenomenon involves geotechnical instability rather than
diffusion, at least at an early stage, but there are
cases where different mechanisms act together
and it is extremely difficult to discern the effects
of each process.

correct solution, since the cross section should not
vary in absence of lateral velocity and therefore
lateral transport.
In fact, at t = 0 s we have v y = 0 , and so it
should be also for t > 0 s , since we have an exact
momentum equilibrium across the bed discontinuity, and the governing equations do not contain
diffusion terms in the sediment balance equation.
Therefore, the evolution of the cross section given
by the LHLL solver is entirely due to artificial
numerical diffusion.

4.4 Application to a realistic case
Finally, we present the application of the numerical model to a realistic case, showing the differences between the results obtained by using the
two solvers. The case we consider here regards a
debris flow in a conoid situated in the Eastern
Alps, near Trento.
Fig. 5 shows the predicted flow depths at a time
just before the hydrograph peak that has been chosen as representative of the differences between

Figure 4. Evolution of a the cross section relative to the test
case described in Sections 2.3 and 4.3 at time t = 100s.

Although the cross section obtained using the
LHLL solver seems more realistic, the presence of
such numerical diffusion is actually highly undesirable, because it is something we have no control upon. Thus, in order to model the diffusion
processes that actually occur, it is more appropri-

Figure 5. Application of the numerical model using LHLL solver (left) and GR solver without diffusion (right) to the simulation of a debris flow in a conoid situated in the Eastern Alps, near Trento.
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the results obtained using the two solvers. The
Generalized Roe solver has been used here without the diffusion term. There is of course no reference solution, so it is only possible to compare the
two solutions and analyze the differences. As it
can be seen, the two predictions are overall similar. There are though a few interesting differences,
that can be easily connected with the numerical
diffusion of the LHLL solver. The LHLL solution
appears in fact everywhere smoother, and the discharge is more uniformly distributed. On the other
hand, using the Generalized Roe solver, the flow
is more concentrated in a few bigger streams, and
the contour plot is overall more scattered. The
same difference can be seen in the river (lower
part of the pictures) that collects the water.
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5 CONCLUSIONS
In this paper we have presented an improved version of the TRENT2D model for the simulation of
debris flows over mobile bed. From the analysis
of a possible steady solution of the conservation
system we have realized that a diffusive term must
added in the original system of conservation laws
in order to obtain physically acceptable solutions.
From a numerical point of view we have presented a new generalized Roe-type solver able to
deal with non conservative fluxes present in the
governing equations. This scheme is much less
diffusive respect the original LHLL method because of the enhanced treatment of the non conservative term in the solution of the Riemann
problem. This features allows to introduce proper
discretization of diffusive terms (as well as possible other phenomena) without shadowing their effect because of the numerical diffusion of the
scheme.
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Automated operation of chains of barrages - Development of
controller algorithms with the use of model-based design
M. Gebhardt & P. Schmitt-Heiderich

Federal Waterways Engineering and Research Institute, Karlsruhe, Germany

S. Wohlfart

Institute for Hydromechanics, Karlsruhe Institute of Technology, Germany

ABSTRACT: The operation of barrages has different restrictions and usage requirements to be observed
such as hydropower, navigation or flood protection. Against this background the automatic flow and water level control of barrages is a sophisticated control task due to the non-linear behavior of the process
and the multi-purpose use of the impoundment. The paper describes the use of Model-Based Design
(MBD) as a method to design and simulate controller algorithms on the basis of unsteady flow simulations and by using graphical modeling tools. A MBD approach allows the designer an early verification
and validation of the controller. In addition, special cases in operation can be analyzed and the impact on
the impoundment can be assessed. The workflow is presented from requirements to implementation at
barrages at the federal waterways. Moreover it is shown, that the automation of chains of barrages creates
new demands and requires a coordinated flow management and control in order to ensure a moderate discharge to optimize the hydropower and to provide sufficient water depth for navigation.
Keywords: Automation, Barrage operation, Controller algorithm, Unsteady flow simulations
It consists of a power plant with a capacity of 20
MW at a discharge of 400 m³/s, three 40 m wide
and 5.4 m high sector gates and a 12.0 m wide
lock chamber with a useful length of 170 m. The
barrage Lehmen is one of 28 barrages in the
394 km long navigable part of the Mosel River
between the mouth of the river at Koblenz and the
French city Neuves-Maisons. Ten barrages are on
German and two on German-Luxembourg territory (Table 1).

1 INTRODUCTION
Germany has a wide-meshed, economically powerful system of waterways with a total length of
about 7350 km, of which 24 % are cannels,
35 % free-flowing and 41 % impounded rivers.
For these the Federal Waterways and Shipping
Administration (WSV) operates 290 weirs in order to control the water level and the discharge. In
most cases, power plants are located next to the
weirs. One example is the barrage Lehmen (Figure 1) that spans the Mosel River with a height of
about 7.5 m.

Table 1. Length, height and volume of the Mosel River impoundments
on German or German-Luxembourg territory
_____________________________________________
Dam
length
height volume
[km]
[m]
[106 m³]
_____________________________________________
Palzem
12.1
4.0
4.6
Grevenmacher
17.1
6.3
7.4
Trier
17.0
7.2
9.6
Detzem
29.2
9.0
21.3
Wintrich
25.4
7.5
15.4
Zeltingen
17.5
6.0
9.5
Enkirch
20.9
7.5
11.5
St. Aldegund
24.7
7.0
12.1
Fankel
18.8
7.0
9.6
Müden
22.3
6.5
11.0
Lehmen
16.3
7.5
8.9
Koblenz
18.9
5.3
7.5
_____________________________________________

Figure 1. Barrage Lehmen with power plant, weir and ship
lock at federal waterway Mosel
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In this paper, a relatively new development is presented, which generates an executable code on a
target platform from a model published (third
step). For this purpose the interactive environment
MATLAB & SIMULINK (www.mathworks.com)
is used, which provides a hierarchical modeling
using graphical blocks (Figure 2). In addition, an
own code can be integrated into the model with Sfunctions. The created models are much clearer
than the usual code and can be executed without
compilation.
The development process of automatic code
generation is presented in Figure 3: On the one
hand, system description, modeling up to coding
(step 1 to 3) and on the other side test and integration on the target (step 4 and 5). The mathematical
model of the controlled system (impoundment)
and the actuator (weir, power plant) provides the
basis for the controller design (Wohlfart & Gebhardt 2009).

As part of the renewal of the drive machinery, the
technical equipment of the twelve weirs has been
replaced. In this course the current water level
controller was replaced with a modern discharge
and water level control system. The automation of
the weirs was aimed at supporting the shift personnel and to improve the quality of water management. Today, all weirs, except Koblenz, are
modernized and equipped with local controllers,
which were developed and parameterized by the
Bundesanstalt für Wasserbau (Federal Waterways
Engineering and Research Institute (BAW)).
2 MODEL-BASED DESIGN
Model-Based Design (MBD) is a methodology of
addressing problems associated with designing
complex control systems and is applied in designing embedded software.
The first step is choosing a mathematical model for the impoundment, the weir and the power
plant. Based on these mathematical models, control algorithms can be designed on the computer
and analyzed. Thus the impact on the operation of
the waterway can be identified and special cases
in operation can be safely tested (second step).
The algorithms were initially developed and
tested in proprietary programming languages. For
data processing, visualization and evaluation of
results self-developed and commercial programs
were used. The developed algorithms must be
adapted in practice to pass vendor-specific programmable logic controllers (PLCs). This process
is time consuming and error prone, since the implemented code is hard to read and has to be
tested through an extensive validation.

Figure 3. The V-model of a software development process

3 MODELING
3.1 Impoundment
If y is the response of a controlled system to the
input signal u, and k*y is the answer to k*u, then
the system is called linear, for which many wellestablished analysis and design techniques are
available. In contrast, impoundments show a nonlinear behavior that varies over the control range.
Hence, a one-dimensional unsteady flow modeling system is the method of choice.
Cross-sections are extracted at each 50 to
100 m distance in the flow direction and used for
the model input. In the BAW the in-house software CasControl is used, which is a compiled version for use with MATLAB & SIMULINK on basis of the modeling system CasCade+. With the
help of an implicit solution procedure, CasCade+

Figure 2. Simulink-Model with control system and onedimensional unsteady flow model (CasControl)
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solves the dynamic motion equation of de St. Venant for a network structure.

q
Q
⎞ ⎛
∂ ⎛ A⎞ ∂ ⎛
⎟⎟ = ⎜⎜
⎜⎜ 2
⎜⎜ ⎟⎟ +
∂t ⎝ Q ⎠ ∂ξ ⎝ Q A + P ⎠ ⎝ g A S ξ − g A S f

Figure 4 shows an example of the weir Grevenmacher, which consists of two sector gates.
The characteristic curves of the gates were determined with a laboratory model.
Gebhardt & Schmitt-Heiderich (2008) present
that modeling the weir cannot be neglected for the
controller design, since the gates show a slower
response compared to the turbines, leading possibly to the fact that a new setpoint position cannot
be reached in the next cycle step.

⎞
⎟ (1)
⎟
⎠

The formulation of de St. Venant describes the
process behavior, where A is the wet cross section
of the river bed, Q is the flow and P is the total
pressure on A depending on the time t and the position ξ. The lateral inflow is denoted by q. The
frictional slope Sf , which depends on the bottom
structure, is calculated by the Manning formula
and So is the bottom slope (Bleninger et. al. 2006).

3.3 Control algorithm
The authorities impose conditions on the operation of power plant and weir, which usually imply
keeping the concession level as close as possible
to a reference level, in this case within the limits
of ±0.05 m. The control of the reference water
level constitutes a control problem where the controller manipulates the discharge. The difference
between the measured value (concession level) hc
and the reference value href is the error and acts as
input to the controller.

3.2 Weir and power plant
In the model of the actuator weir, alongside the
characteristic curve of the gates, the weir schedule, the driving speed, the minimum and maximum step size and the lower and upper end position are considered. With the help of the
characteristic curve of the gates the setpoint discharge determined by the controller can be converted into a setpoint position of a gate and vice
versa.

Figure 4. Weir Grevenmacher - Characteristic curves of the gates on the basis of a laboratory model, photomontage of the dam
in nature und model.
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Figure 6 shows simulation results of the impoundment Fankel. Up to an inflow of 200 m³/s a
larger outflow step can be seen for a given change
in the inflow, while for greater inflows the respond of the impoundment is very "kindly".
Another possibility is to characterize the properties of the impoundment by the propagation time
TL and the retention time TR as described i.e. in
Neumüller & Bernhauer (1969).

For impoundments that are prone to overshoot, a
so-called OW/Q-controller is state of the art.The
scheme of the controller is shown in Figure 5, in
which OW denotes the upper water level (process
variable hc) and Q the inflow of the impoundment
(disturbance variable Qin).
While the water level control is carried out
with a classical proportional-integral (PI)controller (control term), the disturbance variable
is taken into account through a filter and a dead
time element (feedforward control term). Thus the
OW/Q-control is a mode of operation, in which
the water level control and flow control are connected.

Figure 5. Structure of the OW/Q-controller at the example
of the Mosel River impoundments

In control theory parlance it is referred to a
closed-loop controller with a feedforward control
on the actuator.
⎡
⎤
1
Qout (t ) = Q ff + k P ⋅ ⎢ Δh(t ) + ⋅ ∫ Δh (t ) ⋅ dt ⎥
TI
⎣
⎦

(2)

Figure 6. Step response, propagation and retention time of
the Mosel River impoundment Fankel

with Qff = feedforward term, Qout = outflow of the
impoundment, Δh = control error and TI, kP = parameter of the PI-controller respectively.

The proportion of the feedforward control is parameterized in such a way that the inflow will be
delayed by the amount of the retention time. Here,
TR is the time that is needed to store or to leave a
difference in water volume, so that a new stationary water level can be reached at an inflow
change from Q1 to Q2. TR can be calculated from
the capacity curve of the impoundment (TR =
ΔV/ΔQ) and depends on the discharge.
In Figure 7, the capacity curves of eleven Mosel River impoundments and the resulting retention times are shown. The discontinuities mark the
change in the reference value where the storage
volume is reduced. The comparison shows that
each impoundment must be parameterized individually.

4 DETERMINATION OF THE CONTROL
PARAMETERS
4.1 Analysis of the impoundment
With the help of a simulation it can be shown very
clearly in which discharge range the impoundment
tends to overshoot. For this purpose a cascade inflow function is set as the upper boundary condition and the outflow is calculated at a constant
upper water level. The time between the inflow
steps is chosen so long, that a steady state condition is reached again.
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Figure 8. Step response of the feedforward control term to a
sudden and to a continuous change in inflow

Finally, it is necessary to analyze the feedforward control in conjunction with the water level
control term: Figure 9 shows the response of the
OW/Q-controller, upstream water level and outflow, to an inflow wave, which results from a
drawdown operation upstream of the Mosel River
section under consideration.

Figure 7. Capacity curves and resulting retention times of
the Mosel River impoundments

4.2 Parametrization of the feedforward term
Typically, the retention time is divided into a dead
time and a series of low pass filters, which lead to
a smoothed output with a variation superimposed
input signal. But in addition to smoothing, low
pass filters also cause a phase shift, which corresponds to the filter time at a gradually varied
change of inflow. Thus the following simplified
relationship exists between the retention time TR,
the dead time TD and filter times TF of the low
pass filters Theobald (1999):

TR ≈ TD + 2 ⋅ TF

Figure 9. Step response of the OW/Q-controller Detzem to
an inflow wave with different parameters of the feedforward
control

If the proportion of feedforward control is too
early in the controller output, the outflow increases also too early, which leads to a drop in the upstream water level below the reference value. The
proportion of control will act against. At the time
of arrival of the wave peak, the outflow is lower
than required, with the result that the reference
level is exceeded. The integral term is built up and
causes a time-delayed increase of the outflow.
This is evident in the change in the characteristics
of the flow curve in the descending branch.
The later the feedforward control is present at
the controller output, the later is the increase in
outflow resulting in a dropping water level and in
an increasing negative integral term. Through the

(3)

The influence of dead time and filter time can
be demonstrated in the response of the OW/Qcontroller to a sudden and to a continuous change
in inflow (Figure 8): A large filter time and small
dead time effect a stronger smoothing in case of
sudden changes in flow. In another case, the inflow is also delayed by the retention time TR, but
the filter times are shorter and the resulting dead
time is longer. The damping is not as strong in
case of sudden changes and the feedforward control is later, although the sum of dead time and filter times is the same in both cases.
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overlay with the decreasing proportion of feedforward control the minimum of discharge will be
strengthened.
This example shows, that a rapid feedforward
control effectuates a positive dampening effect on
the discharge fluctuations and a negative overshoot with respect to the upstream water level.
The ratio is reversed, if the proportion of feedforward control is too late.

(Schmitt-Heiderich 2009). It can be seen that the
choice of a "good parameter” differs fundamentally at specific criteria (the arrow indicates the direction, in which the control performance improves). Also, among the criteria, there are no
clearly identifiable optimal parameters but only
areas of suitable parameter combinations. Finally,
the overall assessment replaces not a verification
of the specific criteria.

4.3 Parametrization of the control term

4.4 Simulation of real runoff events

To determine the parameters of the PI-controller,
proportional gain KP and integral time Ti, inflow
steps (test functions) are applied around a base
flow and the effects on the controlled system are
analyzed without the feedforward term. This analysis is repeated at different flow levels. Since different parameter combinations lead to similar water level variations, additional criteria have to be
taken into account such as variability of water
level variations, damping of the discharge variations, number of control commands, etc. All criteria will be normalized to a uniform scale and
weighted combined into one overall assessment.
By systematic variation the parameter range can
be evaluated for its suitability.
In Figure 10 four evaluations of individual criteria and the weighted and normalized criteria
versus the parameters are shown exemplarily

In addition historical runoff events of different durations and characteristics are simulated for the
evidence of control parameters. The runoff hydrographs for the simulation were available in time
steps of 15 minutes. Figure 11 shows an example
of a simulation result for a 12-Day event regarding in discharge variations, number of control
commands (adjustments) and deviation of the reference level. As the frequency distribution shows,
the reference level was almost entirely held in a
range of ±0.05 m. Display of the moving gates
provides on one hand information about the overall load for the drive units and indicates on the
other hand the operation of the controller.
During the specific period of 12 days there has
been almost 340 adjustments of gate 1 and 2 compared to 150 adjustments from gate 3. This leads
on an average of 1.2 adjustments per hour only.

Figure 10. Evaluation scheme of the calculation results at a base flow of 50 m³/s

1404

shifting steps cause greater fluctuations in the
headwater level.

A comparison of the controller performance in
different time periods regarding the deviation of
the reference level yields to different qualities.
Figure 11 shows relative frequency distributions
of the error based on 1 min values for three selected months: October 2007 is typical for a low
or mean water period (MNQ = 59 m3/s) with the
discharge only through the turbines. April 2008
represents a mean water period (MQ = 315 m³/s)
where the discharge goes through the turbines and
up to two gates. Finally March 2008 is a mean to
high water period. (HQ1 = 1280 m³/s) where temporarily all gates are in operation for flood discharge.

In-, outflow [m³/s]

1600

Figure 12. Deviation of the concession level of Mosel barrage St. Aldegund - Relative frequency distributions of the
months October 2007 (Q = 20÷220 m³/s), April 2008
(Q = 290÷820 m³/s) and March 2008 (Q = 300÷1350 m³/s)
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5 PRACTICAL ASPECTS
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5.1 Operational experiences

85.80

At the barrages of the Mosel River operational
experiences are partly available for several years
with mainly positive results. Thus, an analysis of
the automatic operation and a first control of success is possible. The evaluation of the controller
performance refers not only to the concession levels up- and downstream or gauging stations, but
also to all variables of the OW/Q-controller. The
control system on-site records data which can be
displayed in diagrams or exported for further
processing.
To increase the acceptance for the automation
and to improve the understanding of the control
behavior in special situations, trainings are carried
out for the operational staff. Therefore, the numerical model of the impoundment was connected to
a programmable logic controller (PLC) by an OPC
Server. This process is also referred to as Hardware-in-the-Loop (HiL) and is often used by the
automotive industry.
With the help of this real-time system several
specific case studies could be demonstrated in the
training sessions including emergency shut-down
of a turbine, flow reduction due to rake cleaning,
shifting of the reference water level, reaching end
positions of the gates or filling the impoundment
in low water periods. The visualization capabilities have been real-time presentations of the impoundment and the weir (Figure 13). With regard
to turning on the controller it could be shown that
under unsteady conditions the safest way is to operate manually until the outflow corresponds ap-
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Figure 11. Simulation results of the automated Mosel barrage Fankel

Several things can be noticed from Figure 12:
First, the reference level was almost entirely held
in the limits during three months, however with
different scattering. In October 2007, the concession level was kept less strictly within the limits
as in the two other periods. The controller response appears faster than during flood discharge.
This is due to the influence of the actuator: As the
turbine follows every change in the controller
output, gate reaction is slower. Less but greater
1405

proximately to the inflow. Error should also be as
small as possible, but even at differences up to
±0.05 m the time until the controller settles at its
target value is less than 1.5 hour (Gebhardt &
Wohlfart 2008).

tion strategies and the comparison of the simulation results with real data, the supervisory controller will be implemented on a M1 controller system
by Bachmann electronic in 2010.
6 CONCLUSIONS
For the automation of impoundments methods and
tools are used in the BAW, that allow the design,
the systematic optimization of parameters and the
testing of control algorithms. Negative effects for
shipping can be avoided in advance and ensure the
maintenance of traffic. After commissioning, it is
important to monitor the automated operation, e.g.
by a remote access to the system: On the one hand
for control of success and quality assurance, and
on the other side to verify the models and to adjust
selected parameters in deviant behavior in model
and nature.
To increase the acceptance by the operating
staff, training is beneficial in situations, where
special operations can be presented in real-time
using hardware-in-the-loop simulations. Perspective, software tools are gaining importance, where
automatic implementation of control algorithms
on the hardware side is enabled and Model-Based
Design is supported.
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Figure 13. Visualization examples: Radial gate with upper
flap gate (above); Virtual Reality Model (VRML) of a sector gate (below)

5.2 Applications for automatic code generation
An increasing number of companies offer PLCs
with software tools for automatic code generation.
For this purpose, templates for the Simulink Extension Real-Time Workshop are available, that
are specially adapted for proprietary hardware.
The portability of controllers that have been developed with the help of Simulink, has already
been tested in BAW’s laboratory using a water
tank model.
The first practical application will be a supervisory controller for the first three impoundments of
the Mosel River. Here the control objectives are
defined with focus on discharge damping regarding the relevant inflows and taking advantage of
the available storage volume (Theobald 2010).
After analyzing the available gauging stations in
the catchment area, the development of optimiza1406
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A conceptual river model to support real-time flood control (Demer
River, Belgium)
P.-K. Chiang & P. Willems & J. Berlamont

K.U.Leuven, Hydraulics Division, Kasteelpark Arenberg 40, BE-3001 Heverlee, Belgium

ABSTRACT: Model-supported real-time flood control requires the development of effective and efficient
hydraulic models. Because of the large number of iterations required in optimization procedures, the hydraulic model needs to be fast. But at the same time, it should produce results with high accuracy. With
view to achieving this target, a simplified but accurate conceptual model was established in this research.
An identification and calibration procedure has been developed such that the conceptual model can be
built and calibrated to a more detailed full hydrodynamic model. While doing so, also the robustness and
stability of the conceptual model has been considered.The procedure has been tested for real-time flood
control applications along the river Demer basin in Belgium. A detailed full hydrodynamic model, implemented in the InfoWorks-RS (IWRS) software was available for this case. Conceptual model building
and calibration has been done based on two severe historical flood events in the years 1998 and 2002.
Model testing was conducted based on the data for 2 other events.The model simplification is reached by
lumping the processes in space. Water levels and discharges are simulated, not every 50 meters as the full
hydrodynamic model does, but only at the relevant locations. These are the locations up- and downstream
of the hydraulic regulation structures, to be considered by the real-time controller, as well as the locations
along the river network where potential flooding is induced. Advanced conceptual modelling procedures
have been considered based on separation of static and dynamic storage along river reaches.
Keywords: Flood Control, Conceptual River Model
1 INTRODUCTION

zen, Hasselt, Diest and Aarschot. The topography
of the Demer basin is presented in Figure 2.
The river Demer has been a definite case for
discussing flood problems. In the past, this river
could not prevent flooding from occurring during
several periods of heavy rainfall events. Table 1
provides a damage report for five major historical
flood events in the Demer basin. From the table it
can be realized that flooding brought about huge
economical losses in the Demer basin, especially
in September 1998. In order to alleviate flood disasters the local water administration, the Flemish
Environment Agency (Vlaamse Milieumaatschappij, VMM), installed hydraulic facilities (e.g.
movable gated weirs) in this river system. Besides, several flood-control reservoirs provide
storage for the excess volume of water. Two of
the largest ones are called Schulensmeer and
Webbekom (Figure 3). Structures control the
flows towards or out of the available reservoirs;
they are regulated by the operating rules formulated by the VMM water authority. The operations

Flood is one of the natural disasters. It frequently
causes costly economic losses and numbers of
lives come to harm. Due to these severe injuries,
how to perform an effective flood control is always a huge challenge for governments and water
authorities.
In this study we applied a full hydrodynamic
model “InfoWorks RS” to do detailed simulations
and analyses and in support of the calibration of a
simplified conceptual model. The conceptual
model equations (based on a reservoir type approach) were identified and calibrated based on
the results of this detailed model.
Concerning the study area, in the Flanders region of Belgium, there are eleven river basins
(Figure 1). The Demer basin is one of these basins, located in the eastern part of Belgium, and
has an area of 2,267 km2. The river Demer has a
total length of 85 km; the most important towns
along the river (starting from the source) are Bil1407

of these facilities are based on monitored water
levels at critical locations along the main rivers;
they are influencing the magnitude of stream discharge released from individual gates.
The reservoirs start to be filled when one of
monitored water levels reaches the “warning
level.” The reservoir filling continues till a first
storage level is reached. Subsequently, the river
level(s) increase till the “alarm level”. When the
alarm level is reached in any of the critical locations, the reservoir filling will increase until a
second storage level. Through the implementation
of the two reservoirs and hydraulic structures, the
water authority has dominated or reduced the majority of flooding caused by non-extremely heavy
rainfall events.

Figure 3. Two flood-control reservoirs “Schulensmeer” and
“Webbekom” along the river Demer at the confluence of
Mangelbeek, Herk, Gete, Velpe, Zwartebeek, Zwarte Water
& Begijnenbeek tributaries

2 METHODS
In this study, a conceptual river model was built in
order to reduce the calculation time compared
with a detailed hydrodynamic model. Its structure
was identified and calibrated based on simulation
results with the detailed model. The following
sub-sections will introduce the simulation models
and calibration methods applied in this approach.

Figure 1. Eleven river basins in the Flanders area of Belgium [HYDRONET, 2007]

2.1 Systematized description of the study area
Figure 4 plots the scheme of the hydraulic components for the study area around the two floodcontrol reservoirs “Schulensmeer” and “Webbekom” in the Demer basin. The river reaches in this
scheme are represented by lines with positive flow
in the direction of the arrows, the hydraulic regulating structures by rectangles, and the water storage volumes by nodes. The symbols are described below: “q” for discharge, “h” for water
level, “v” for water storage volume, and “k” for
gate crest level. The rainfall-runoff inflows are indicated by discharges entering the river system
through tributaries of the river Demer, namely
Mangelbeek, Herk, Gete, Velpe, Zwartebeek,
Zwarte Water and Begijnenbeek. Related information of each tributary is provided in Table 2.

Figure 2. The basin of the river Demer [HYDRONET,
2007]
Table 1. Flood area and damage costs for five major historical flood events in the Demer Basin [HIC, 2003]
Period
Dec 1993– Jan 1994
Jan 1995 – Feb 1995
Sep 1998
Feb 2002
Dec 2002 – Jan 2003

Estimated flood
Cost in
area (km2)
Euros
23.5
47,000
22.9
11,000
32.6
16,169,000
15.7
Still unknown
18.0
Still unknown

Table 2. The tributaries of the Demer [AMINAL, 2004]
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Water course

Length (km)

Mangelbeek
Herk
Gete
Grote Gete
Kleine Gete
Melsterbeek
Velpe
Zwartebeek
Zwarte Water
Begijnenbeek

18
40
11
48
35
35
34
37
3.8
16

Inflow variable
in model
qman
qhopw
qgopw

qvopw
qzbopw
qzwopw
qbgopw

2.2 Hydrodynamic model of the river system

affected by the flood control. Lumping of the
processes in space is done by simulation of the
water levels, not every 50 meters as the full hydrodynamic model does, but only at the relevant
locations. The locations are required to be selected
such as up- and downstream of each hydraulic
regulation structure and at the places along the
river Demer where potential flooding is induced.
Depending on these locations, the river was subdivided in reaches, in which water continuity is
modeled (in a spatially lumped way per reach).
A reservoir model simply assumes water continuity (increase in volume per time step equals
inflow minus outflow). The inflow in each reservoir (sub-model representing a river reach) is the
discharge from the more upstream river reach (result of the more upstream sub-model). The outflow depends on the water storage in the reach or
is assumed equal to the sum of the upstream discharge and the other inflows along the reach (e.g.
from catchment rainfall-runoff or from the tributary rivers). The volume-variation of every river
reach can be obtained so that the water level of
that can sequentially be derived as well.
For long regular river reaches, they can be
modeled by two diverse methods: in method 1, the
reach is to be schematized by a serial connection
of reservoirs; method 2 makes use of the water
surface profile concept. Through these two methods, the relation between water levels and discharges can be acquired. The derivational
processes of the two methods depend on the simulation results with the full hydrodynamic model.

The operational efforts of the two main flood control reservoirs in the study area (Schulensmeer
and Webbekom) affect the downstream cities; Diest and Aarschot. In September 1998, the Diest
city underwent severe flooding. For the sake of
analyzing and better controlling such flood events,
the VMM water authority developed a full hydrodynamic model implemented in the InfoWorks-RS
(River System) software developed by Wallingford Software & Halcrow in the UK (InfoWorksRS, 2006). This detailed physically-based hydrodynamic model solves the full hydrodynamic equations, the De St. Venant momentum and continuity equations (Chow & Maidment, 1998), which
are solved by the computation of finite differences
(implicit computational scheme). The InfoWorksRS model is based on cross-sectional data and
roughness information of the river bed along approximately every 50 meters of the modeled rivers, geometric data on all hydraulic structures (e.g.
weirs, culverts, flow and water level control structures), and bridges along the course of all these
rivers (AMINAL, 2004). This model was used to
perform detailed simulations for this study area.
2.3 Conceptual model of the river system
With a view to reducing the model calculation
time and computational complexity, a more simplified conceptual river model was evolved. The
simplification of the hydrodynamic river flow
processes is achieved by lumping the processes in
space, and by limiting the study area to the region

Figure 4. Schematic overview of the conceptual model structure for the study area

1409

the reach considered (hup - h) are modeled proportional to the ratio of the squared discharge (q) in
the reach and the squared downstream water depth
(h- h0, where h0 is the river bed level):

2.3.1 Calibration for water levels and discharges
~ method 1
Method 1 makes use of (serially connected) reservoirs, where the storage volume (v) of each reservoir is modeled based on the water continuity equation:
dv (t )
= qup (t ) − q (t )
dt

hup (t ) − h(t ) ~

q (t ) = f (v(t ))

⎛
q(t) 2
hup (t ) = h(t ) + a ⎜
⎜ (h(t ) − h (t ) )2
0
⎝

(2)

The latter relation depends on the type of reservoir model considered. In the linear reservoir
model case, (2) becomes:
q (t ) =

v (t )
k (t )

(4)

(h(t ) − h0 (t ) )2

Equation (4) is expected for most river reaches after the equation of Manning (Chow & Maidment,
1998). The precise relation, for instance a power
relation, as described in Equation (5), is calibrated
based on the simulation results for a few historical
flow events (including flood events) with the detailed InfoWorks-RS model:

(1)

where q is the outflow from the storage reservoir considered (flow to downstream) and qup the
inflow from (one or more) upstream storages
nodes. The outflow is based on an additional relation between outflow, storage and inflow:
q (t ) = f (v(t ), qup (t )) or

q(t) 2

⎞
⎟
⎟
⎠

b

(5)

where a and b are coefficients. An example of
such calibration result is shown in Figure 6 for the
Demer reach corresponding to the water level differences (h2 - h3) between nodes v2 and v3 (see
Figure 4).

(3)

where k is the reservoir constant.
The variation of storage volume (v) will give
rise to the water level (h) change. Therefore, this
method takes a v-h rating curve into account. The
curve is calibrated to the simultaneous v and h results derived from the detailed model simulations.
An example of such calibration result is shown in
Figure 5 for the storage node vw.

Figure 6. Calibration result for the storage node v2 (and related water level h2) along the Demer based on the downstream water level h3 following method 2

2.3.3 Calibration for storages
However, some relations cannot be directly derived based on the two methods mentioned above,
whereas they reveal ‘hysteresis effects’. In these
cases, they need to be considered by a more complicated calibration method whereby the total storage in the river reach is divided into two parts:
static storage and dynamic storage (Figure 7). The
static storage is identified as the lowest storage for
a given outflow discharge and the dynamic storage dominates the variation between the total storage and the static storage (based on the inflow
discharge). This static storage and dynamic sto-

Figure 5. Calibration result for the storage volume-water
level relation of the storage node vw

2.3.2 Calibration for water levels and discharges
~ method 2
In method 2, the water level h of storage node is
based on the water level hup in the more upstream
storage node. The water level differences along
1410

scribe over- or through-flows based on up- and
downstream water levels.
The gated weirs of the river system have to adhere to their physical limitations, upper and lower
bounds, as the gates cannot violate them in reality.
In addition, the speed restriction of the gate
movement also was obeyed. The operations of all
hydraulic structures follow the operating rules
formulated by the VMM water authority.

rage respectively symbolize the decreasing and
increasing flanks of the flow in the hysteresis
loops.
The calibration process then involves analysis
of the relationship between the static storage vstat
and the outflow discharge q, and between the dynamic storage vdyn and the inflow upstream discharge qup, so that suitable functions or equations
can be fitted to these relations:
q (t ) = f (v stat (t ))

(6)
3 RESULTS

v dyn (t ) = f ( qup (t ))

(7)

v(t ) = v stat (t ) + v dyn (t )

(8)

We applied data from two flood events (years
1998 and 2002) for calibration and another two
flood events (years 1995 and 1999) for validation.
The model used 5-minute simulation time step,
but model results were aggregated to a 1 hour
time step. Table 3 provides a description of the 4
events including their individual year, duration
and amount of hourly data. It is worth mentioning
that the 1998 flooding was clearly the highest of
all; this catastrophic flood event is well known in
the memory of the people in Flanders.

An example of such calibration result is shown
in Figure 8 regarding the storage node vlg. The
figure shows the hysteresis effect in the total storage volume - water level relation, modeled after
combining sub-models for the static and dynamic
storages, separated from the total storage.

Table 3. The description of the four flood events simulated
Duration
Data Amount
Year
1995 18/01/09h00 ~ 16/02/12h00
1998 02/09/09h00 ~ 01/10/12h00
1999 14/12/09h00 ~ 12/01/12h00*
2002 15/01/09h00 ~ 14/02/23h00
*Year 2000

Figure 7. The total storage in a river reach is separated by
dynamic storage and static storage

(Number of hours)

700
700
700
735

Figures 10 ~ 14 reveal the model calibration
and validation results, comparing the results of
water levels, discharges (for main river reaches,
spills and hydraulic structures) at selected nodes
simulated by the conceptual model (Conc) with
those calculated by the InfoWorks-RS model
(IW). Concerning the comparisons with the InfoWorks model for historical flood events, the conceptual river model has been investigated whether
it can perform well for all conditions (hydraulic
structure regulations and gate crest levels) during
the historical flood events. Besides, the model also has been checked for discontinuities and stability.
In Figure 10, variables h1 and h4 demonstrate 2
water levels located at the specific junctions of the
river Demer and its tributaries. Taking h1 for example, it receives flow from two sources: q1 (the
Demer upstream) and qe (flow through gate E).
Through computing the storage volume at this
junction and applying one of the methods described in the sub-sections 2.3.1 ~2.3.3, water level at this node is obtained. From this figure we
found that the peaks of the water levels h1 and h4

Figure 8. Hysteresis in the relation between total storage volume and water level for storage node vlg, and conceptual
model result after separation of the total storage in static and
dynamic storage and the calibration of separate relations for
both storage parts

2.4 Hydraulic structure operations
Next to the river reaches, schematized by means
of storage nodes and flow units, several types of
hydraulic structures were present in the detailed
models: gated weirs, vertical sluices, orifices and
spills. For these structures, some equations have
been implemented as for the detailed model to de1411

lected structures are similar to those of the InfoWorks model. Figure 14 finally shows the comparison between the simulation results of the InfoWorks and conceptual models and the
measurement data for two selected water levels
(h4 and hzb). The differences between the InfoWorks and conceptual model results were found
smaller than between the models’ results and the
measurement values.
Given that the professed goal of the simplified
conceptual lumped model is reduction of the computational (CPU) time, Table 4 gives an overview
of the CPU times of both the detailed hydrodynamic and the conceptual models.

were closely matched except some small underestimations during some lower peak flow periods.
Figure 10 also shows another 2 water levels (hs,
and hw) at the selected nodes. Also for these levels, results of the conceptual model match those
of the InfoWorks model. It is important to be
noted that the water level hs, which is the water
level in the flood control reservoir Schulensmeer
and thus the downstream water level of the gate
that controls the flow qA (see Figure 4), cooperates with hopw (the upstream water level of the
gate) to determine when the reservoir Schulensmeer starts to be filled. The accuracy of this water
level will affect the operation of the reservoir.
In Figure 11, variables q2 and q5 are two discharges at specific locations of the river Demer
indicating the magnitude of the flows passing just
downstream the junctions of the river Demer and
its tributaries. This figure shows that the results of
q2 and q5 simulated by the conceptual model well
match those calculated by the InfoWorks model. It
means that the water continuity at these reaches
computed by these two models achieved similar
simulation results.
Figure 12 and 13 respectively show spill discharges in selected reaches and discharges
through selected hydraulic structures. The spill
computation involves the magnitude of the discharge flowing over the river bank or flowing into
the river. The difficulty in calculating the spill
discharge is how to sum up all segments of this
discharge along every cross-section of the river
reach. As shown in Figure 12, the results simulated by the conceptual model match those run by
the InfoWorks model. Moreover, the figure also
demonstrates that there was a severe flooding especially in the flood event 1998 because all spills
had non-zero spill discharges (flowing over the
river banks / flowing into the river). Figure 13
presents the discharges for selected hydraulic
structures. The discrimination between good and
bad for a hydraulic structure simulation is decided
by its up- and downstream water levels, because
these two water levels will influence its operating
rules. This figure reveals that the results of the se-

Table 4. CPU times of the InfoWorks (IW) and conceptual
models for the four flood events simulated (output time step:
5 min)
Year
1995
1998
1999
2002

CPU time
IW
31
min.
120 min
30
min.
151 min.

CPU time
Conc. model
9.098 sec.
9.145 sec.
9.061 sec.
9.546 sec.

4 CONCLUSIONS
This paper has demonstrated that a simplified
conceptual river model can simulate river hydrodynamic states and flow processes in an accurate
and fast way. Simulation results were obtained
that are similar to the full hydrodynamic InfoWorks-RS model results for the Demer basin.
The most important advantage of the conceptual model is its reduced calculation time so that
this simplified model will enable integration in a
real-time flood control operation scheme. Such
operation requires optimization based on a huge
number of iterations; thus requiring limited model
computational times. Physically-based methods
have been successfully developed and applied to
construct, calibrate and validate lumped conceptual model structures based on a limited number
of flood event simulations in the detailed InfoWorks model.
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Figure 10. Comparison of the InfoWorks (IW) and Conceptual model (Conc) simulation results for water levels at selected
nodes
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Figure 11. Comparison of the InfoWorks (IW) and Conceptual model (Conc) simulation results for discharges in selected
reaches
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Figure 13. Comparison of the InfoWorks (IW) and Conceptual model (Conc) simulation results for discharges through selected hydraulic structures
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Figure 14. Comparison of the InfoWorks (IW), Conceptual model (Conc) simulation results and measurements (Meas) for water levels at selected nodes
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Future research will combine spatial rainfall and
rainfall-runoff models with the conceptual river
model. In order to achieve model-based real-time
flood control, real-time rainfall predictions will be
simulated, the model state variables updated in
real-time, based on river flow and water level observations, and combined with flood control optimization schemes. So far, the model has been integrated in Model Predictive Control (MPC)
applications, as described by Barjas Blanco et al.
(2008, 2010) and Willems et al. (2008).
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An integrated database manager to forecast estuarine dynamics and
water quality in the Guadalquivir river (Spain)
S. Bramato & M.A. Losada

Grupo de Dinámica de Flujos Ambientales (GDFA), CEAMA, Universidad de Granada, Spain

E. Contreras & M.J. Polo

Grupo de Dinámica Fluvial e Hidrología (DFH), Universidad de Córdoba, Córdoba, Spain

ABSTRACT: Estuaries are complex water bodies where seawater and freshwater mix to generate a dynamic gradient from marine to fluvial conditions. These environments need to be monitored and modeled
with a multidisciplinary approach which considers the different spatial and temporal scales of the undergoing processes and the non-linear effects of their interaction. The Guadalquivir River estuary is a representative example of human modification of the natural flow regime from both the fluvial and the sea.
Boat navigation, metal and salt mine exploitation, agricultural transformation, fluvial regulation throughout the catchment area and, more recently, aquaculture practices, have not only strongly modified the tidal prism and the fluvial regime, but also affected the sediment supply and transport dynamics with dramatic intermittent or prolonged growth in the resulting turbidity and marked oxygen depletion during
long periods. This study presents a multidisciplinary integrated database manager, created to characterize
the coupled dynamics of water, sediment, salts, nutrients, pollutants and meteorological forcing in the
Guadalquivir estuary. The database manager incorporates data from over 100 measurement stations allowing for not only the visualization of the variable evolution, but also complex analysis techniques for
monitoring estuarine processes and forecasting the short-term and long-term evolution of water quality.
Keywords: Estuary dynamics, Data management
1 INTRODUCTION

trients distribution in water in time and space
(Dyer, 2000).
Most of the estuaries along developed countries
coastlines are strongly modified by upstream dam
regulation and socioeconomically use of the estuary area, such as agriculture, aquiculture and tourism. An integrated management not only of water
resource but also of soil use in their contributing
area is a necessary approach to restore and preserve the diversity of life and nutrient fluxes in
our estuaries. The Guadalquivir River Estuary in
Southern Spain is a good example of such a demanding situation, which has experienced a large
reduction of freshwater input due to the upstream
regulation system along the river, periodic dredging labors to maintain navigation lanes to the Seville Port, and aquiculture systems and large
downstream rice crop areas which require low
suspended sediment concentration and moderate
levels of salinity in water, respectively.
In order to evaluate the Guadalquivir estuary
current state and trends, and to simulate future
states under different management strategies

The Guadalquivir Estuary is located in Southern
Spain, with the river mouth exiting into the Atlantic Ocean. It receives inflow from a 57400 km2
catchment area, with a freshwater discharge mainly originating from the Alcalá del Rio dam. It is a
channel like, convergent estuary, with a mean water depth of 7.1m, maintained by periodic dredging. Figure 1 and Figure 2 show the location of the
study site and the Guadalquivir river catchment
area, respectively.
The Estuary form and area are constantly altered by the erosion and deposition of sediment
along its extent, both of which are strongly affected by variations in the sea level at different
time scales. Its wide range of forms is the result of
the complex interaction between riverine and marine processes. Estuaries are continually evolving,
changing their shape, adapting to changes in river
flow and weather patterns, changing the phase and
amplitude of the input signals, with effects on salinity, temperature, suspended sediments and nu1415

and/or subject to sea level rise and climate variability trends, a grand volume of data from the system must be processed to include all relevant
processes in the analysis and to feed and calibrate
the final models (Hardisty, 2007).
This work presents a data management tool,
under the Matlab programming language, developed for the monitoring system of the Guadalquivir Estuary in the framework of the Project Method Proposal for the Diagnosis and Prognosis of
Human Actions Consequences on the Guadalquivir Estuary, financed by the Port Authority of Seville and coordinated by the ICMAN, (Andalucian
Institute of Marine Sciences) and the GDFA (Environmental Fluid Dynamics Group).

• Water level and current meter velocity,
from eleven doppler profiling stations
(ADCP) and nine additional pressure sensors (Tide Gauges) from different sources
(Federal Ports Authority, ICMAN and
GDFA). Profiling stations are moored on
buoys at the free surface along the estuary,
pointing in a downward direction. At each
position, profiles are obtained with 15
minute intervals with a cell size of 1m.
• Deep water wave and wind characteristics
obtained from WANA points provided by
the Federal Ports Authority, Spain and the
AEMET (Federal Meteorological Agency).
Each WANA point contains daily series of
forecast wave (WAM wave model) and
wind data (HIRLAM model) since 1996.
• Water quality data from the government of
Andalucia periodic (1-7days) measurements along the estuary, comprising of
suspended matter concentration, turbidity
and conductivity.
• Water quality data from the Guadalquivir
Water Administration ICA network (Water
Quality Integrated Network). This network
provides, since January 1981, laboratory
analysis of monthly surface water samples
collected along the estuary, including information about chemical, physical and
microbiological parameters, such us pH,
water temperature, conductivity, concentration of nitrates, nitrites, ammonium,
phosphates, total phosphorus, herbicides,
suspended particles, etc.
• Water quality data from the Guadalquivir
Water Administration, SAICA network
(Automatic Water Quality Measurement
System). Each station provides real time
records of water depth, turbidity, conductivity, pH, temperature, dissolved oxygen
concentration, and at particular locations
along the estuary also ammonium and organic matter concentrations.
• Within the Guadalquivir estuary, high frequency continuous records of turbidity, salinity, temperature and water quality parameters are obtained from seven CTD
stations controlled by ICMAN.
• Daily water discharges from the Alcala del
Rio dam and other contributing rivers to
the estuary from SAIH (Automatic Hydraulic Information Measurement System).
• Current and wave monitoring points in the
continental shelf provided by the GDFA

Figure 1. Location of study site.

Figure 2. Guadalquivir River catchment area.

2 MONITORING SYSTEM
The monitoring network and data necessary for
the estuary analysis and modeling comprises several sources and databases (Navarro et al., 2009;
Diez et al., 2009):
• Meteorological data from the automatic
station network provided by the regional
government of Andalucia (hourly information of precipitation, humidity, air temperature, radiation, wind speed and direction).
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from doppler profilers (a NORTEK acoustic wave and current meter AWAC, two
NORTEK and two SONTEK acoustic current meters comprising of temperature,
compass, tilt and pressure sensors). The instruments are positioned outside of the
river mouth and fixed at the sea bed, pointing upwards. The devices are programmed
to hourly measure 1024 samples of the water surface elevation, pressure and orbital
velocities with a sample rate of 1Hz. For
the remaining time within the hour, water
current profiles are obtained with a sampling time of 20 minutes and an averaging
interval of 120s.
• Meteorological data (wind, atmospheric
pressure, temperature, radiation) recorded
at the entrance to the estuary at 10m
height, sampled every 10 minutes.
• Additional information from field campaigns including a current meter mounted
on a body-board to capture the 3D tidal
structure at specific cross sections in the
river.
Figure 3 shows the locations of the principal
measurement stations, which continuously measure maritime, fluvial and climate conditions, including temperature, salinity, turbidity, current
and surface elevation variations at several points.
The network of measurement stations can be
organized into three main groups. Firstly, 16 maritime stations are located outside of the river
mouth at different water depths. Secondly, 66
fluvial stations are present along the main channel
of the river and different tributaries to the estuary.
Finally, 28 climate stations are located within the
estuary catchment area. In total 110 data stations
have been compiled from 20 different networks,
resulting in the continuous quasi-real time monitoring of forcing agents in the estuary, together
with the state variables.
Due to the characteristics of every dataset (frequency, time series extent, data source, file format), a huge amount of work deals with data validation, filtering, preprocessing, and format
conversion, including standard statistical methods
for automatically detecting outliers and errors.
After one year of data collecting and analysis,
the need for a management tool was patent, together with the need for up-to-date continuous
access to the entire dataset from every member in
the research group. Because of this, it quickly became clear that a single management tool was necessary to collect, validate, and format the data into a single, global, database.

Figure 3. Principal measurement station locations.

3 DATA MANAGEMENT STRUCTURE
To facilitate this, a software tool is being developed within Matlab with a user interface. The data
management organization chart is presented in
Figure 4. The data originates from three basic
sources: Firstly, from an ftp server, controlled by
ICMAN, which is automatically downloaded into
the database at the beginning of each month; secondly, directly from equipment deployed by the
GDFA, and thirdly, from publicly controlled institutions, which are periodically inputted as the data
becomes available.
The data is first screened through a quality control program and later saved within a structured
format, which contains all relevant information
pertaining to the measurement station. In the past
we have stored data in matrix form or multiple
text files, however in this way details about the
measurement parameters and units were stored
separately from the time series files. It became
clear that as the number of stations increased the
possibility of introducing errors due to miscommunication of measurement parameters became
large.
To eliminate this possibility, the database is
built using a structured format, which includes all
necessary text and numeric information within the
one file. For example the structure includes station
identification, including name, network, latitude,
longitude and altitude or depth.
Three basic data formats are available:
1. Time-series, which are separated for each
deployment time interval. This facilitates
deployments with different sample frequencies and measurement parameters.
2. Profile data, for example water current
profiles by ADCP and AWAC sensors,
and salinity and turbidity profiles by the
CTD buoys, where each profile is separated according to date.
3. Free surface data, collected at the outer
platform by the ADCP and AWAC sensors, obtained from 17 minute bursts at the
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lows the user to easily scroll through the various
profile measurements according to measurement
parameter (salinity, turbidity, temperature, currents, etc.) and date.
Data analysis modules provide time series
analysis (spectral and harmonic analysis), filtering
and signal processing, spatial correlation, mean
flux of water, salt and sediments (Tidal prism, Eulerian and Langrangian current), wave statistics
(univariate, extreme value, mean climate) and
wind statistics (wind rose, weibull, extreme value).
The wave statistics module shown in Figure 6
provides the mean climate and extreme event
analysis, using the peaks over threshold technique.
The module separates the time-series from any selected measurement station into individual storm
events which can be later exported for input into
external numerical propagation modeling programs, for example SWAN and REF-DIFF.

Hm0[m]

start of each hour, where each measurement burst is separated according to date.
This fills a global database library which contains all 110 stations, from which it is possible to
compile smaller sub-databases for specific applications by using the station selection module presented in Figure 5. Each sub-database contains all
information relating to the selected stations within
one single file for ease of transfer between colleagues.

8

0
0

4

2
4
6
8
Significant wave height Hm0 [m]

Hm0 [m]

10

160
140
120

5
0
01/95

6

180
DirM[°]

0.5

Tp[s]

Empiric
Log-Normal
Weibull
Cumulative

01/01

01/06

Date

VelV[m/s]

Distribution

1

Figure 4. Data management organization chart.
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Figure 6. Mean climate and extreme events analysis module.

The wind rose and statistics modules in Figures
7 and 8 provide the wind rose, for determining the
seasonal and daily variations in the wind speed
and directionality, in addition to representing the
parent probability distribution through a weibull
fit, according to wind direction, season and time
of day.
VelV [m/s]

Figure 5. Measurement station selection module.

4 APPLICATION MODULES
Various application modules have been developed
for the project, ranging from simple data visualization applications to complex data analysis
The basic visualization module allows plotting
of multiple variables collected from different stations. The user can select the date of representation, with the option of extracting the selected data
into a text file with a common time step. This extracted data can be used to feed and calibrate the
various numerical and analytical models used
within the project. Other visualization tools include the profile visualization module, which al-
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Figure 7. Windrose module.
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significant wave heights greater than 2m, proceeding from the Atlantic Ocean. During the two storm
events, north-westerly winds of up to 10 m/s are
present in the region, inducing precipitations of up
to 10 mm/h. As a consequence, the Alcalá del Rio
dam releases two significant discharges of over
500 m3/s. The occurrence of the two discharges
correlates well with the observed reduction in salinity along the length of the estuary (Sandford et
al., 2001).
The effect of both discharges on the estuary
turbidity varies with the tidal characteristic: the
first discharge occurs in conjunction with a neap
tide and the river flow is capable of contrasting
the tidal flow (Geyer et al., 2001) resulting in little
variation in the level of turbidity at both CTD
measurement locations. In contrast, the second
discharge coincides with a spring tide, inducing an
increased level of turbidity in the Esparraguera
zone as the sediments transported by the river exceeds the tidal push. The behavior of the turbidity
correlates well with the tidal variations resulting
in a maximum turbidity during spring tide and a
minimum during neap tide.
Conversely in the Cepillos Zone, near the river
mouth, the velocity reduction near the bed caused
by the increase in the transversal river section
width and the existence of moderate winds rotating 360o from North to West, increases the mixing
of estuarine turbidity water with the cleaner ocean
water, and contributes to reduce the value of the
global local turbidity.
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Figure 8. Wind statistics analysis module.

The spatial analysis module analyzes the effect
of the discharge from the upstream dam on the location of the mixing zone. Figure 9 represents on
the x axis, the distance from the mouth of the river, and on the y axis the mean daily river discharge from the Alcala del Rio dam. The contour
lines represent the tidal averaged salinity isolines.
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Figure 9. Spatial data analysis module.

The Figure 9 shows the presence of a clear discharge limit of 150 m3/s. For a discharge below
this, the mixing zone, based on a tidal averaged
Salinity of between 5 and 10 g/L, is located approximately 30 km from the river mouth. However, for discharges above this limit, the mixing
zone is clearly shifted by 20 km towards the river
mouth.
Figure 11 is obtained from the basic visualization module displaying various measured parameters during the period between April 4th to June
4th, 2008. From top to bottom, the Figure 11
presents: daily discharge from the Alcalá del Rio
dam, hourly precipitation at the station RIA Lebrija 1, tidal variation in Bonanza Harbor, significant
wave height, peak period and mean direction,
wind velocity and mean direction (simulated in
the WANA point from the Spanish Harbor Administration), and finally, the salinity and turbidity
measured at 1 m from the surface at two CTDs located in Cepillos and Esparraguera. The station
locations are presented in Figure 10.
The significant wave height presented in Figure
11(d) shows the arrival of two storms, both with

Figure 10. Location of the CTDs (Los Cepillos, La Esparraguera), meteorological station (RIA Lebrija 1), Bonanza tidal gauge, WANA3 and the discharge measurement point at
Alcalá del Rio.
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3
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1000

from the internet for public use, under the maintenance of the research group.
The monitoring system installed in the estuary
provides the information necessary for characterizing the estuary dynamics by observing the differential behavior of the physical variables such as
salinity, temperature, suspended sediment concentration (turbidity), in function with the location
within the estuary, tidal cycle, river discharge, and
river mouth conditions with respect to the meteorological atmospheric forcing and the consequent
wave height.
Through the management tool, the multiple
processes are collated and verified before constructing numerical models of the estuary dynamics for forecasting the short-term and long-term
evolution of water quality.
The management tool is readily applicable to
monitoring plans in coastal and transitional systems (estuarine and lagoonal system subject to the
European Union Water Framework Directive,
WFD, 2000) in which water quality, conservation
areas and human uses may easily relate. Specifically, it will be applied to selected littoral Andalusian areas to meet the WFD requirements for control and monitoring points in water bodies. This
relates to hydromorphological parameters in
coastal and transitional water zones, such as tidal
elevation, waves, fresh water discharge, turbidity,
salinity, dissolved oxygen content.
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Figura 11. Fluvial, maritime and climatic variables in the
Guadalquivir estuary along with salinity and turbidity in Los
Cepillos y La Esparraguera CTDs, for the time period between April 4th to June 4th, 2008.

5 CONCLUSIONS
The complex and multi-scale processes that describe the Guadalquivir estuary require an integrated monitoring tool to compile a wide variety
of environmental variables from different sources.
The dataset management tool has been efficiently
structured to provide the intra-university research
group with a common validated dataset and a
simple user interface analysis package to visualize
and further process the data. In the future, the database and management tool will be accessible
1420

River Flow 2010 - Dittrich, Koll, Aberle & Geisenhainer (eds) - © 2010 Bundesanstalt für Wasserbau ISBN 978-3-939230-00-7

Modelling and simulation of floods in alpine catchments equipped
with complex hydropower schemes
M. Bieri & A.J. Schleiss
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Lausanne, Switzerland

A. Fankhauser
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ABSTRACT: The simulation of run-off in an alpine catchment area equipped with complex hydropower
schemes is presented by the help of an especially developed tool, called Routing System, which can combine hydrological modelling and operation of hydraulic elements. In the hydrological forecasting tool tridimensional rainfall, temperature and evapotranspiration distributions are taken into account for simulating the dominant hydrological processes, as glacier melt, snow pack constitution and melt, soil infiltration
and run-off. The advantage of this object-oriented modelling tool is the integration of routing in rivers as
well as hydraulic structures such as water intakes, reservoirs, turbines, gates and valves. The model allows simulating the operating mode of complex storage hydropower plants and its impacts on the downstream river system for different scenarios, taking into account natural and anthropogenic influences. The
paper presents the modelling of the complex Oberhasli hydropower scheme, probably one of the most
complex one in Switzerland. The development and calibration of the hydrological model is explained.
First results are shown at the example of the flood event of 2005. The effect of the existing reservoirs and
their management on flood routing is highlighted.
Keywords: Hydrological modelling, Run-off simulation, Alpine catchment areas, Storage hydropower
plants, Flood routing, Multi reservoir operation
oriented modelling tool is the integration of flood
routing in rivers as well as hydraulic structures
such as water intakes, water transfer tunnels, reservoirs with water releasing structures as well as
powerhouses.
In the framework of a research project on hydropeaking, a discharge prediction model was developed for the complex Oberhasli hydropower
scheme in the upper Aare River basin upstream of
Lake Brienz in Switzerland. It has been calibrated
and validated during simulation. All hydroelectricity production data of the existing hydropower
plants as well as the corresponding meteorological
datasets were implemented.
The results are evaluated in terms of Nash coefficient, volume ratio and peak flow ratio. The
initial configuration presents a good correlation
with the observed data, confirming the robustness
of the model. The model allows to correctly reproduce the hydrological cycles. The hydrographs
of the 1987 and 2005 flood events were properly
simulated.

1 INTRODUCTION
In order to estimate the run-off in complex catchment areas, production and routing of flow are
calculated by numerical models. Flood forecasting
and management, optimisation of water use as
well as sediment transport problems need a tool
for run-off estimation. A large number of various
prediction models exist. Their application domain
is limited to specific conditions, like model scale,
flow regime (flood or low flow) or datasets available. The quality of the results varies and depends
on type and complexity of the model.
The semi-distributed conceptual code Routing
System (Dubois 2005) is appropriate for hydrological forecast in high mountainous catchment
areas. It is based on a concept developed by
Schaefli (Schaefli 2005). Tri-dimensional rainfall,
temperature and evapotranspiration distributions
are used for simulating multiple hydrological
processes. The model is able to produce glacier
melt, snow pack constitution and melt, soil infiltration and run-off. The advantage of this object1421

of the water is temporally accumulated to be turbined in the power plants of Grimsel, Handeck
and Innertkirchen if required. In Innertkirchen the
water is given back to the Aare River immediately
downstream the confluence with Gadmerwasser,
the river draining the eastern part of the catchment
area. After the Aare Gorge the Aare River
achieves the main valley of Meiringen and enters
Lake Brienz at Brienzwiler.

The calibrated and verified model was then
used to study the influence of the initial water
level in the main reservoirs on the outflow of the
catchment area for the flood of 2005. The contribution of the hydraulic scheme to flood routing
was analyzed through simulations without the reservoirs and power plants.
2 THE UPPER AARE RIVER BASIN
At the end of the 19th century, the area of the
Grimsel and Sustenpass was recognized as particularity appropriate for hydropower exploitation.
Heavy rainfalls, large retention areas, solid granitic underground as well as important differences
of altitudes by short horizontal distances provide
an optimal conditions for a hydropower storage
scheme (Schweizer et al. 2008). The first concrete
dams were built between 1925 and 1932. Since
then, a complex scheme with nine power plants
and eight reservoirs has been constructed (Figures 1 and 2). The largest reservoirs are the lakes
Oberaar (57 Mm3), Grimsel (94 Mm3), Gelmer
(13 Mm3) and Räterichsboden (25 Mm3). In an
upgrading program, the operator of the power
plant, the Kraftwerke Oberhasli AG (KWO), foresees a large number of technical, economical and
ecological improvements of the scheme, such as
an increase of the electric power of the machines
and storage capacity of the reservoirs.
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The surface of the upper Aare River basin is
554 km2, where 21% was glaciated in 2003. The
hydrologic regime of the river is therefore glacial.
The average annual discharge is 35 m3/s.
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3 DATA SOURCES

Switzerland

For the simulations various input datasets are
needed. The meteorological data are available
from the Federal Office of Meteorology and Climatology. On the one hand, temperature and rainfall data are collected every ten minutes by an
automatic monitoring network (ANETZ) all over
Switzerland. On the other hand, a large number of
gauging stations (NIME) measure the daily rainfall. Five stations of the first type and nine of the

Glacier
Aare catchment
Limit of concession

Figure 1. Catchment of the upper Aare River upstream Lake
Brienz with the implemented Oberhasli hydropower scheme

The upper Aare River, also called Hasliaare,
springs in the glaciers of Unteraar and Oberaar at
the altitude of 2000 m a.s.l. and flows nowadays
through several artificial reservoirs (Oberaar,
Grimsel, Räterichsboden), in which the main part
1422

band, meteorological input data is generated from
the gauging stations in the vicinity by a radius defined influence zone.
A catchment is simulated using four models
(García Hernández et al. 2007): glacier, snow, infiltration (GR3) and surface run-off (SWMM).
Depending on the presence of glaciers, two types
of sub-basins are aggregated. In alpine regions,
evapotranspiration (ETP) can be neglected.
The glacier sub-basin (Figure 4) is composed
of two models: snow and glacier. The snow model
simulates the evolution of snow pack (melt and
accumulation) according to temperature T and
precipitation P and creates an equivalent precipitation Peq. The latter is inserted in the glacier
model with snow height HN and temperature T. In
the glacier model, equivalent precipitation influences the linear snow reservoir RN and produces
the outflow QNGL of the sub-catchment. Moreover,
the sub-model of glacier melt shows an outflow
when the snow height is equal to zero. This glacier flow PeqGL enters the linear glacier reservoir
RGL and flow QGL results at the outlet of the subcatchment. The sum of QNGL and QGL is the total
outflow Qtot of the glacier sub-basin.

second are used as input data points in and around
the Hasliaare catchment (Figure 3).
The discharge, used to calibrate and validate
the model, is measured every ten minutes on the
Aare River in Brienzwiler in an installation operated by the Federal Office of Environment
(BAFU). Figure 3 shows the location of the gauging station.
The KWO, an industrial partner and supporter
of the research project, made accessible the hydraulic characteristics of the hydropower scheme,
operation rules and historical data from the last
30 years of exploitation. Daily sums of turbined
and pumped volumes as well as the water levels in
the four main reservoirs were delivered as well as
hourly averages for 2005. These datasets allowed
calculating the inflow of the ten sub-catchments
operated by KWO (Figure 6).
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Figure 3. The upper Aare River catchment with official meteorological and hydrological gauging stations with date of
beginning of measurements

4 MODEL DEVELOPMENT
4.1 Modelling concept
Routing System software is used for the semidistributed conceptual modelling. It is based on
object-oriented programming, describing the hydrological and hydraulic functions related to
snow-melt, glacier melt, soil infiltration, surface
run-off and flood routing. The description of the
network is carried out with the help of six hydraulic functions – generation of flow, flow transport,
storage, diversion, confluence and flow regulation
– which can be related to each other. The altimetric temperature gradient is considered by subdividing each sub-basin into elevation bands, which
allows segregating rainfall and snowfall. In a virtual station located at the gravity centre of each

Figure 4. Modelling of glacier sub-basin

In the non-glacier sub-basin (Figure 5), three
models – snow, infiltration and run-off – are used.
The snow model is the same as in the glacier part,
thus providing an equivalent precipitation Peq,
which is used as input for the infiltration model
GR3 (Consuegra et al. 1998). GR3 separates it
into base flow Qbase and net intensity of precipitation inet. This net rain intensity is transferred to the
run-off model SWMM (Metcalf 1971) where it is
1423

linear snow reservoir KN influence summer runoff, when the snow is melting in the glacier elevation bands. The base flow depends on the infiltration of snowmelt and rainfall. The capacity hmax
and the release coefficient of infiltration reservoir
k are then calibrated. Finally the Strickler coefficient Ks, mainly influencing the flood events in
time, is defined.
The model was then pre-calibrated over ten 15
months’ periods for a one hour time step continuous simulation by using meteorological, hydrological and exploitation datasets. The hydrological
parameters of the ten sub-catchments operated by
KWO (Figure 6) were optimised independently.
The natural Hasliaare catchment was calibrated by
data from the gauging station of BAFU. The results reveal the importance of glacier melt, which
highlight the need for the development of a specific tool taking into account its effect for future
long time scenarios.

routed. The total outflow Qs of the glacier band is
the sum of base flow Qbase and run-off Qr.

Figure 5. Modelling of non-glacier sub-basin
7
9

4.2 Calibration and validation
The catchment area of the Aare River upstream
Lake Brienz was modelled for the configuration of
2003. The 41 sub-catchments are divided in
96 glacial and 243 non glacial elevation bands.
The basic hydrological formulas as well as the
calibration process are explained in detail in
García Hernández et al. (2007).
For each band, precipitation and temperature
are interpolated from the 14 meteorological stations, if situated in the influence zone of 30 km.
For the spatial distribution of the meteorological
variables the method of Shepard was applied. Precipitation and temperature for a given elevation
band are obtained by weighting the data of the
real stations in the influence zone according to
their inverse square distance to the virtual station
of the band. This method has been extended to
take into account the effect of altitude by a constant altimetric gradient.
For large catchment areas with multiple elevation bands, the same values for the eight calibration parameters (An, AGL, KN, KGL for a glacier
band and An, hmax, k, Ks for a non glacier band) are
adopted for predefined sub-catchments. The calibration process follows the hydrological cycle, allowing an independent calibration of the key parameters. The simulation period starts in October,
because snow-pack is built-up during autumn and
winter. The snow degree-day parameter An, which
mainly influences the river run-off from February
to June, is first calibrated. The degree-day glacier
melt coefficient AGL, the coefficient of linear glacier reservoir KGL and the release coefficient of
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Figure 6. Sub-catchments operated by KWO
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Figure 7. Observed (reconstructed) peak flow in the
Hasliaare catchment for the 2005 flood event

In a second step, the model was calibrated by the
extreme flood event of August 2005 and validated
by the flood of August 1987. The peak flow of the
Aare River in 2005 of 444 m3/s (called measured
discharge) was the highest value ever measured in
Brienzwiler, corresponding statistically to a return
period of about 100 years (Figure 8). The valley
between Meiringen and Lake Brienz was largely
inundated and, therefore, the whole discharge
1424

teristics as the reconstructed one. Only the doublepeak could not be reproduced.
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Figure 8. Calibration of the model with 2005 flood event
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could not be measured at the gauging station. A
post-analysis of the event allowed an estimation
of the real peak and a reconstruction of the hydrograph (called observed discharge). Flooding was
not simulated by Routing System. For this reason
the model was calibrated using this adapted hydrograph with a peak of 520 m3/s. Further peak
flow estimations in the uninfluenced catchments
(Figure 7) were used for comparison. The 1987
flood event produced only insignificant inundation. Without any adaptations of coefficients, the
measured and simulated outflow in Brienzwiler
could have been compared (Figure 9).
The simulations started at the beginning of the
hydrological year in order to obtain parameters
independent from the initial conditions. The results were compared to the inflow from the subcatchments, to the observed outflow in Brienzwiler and to the peak flow estimations in terms
of Nash coefficient (1), water volume ratio rvol (2)
and peak flow ratio rpeak (3):
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Figure 9. Verification of the model with 1987 flood event

During calibration and verification of the
model, rainfall patterns of all available meteorological stations were compared to generated discharges. As for the Hasliaare catchment the most
relevant Grimsel station was not operational in
1987, the rainfall of Ulrichen is plotted (Figure 9).
Both flood events show coherence between rainfall and discharge. Even if the simulated flood of
1987 generates too high values at the beginning.

(3)

where Qobs(t) = observed discharge, Qsim(t) =
simulated discharge, Qobs = mean observed discharge, Vsim = simulated volume, Vobs = observed
volume, Qsim max = peak simulated discharge and
Qobs max = peak observed discharge.
Table 1. Evaluation of calibration (2005) and validation
(1987) at Brienzwiler
Calibration
(2005)

Validation
(1987)

Nash coefficient

0.98

0.90

Volume ratio

rvol

1.03

Peak flow ratio rpeak

0.99

Table 2. Comparison of observed (reconstructed) and simulated peak flow for 2005 flood event [m3/s]
River Reach
Qobs max Qsim max rpeak
A

Aare River, Brienzwiler

520

515

0.99

B

Aare River, Aareschlucht

340

358

1.05

1.05

C

Aare River, Innertkirchen

145

147

1.01

1.00

D

Aare River, Guttannen

60

46

0.77

E

Gadmerwasser, Innertkirchen

180

173

0.96

F

Gadmerwasser, Gadmen

80

79

0.99

G

Gentalwasser

45

46

1.02

H

Rychenbach

85

81

0.95

I

Urbachwasser

50

52

1.04

The objectives of a Nash coefficient higher
than 0.8, a volume ratio rvol between 0.9 and 1.1
and a peak flow ratio rpeak between 0.9 and 1.1
were achieved (Table 1). The simulated hydrograph for 2005 (Figure 8) shows the main charac1425

Table 2 shows the comparison of observed respectively reconstructed (Qobs max) and simulated
(Qsim max) peak flow at nine different locations in
the downstream Hasliaare catchment for the 2005
flood event. Beside the upper Aare River in Guttannen, which is influenced by a high number of
water intakes on rivers, peak flow ratios rpeak fall
all in the confidence interval between 0.9 and 1.1
and confirm the plausibility of the model in the
non-operated part.
GIS
LUN

Table 3. Initial water levels [m a.s.l.] and filling degree for
scenarios I to III on 21st of August 2005 (00:00)
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GWA

ULR
[mm]

Figure 10. Cumulated rainfall during 2005 flood event (between 21st and 26th of August 2005) with gauging stations
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0
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GAD

GTT
GWA

GOA

GUE

Räbo

I

2’297.7
(85%)

1’882.1
(35%)

1’848.1
(92%)

1’749.3
(57%)

II

2’295.7
(80%)

1’904.7
(88%)

1’847.9
(91%)

1’756.2
(72%)

III

2’303.0
(100%)

1’908.8
(100%)

1’849.7
(100%)

1’767.0
(100%)

The meteorological input data was the same for
all simulations. The turbining and pumping operation was considered on the basis of an analysis of
statistical data. When a reservoir is full, the emergency scenarios as defined in the operation rules
are applied. Taking into account the downstream
conditions, they foresee maximum turbine operation when the water level exceeds a limit near to
the crest level the spillways. To avoid oscillating
behaviours between on and off, the emergency
turbining is stopped when the level achieves a preliminarily defined lower limit. Between the Grimsel and Räterichsboden reservoirs, power plant
Grimsel 1 is used in scenarios II and III for emergency turbining. This power plant has a maximum
capacity of 20 m3/s and was out of service during
the 2005 flood event, which was the reason for the
low reservoir levels.

GRH

[mm]

Gelmer

• Scenario I corresponds to the situation as happened in 2005. The calibration discussed in
chapter 4 confirms the reliability of the model.
• Scenario II presents average levels in August,
calculated over the last 10 years. This case corresponds to the most likely situation with filling degrees between 70 and 90%.
• Scenario III is a worst case scenario assuming
full reservoirs at 21st of August 2005. This
quite hypothetic case is the upper limit of the
sensitivity analysis.
• Scenario IV evaluates the influence of the
whole hydropower scheme. By removing all
reservoirs and power plants, the unequipped
catchment was analysed.

GUE
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degrees were defined, simulated and compared
(Table 3).

ULR

Figure 11. Cumulated rainfall during 1987 flood event (between 23rd and 28th of August 1987) with gauging stations

The model has thus been successfully calibrated and can be used for simulations of other
scenarios as well as for flood forecasting. A particularity of the two simulated floods is namely
the quite different distribution of rainfall. During
the flood event of 2005 (Figure 10), maximum
rainfall was measured in the north-eastern part of
the river basin. For the event of 1987, the gravity
centre of the precipitations is in the east (Figure 11). An interesting analysis could consist in a
scenario with other rainfall distributions, for example in the south, where the large reservoirs are
situated. Simulations
Due to operational constraints the Grimsel and
the downstream located Räterichsboden (Räbo)
reservoirs had exceptionally low water levels on
21st of August 2005. Their flood retention volume
was therefore much higher than normally. To
evaluate the retention effect of the large reservoirs
of the Oberhasli scheme, three scenarios of filling

5 RESULTS AND DISCUSSION
5.1 Results
The simulated curves have similar characteristics
(Figure 12). All of them provide a local maximum
1426

in the morning of 22nd of August and the peak at
midnight the same day. Scenarios I and II results
in the same hydrograph. The higher discharge of
scenario III is caused by emergency turbining due
to full reservoirs. The missing retention volume
after the main precipitations induces also higher
flows in the Aare River in the following days. The
same effect is detected in scenario IV, which corresponds to a hypothetic case of a non-equipped,
natural catchment area.

The analysis of peak flow (Figure 12 and Table 5)
reveals much higher return periods for the simulated floods than those defined by the measured
values. This fact points out the difficulty of statistical flood characterisation in a highly affected
catchment area, like the one of the Hasliaare
River.
5.2 Influence of initial reservoir water level
Compared to the flood event of 2005, scenarios I
and II do not result in higher flood discharges
(Tables 4 and 5). Looking at the example of
Grimsel reservoir (Figure 13), it can be seen, that
the average water level as initial condition for
scenario II does not lead to the complete filling of
the reservoir. Therefore neither spillway release
nor emergency turbining are taking place and the
power plant is managed as usual. The difference
between increasing and decreasing level gradients
of scenarios I and II can be explained by the Vshaped geometry of the reservoir.

800
Observed discharge
Sceanrio I

700

Scenario II

Run-off Aare River in Brienzwiler [m 3/s]

Scenario III
600

Scenario IV
HQ300 = 529 m3 /s

500
HQ100 = 443 m3 /s

400

HQ30 = 360 m3 /s
HQ10 = 291 m3 /s

300

HQ2

200

= 190 m3 /s

Spillway crest

1'909

Start
of emergency turbine operation
End

100
1'908
Scenario III

0
21

22

23

24

25

26

Days in August 2005

1'906

Figure 12. Hydrographs of the 2005 flood event for scenarios I to IV (scenarios I and II are superposed)

1'905

Table 4. Observed (Ref.) and simulated volumes of hydrographs between 21st of August (12:00) and 24th of August
2005 (12:00) [Mio m3]

Scenario II
1'904

Scenario
Aare River, Brienzwiler

I

II

III

IV

63.2 64.5 64.5 78.9 81.6

Aare River, Innertkirchen

14.3 14.3 24.2 32.9

Aare River, Guttannen

4.0

Gadmerwasser, Innertkirchen

4.0 13.8 18.8

18.4 18.4 18.4 27.4

Gadmerwasser, Gadmen

8.8

8.8

8.8 11.2

Table 5. Observed (Ref.) and simulated peak flows for 2005
flood event [m3/s]
Scenario
Ref.

I

II

Aare River, Innertkirchen

145 147 147 189 269

Gadmerwasser, Innertkirchen
Gadmerwasser, Gadmen

46

46

79

79

Scenario I

1'883

1'882

23

24

25

26

Figure 13. Level variations in the Grimsel reservoir for scenarios I to III as defined in Table 3

95 143
79

22

Days in August 2005

Assuming full reservoirs at the beginning of
the flood, as in scenario III, an initial decrease of
level occurs due to water transfer to Gelmer reser-

180 173 173 173 214
80

1'884

21

IV

520 515 515 588 642
60

1'885

1'881

III

Aare River, Brienzwiler
Aare River, Guttannen

Water level in Grimsel reservoir [m a.s.l.]

Ref.

89
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The Routing System software is accurate for
simulating alpine catchments. It allows analysing
different scenarios by taking into account the influence of a hydropower scheme. Boundary and
initial conditions as well as input data can be
adapted and their effects evaluated.
For the 2005 flood event, the peak flow without reservoirs is reduced by about 20%. The retention effect of reservoirs of the Oberhasli hydropower scheme is approved. Therefore storage
hydropower plants can take an important role in
flood routing.
The hydrological-hydraulic model can also be
used for real time decision making, as well as for
the evaluation of ecohydraulic issues.

voir (Figure 13). With increasing inflow, emergency turbine operation by Grimsel 1 as well as
flood evacuation by the spillways starts. The latter
operate during 30 hours. The lower limit of emergency turbine operation is not achieved before
26th of August.
The adapted initial reservoir conditions of scenario III influence only the flow regime of the
downstream reaches of the Aare River. The hydrographs of Gadmerwasser remain unchanged
(Tables 4 and 5).
The simulations reveal as expected the importance of the initial water level in the reservoirs for
flood retention. Sufficient retention volume allows
a considerable flood routing. If the initial water
level is important, peak flow can only be reduced
by an intelligent management of the plant, like
shown for scenario III.
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5.3 Influence of the hydropower complex in the
catchment area
Due to the hydropower complex, the peak flow of
the 2005 flood event could have been reduced by
127 m3/s, from 642 m3/s to 515 m3/s, which means
20%. Comparing scenario IV without hydropower
plants to the worst case scenario III with the full
reservoirs at the beginning of the flood, an increase of peak flow not only in the Aare River
valley but also in the catchment area of Gadmerwasser can be observed (Table 5). Because of the
missing water intakes in the rivers and small reservoirs, the peak flow of Gadmerwasser in Innertkirchen increases by about 25%. Furthermore a
new increase in the Aare River reaches upstream
of the confluence is simulated. Therefore not only
the presence of retention volume is important but
also an appropriate management of the power
plants and reservoirs. This is even more crucial
when the maximum rainfall does not occur in the
catchments controlled by the reservoirs (Figure 10).
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6 CONCLUSION
The built simulation model is robust and generates
satisfying results for observed flood events. The
simulated hydrographs are very similar to the
measured respectively observed ones. Additional
discharge data could increase the performance.
The dominant operated discharge of the hydropower scheme helps to calibrate the model. The
conformity between hydrological and hydraulic
elements in the system is shown. This is even
more relevant by taking into account the complexity of the scheme.
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ABSTRACT: The Netherlands have a long lasting history of water management. In the early days, water
management mainly focused on safety against floodings, and many other elements such as nature development, recreation or housing were not concerned or just forbidden to take place in the floodplains. Nowadays, this no longer holds, and water management asks pre-eminently for an integrated approach. The
Room for the River program is a good example. However, also for the mid and long term future (20502100), action is needed to keep the Netherlands a safe country in which people can live, work and recreate light-hearted. There are lots of developments which claims the river area. Not only is there a concern
to mitigate possible effects of climate change (increasing river discharges and sea level rise), but also the
European Framework Directive (aiming at a good ecological state of the river area), other European developments like Nature2000, urban expansions, mining activities and long term visions on the river area
as a whole lay a pressure on the river area. The question is how to deal with all these different claims, and
how to weight them in order to make a balanced choice. In this paper, we will analyze the task these
claims give rise to, and we will explore solutions. The solutions vary from defence measures (rising dikes, make more room for the river) to raising awareness and construct new, innovative unbreakable dikes.
The analysis asks for special tools, in order to visualize the problem and the solutions to the stakeholders
in general (the public as well as (local) authorities). The Delta program aims at preparing the necessary
measures with the goal to be ready before the big flood comes.
Keywords: Flood management, Climatic changes, Anticipation and awareness
One of those deltas is the Rhine-Meuse delta in
the Netherlands. Among the developed countries,
the Netherlands are probably the most threatened
country by climate change, as almost 25% of the
country lies below sea level and two-third of the
country is prone to floods from a river or from the
sea. Although a sea level rise of 1 meter can relatively easy be dealt with, it is clear that even more
sea level rise, combined with other consequences
of climate change (more and intense rainfall, and
hence more extreme (high and low) river discharges, problems with fresh water supplies) will
cause serious problems for the upcoming decades.
In 2007 a State Commission gave several recommendations which are actually the starting point
for further research
(see www.deltacommissie.com/en/advies).
Apart from ‘climate-claims’, other initiatives
claim space in the delta. There are European directives (framework directive, flood directive),

1 INTRODUCTION
A total number of 634 million people (almost a
tenth of world’s population) is living in coastal areas that lie within 10 meters above sea level
(McGranahan et al. (2007)). In coastal areas the
largest urbanisation takes place as well as the
largest economical activities and food production.
As there is a tendency that more and more people
are going to live in cities, and delta cities belong
to the most populated cities (UN (2008)), it is fair
to say that also the pressure on coastal deltas is
increasing. Yet, it are these deltas which are most
vulnerable to climate change (Nicholls et al.
(2007)), Ericson et al. (2006)). This can also be
noted from an interesting web-site on which the
impact of sea level rise is visualised (see
http://geongrid.geo.arizona.edu/arcims/website/slr
world/viewer.htm). The large coastal deltas immediately show their vulnerability.
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the dike-restoration projects along the main
Rhine-branches should be finished, and the closure dam (separating Lake IJssel from the Wadden
sea) is reinforced. In short, in 2015 all dikes
should be high enough and strong enough such
that, together with the floodplain restoration projects, the hinterland is protected with respect to
the standards that were agreed upon. For the
Meuse river, the same holds: a large project called
The Meuse Works is in progress, which provide
the necessary safety for the communities along the
river. Between 1995 and 2015, a total amount of
over 7 billion euro’s has and will be spent on
flood protection measures, being the total budget
for Room for the River, Meuse Works, and the
restoration of the dikes and dams (including the
closure dam at Lake IJssel).
The geometrical description of the main channel (or summer bed) and the winter bed (main
channel and floodplains combined) that goes
along with this 2015-situation is the starting point
for the forthcoming analysis. In the mathematical
models that are used in this study, a special way
of constructing this reference situation is used.
Starting from a known actual situation in 2005
(based on measurements of bed levels, floodplain
conditions and dimensions, and vegetation) we
superimpose all known new initiatives (like e.g.
all the Room for the River projects) on this base
situation. The resulting situation is the best possible description of the reference situation in 2015.
Special attention in this is needed for the description of the summer bed. It is difficult to make
a prediction of the morphological changes between 2005 and 2015. A more fundamental question however, is what the exact policy will be regarding the summer bed. The upstream parts of
the Dutch Rhine Branches are degrading with
several centimeters per year (Ten Brinke (2004))
and river management strives to stop this autonomous bed degradation. Reasons are that there are
fixed layers in the bed that do not degrade and
hence are a potential thread for shipping. Another
reason is that constructions like bridges and
sluices are at danger with a degrading bed. This is
the reason that dredged material (coming from
managing the navigation channel) is not allowed
to be removed from the system but is dumped
back in deeper stretches upstream. To fully stop
the autonomous bed degradation demands a vast
set of measures (suppletion of material in the
German part of the Rhine, for instance) that is
considered as one of the strategies resulting from
navigation claims.
In contrast to the upstream part, the downstream Rhine branches close to the sea (approximately 70 km’s from the shore, where the influence of the tide is substantial) tend to aggregate

nature development and shipping demands. Moreover, to stop or mitigate negative autonomous
processes like river bed degradation caused by
regulation works and shoaling caused by river rehabilitation schemes, measures are demanded that
also require space.
These claims will inevitably put a pressure on
precious space in the Netherlands. The keyquestion is then how to deal with these often contradictory claims. What issues need to be solved,
which are possible trade-offs, on what terms and
what are the costs. Which interests are harmed,
what parties will benefit? Is it, for example, possible to incorporate innovation or energy production
in handling the claims?
In the process of solving the above questions, it
is important to think in scenarios and multiple, diverse strategies. There is no direct urge to act
right away. Depending on the developments of the
coming decades, one strategy or the other may
turn out to be the most beneficial. Monitoring the
various systems is vital to prepare for the right decision and to be able to redirect whenever possible. In this process, also politics and policy plays
an important role. Integration (taking into account
all the necessary disciplines) and hence, close cooperation between Ministries, local authorities,
NGO’s, etc is a necessary condition to reach solutions that have sufficient support in the society. At
the highest administrative levels, the willingness
as well as the ability to allocate money is required
in order to get to an optimal solution.
This paper describes more or less the plan of
the Delta-programme Rivers, established to deal
with above topics. The reference situation is discussed in section 2, details of future claims on the
river area are discussed in section 3, the problem
and approach is further defined in section 4, section 5 explains the uncertainties in data and
strategies. Section 6 (Discussion) puts things into
the long term perspective and in section 7 some
conclusions are drawn.
2 REFERENCE: THE YEAR 2015
The year 2015 is an important year in Dutch water
management. It is the year that the flood defence
system of dunes, dikes and dams in the Netherlands should be up-to-date after about 15 years of
planning, designing and constructing protection
measures. Up to date in this sense means that the
system complies again with the very strict standards that are put forward in Dutch legislation
(roughly speaking a probability of 1/1250 per year
for the river area, increasing to 1/10.000 per year
for the coastal zones). Not only should the last
project of Room for the River be completed, also
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3.3 Nature 2000 areas

and a lot of dredging takes place. Dredging is allowed as long as the overall bed level is not degrading too much. To overcome issues related to
bed degradation in upstream areas as well as excessive dredging in downstream areas, river authorities are considering to define a base level for
the summer bed which should be maintained (with
respect to certain margins) at all times. It is this
bed level that can then be included in the 2015reference model.

Nature 2000 is a European initiative to protect areas in which important flora and fauna can be
found. It has a legal status. In the Netherlands,
Nature 2000 consists of 1.1 million hectares (69%
water, 31 % land). Part of the Nature2000-areas
are located in the floodplains. In general, for reasons given above, these initiatives will result in
increasing flood levels and hence must be compensated by mitigation measures.
3.4 (Counteracting) Subsidence

3 LONG TERM CLAIMS ON THE RIVER
AREA
As already mentioned in the introduction the possible consequences of climate change is one of the
triggers to make an inventory of the possible
claims on the river area. Some of these claims are
more crisp described than others. In this section,
we will shortly address the most important ones.
3.1 Long term claims due to an expected increase
of the river discharge

Figure 1. Bed degradation of the Waal river in the period
1979-1999 with an erosion of approximately 0.5 m in total.

3

The current design discharge is 16.000 m /s at
Lobith for the Rhine River, and 3.800 m3/s at
Eijsden for the Meuse River. Partially based on
the climate scenario’s of IPCC, the expectations
are that these discharges will increase to 18.000
m3/s for the Rhine and 4.600 m3/s for the Meuse
(maintaining the same frequency of exceeding
(1/1250 yr)). To accommodate this, more space in
the floodplains is needed in the rivers Rhine and
Meuse, but that is not enough. From previous research, it is already known that also space on the
landside of the dikes will be needed. These areas
have been mentioned in policy studies and hence
have a certain status (restrictions with respect to
rural developments do apply).

The Rhine River regulation measures (dikes,
groynes, bend cutoffs) have inflicted smaller
slopes and larger depth's resulting in ongoing degradation of the bed level. Figure 1 shows the
(moving averaged) bed level development of the
Waal river for the period 1979-1999 (from Havinga et al. (2005). The bed level degradation of
about 0.5m in 20 years can clearly be observed.
This scouring of the bed will 'autonomously' go on
for at least another 100 years (Baur (2003)). The
problem that this causes are immediately clear
from the figure by looking for instance at the location of Nijmegen.
There, an armoured layer was constructed in
1985. Hence, the bed levels of 1989 and 1999 are
the same there. This fixed point however, causes
erosion that travels downstream, leaving the layer
as a potential future bar. No upstream effect (yet)
can be deducted. Studying the graph in Figure 1 in
detail and ignoring the autonomous degradation,
one might draw the conclusion that the erosion pit
travels downstram with an average rate of 1,5
km/year, which equals the assumed theoretical celerity of a disturbance in the bed (cb) (see the circle in the figure and note the location of Nijmegen).

3.2 The EU Water Frame Work Directive
(EWFD)
The aim of EWFD is to reach a good ecological
state for the river area
(http://ec.europa.eu/environment/water/waterframework/index_en.html).
For this, many projects have been designed for the
floodplains of floodplains of the Rhine and Meuse
rivers. Side channels are often part of the
schemes, as they are very beneficial as spawning
areas for fish. Apart from the increase of the conveyance area, these plans often go along with nature development, which has a potential negative
impact on the design flood levels. The resulting
positive effect for flood protection is therefore expected to be minimal.

3.5 Navigation and morphology
In general river measures are not allowed to hamper inland navigation on the Rhine, as this mode
of transport is of utmost importance for the Dutch
1431

the same time on the land along the rivers. The
reason is that the barriers along the coast will be
closed more frequency, and then the rivers cannot
discharge any more to the sea. This excess discharge has to be stored for some time.

economy. So, potential new bottle-necks in the
navigation channel should be avoided. As the
principle of flood protection according to the
room for the river principle is to increase the flood
conveyance through measures like side channels,
excavation and removal of obstacles, this will lead
to shoaling in the main channel bed and hence
possible hindrance for navigation. How severe
this is depends on the current situation and on the
impact. To this end it is needed that a reference
level is defined which is characterised by minimum fairway dimensions during low discharges.
These dimensions are different for the different
Dutch Rhine river branches. For the Waal river
dimensions are: a fairway width of 150 m and a
depth of 2.8 m below the low water reference
level (denoted by LWR-2.80, LWR being the water level that is exceeded in 95% of time, 2.80 m
being the draught needed). For the IJssel and
Nederrijn, the dimensions are 2.50m by varying
widths. To test whether navigation conditions are
violated, morphological analyses will have to be
carried out using a 2D-morphological model. The
results must be combined with a data analysis to
pinpoint a possible problem. A solution may be
found in measures like adaptation of groynes or
constructing longitudinal dams as an alternative
for groynes. In Figure 2, an example of such a
dam in Germany is shown.

3.7 Local developments
More and more, local authorities within the river
area are using the planned projects or Room for
the River as tool to accomplish their own initiatives with respect to housing, recreation etc. This
usually goes along with an extra claim on the
available space. Besides, the intention of the local
authorities is then to carry out (the combined)
construction works, with a certain commitment to
the population that they will not return to this particular area with extra works in the next decades.
Hence, the combined project should not only
solve the short term problem (in terms of increasing design water levels) but also the (more
vaguely defined) long term problem.
3.8 Miscellaneous
Apart from the above mentioned more specific
claims, claims of different nature exist on the
available river space. For example the fact that the
floodplains are much more vegetated than is accounted for in the models (caused by insufficient
maintenance and nature values). Hence, model
and reality differ substantially in this respect.
Compensating for these rougher floodplains may
cause yet another claim on the space. Another aspect concerns a dike stability problem related to
heaving. This may be solved by reinforcing the
slopes, which off course consumes space. Finally
a complex discussion is going on with respect to
the current system of standards in the Netherlands.
Other standards (based on risks numbers instead
of exceeding frequencies) may lead to additional
measures and hence claims. As this is beyond the
scope of this paper, we refer to Roos and Van de
Geer (2008).

Figure 2: Longitudinal dam in the Rhine river at Bruckhausen (Duisburg), Germany.

3.6 Sea level rise
4 PROBLEM, SCENARIO AND SOLUTIONS

As already indicated in the introduction, sea level
rise may become a major problem for the Netherlands. When, and to which extend is not clear at
this moment. It is generally believed that a sea
level rise up to 1 meter can relatively easy be dealt
with in the sense that dunes and dikes can be reinforced over time (sometimes denoted as ‘growing
with the sea level’). An increase of more than 1
meter is a different story. Yet, it is expected that
the sea level rises up to 1.30 meters by the end of
the century (see Van den Hurk (2006)). Sea level
rise puts a claim on the land along the coast but at

4.1 Problem
The effects of the long term claims mentioned in
the previous section, together with the effect of
the scenario’s define the problem. This problem
varies from area to area (rivers, lake IJssel, SouthWestern Delta area, Rhine-Meuse estuary, etc)
and can be visualized on a map of the Netherlands. The idea is that every claim as well as the
scenario’s causes a potentially rise of the (design)
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flood levels which obviously have a cumulative
effect.

up to the policy makers and politicians to decide
upon the solution as well as the time frame. So
that is what we will do in this section: give an
overview of possible solutions, in which we accept that at some stretches, the claims present a
problem which simply cannot be solved!
The solutions fit within the three-layer safety
concept: prevention against flooding, reduction of
damage in case of a flood and crisis-management
(together with evacuation and/or self reliance).
We now discuss some of the solutions.

4.2 Scenarios
To explore the problem of dealing with multiple
claims on the river area, it is important to define
the possible scenarios that we are facing for the
(near) future. For the Netherlands, an important
starting point for this is the report of the Delta
Committee (see the Introduction) who discussed
two important scenarios: sea-level rise and increased discharge of the Rhine and Meuse rivers.
These long term strategies are discussed below.
For the sea-level rise, the Dutch interpretation
of the fourth assessment report of the IPCCscenario’s (see Van den Hurk et al. (2006)) is
used. This resulted in an upper bound of the sea
level rise of 0.85 m in 2100. Specific research (including the most recent studies) done for the Delta
Committee resulted in a ‘plausible upper bound’
of the (relative) sea level rise of 1.30m in 2100
(and 2-4m in 2200).
Room for the River also uses a long term discharge scenario of 18.000 m3/s. Explorative studies for the Meuse (which results are now already
used in policy) use a long term discharge of 4.600
m3/s for the Meuse. For the discharges of Rhine
and Meuse, the figures will also be the leading
numbers for future studies.
The Delta Committee mentions a range of
17.000-19.000 m3/s for the Rhine in 2100 although this will be considerably reduced due to
flooding in Germany. In this respect, the figure of
18.000 m3/s (which is nowadays actually a political fact rather than the result of scientific research) may be questioned, especially when it is
coupled to the return period of 1/1250 year.

1. Delta-dikes (or super-levees).
Raising dikes can be a solution when higher
floodlevels (resulting from the claims) are accepted. Dikes are typically build for a time period
of 50-100 years. This means that all existing dikes
will face serious maintenance in the coming decades. The concept of Delta dikes is based on the
fact that with relatively little effort, (existing)
dikes can be adapted such that they will not fail
after overflowing (due to an excess discharge) or
overtopping (of waves, due to wind). This means
that the hinterland does not face inundation depths
of several meters due to a breach, but merely hindrance of several decimetres of water due to water
flowing over the dike. The idea is that over the
coming periods, dikes that need maintenance
anyway, can be adapted in this way with relatively
few extra costs. Preliminary calculations show
that up to 2100, some 6.5 billion euro’s is needed.
2. More Room for the River
Accommodating discharges of 18.000 m3/s for the
Rhine and 4.600 m3/s for the Meuse without raising dikes means creating more river space. This
demands rigorous measures within the floodplains
as well as on the landside of the dikes. Spatial
(land) reservations along the Rhine branches and
the Meuse, anticipate on this. However, from
studies carried out in the process of Room for the
River, it is already known that also within the
floodplains, a lot of extra space is needed. Even if
all the possible floodplains are going to be used to
increase the discharge capacity, still some critical
stretches are left, especially along the Waal river.
This would also affect the typical river landscape
to an unacceptable degree. This major branch
simply has too little capacity to transport it’s part
of the 18.000 m3/s (around 2/3). A solution may
be found in changing the discharge distribution
over the two bifurcation points (see figure 3).
However, given the fact that also the Nederrijn
cannot convey more discharge, it means that critical stretches will emerge at the river IJssel. One
way or another, it will turn out that by just creating more room for the river, the problem cannot
be solved for all the branches. At some stretches

4.3 Solutions
Once the problem has been explored, outlines of
solutions can be drawn. Now, an important remark
has to be made. The underlying study is a long
term study, with a time horizon of one, and perhaps several centuries. It would be affront only to
suggest that the solution to this problem exists.
Although climate change is a continuous process
(according to the IPCC the anthropogenic factor
in climate change is practically beyond any doubt)
a low lying country like the Netherlands will face
it’s consequences. However, the current problemdefinition as well as solutions most likely will
change over the coming decades, due to revised
and new insights and findings. Besides, it’s not
the task of scientists to propose the solution.
Scientists have to propose several solutions (or
strategies, alternatives, directions) and it is then
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resilient society in which a flood is ‘just another
normal situation’ than can be coped with because
people are prepared.

however, more room will definitely be a possible
solution.
Already in 1998, a study was carried out with a
very extreme scenario: a discharge of 20.000 m3/s
for the Rhine and a sea level rise of 1 meter (Delft
Hydraulics (1998)). Whenever very clear choices
are made (protecting the vulnerable Western part
of the Netherlands by guiding the excess discharge over the IJssel branch to the North) even
this scenario could be dealt with.

4.4 Coherence
It is important to recognize the coherence in the
Dutch (main) water system. The issues of for instance safety during high discharges (or floods),
sufficient fresh water and demands with respect to
inland navigation during low discharges, salt intrusion in the delta and consequences of sea level
rise are closely connected. Up to now, the discharge distribution at the bifurcation points is determined by geographical conditions and resistance to flow and is assumed to be fixed. The
height of the dikes at the various Rhine river
branches is related to this fixed ratio. However, in
times of low discharges, it might be desirable (or
sometimes even necessary) to divert more water to
the north to buffer fresh water in lake IJssel, or
more water to the west to counteract salt intrusion.
Hence, a (dynamical) regulator at the bifurcation
points might be necessary for future applications.
In the south western delta, ecological problems
occur due to algae. This is the consequence of the
closure of the basins in the seventies. Also, as a
result of sea level rise, the barriers need to be
adapted in the next decades. Removing (some of)
them, as the Delta Committee suggested, might
restore the ecology, but asks for other measures to
guarantee the supply of fresh water as well as
safety against flooding from storm surges. These
are just a few examples of the close interconnections of the various sub systems in Dutch water
management. It is believed that integration of the
different national watermanagement subsystems
could reduce the problem.

Nederrijn

Figure 3: The major rivers in the Netherlands. The Rhine
river enters from Germany and bifurcates in three branches
(Lower Rhine is Nederrijn).

3. Awareness and self reliance.
The topic of awareness gets more and more attention in Europe nowadays, as preparation for floods
may be an attractive way to cope with the consequences of floods. This may result in the acceptance of higher flooding frequencies, yielding less
costly measures. Examples are the initiatives taken in the INTERREG IIIB projects Freude am
Fluss (FaF (2007)) and Sustainable Development
of Floodplains (SDF (2008)). Since November
2007, the European Flood Directive entered into
force
(http://ec.europa.eu/environment/water/flood_risk/
index.htm ).
That directive requires EC-member states to
map the flood extent, assets and humans at risk in
flood prone areas and to take adequate and coordinated measures to reduce the flood risk. In 2013,
flood hazard and flood risk maps have to be available, and in 2015 also flood risk management
plans must be available. In the Netherlands,
awareness is also increased by broadcasting TVspots. Schielen and Roovers (2008) observe an interesting complication in the communication
about flood risks in the Netherlands. The return
period for a design discharge is very high (1250
years). For the general public, they state that this
‘close to meaningless and is often interpreted as:
safe under all circumstances.’ Schielen and Roovers (2008) propose a promising new safety concept: adaptation and self reliance. They propose a

5 UNCERTAINTIES
Especially in case of long term studies, dealing
with uncertainty should be considered with care.
The Delta Commission already mentions the large
uncertainty intervals in river discharge and sea
level rise. Presenting results in which uncertainty
is taken into account is crucial, but also challenging. Results and uncertainty should be presented
such that the combination really adds to the understanding. Often, uncertainty is used as an argument to settle for the safe side (‘better safe than
sorry’) and is hence a worst case approach.
Janssen et al. (2009) studied to which extent presenting results without uncertainty, with only a
qualitative description of uncertainty, and with
uncertainty made explicit in band widths around a
mean value would affect decision making (in this
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on these interests. As future developments are uncertain, solutions may be found by dealing openly
with these uncertainties. This touches upon a
whole range of “river flow” subjects related to
forecasting of discharges, water levels, hydraulic
roughness, vegetation succession, bed levels and
bed forms, in which uncertainty plays a major role
and where probabilistic approaches are appropriate.
All the measures that are considered for a mid
or long term perspective will not prevent that serious flood events will eventually take place on a
(very) long time scale. These events are a statistical certainty. In the aftermath of such events action is then taken to repair, restore and often improve the situation to prevent that a similar event
will happen again. Examples of this approach can
be found in the Netherlands (the Delta works, after the flooding of the South Western part in 1953,
or the improvement of the levees along the river
Meuse, after the floods of 1995) in Germany (after
the floods of the Elbe in 2002) and in New Orleans (after the hurricane Katrina in 2005). Apart
from these event-driven actions, there are structural measures that are carried out to maintain or
improve safety standards without any preceding
flooding events. Examples are the Room for the
River program in the Netherlands, the New
Vásárhély program in Hungary or the storm surge
barriers in the Thames and in St. Petersburg. The
analysis that is now proposed in the Netherlands
by the Delta Committee however, may be labelled
as a new approach. Not only are the current safety
standards maintained or even improved, also an
inventory of various actions is studied to prepare
for upcoming situations on a long time scale, only
to prevent hazardous situations on that long time
scale. The (simple) idea is just not to wait for a
(major) event, but take all the necessary precautions to prevent it from happening.
By no means does the Delta–programme proposes
a blueprint of solutions for the coming decades or
even centuries. The eminent problems of the upcoming eras will be solved by the community that
is then living. Having the intention to solve those
problems now is almost preposterous. What the
program aims at is to develop several strategies to
solve the problems that we see now, based on scenario’s that are now likely to occur. This may results in some long lasting investment programs
(i.e. the political implementation of the proposed
strategies) to keep the Dutch society resilient
against the water. These programs may start in the
coming years. It is then crucial to provide them
with some flexibility, such that whenever the scenario’s change, the programs can relatively easy
be adapted and the investments are no-regret.
Without any doubt, there continuously will be

specific case choosing a river management strategy). They found that adding uncertainty information leads to risk-avoiding behaviour. The band
widths are not used to estimate how (un)certain a
prediction will be. Instead, people indicate that
they use the information to be on the safe side;
only if the mean plus (or minus) the uncertainty is
in the correct interval, they choose for a certain
strategy. Generally, this should not be the goal.
An important disadvantage of this approach therefore, may be that unnecessarily large investments
are done.
There are several ways of handling uncertainty.
One way is to assume a probability distribution
around on the uncertain parameters. Using for example a Monte Carlo simulation, this results in a
probability distribution around the final result one
is interested in (for instance water levels, or inundation frequencies). This probability distribution
is then used to determine a accuracy band width
around a mean value. An important question then
remains: how should one interpret this bandwidth.
Another option is to integrate over all possible
probabilities, i.e. use the "weights" inherently present in the probability distribution. The outcome
in that case becomes a single expected value
(again, a critical water level, or an inundation frequency). By definition this expected value takes
into account the uncertainties and the shape of the
probability distributions. This value can then be
used to decrease (or perhaps omit) the factor in
the design of dikes that accounts for uncertainty
(now a default value of 30 cm).
In the discussion with respect to uncertainty, it
is important to distinguish between the various
‘sources’ of uncertainty. In general, one distinguishes between epistemic uncertainty (uncertainty due to lack of knowledge, for instance modelling wind or water levels) and uncertainty due to
natural variability (roughness of summer bed,
shape of discharge wave). Sometimes, a third
category is added: uncertainty due to future developments. Every source may need a different
analysis to take the consequences into account.
6 DISCUSSION
River management has to deal with the natural
dynamics of the river. The related uncertainties
limit flood safety, navigation and ecological opportunities. In the past centuries coping with these
uncertainties was also translated in a river lay-out
in which (most) people could survive flooding and
accepted the nuisances, e.g. small draughts or
light shipping opportunities. The goal of the Delta
program, however, is to sustainably integrate all
major interests and minimising negative impacts
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7 CONCLUSIONS
The demands on the layout of the Dutch Rhine
river branches are large. The claims on the precious space are numerous. The desire to obtain
sustainable (and manageable) solutions to maintain the safety level also in the mid and long term,
and meanwhile optimise the user functions (of
which navigation and ecology are probably the
most important ones), poses complex questions.
As there is no direct urge to act right away (for the
safety level is already quite high), monitoring the
various systems for e.g. morphological changes,
and vegetation developments of the floodplains is
vital to prepare for the right long term decisions.
To interpret the solutions, advanced morphological analyses are needed.
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Flood Risk Attribution to River Defences
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ABSTRACT: A flood risk-based approach to flood risk management is a proactive approach where resources and efforts are targeted at the locations and communities where greatest benefit can be achieved.
To support the management decision a simplified approach to relate the condition of fluvial defences to
its contribution to risk has been developed; the RAFT tool. The tool is focused on providing outputs to
operational staff in the field to enable the importance of a fluvial defence in terms of risk to be assessed,
without recourse to more complex office-based modelling.
This paper presents the probabilistic concepts underpinning the flood risk attribution process and an overview of the RAFT tool. This approach is used to support both the management and the public understanding of flood defences, for example assessing the impact of different management strategies of flood risk
reduction.
Keywords: Flood Risk Attribution, Probability, Flood Defences, Management
making. For a long time, the flood management
strategies were based on historical flood events
and focussed on reduction of the flood hazard. All
the measures were based on raising embankment
levels after each flood and training works to increase the discharge capacity of the river. The application of probabilistic techniques allows a
change of flood control strategies (Kersting 2010):
the desired safety levels are chosen based on the
acceptable probability of flooding. The probabilistic techniques can also be adequate tools for flood
managers to optimize their management decisions
on a wide range of different levels, from National
policy to the level of day-to-day maintenance decisions.
Understanding the performance of the individual assets within an asset system is the first step
towards understanding how best to manage them.
This includes knowledge about geometry and
structural features, the loads experienced (e.g. water levels) and the associated probability of failure. Inspection methods (intrusive and nonintrusive) and reliability analysis are vital aids to
this process. Reliability analysis is used to express
the performance of an asset in a given condition in
terms of its likelihood of failure under a particular
hydraulic loading (Melchers 1999).

1 INTRODUCTION
The effective management of river defences represents a considerable challenge to flood risk managers given the financial burden associated with
maintenance and the implication of failing to provide adequate protection to exposed communities.
Where floodplains and lowland areas have been
heavily developed or where critical infrastructure
is present, the consequences of failing to maintain
river defences can be grave.
Despite the undesirable consequences associated with flooding, it is rare that sufficient funds
are made available to undertake all necessary improvement activities. It is in the face of limited
budgets that the role of a flood risk manager becomes one of damage limitation; difficult decisions must be taken in order to decide how and
where limited resources should be invested and,
conversely, where intervention is not financially
viable. The difficulties inherent in these decisions
are compounded by the continuing need for floodplain development, and the emerging threat of
climate change (Evans et al 2004).
Flood risk managers are in the position where
they must find effective ways of measuring and
quantifying risk in order to inform their decision1437

other suitable units, for example hectares of habitat lost per year.
The value of a probabilistic approach when
compared to a traditional deterministic approach
is that it is free of the assumptions of loading and
response. However, a probabilistic approach requires a different type of analysis – often with
considerable numerical modelling when applied at
a system level.
The probabilistic method that provides the
framework for the development of the RAFT tool
is the one described elsewhere (Gouldby et al,
2008 and Environment Agency, 2009). It has
evolved from the Source-Pathway-Receptor concept (Sayers et al 2002) shown in Figure 1, where:

While the use of high-level probabilistic techniques is increasingly important to flood risk managers for high-level assessment and to test the effectiveness of management strategies, there is also
a need to undertake a similar analysis at asset
level. At this level, the analysis is required to
help prioritise maintenance activities within flood
management systems. The ability to consider the
contribution to overall risk at the level of individual assets within a larger system makes it possible
to directly estimate the risk attributable to its condition (for example) in a system. This paper outlines a risk assessment methodology, the RAFT
tool (Risk Attribution Field-based Tool) that has
been developed for application in the United
Kingdom at an asset-level.
The high (or system) and asset level methods
are intrinsically hierarchical, where data and
analysis from one level of detail informs and refines the analysis at another – providing an efficient means of developing a level of accuracy that
is appropriate to the decisions being made (Sayers
and Meadowcroft, 2005).
The RAFT tool has been produced for the Environment Agency by HR Wallingford ( HR Wallingford 2010). RAFT enables the local knowledge of Environment Agency staff to be captured
in a probabilistic analysis for the first time. It provides the Environment Agency with a bottom-up
risk attribution tool that can be used to quantify
the benefits of specific management activities,
such as maintenance and asset reconditioning
without requiring a full high level analysis. Using
the RAFT tool, it is possible for asset managers to
employ techniques similar to those used for highlevel decision making, to inform day-to-day flood
management decisions.

•

•

•

Sources are the meteorological factors that
include rainfall, waves, water levels and their
associated probability of occurrence (singularly or jointly).
Pathways/Barriers are the behaviour of defences as the hydrological and hydraulic factors that determine the patterns and volume of
run-off.
Receptors are the exposure and vulnerability
of the people, property and environmental
features that may be harmed by a flood.
Pathway / Barrier

structural & non structural
defences

Source

Receptor

property, people,
environment

river

Figure 1. Source-Pathway-Receptor model of flood risk
(from Environment Agency 2009).

2 PROBABILISTIC METHODS FOR FLOOD
RISK ANALYSIS

The resistance to flooding of any one of the individual defence units allows the likelihood to fail
under a given loading to be estimated. In a fluvial
context, the failure of a defence reflects the inability of a structure to resist the hydrostatic source
loading that is applied to it.
The probability of failure of any one defence
under a load can be estimated using fragility
curves (Figure 2). A fragility curve is a formal expression of the likelihood of defence failure, conditional on a specific load. For fluvial defences,
fragility curves usually consider two mechanisms
of breach – piping of water through the defences
and erosion of the defence by overtopping. For
fluvial systems, the loading on a defence is typically taken to be related to the freeboard of the asset at a given water level.

Within flood management, risk is typically defined as the product of probability and consequence. A risk-based analysis is any where the
consequence of an event is considered distinctly
from its probability of occurring. To undertake a
probabilistic flood risk assessment of a fluvial defence system, there will be two separate steps:
1. Evaluation of possible system-response to a
range of different loading conditions.
2. Estimation of consequence associated with
each different system-response.
Only with these two elements in place can the
flood risk be quantified. The quantification of
risk usually takes the metric of flood damages per
year (€/year), however it can be expressed in any
1438

of flood defence. The results of this analysis
clearly show where investment in flood defences
can yield the greatest benefit to the overall system
risk.

Figure 2. Generic ‘Best Estimate’ Fragility Curve.

As site-specific information for each defence
unit is unlikely to be available, it is necessary to
use generic expert-derived ‘fragility curves’ rather
than an asset-specific fragility curves. Figure 2
highlights the range of values and confidence in
the ability of a defence to resist hydrostatic loading.
A typical probabilistic analysis of a flood defence system requires both the linear and point defences of the network (embankments, culverts,
flood gates, etc.) be considered as discrete units.
Each separate unit is prescribed an independent
(and, therefore, potentially different) resistance to
flood loading. The condition of independence
means that if any one defence unit fails, it is considered that adjacent units will not be at increased
risk of breach as a result. CUR (1990) has identified the assumption of independence to be reasonable for lengths up to 600m for hard defences (i.e.
one with a significant man-made component) and
300m for natural/soft defences. Therefore, it is
necessary for any defence with common properties that is greater than the independence length,
to be divided into two or more independent
lengths to satisfy the conditions of analysis.
For a probabilistic analysis to be most useful
for flood management decisions, it is necessary
that the risk can be attributed to the individual defences within a system. By considering the contribution to the total risk from each individual
flood defence of a larger system, it is possible to
determine where management intervention will
have the greatest benefit on a system.
Figure 3 obtained from Environment Agency
(2009) is included as example to show how a system level probabilistic analysis can yield results at
the level of individual assets within the defence
system. For the defence system shown below, the
expected annual contribution to risk (in the metric
of £/year) has been assigned to each 300m length

Figure 3. Defence Risk Attribution (from Environment
Agency 2009).

3 DESCRIPTION OF THE APPROACH
The RAFT tool is described in this chapter following the Source-Pathway-Receptor model shown in
Figure 1.
3.1 Source
The fluvial loading condition, i.e. the source, is
defined as the in-river extreme water level (for a
range of different return periods) minus the crest
level of the defence (excluding any allowance for
freeboard). The RAFT tool requires the user to
provide at least three extreme water levels adjacent to the asset of interest and the asset crest
level. These values are then interpolated using a
logarithmic best-fit to obtain loading conditions
for a full range of 39 return periods between 1 and
1000 years.
3.2 Pathway
The pathway is represented by the fluvial defences and their probability of failure. In RAFT,
the probability of an asset failing when exposed to
a given load (water level) is a function of the load
but also of the type of defence, its condition and
the length of the asset. For each condition of the
defence, defining condition in a scale from 1 to 5
as explained above, a fragility curve can be defined. Then, the probability of defence failure, Pf,
taking account of its length, is given as:
Pf = 1 –(1-Pf C i )n
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(3)

where PfCi is the probability of a single independent unit of a given defence in condition i (i from 1
to 5) (calculated by integrating the appropriate
loading and fragility curve) and n is the number of
independent units within the defence that can be
considered to be at condition i.
The annual probability of failure, Pf annual, is
obtained by combining the Pf for a given load
(given above) with a full range of loads and their
annual probability of exceedance (return period)
(Figure 4).
Within the RAFT tool the annual probability is
expressed as a percentage rather than a “1 in x
years”. Values close to one means a high probability of failure in any given year and values
close to zero a low probability.

Figure 5. Flood areas due to breaching interpreted as danger
to people (from Defra/EA 2005)

The consequences of failures are evaluated as
the number of residential properties within the
area of inundation. Only those properties directly
affected by the flood (internal flooding) should be
considered (excluding for example upper floor
properties).
3.4 Establishing the risk
Economic damages are not calculated within the
RAFT tool therefore, to determine the risk associated with a given asset (chance of failure by consequences of failure), a new term is introduced
within RAFT, the Expected Annual Properties
flooded, EAPf:

Figure 4. Annual probability of failure obtained by integrating the conditional probability of failure (given load) and
annual probability of exceedance for a given load.

EAPf = Pf annual ⋅ NP

(4)

where EAPf results from multiplying the annual
probability of an asset to fail, Pf annual, by the number of properties, NP, in the area of risk.
When non-residential properties are also included as consequences the Expected Annual
House Equivalents flooded is also calculated. In
this case, the number of properties in the previous
equation, NP, is substituted by the Number of
House Equivalents. This total number is obtained
adding to the number of properties to the house
equivalents obtained making the appropriate conversions (HR Wallingford 2010).
RAFT considers the risk associated with
breach only. The flood risk associated within
overtopping or overflow without a breach is ignored.

3.3 Receptor
A constraint when developing the RAFT tool was
to ensure that the potential consequences of asset
failure could be estimated without recourse to additional modelling. Instead it is assumed that the
users of the tool (local asset managers) will be
able to directly estimate with sufficient accuracy
the receptors, hence, the potential extents of
flooding due to a defence failure. To guide the
user, a typical flood extent that may result from a
defence failure is provided. The “typical flood extent” is based on the assumption of a flat floodplain leading to concentric flood areas centred at
the breach location (Figure 5).
The extent of the inundated area is related to
the driving head (i.e. the head of water above the
ground level at the breach location). RAFT embeds generic lookup tables relating the maximum
inundation extent to the driving head based on
findings of the flood risk to people studies (Defra/EA, 2005).

3.5 Interface
The RAFT tool is spreadsheet based. The interface of the tool has been designed so that it can be
used with the minimum additional training and is
as user-oriented as possible. The required information is entered into a single custom dialog box,
which polls users for the data as required. It has
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sideration of this approach is the variability that
might be introduced from large numbers of different users accessing the tool.
In producing a tool for broad dissemination, it
is necessary to make a number of simplifications
in order to aid usability. At the level of individual-assets, this type of simplification can result in
a more coarse representation of the risk. However, when considered over a large system these
simplifications help ensure a uniform standard of
analysis resulting in a more reliable system level
assessment, which does not vary according to user
experience or aptitude.
The method detailed in this paper represents a
step change in the level of performance over traditional flood risk methodologies.
The RAFT tool can be widely used to provide a
useful first assessment of the criticality of individual defences through a simple field based activity. However, because this approach cannot deliver full and justifiable economic analysis, more
detailed system approaches should be reserved for
situations wherever this is important.

been written in Visual Basic for Applications
(VBA) and is run from within Microsoft Excel.
The input data required by RAFT is the minimum
required to undertake a probabilistic assessment of
the defences. An important consideration for an
asset-level analysis tool is the user interface; it is
important that the appropriate data is obtained for
analysis, but that it can be input quickly and easily
by a large number of different users, with varying
experience.Recognising that data records for large
flood defence systems can often be incomplete,
the RAFT tool has been designed to allow different types of data to be used:
• If existing model data and databased information is available, the user can input this directly
into the tool.
• If limited information is available, the tool
prompts the user to enter field measurements.
By recording the decisions taken by the user during input, the tool ensures traceability of the results (Figure 6).
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Figure 6. RAFT tool interface displaying the results and
main user inputs

4 DISCUSSION AND CONCLUSIONS
A simplified tool, RAFT (Risk Attribution Fieldbased Tool), to assess the criticality of an asset in
terms of its role in risk management has been developed. The RAFT tool has been designed to allow a system-wide analysis to be built from assetlevel observations. To achieve this, the tool needs
to be used by large groups of different users, without the need for comprehensive training. A con1441
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ABSTRACT: Gravel extraction from a natural streambed combined with changes in flow discharge in response to water resource usage may induce modification of instream sediment transport characteristics.
Reduced transport capacity and riverbed overexploitation can bring a system off its natural equilibrium,
resulting in decreased sediment replacement downstream from the extraction area but also affecting upstream morphological conditions. This, in turn, may affect civil works founded in the riverbed, as well as
water catchment infrastructure designed upon minimum river stages. In this paper, a methodology is presented to couple a sediment transport and morphological simulation model with a management model
based on genetic algorithm optimization, to search for good gravel mining practices, determining adequate gravel extraction rates and water use in the system. The model is applied to a hypothetic system inspired on the Maipo River, located near Santiago, Chile, using data representative of current conditions
for sediment extraction rates and water use in a reach that includes an urban area. A first step toward integrated water and sediment management is proposed, evaluating the economic impact of combined sediment and water use policy in the hypothetic river. The results of the application provide the identification of sensitive areas together with points where gravel exploitation is possible or even beneficial. The
model also yields limiting extraction rates for sustainable operations.
Keywords: Management, Gravel mining, Optimization models, Sediment transport, Morphology
On the other hand, many rivers are subject to
the extraction of large amounts of water for different uses, consumptive and non-consumptive,
such as irrigation, drinking water supply, hydropower generation, etc. Hence, since a close relationship exists between the sediment transport capacity and the flow discharge prevailing in rivers,
it is not uncommon for the hydrodynamic behavior and morphologic development of many rivers
result to be controlled by external activities,
which are planned without taking into account the
natural dynamics of these systems, in terms of sediment transport processes and the consequent degradation/aggradation of the streambed.
Several authors have described problems associated to aggregates overexploitation in rivers
(Abarca, 2008; López, 2004; Marston, 2003),
which are related mainly to severe streambed
morphology modifications and to channel width
variation. These modifications and their effects
are far from being a local phenomenon, existing in
the literature reports of actions with impacts over

1 INTRODUCTION
Gravel mining is a common practice in Chile,
based on the demand of this type of material for
construction. Indeed, throughout the world, one of
the main sources of sedimentary material corresponds to rivers situated near big cities, which are
the main demander for aggregates for construction. The main factors that explain the extraction
of aggregates from rivers, are: 1) easy access to
the source, 2) high quality material and 3) a wide
range of material sizes, reducing costs in material
processing (Kondolf, 2002a). In central Chile,
sources of fluvial sediments are concentrated
mainly in the Andean mountain region, from
where the sediments are transported downstream
into the river basins. Because of this, most rivers
in the region, having steep slopes and coarse and
poorly graded beds, are considered as rich potential sources of aggregates (Figures 1 and 2).
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2 MANAGEMENT OBJECTIVES

several kilometers in both directions (upstream
and downstream) from the exploitation zone
(Kondolf, 2002b; López, 2004).

The goals for the management tool under development include a) assessment of the existing system operation, in order to forecast its future possible condition, using as state variables the riverbed
longitudinal elevation profile, the effects on structure foundations and the interferences between the
existing users; b) assessment of effects due the integration of new users into the system; c) river
sectorization in order to define the most sensible
zones to gravel mining activities. Therefore, the
maximization of a river general productive value
is proposed, considering all the activities developed in it. Also, the adverse effects associated to
all these activities are to be taken into account as
costs or constrains of the problem.

Figure 1. Aggregates process industry, located in the southern limit of Santiago (San Bernando).

3 MODEL DEVELOPMENT
The model development considers some modification to the Model for Sediment Transport and
Morphology, MOSSEM (González, 2006; Abarca,
2008), mainly to include gravel extraction from
the streambed in the local sediment mass balance.
Thus, the modified model is capable of evaluating
the dynamical change in morphology due to gravel extraction. The management model is developed based on optimization, adapting an open
source Genetic Algorithm (GA) code. A general
scheme of the model is given in Figure 3. Is important to show that the methodology used in this
study for coupling the models is applicable to any
morphological model that is based on binary files
for the inputs/outputs (similar to MOSSEM).

Figure 2. Pit for gravel extraction in the Maipo river. The
photograph shows a section of the Maipo river located in the
municipality of San Bernardo.

When considering the existence of both water
and gravel extraction at different locations along
the river, as well as the presence of infrastructure
founded on the riverbed, it is necessary to evaluate the relative and integrated effects of each extraction process upon the system. Apart from that,
it is necessary to assess the incorporation of new
activities into the system, in order to anticipate
their effect on existing operations as well as the
short and long-term impacts on the structures
founded on the riverbed. Due to this, the study reported in this paper is focused on the creation of a
computational tool, able to anticipate future interferences and problems related to the existing exploitation setup or to the entry of new activities
into the system. This tool is thought of as an aid
for the management and regulation of gravel mining activities in rivers. For the computational tool,
the study couples a numerical model for the hydrodynamics and morphodynamics (MOSSEM)
with a management model based on optimization.
This allows for the assessment of several operation scenarios in rivers with high demands of aggregates.

Figure 3. Connectivity implementation between the numerical model (MOSSEM) and the management model.
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3.1 Management Model

tion (a set of cases previously defined in number)
in time, by steps, such that each step is
represented by a generation of the population. For
the evolution of the population, the GA performs
crossing and alteration of the best cases in each
generation, using their objective function value,
and/or mutation under specific conditions (Marcyk, 2004; Rutkowski, 2008; Wiese, 2009).

The Management model is based on the optimization of resource usage, by means of the evaluation
of an objective function. In this study a genetic algorithm is used to determine the best way to exploit gravel resources in rivers, by analyzing their
morphological response; in other words, by tracking changes in bed elevation, due to different gravel extraction rates imposed in each of the reaches
in which the river is divided.
The model considers a set of control and optimization nodes, associated to different river
reaches. The nodes are divided in 4 categories:
Type 1 – Node with presence of large infrastructure, Type 2 – node that can potentially be exploited, Type 3 – node with presence of minor infrastructure, Type 4 – node with existing gravel
extraction permits. The main variable to define is
the volumetric rate possible to be mined from new
extraction zones.
The optimization problem is formulated as:

3.2 Sediment Transport and Morphology Model
(MOSSEM)
MOSSEM is a simulation model which integrates:
a) solution of 1D Saint-Venant equations, b) computation of bedload sediment transport capacities,
c) computation of bed elevation modification
through the solution of Exner equation, and d)
computation of turbidity currents and fine sediment dynamics (deposition/resuspension) if they
are relevant for the problem (e.g., reservoir sedimentation analysis).
The MOSSEM model has been used in several
Civil Engineering projects in Chile, giving good
results in comparison to commercial models, as
HEC-RAS and MIKE11. The advantage of MOSSEM lies in the numerical scheme used (Ying et
al, 2004), which allows to solve impermanent
fluxes that are close to crisis, with the reduction of
the numerical instabilities. Also, the model allows
the use of several relations for estimating potential
sediment transport rates, including: Meyer-Peter
and Müller (1948), Acker & White (1973), Parker
(1990), and Wilcock and Crowe (2003); The
above allows the simulation of fluvial systems
that presents extensive grain-size curves, including coarse and fine sediment material.

Objective Function:

Max [α B- (1− α )C ]

(1)

where,
N

B
Benefits : B = ∑ ∑δ i X i bi
t

i

(2)

N

Costs : C = ∑ ∑δ iC Ci (ηi )
i

t

(3)

with

δ iC ∈{0,1} ; δ i B ∈{0,1}

(4)

The decision variable Xi is the gravel volume
extracted from node i; ηi is the level of the
streambed in node i; δiC and δiB are step functions
to enable the application of costs and benefits for
a node; bi is the benefit per unit of Xi in node i;
Ci(ηi) is the cost function for node i and depends
on the variability of the streambed level. The parameter α is used in the objective function in order to weight the benefits of the exploitation and
the costs derived from it. Other cost functions can
be introduced to evaluate different impacts, for
example, alteration of natural habitat, affecting a
specific biological community, exploitation of
zones where other activities take place (e.g., tourism, fishing).
The optimization is performed through a genetic algorithm (GA), which, in general terms, simulates the evolution of possible solutions (cases) to
the problem posed from an initial arbitrary case.
For this, the GA evaluates and evolves a popula-

4 APPLICATION CASE
The model and proposed methodology is applied
to a hypothetic system inspired in the Upper Maipo River basin (Figure 4), which is the main
source for water supply of the city of Santiago,
with extractions equivalent to about 21 m3/s. Also,
the Maipo River represents one of the main
sources of aggregates for construction in the area.
Presently, there is no certain information about the
total amount of aggregates extracted from the river, due to weak control and the existence of irregular exploitations. Even so, it is known that some
authorized operations have exploitation rates close
to or even higher than 150 m3/hr of extracted material. These high exploitation rates, based on
equally high demands for aggregates, are endorsed by the fact that, given the proximity of the
Maipo River to the city, there is an easy access to
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the source and the transportation costs are considerably low.
The system considered is hypothetic, because
although the morphology and hydrology of Maipo
river are included in the present application, several simplifications are introduced to this complex
system, particularly with regards to the interactions between gravel mining and water extraction
operations. The system flow configuration accounts for the major water extractions, reducing
the flow capability for sediment transport. Most
importantly, in order to accelerate the natural
morphological dynamics of this system, a reduction in the bed grain size distribution was introduced with the aim of enhancing bed deformation.
This allowed us to reduce simulation and computational times and hence, helped to develop and
test the hypotheses of the current management
model. For application to natural fluvial systems,
an unmodified grain-size curve should be used.
More details on the computational time savings,
due the modification of the grain size distribution,
is given in Chapter 6.
For the construction of the morphological
model, detailed GIS information available from
the Regional Government (GORE) was used, to-

gether with satellite images. The morphologic
model considers a 42 km long reach of the upper
part of Maipo river, between the flow gauging station “El Manzano” and the “Ruta 5” bridge, and is
divided in 408 cross sections, 168 of which correspond to evaluation nodes for the management
model.
Seven control zones were defined as possible
new extraction sites. They are distributed along
the 42 km of the model, and are located between
the “La Obra” town (downstream from the “El
Manzano” station) and the “Ruta 5” bridge, which
is closer to the downstream end of the model
(Figure 4). Therefore, the problem to be solved
consists of 7 unknown variables, namely, the extraction rates in each one of these zones. A oneyear term exploitation permit is evaluated. The
problem constraint corresponds to setting a maximum degradation or descent of the streambed
along the river during the period of concession/permission. This constraint aims at including
a sustainability criterion on the exploitation and
thus at protecting the infrastructure founded in the
river.

Figure 4. GIS information used for the construction of the Maipo river morphologic mode

tion curve of the system was used, in order to reduce the computational burden in the modeltesting phase. Both the actual and modified curves
are presented in Figure 6. Characteristic diameters
for the original curve are D50=2.5 cm and
D90=5.67 cm, while for the modified curve these
values are D50=0.95 cm and D90=2.85 cm. The

4.1 Modeling Conditions
A one-year instantaneous discharge time series
was used for the simulation, which includes mean
conditions of the system and a high flow event
close to a return period of 5 years (Figure 5). As
already explained, a modified grain size distribu1446

bed degradation constraint was fixed at 5 meters
of maximum descent anywhere along the river.
The optimization is focused in benefit maximization (α=1), eliminating the costs terms in the optimization process. This focus is a consequence of
the lack of information for estimating the costs
factors that link the degradation of the streambed
with the cost associated to repair different types of
infrastructure founded in the riverbed or in the riverbanks. The maximization is done over the total
amount of gravel extracted, without introducing
an economical value (bi) for the benefits associated with each unit of gravel extracted (Xi).
Thus, with the modification of the grain size
distribution curve and the rather lax bed degradation constraint, high rates of extraction are expected to be allowed in the hypothetic system.
These results may be far from realistic (excessive
amount of sediment is supplied to the system), in
terms of the total amounts of transported sediment
that is available to be exploited, but at this point
of the study, the aim is mainly to validate the concepts and the methodology created to solve the
management problem.
Regarding the boundary conditions used in the
MOSSEM model simulations, at the upstream
boundary, the known hydrograph was imposed together with an estimation of the sediment supply
that is expected due to the local conditions of
morphology (slope, cross section), grain size characteristics and instantaneous flow discharge. This
estimation can be made using different bedload relationships; in this case the Wilcock & Crowe’s
(2003) equation was used to include the sand fraction of the grain-size curve. At the downstream
boundary the corresponding water surface level is
imposed, assuming local uniform flow conditions.

154.2 hours in a 10-node cluster. The results are
plotted in Figure 7. The total amount of aggregates extracted, for the best case obtained, is 51.2
million Ton/year. This rather large value results
mainly from the lax constraint imposed to the
maximum degradation of the system, which permits an over-exploitation of the riverbed and, consequently, the generation of long depressed zones
or pits (Figure 8).
On the other hand, the results show that the objective function evolves quickly to the final solution in the first 40 iterations, which indicates a fast
learning of the GA. The user has to provide the
stopping condition as an initial parameter, and in
this application the stopping criterion corresponded to an unchanged objective function for 10
generations.

Figure 6. Original and modified grain-size distribution
curves for the upper part of Maipo River.

Figure 5. Flow time series used in the simulations.
Figure 7. Objective function evolution in terms of the generation number. The feasible average corresponds to the
mean of feasible cases that respect the degradation constrains. The general average corresponds to the mean of all
the cases. Also the maximum value found in each generation is shown.

5 RESULTS
The resolution of the optimization problem takes
137 generations of the Genetic Algorithm, each
one containing 10 individuals. This corresponds to
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5.1 Analysis of the improved system – Maipo
River

straints imposed to the extraction zones located on
the lower part of the river have to be stricter.

The behavior of the undisturbed system is estimated through the simulation of a base case without sediment extraction. In this situation, the system tends to generate aggradation on the upper
and middle sections of the river (Figure 9). This
behavior occurs due to the slope change in the
system, and the high flow event included in the
flow discharge time series. Also, given that the
sediment supplied to the system is estimated
through the empirical bedload relationship of Wilcock & Crowe (2003), the estimated transport
rates may differ substantially from the actual
transport rates produced in the system. It should
be noted that Figure 9 shows the final state for the
system without extractions, but this streambed
profile is consequence of a time-varying aggradation, from the initial point of slope change towards the upstream part of the river.

Figure 9. (Upper panel) Comparison between the base cases
without extraction and the best extraction scenario obtained.
(Lower panel) Recommended aggregates extraction rates:
DOT – Annual volume of aggregate extracted in zone.
LINE – Accumulated volume of aggregate extracted along
the river.

Figure 8. Longitudinal variation of the streambed for cases
with and without sediment extraction.

The final solution shows that sediment extractions from zones in the upper part of the system
prevent a natural excessive aggradation of this
zone. The optimal extraction volumes are higher
in the upper zones, which is expected due the
larger supply of sediment coming from the riverhead.
An analysis of the system capacity for recovery
was conducted by means of a 5-year simulation
without extractions, starting from the final condition of the optimal solution found by the management model. The recovery of the system is
shown in Figure 10, where it is observed that the
most affected areas (upper and middle part of the
river) are those that have a faster recovery. Also,
the severely degraded zone at the lower reach of
the river has the slower recovery, as is expected,
due the high retention of supplied material in the
upstream affected zones. Thus, mean recovery
time scale is much longer than the period of intensive exploitation (one year in this application), especially for the extraction zones located in the
lower part of the study reach. Therefore, con-

Figure 10. Streambed recovery evolution in time. (upper
panel) Mean streambed percentage recovery in time. (middle panel). The recovery is around 51% in day 360. (lower
panel) The recovery is around 81% in day 1825 (5 years).

6 ANALYSIS OF MORPHOLOGICAL
CHANGE TIME SCALE
A discussion of the time scale associated to the
morphological changes in the studied system is
presented in order to assess the effect of the sediment size reduction introduced in the analysis reported in previous sections.

1448

Now, equating the dimensionless volume variation, ΔV*, between a system with a characteristic
grain size distribution curve (ΔV*o) and another
which has a modified version of the same grainsize distribution curve (ΔV*m), all the other parameters remaining equal, yields:

Exner’s equation, with presence of only bedload sediment transport and streambed modification is given by:

∂η
1 ∂qs
+
=0
∂t (1 − λp ) ∂x

(5)

where, η denotes the riverbed elevation over a datum; qs is the bedload sediment flux per unit
width; t is the time variable; x represents the longitudinal position along the channel; and λp denotes bed porosity.

To*
=
Tm *

qs
gRds 3

(6)

where h is a length scale, g is the gravity acceleration, R is the submerged specific gravity of the
sediment, ds is a characteristic diameter of the sediment. The variables x*, h*, t* and qs* denote the
dimensionless version of the Exner‘s equation variables. We can rewrite Eq.5, using the corresponding scales, as:
*
s
*

∂η
1 ∂q
=0
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where the variables qse* and qss* represent the dimensionless bed sediment fluxes per unit width
that enter and leave the reach, respectively,
L*=L/h represent the river reach dimensionless
length, T* represents the dimensionless hydrograph duration, and Δη* represents the dimensionless time-average local bed variation. The triangular brackets represent either time or space
averages.
Defining a dimensionless volume variation of
the streambed along the river reach, ΔV*, given by
the morphological modification generated by the
variation of the sediment transport capacities during the time interval T*, as:
L

ΔV * = Δη* 0 L*

(9)

and replacing this result in Eq.8, we can write:
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This results shows that the ratio of time scales
associated to a given volume change in bed elevation in two systems with different bed sediment
sizes is inversely proportional to the ratio of reach
net mean sediment inflow (or outflow) in both
systems. This opens the idea of reducing the computational time for a given volume change in bed
morphology by creating an equivalent system with
a modified grain size distribution.
Two experiments were conducted for the analysis of the reduction of computational time given
by the modification of the grain size distribution
curve. The original curve corresponds to the mean
grain size distribution for Maipo River in its upper
part. This distribution was altered to enhance the
sediment dynamics, and to reduce the time scale
for a given bed deformation, by means of the reduction of bed size material, mainly the coarser
fractions. The original and modified grain size
distribution curves are shown in Figure 6. The
modified curve is that used in the analysis reported in previous sections.
The morphological model was run in the same
river reach explained in Section 4, for the same
hydrological conditions, considering the situation
without gravel mining, for both grain size distribution curves.
To obtain an average value over time for the
sediment fluxes per unit width that enter and leave
the system, different averaging methods were ap-

Considering now a river reach of length L, with
a hydrograph of duration T, we can integrate Eq.7
over these temporal and spatial limits as follows,
Δη* 0 L* +

Tm

g R dsm 3
hm 2

(q
=
(q

In the previous equation, the o and m subindexes, refer to variables corresponding to the
system with the original characteristic grain size
distribution and to that with the modified version,
respectively.
Now, considering the absence of large perturbations to the system morphology, that is, assuming not so large bed level variations in both cases,
we can consider a mean flow height scale, such
that hm ≈ ho, which yields:

Considering the dimensionless variables
gRds3 *
η
x
; qs =
x * = ; η* = ; t * = t
h
h2
h

To

g R dso 3
ho 2

(10)
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plied to the model output information. The methodology considers a simple mean, a geometric
mean, a harmonic mean and a trim mean. The latter method calculates the mean of the sample excluding the highest and lowest 5% of the observations. Using these results, the estimated values of
the time scale ratio are presented in Table 1.
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Table
1. Average value for sediment fluxes per unit width.
______________________________________________
Value for To / Tm
______________________________________________
Simple
1.9060
Geometric
1.9901
Harmonic
2.0453
Trim
(5%)
1.9523
_____________________________________________

The results show that the two experiments have a
ratio of about 2 between their times of simulation.
This suggests that a reduction close to a half in the
computational time can be made by means of the
grain size curve modification, under the consideration of having similar results in terms of a dimensionless volumetric morphological variation.
7 DISCUSSION
The previous section shows how the modification
of the grain size distribution in the simulation of
the Maipo River yields a considerable time reduction over the simulation time, by enhancing the
morphological dynamics. Nonetheless, nonlinear
effects on sediment transport processes can also
create distortions in the morphological process
that cannot be easily accounted for by the analysis
presented in the previous section. It is clear that
the bed response obtained in the base case (i.e.,
without gravel extraction) is rather exaggerated
and this may also be a consequence of uncertainties in the estimated sediment supply rates to the
river reach under analysis, as it was already
pointed out.
Given that the management tool proposed requires running the morphological evolution model
hundreds of times, it is clear that strategies to reduce computational time are needed, which should
not, however, introduce important distortions in
the predicted morphological response of the system. Further avenues for achieving this goal are
being explored and are part of future research.
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Incipient motion and drift of benthic invertebrates in boundary shear
layers
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ABSTRACT: The present study aimed to identify threshold shear stresses to cause benthic invertebrates
to drift in boundary shear layers. Laboratory experiments were carried out in a small tilting flume, 10 cm
wide and 3 m long with a closed recirculation system and a fixed sand bottom of uniform grain size. Benthic invertebrates from different orders (Achaeta, Gastropoda, Crustacea, Ephemeroptera, Odonata, Megaloptera, Trichoptera) were collected from a lowland river (Spree, Germany) and kept in aquariums to
adapt to the laboratory conditions. Individuals were placed in the flume at low flow conditions, before
gradually increasing the discharge until drift occurred. Photos were taken from the side through the flume
walls to capture the behaviour and strategies of the organisms to cope with the flow. Photos against millimeter grid graph paper in the background were taken for each individual in order to quantify the body
height and length exposed to flow. Subsequently, velocity and shear stress profiles were measured above
the drift location with an Acoustic Doppler Velocimeter (ADV, Nortek Vectrino). Bed shear stresses
were determined by extrapolation of the Reynolds shear stress profiles in subcritical flow conditions. For
supercritical flow conditions, a simple particle tracking velocimetry was applied to determine velocity
profiles. Bed shear stress was then estimated from fitting of a log-law. Results are presented in tabular
form, containing the average drift shear stress and drift velocity for 15 taxa commonly found in lowland
rivers. Drift shear stresses, which can be interpreted as abiotic ‘absence’ criteria of the species, were in
most cases exceeding the conditions of preferential habitats and incipient motion threshold of the sediments. However, it was observed that sudden changes in the angle of flow attack (e.g. by burst events or
surface waves) or direct interaction with sediment motion (animals hit by moving grains or erosion of the
grains serving as anchorage) were key factors triggering invertebrate drift.
Keywords: Ecohydraulics, Invertebrate drift, Boundary shear layer, Shear stress, Habitat modelling
and Jorde, 1997) or ‘PHABSIM’ (Waddle, 2001).
A qualitative suitability of the habitat for the organisms is determined based on average hydraulic
and morphologic quantities such as mean water
depth, velocity or median grain size, and linked to
the ecological preference of the species. Habitat
models have been proved of high practical value,
e.g. for river restoration purposes and species
reintroduction (Gore et al., 1998). Nevertheless, it
is desirable to model invertebrate dynamics in
higher detail and refined spatial and temporal
scales. Extended advection-diffusion models provide a basis for such an approach (Hart and Finelli, 1999). The development of such a mechanistic
model is the aim of a current bilateral research
project on hydraulic-ecological interaction in
meander bends, carried out at IGB. The challenge

1 INTRODUCTION
Benthic invertebrates are important components
of stream ecosystems because they transform organic material, the principal energy inputs in lowland streams, into body tissue used by higher
trophic levels (Orth and Maughan, 1983). Hydrodynamic processes shape stream ecosystems and
affect benthos in different ways; directly by altering their ‘performance’ (movement, respiration)
and indirectly by influencing abiotic and biotic
variables of their environment, e.g. substratum
and food supply (Hart and Finelli, 1999). Quantification of invertebrate dynamics depending on
flow is difficult and the majority of previous research was directed towards more universal preferential habitat models, like ‘CASIMIR’ (Bratrich
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dyn cm-2 (hemisphere 15), which equal shear velocities of u∗,d = 3.31 and 5.57 cm/s, respectively.

lies in relating invertebrate behavior and population dynamics to physical parameters of the flow.
We started here with a simple individual-based
behavioural aspect, which is triggered by abiotic
factors: benthic invertebrate drift due to hydraulic
stress in a boundary layer. Peak stresses, that organisms are no longer able to sustain and cause
their detachment from the bed, are interpreted as a
hydraulic ‘absence’ criteria. The experiments in
this study aimed to identify ‘drift-related bed
shear velocities’ u∗,d and ‘effective drift velocities’ U ⊥ ,d , to which animals are exposed. We did
not consider biotically driven ‘voluntary’ drift, i.e.
as a response to predation risk or competition, or
search for alternative food sources (Gibbins et al.,
2004). Experiences from this preliminary study
are currently implemented in the framework of
large-scale field experiments on the River Spree,
to be conducted in summer 2010.

Table 1. Drift data from different sources, summarised in
Statzner
et al. (1988)
______________________________________________
Taxon
u - cm/s
l - mm Source
______________________________________________
Ancylus fluviatilis
240
1
Gammarus fossarum
19-38
8-10
2
Gammarus fossarum
> 30
3
Gammarus pulex
99
1
Ecdyonurus venosus
154
1
Ecdyonurus venosus
165-200
9-13
4
Goera pilosa
132
1
Tricladida (5 spp.)
96
1
Hirudiena (3 spp.)
240
1
Gastropoda (6 spp.)
155
1
Gastropoda (9 spp.)
75
5
Odonata (2 spp.)
77
1
Ephemeroptera (10 spp.) > 179
1
Plecoptera (4 spp.)
> 216
1
Trichoptera
(7 spp.)
159
1
_____________________________________________
1
3 mm above flat bed by Dorier and Vaillant (1953/1954)
2
depth-averaged velocity by Franke (1977)
3
gravel substrate by Scherer (1965)
4
5 mm above flat concrete bed by Butz (1979)
5
summarised by Dussart (1987)

2 REVIEW: HYDRAULIC-STRESS DRIVEN
DRIFT EXPERIMENTS
The majority of studies linking flow conditions to
benthic invertebrates in running waters have been
dedicated to define their preferential conditions. It
is common practice to perform in situ quantitative
sampling of invertebrates (e.g. Merigoux and
Doledec, 2004), with a subsequent determination
of local hydraulic conditions using the standard
FST hemisphere method proposed by Statzner and
Müller (1989). Hemispheres of different density
but identical shape and size (marked by numbers
from 1-24) are exposed to the near-bed flow on a
horizontal flat plane. The heaviest hemisphere being moved by the flow-induced drag represents
the prevailing flow conditions. The hemispheres
were calibrated in a flume, with shear stresses determined from vertical velocity profiles measured
with a propeller meter, and a logarithmic law fitting procedure (Statzner et al., 1991).
Much less is known about hydraulic conditions
causing the drift of invertebrates. Statzner et al.
(1988) present a review of measured velocities
from different investigators (Table 1). The hydraulic data contains only point velocities
u ( z ref ) at a specific distance z ref from the bed or
depth-averaged velocities. Neither bed shear
stress, nor effective drift velocities were calculated, and body length l of the organisms is only
presented in two of the studies. This makes the results rather difficult to transfer to other sites and
conditions. In a later study by Borchardt (1993),
the FST method was applied to estimate the critical drift shear stresses of Ephemerella ignita and
Gammarus pulex to 11 (hemisphere 12) and 31

3 THEORETICAL CONSIDERATIONS
The concept of boundary layers was first introduced in invertebrate ecology by Ambühl (1960)
who revealed the importance of the viscous sublayer forming around pebbles in providing shelter
zones, but also zones of lower biochemical exchange, e.g. oxygen content. Both features strongly influence invertebrate abundance. The forces
acting on the organisms largely depend on animal
size, which can be represented by a ‘body-length
Reynolds number’ Re l = ulν −1 with the body
length l as the length scale, u as a habitat-related
velocity scale, and ν the kinematic viscosity of
water. Statzner (1988) reported typical bodylength Reynolds numbers for lotic invertebrates
depending on their life cycle in the range of 1:10
for juveniles, and 1000 or above for adult forms.
With decreasing Re l , the ratio of lift (directed
away from the bottom) to drag forces (directed in
main flow direction) generally decreases (Vogel,
1994). Marine zoobenthos species showed a ratio
drag:lift of 1:1 to 1:2, but as Re l for lotic benthos
is much lower, Statzner et al. (1988) suggested,
that drag prevails over lift. Furthermore, with increasing Re l , pressure drag (related to the organism’s projected area perpendicular to the flow)
outweighs friction drag (related to the animal’s
surfacial area parallel to the flow). To resist these
forces, different adaptation strategies are known,
of which the most important are: (A) streamlined
body shape; (B) formation of drag-minimising
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locimetry (PTV), releasing poppy seeds and taking video records through the sidewalls with a
camera speed of 30 frames per second.

colonies (sheltering of individuals in a group); (C)
increase of body weight (e.g. by assimilation of
sand grains); (D) active adhesion to the bed by
suckers, claws, hooks, silk threads or mucus; (E)
migration to zones of lower hydraulic stress; and
(F) rheotaxis (drag-minimising body posture).
These strategies work on different time-scales,
from evolutionary (A) to instantaneous adaptation
(F). Of particular interest for this study were the
instantaneous to short-time adaptations, (D), (E),
and (F), although (A) is implicitly considered by
examining invertebrate species with differing
body shapes.

Figure 1: Flume setup, the ADV was traversed longitudinally

4 FLUME EXPERIMENTS

4.2 Invertebrate sampling
Invertebrates were collected on the River Spree
close to Neu-Zittau/Brandenburg, Germany. The
Spree is a regulated lowland river with sandy bed,
and relatively wide (40 m) and shallow (0.6-1.0
m) cross sections at the sampling location. The estimated cross-sectionally averaged flow velocity
was 20 cm/s during the sampling period in August
2009, causing the formation of small ripples in
open areas between patches of aquatic macrophytes (predominantly Sagittaria spp.). Towards
the banks, the bathymetry is shallowing and facilitates colonisation with dense vegetation stands
and accumulation of finde sediments. Inverterbrates were collected with Surber nets in sediments and with hand nets from within the vegetation. We deliberately chose large individuals and
species to make the handling during the experiments easier. In order to accommodate them to the
laboratory conditions, invertebrate individuals
were kept in aquariums with their natural substrate, air supply and at a water temperature below
20 centigrade. Individuals were fed ad libitum
with living chironomids (for predator species),
fragments of macrophytes collected from the river
(for shredder species), and with biofilm and algae
covering dead wood (for grazer species).

4.1 Flume conditions
The flume used in this study, had a glass wall section of a length of 3 m and a width of 10 cm at a
maximum depth of 40 cm (see Figure 1). It was
tiltable for slopes up to 1/10 with a closed pump
circuit enabling to use clean water and to compensate temperature increase due to pump heat by
adding cool water. The flume bottom was made of
PVC sheets, onto which a layer of uniform sand
grains ( d 50 = 0.8 mm) was glued. This layer provided a roughness structure for the animals to attach. Vertical profiles of streamwise velocity u (z )
and Reynolds stress − u ' w' were measured with an
ADV (Type ‘Vectrino+’, Nortek AS, Norway),
traversing longitudinally on the flume toprails. A
water surface elevation pointer gauge was installed at the entrance of the glass wall section to
determine water depth. An electromagnetic currency meter (ECM) integrated in the pipe circuit
measured discharge.
Due to the narrowness of the flume, the thickness of the logarithmic layer was only about 3 cm
in the test section, the above layers were influenced by side-wall friction resulting in a practically uniform vertical velocity distribution in the
centre of the flume.
The maximum bed shear velocity for subcritical
flow conditions was u∗ ≅ 2.5 cm/s, which in many
cases was too low to drift the invertebrates. The
only option was to establish supercritical flow
with strong gradients of velocity and bed shear
stresses of up to u∗ ≅ 8 cm/s. In supercritical conditions, the experimental runs were more difficult
to conduct, as surface waves and associated pressure fluctuations occurred in some runs. As a consequence, ADV measurements could not be carried out for velocities higher than 50 cm/s due to
flow separation and air entrainment in the wake of
the probe head. In these cases we determined velocity profiles via a simple particle tracking ve-

4.3 Invertebrate test procedure
For each test run, a single invertebrate was placed
with a pair of tweezers at still-water or moderate
flow velocities along the flume centreline at midflume length. Then discharge was steadily increased until drift occurred or maximum discharge
was reached (no drift). The surface pointer gauge
was moved following the rising water level to
capture the water depth at the instant of drift. It
was not possible to use the ADV simultaneously
to these runs, as animals often moved quickly towards the flume corners to seek shelter from the
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peak stress and velocity in the centreline. Time
consuming ADV measurements could only be
performed after removal of the invertebrates and
at steady flow conditions. The ADV was installed
above the location where detachment occurred
and the discharge was increased until the water
depth at the entrance matched the water depth during drift, as marked by the pointer gauge. The
same procedure was used in the supercritical flow
tests. In this case, ADV measurements were not
possible (see part 4.1) and velocity profiles had to
be estimated from the PTV measurements.
Pictures and videos of the invertebrates were
taken from the side during the tests using a millimeter grid graph-paper against backlighting
through the opposite flume wall. Additional pictures from the top (planview) were taken placing
the animals in a Petri dish with a millimeter grid
graph-paper below.
Some organisms which did not allow firm attachement to the bed but where constantly moving
(gammaridae, crayfish), were tested in still-water
conditions only, capturing their moves with a
digicam. The image sequences were analysed towards the distance crossed between successive
frames to determine their migration/propulsion
speed. Additional observations were made during
tests with a mobile bed of uniform sand.

constant were determined and used as parameters
for a log-law approach to all supercritical runs at
intermediate water depths between the two reference runs.
5 RESULTS AND DISCUSSION
5.1 Drift stresses and velocities
The main results of the study are summarised in
Table 2, which contains information on the invertebrate taxon test conditions (total number of
tested individuals per species, total number of test
runs, number of drift incidents in sub- and supercritical flow conditions, body length and height
exposed to the flow), hydraulic parameters (driftrelated bed shear velocity, effective drift velocity,
both with standard errors) and body-length related
Reynolds number Re l calculated by means of the
effective drift velocity U ⊥,d as velocity scale. In
cases when only one or two successful drift incidents were recorded, standard error calculations
were omitted.
Four species were not tested in flowing conditions but in a still-water tank (see 4.3). They are
listed in the lower part of Table 2 together with
their average ( u mig ,a ) and maximum ( u mig ,max ) migration speed (walking, crawling or swimming).
Data of tests with the crayfish Orconectes limosus
were treated separately for juvenile and adult
form, which differed in size and moving performance. The body-length Reynolds numbers of the
tested invertebrates were larger than 1 × 10 3 , corresponding to the range of adult forms proposed by
Statzner (1988). Only exception is Hydrachna sp.
which moves slowly and has a small body size.
All other collected individuals, even if in larval
stage, were relatively large, e.g. the damselfly Calopteryx splendens and the dragonfly Gomphus
vulgatissimus, which were close to their emergence. Subcritical conditions and the associated
maximum stresses and velocities ( u∗ < 2.5 cm/s,
u (z = 5 mm) = 30 cm/s) were only sufficient to
drift Sialis lutaria and G. vulgatissimus, while all
other species resisted these conditions at least
once and required further tests in supercritical
flows. Some individuals of two species resisted
even the maximum possible stresses and velocities
in supercritical conditions ( u∗ = 7.6 cm/s, u z =5 =
60 cm/s) and were not drifted, Hydropsyche sp. (3
of 3 individuals), a net-spinning caddisfly which
was tested without its net, and C. splendens (6 of
9 individuals). The latter is consistent with the observations of Dorier and Vaillant (1954/1955),
which determined a drift velocity for Calopteryx
sp. of 77 cm/s (5 mm above the bed). For better

4.4 Data processing
For most of the subcritical test conditions, vertical
velocity and − u ' w' Reynolds shear stress profiles
were measured (39 runs in total, sampling volume
height 3 mm and diameter 6 mm , 10 vertically
equidistant points in steps of 3 mm). Here, u ' and
w' denote the fluctuating velocities in streamwise
and vertical direction, respectively, and the overbar denotes temporal averaging. The bed shear
stress was determined from linear extrapolation of
the − u ' w' profile to the bed, which then gave the
shear velocity u∗ = − u ' w' . In addition, the effective drift velocity U ⊥,d was calculated from integrating the velocity profile u (z ) over the height
between bed level and the height of the invertebrate during flow exposure. In contrast to point
velocities at an arbitrary reference level (like the
given values in Table 1), effective drift velocities
are a better representation of the flow-field around
the invertebrates and directly relate to the drag
acting on the body.
In supercritical conditions, the trajectories of
poppy seeds added to the flow as tracer particles
were recorded and analysed by image processing
software. Two tests, one at low water depth (10.2
cm) and one at high (14.4 cm) were taken as reference runs and a log-law fitted to the measured
points. Equivalent sand roughness and integration
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Table 2. Drift-related bed shear velocity, effective and reference drift velocities and body-size data of the tested invertebrate
species. The lower block contains the migration speed data of the invertebrates tested in still-water conditions.

u ∗, d

Taxon
Anabolia nervosa
Bithynia tentaculata
Calopteryx splendens
Calopteryx splendens
Cordulia aenea
Gomphus vulgatissimus
Heptagenia sp.
Hydropsyche sp.
Piscicola geometra
Sialis lutaria
Viviparus viviparus
Coenagrionidae sp.

(1)
3
7
3
6
1
8
1
3
1
1
3
2

(2)
11
19
10
11
5
33
3
3
4
2
15
2

(3)
10
7
1
0
1
15
0
0
0
2
3
-

(4)
1
2
2
0
1
2
0
3
4
2

u mig ,max

Taxon

(1) (2)

cm/s
(11)

Dikerogammarus villosus
Celicorophium curvispinum
Orconectes limosus
Orconectes limosus
Hydrachna sp.

19
3
2
1
3

16.1 ± 0.7
8.2 ± 0.4
38.7 ± 6.7
70
-

13
2
4
1
3

U ⊥ ,d

cm/s
cm/s
(5)
(6)
1.4 ± 0.3
15.9 ± 3.4
2.1 ± 0.5
30.0 ± 2.8
4.9 ± 0.7
39.5 ± 6.5
sustained u ∗, d = 7.6 cm/s
4.4
38.3
1.5 ± 0.1
14.1 ± 0.8
7.2
31.1
sustained u ∗, d = 7.6 cm/s
5.0 ± 1.7
10.1 ± 3.4
1.0 ± 0.4
12.5 ± 6.2
4.9 ± 1.2
47.7 ± 8.9
7.6
34.2

u mig ,a

u z =5

cm/s
(7)
20.3
29.3
54.5
48.1
24.2
59.9
53.5
19.5
60.6
64.5

l

h

mm
(8)
28-31
10-27
18-26
18-26
22
14-26
12
16-18
30
14
14-37
14

mm
(9)
6-8
14-18
3
3
4
3.5
2.5
4
2.5
3
13-31
3

Re l

× 103

(10)
3.3-6.0
3.8-5.9
5.9-12.2
8.3
1.8-3.9
3.7
2.1
0.8
5.5-21.1
4.8

cm/s
(12)

(8)

(9)

(10)

7.1 ± 1.2
3.2 ± 0.5
8
1.8 ± 0.1

10-14
8-10
35-45
120
4

3-5
2-4
20-28
35-45
4

0.6-1.1
0.9-1.7
9.6
0.06-0.07

(1) Total number of individuals tested for each species; (2) total number of test runs; (3) number of drift incidents in subcrictical conditions; (4) number of drift incidents in supercritical conditions; (5) drift shear velocity and standard error; (6)
effective drift velocity and standard error; (7) reference velocity 5 mm above the bed; (8) body-length range of individuals;
(9) exposed body-height range of individuals; (10) body-length Reynolds number range, using body-length and effective
drift velocity. For still-water tests: (11) maximum migration speed; (12) average migration speed.

comparability to the data of previous studies in
Table 1, we added the drift-related velocity u z =5 at
a reference level 5 mm above the bed. For all
tested invertebrate species in Table 2, velocities
u z =5 are significantly lower than the range 75-249
cm/s reported from previous studies (not considering G. fossarum). The discrepancy is reflecting
that our samples were adapted to lowland streams
with slow flowing or even stagnant waters, while
most of the invertebrates in Table 1 are living in
steeper gradient and coarser substratum streams
and thus are better equipped to sustain high velocities (e.g. A. fluviatilis, E. venosus, G. pilosa).
Reported velocities for G. pulex and G. fossarum
range between 19-99 cm/s, which exceeds the
maximum migration speed of 8-16 cm/s that we
determined in our tests with the comparable
Gammaridae species D. villosus and C. curvispinum. Due to their highly active motions and
continuous vertical displacements, the referencelevel velocity seems not appropriate to describe
their drift threshold. Other taxa in Table 1 are represented as averages over several species (Gastropoda, Trichoptera, Ephemeroptera, Hirudiena) and
not directly comparable with our species. Missing
information in the source papers about flume conditions and velocity measurements hinder further
comparative analysis. Maximum velocities under
laboratory conditions reported by Dorier and Vaillant (1953/1954) and Butz (1979) are very high

(200-240 cm/s) and require supercritical flows and
steep flumes. Accurate measurements of the nearbed velocities in such conditions are difficult to
obtain.
5.2 Invertebrate behaviour during drift tests
5.2.1 Anabolia nervosa (tube-case wearing caddisfly)
This caddisfly larvae (Figure 2) are constructing a
portable case made of sedge and wood fragments
which make them relatively vulnerable to fast
flows. Their total frontal area is much increased in
comparison with the animals body height. The
tube-case was 4-6 mm in diameter and 20-25 mm
long, and difficult to be kept in position. At high
velocities, A. nervosa was pulled out of its case by
a few millimeters, then it immediately stopped
crawling and pulled the case back into position. A.
nervosa instinctively moved towards zones of
lower shear stresses and velocities (flume corners). Drift occurred during these motions, in
both, upstream and downstream facing positions,.
Holding abilities by claws was nevertheless strong
and enabled reattachment to the bed after shortdistance drifts (10-30 cm) without active control
by swimming. A. nervosa showed decreasing performance from run to run, pointing out that high
hydraulic stresses can only be sustained for short
1457

cm/s) and indicates the adaptation to life in lentic
environment. When drifted, G. vulgatissimus propelled itself forward by sucking water into the
body and expelling it through its anal pore. C. aenea has longer legs and a shorter body which allow it to sustain higher stresses than the shortlegged G. vulgatissimus.

periods (less than a minute) and control of the
tube-case was highly energy consuming.
5.2.2 Bithynia tentaculata (faucet snail)
This freshwater snail (Figure 3) inhabits the shallow and slow-flowing zones of lakes and rivers,
and grazes on epiphytic algae and biofilm, or filters suspended organic particles from the water
column. With its tentacles it senses flow strength
and tends to quickly move towards zones of lower
hydraulic stress. The shell is less than 15 mm high
and 30 mm long resulting in a large frontal area
but a well streamlined shape. Drift occurred, when
B. tentaculata was pulled out of its shell (similar
to A. nervosa) and the shell aperture was suddenly
exposed to the flow increasing the frontal area exposed to the flow and the associated drag on the
shell. B. tentaculata sustained this stress for 1-30
seconds, before being drifted. Benefits from mucus production were not observed, which was the
case for the other tested freshwater snail, Viviparus viviparus (part 5.2.9 and Figure 7).

5.2.5 Heptagenia sp. (mayfly)
This mayfly has a streamlined, flat body-shape
and relatively short legs which are kept low to the
bed (Figure 6). We observed a tendency to move
downstream, similar as reported by Butz (1979),
but motion stopped at higher velocities when Heptagenia sp. fixed firmly to the sand grains.

5.2.3 Calopteryx splvendens, Coenagrionida sp.
(damselflies)
These damselfly species abundant in River Spree,
are typically found in macrophyte stands where
they are well camouflaged due to their slender
morphology (Figure 4). We collected larvae
shortly before emergence, thus having a body
length of about 30 mm. Both taxa resisted the
highest stresses and velocities reached, and in
85% of all tests they were not drifted at all. In the
few
drift
incidents,
the individual was moving towards the flume corners or lifted off the bed by a strong ejection event
C. splendens applied rheotaxis by keeping the
head low, while the abdomen was detached from
the bed and legs absorbed near-bed turbulent fluctuations. Swimming movements by sweeping the
tail back and forth were only observed for low velocities but not during drift.

Figure 2 : A. nervosa with tube-case (flow from left to right)

Figure 3 : B. tentaculata shortly before drift, when shell aperture was exposed to the flow (flow from left to right)

5.2.4 Gomphus vulgatissimus, Cordulia aenea
(dragonflies)
These dragonfly taxa (Figure 5) live in loose fine
sediments close to the banks and are active predators during night. They are not very agile and the
physiognomy is adapted to dig into the substrate,
where they hide during resting periods. Their
claws were not suited well to attach to the grains
and drift occurred quickly for all tests in subcritical conditions, often while moving towards the
flume corners. For G. vulgatissimus, the drift
stress is approximately in the range of the incipient motion of the sand used in the tests ( u∗ = 1.76

Figure 4 : C. splendens in drag-minimising body posture
(flow from right to left)
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mm long) during the tests and sustained high velocities up to 30 seconds, before it released and
drifted. Drift was probably influenced by the oscillatory swaying motions induced by the flow.

Figure 5 : G. vulgatissimus searching for shelter in a flume
corner (flow from right to left)

Figure 8 : Swimming trajectory and size of D. villosus in a
still-water tank shown as an overlay image
Figure 6 : Rheotaxis of Heptagenia sp. (flow from right to
left)

Figure 9 : O. limosus crawling upstream, body length 37
mm

5.2.8 Sialis lutaria (alderfly)

Figure 7 : Large V viviparus shortly before drift, with mucus
threads serving as anchorage (half-transparent and indicated
by white lines in the Figure, flow from left to right)

S. lutaria was probably the most active invertebrate tested, crawling swiftly across the substrate
and not spending any efforts to fix to the substrate
when velocities were increased. Drift occurred
practically immediately.

5.2.6 Hydropsyche sp. (net-spinning caddisfly)
Tests were performed after removal of its net.
Nevertheless, Hydropsyche was able to resist the
maximum possible shear stress by keeping a flat
posture supported by short legs, and fixing firmly
between the grains. At lower flow velocities, vital
search for sheltering zones was observed, e.g. in
the transducer drillings of the flume.

5.2.9 Viviparus viviparus (common mud snail)
V. viviparus has a bulbous shell, whose aperture is
closed, if needed, by an operculum (apertural lid,
Figure 7). V. viviparus needed time to adapt to the
flume conditions, and in some cases the operculum was opened not sooner than after one minute.
Drift in many cases occurred immediately, as the
snail did not attach firmly to the bed. The larger
adults quickly produced mucus, which served as
adhesive anchorage to their foot and significantly
increased its ability to resist stresses. We observed
that even after detachment of the foot, remaining
mucus threads prevented the snail to be drifted.

5.2.7 Piscicola geometra (fish leech)
This fish parasite sustained high velocities by fixing to the bed with its larger posterior sucker,
while the oral sucker was freely oscillating in the
flow. P. geometra was completely stretched (30
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5.2.10 Dikerogammarus villosus, Celicorophium
curvispinum (crustacea)

rameters. Priority was set on a wide variety of invertebrate species typical for a German lowland
river, instead of focusing on less species but on
higher experimental detail (e.g. performing more
replicas, considering invertebrate size fractions
and life cycle).
Results of the study suggest that invertebrates
are able to sustain high stresses and velocities,
which are exceeding the in-situ conditions at the
sampling location. Drift shear stresses were in
many cases higher than the incipient motion
threshold for the sediments in Spree ( u∗ ≅ 2.5
cm/s), indicating that erosion and sediment transport may be the decisive factors triggering benthic
invertebrate drift, which is consistent with results
of Gibbins et al. (2004). Incidentally, we studied
the behaviour of the damefly C. splendens during
sediment motion and observed immediate drift, after the invertebrate was hit by moving grains or
the grains serving as anchorage were mobilised. It
should be kept in mind though, that boundary layers over planar mobile or immobile surfaces do
not represent the preferential habitat conditions of
most of the invertebrates. However, we used it as
a reference habitat to determine parameters which
are universal and comparable to other local hydraulic conditions.
It was technically impossible in our experiments, to conduct ADV measurements during the
drift tests, in order to link drift with turbulence
characteristics; e.g. by bursting motions, which
are known to affect the transport of maritime benthic organisms (Denny, 1988). We intend to continue in this direction and already conducted some
preliminary laboratory studies on the effect of turbulence on invertebrate drift in coarse substrate.
Experiments were conducted in collaboration with
project partners at EPFL Lausanne and data are
currently analysed and prepared for publication.
Experiences from both studies will feed into a series of large-scale field experiments with invertebrates under controllable and manipulated flow
conditions in Spree in summer 2010.

Both Gammaridae species (Figure 8) were tested
in a still-water tank, because they were continuously and actively moving and swimming and
could not be kept in position in the flume. Their
typical motion is to swim for 5-20 cm, often in a
bow-like trajectory, then to rest and breath, before
to start another swim phase or sinking to the bed
in a curled position. Swimming trajectories were
recorded and analysed to determine the migration
speed.
5.2.11 Orconectes limosus (freshwater crayfish)
This invasive crayfish species (Figure 9) was
tested in still-water conditions and the average
backward- and forward crawling speed as well as
the maximum speed by propulsion, were determined. Propulsion is an impulsive rearward motion, which begins with powerful flexing of the
abdomen and is followed by streamlining posture
and reduction of frontal area and drag coefficient.
Data collected on adult and juvenile crayfish are
treated separately due to the differences in their
performance.
5.2.12 Hydrachna sp. (freshwater mite)
Hydrachna sp. is a sphere-shaped freshwater mite,
living in the still-water zones along the river
banks and inside macrophyte patches. It swims
unsteadily by movements of its three pairs of short
legs. Swimming trajectories were analysed in stillwater conditions and the average migration speed
was determined.
6 SUMMARY & CONCLUSIONS
Incipient motion drift shear stresses and velocities
were determined for different benthic invertebrate
species commonly found in lowland rivers. The
data was gained from flume experiments, where
invertebrates were exposed to increasing flow velocities until drift occurred. Velocities and Reynolds shear stresses were measured with an ADV.
Additionally, pictures of the invertebrates were
taken through the flume sidewalls and from the
top to capture their strategies to cope with the
flow and to quantify their size. The aim of the
study was to provide a data set for invertebrate
drift conditions linking invertebrate morphology
and behaviour to sound hydraulic parameters. We
chose drift-related boundary shear velocity and effective drift velocity, which is the average
streamwise velocity integrated over the flowexposed height of the invertebrate, as standard pa-
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Hydraulic conditions over bed forms control the benthic fauna distribution in a lowland river (Spree River, Germany).
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ABSTRACT: We report preliminary results of a detailed hydraulic-ecological study to identify the effects
of flow hydrodynamics and morphodynamic processes on the distribution and composition of benthic invertebrates in a lowland river. We examined a riffle-pool-transitional sequence in a meander bend of the
Spree River (Germany) and focused on the detailed flow structures over a representative micro-form in a
riffle bed-form. Two invertebrate groups dominated the community: Diptera (mainly Chironomini) and
amphipods (Dikerogammarus haemobaphes and Chorophium curvispinum). The results suggest that at
the meso-habitat scale (i.e. riffle, pool and transitional zone) hydraulic conditions are most intense in the
riffle zone, leading to low densities of invertebrates. At the micro-habitat scale (i.e. within the bed-form),
the benthic invertebrates peaked in density on the crest where the bed shear stress was a bit lower comparing with the lee-side (mean differences around 33%). This study suggests that benthic macroinvertebrates prefer the benefits from lower hydrodynamic stress and of more stable environmental conditions in
the studied meander, providing refuge and probably food.
Keywords: Eco-hydraulic, Benthic fauna, Bed form
near-bed hydraulic conditions and invertebrate
microdistribution (Statzner 1981; Davis 1986;
Lancaster and Hildrew 1993; Growns and Davis
1994; Merigoux and Doledec 2004), and invertebrate drift in relation to variation in natural flow
regime (Statzner 1987; Borchardt 1993; Brittain
and Eikeland 1988).
The general characteristics of macroinvertebrate communities (density, taxon richness, evenness) and their taxonomic composition have been
demonstrated to vary on spatial scale (Downes et
al., 1993; Townsend et al., 1997; Li et al., 2001).
Those studies showed that multiscale studies are
essential for the identification of characteristic
scales at which ecological patterns can be detected
in rivers. The variation in functional composition
also occurs at very smaller scales where functional
composition can vary at pool, riffle, and even
within-riffle scales (Boyero 2005; Brooks et al.
2005). Habitat patches defined by flow characteristics and morphological features provide specific
food resources and refuge for benthic invertebrates. These patches could be defined at rifflepool scale (mesohabitat) and still within-bedform
over a riffle scale (microhabitat). Then, the dis-

1 INTRODUCTION
The term ecohydrology, including the subdiscipline of ecohydraulics, implies research at the interface between the hydrological and ecological
sciences (Hannah et al. 2004). However, despite
increasing attention to this relatively new discipline it is still in the state of infancy (Zalewski and
Robarts 2003). This is probably attributable to the
lack of attention ecologists have paid to hydraulics
and morphodynamics or hydrologist to biotic interactions (Kemp et al. 2000). Changes in hydroand morphodynamic condition directly or indirectly influence benthic invertebrates at the scale of
individual organisms or assemblages. The past
and current studies of the relationship between
flow variation and benthic invertebrates includes
several aspects such as the flow behaves around
invertebrate bodies (Ambühl 1959; Statzner and
Holm 1989; Statzner et al. 1991; Schmedtje et al.
1991; Hart et al. 1996; Callaghan et al. 2007),
flow requirements and tolerances of invertebrate
species (Rempel et al. 2000; Kawamura et al.
2003; Doledec et al. 2007; Rivers-Moore et al.
2007; Blettler et al. 2008; Amsler et al. 2009),
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tinctive patterns of flow and morphology along
fluvial bedform create specific habitat conditions
for invertebrate assemblages or, in contrast, to induce individual drift. Hydro- and morphodynamic
bedform field investigations are limited both in
number and in the detail of measurements because
of inherent difficulties involved in obtaining data
on bedform-flow interactions within natural rivers
(McLean and Smith 1979; Kostaschuk and Villard
1996). Field studies of turbulent flow structure
over riverbeds covered by fed forms and dunes
were conducted by McLean and Smith (1979),
Kostaschuck and Villard (1996), Nikora et al.
(1997), Sukhodolov et al. (2006), Holmes and
Garcia (2008), between others. However, laboratory investigations on artificial bedforms and
dunes have been more frequent. Although there
has been intensive research on the influence of
physical forces on benthic invertebrates and morphodynamics of dunes and bedforms in respect to
hydraulic conditions, the previous studies examined the processes in frame of their own disciplines and separately.
Considering the above explanation, it is promising to study the possible link between hydraulic
characteristics, closely related to morphological
features, and benthic invertebrate distribution over
bedforms. In this preliminary study we examined:
i. relationships between morphology, flow and
ecology in a sequence riffle -transitional -pool
zone over a meander bend, focusing their effect on
aquatic benthic invertebrate distribution (mesohabitat scale); ii. structure of flow prevailing over
the stoss-side, crests and lee-side of a bedform on
a riffle and its effect to spatial distribution of the
macroinvertebrates (microhabitat scale).

Figure 1. Location of the Neubrück meander bend.

2.2 Benthic Sampling.
Four benthic replicates were taken at each sampling point. The benthic samples were obtained
with a Surber sampler 200µm net, filtered and
fixed in 90% alcohol in the field. A total of five
sampling point were selected. Three of them on
the riffle zone (over the bed-form), one on the
transition zone, and the last on the pool zone. A
key point in the sampling procedure was the positioning in order to assure the four samples are taken exactly at the stoss-side, crest and lee-side of
the selected bedform. It was attained by diving
and checking the corresponding marked places in
the line guide at the moment of each sample catch.
In all cases the samples were taken in the central
part of the channel. In order to know the specific
position in the meander, a Total Station was used
to check the corresponding coordinates.
The invertebrates were being hand-picked in
the laboratory under a 10x stereoscopic microscope, identified and stored in an alcohol solution.
2.3 Morpho- and hydraulic measurement.

2 METHODOLOGY

This study focuses on morpho –hydro and ecological characteristics on the selected bed form,
therefore details of the river bed topography over
it were surveyed with an acoustic doppler velocimeter (ADV) aligned with the current direction
(trough a guide line emplacement). These measurements were performed in a high precision way
(each 5 cm). Three velocity verticals were measured along the selected bed form, specifically over
the stoss-side, crest and lee-side, by using the
same ADV (Figure 2). A total of 15-20 point velocities were recorded at the verticals, closer
spaced in the first centimeters from the bottom
(each 5 cm). Each point velocity was measured for
an interval of 240 seconds. The shear velocity was
estimated as the intercept between z/h and u'w';
where z: distance from the bottom, h: depth, u':
velocity fluctuation in the flow direction, and w':
vertical velocity fluctuation. All hydro-

2.1 Study river reach
Field investigations have been carried out on the
lower Spree River (Germany). The Spree drains
an area of about 10000 km2. The selected river
reach is a meander bend located near the
Neubrück city, 70km east from Berlin (Figure 1).
This meander had a width of 25-30m, 1.5-3.5m of
depth, b/h ≈ 10, 170° bend, a radius of 150m, a
curvature ratio r/h > 60 and stable banks cover by
vegetation. The river reach bed is covered by mobile sand-forming bedforms of ~10-15m in length
and ~0.10-0.20m in height.
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morphological high-quality data were related to
those of invertebrate distribution and diversity.

Figure 3. Surveyed bedform. Vertical scales on the right side
enable to know the corresponding bedform high. Arrows
showing the measurements and sampling stations.

Figure 2. Surveyed meander bend with the location of each
benthic station shown by white points. A, plan view of the
meander. B, meander profile.

The results of the hydraulic variables measured
along the bedform profile are shown in Figure 4
(velocity and shear stress profiles). The lowest
bed shear stresses occurred on the crest.

3 RESULTS
The main recorded benthic groups were Anphipoda, specifically Dikerogammarus haemobaphes
(Pontogammaridae) and Chelicorophium curvispinum (Corophiidae), Chironomidae (Chironomini) and, in a lower proportion, Naididae (Oligochaeta) and Bivalvia. Total densities varied
between 3103 (stoss-side of bedform) and 9102
ind. m-2 (pool area; Table 1). The highest density
over the studied bedform was recorded on the
crest.
Table 1. Invertebrate densities and principal benthic groups
recorded on each sampling stations. Anhp.= Anphipoda;
Chir.= Chironomidae; Olig.= Oligochaeta; C.c.= C. curvispinum; D.h.= D. haemobaphes; s-s= stoss-side; l-s= leeside; tran.=transitional zone.
Density (ind m-2)
Anph.

Chir.

Olig.

total

C. c.

D. h.

s-s

1423

110

1330

207

3071

crest
l-s
pool
tran.

1582
373
501
1526

124
54
23
210

2443
2536
7797
5664

493
400
781
478

4643
3364
9102
7879

Figure 4. Hydraulic condition measured along the bedform.
A, velocity profiles. B, shear velocity profiles and its values.

The Analysis of variance (ANOVA) revealed
statistical differences in the benthic density between the bedform stations and the transitional pool area (Figure 5). The application of the LSD
Fisher post-hoc test supports this statement.

The detailed recorded morphology of the bedform is shown in Figure 3. This bedform is symmetric with very small sandy forms superimposed
which dimensions are 0.2 m high and 20.2 m
length.
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sequence, considerably lower densities of benthic
macro invertebrates were recorded on the riffle.
4.2 Micro-habitat scale (i.e. within bedform).
Differences in benthic densities were also found at
microhabitat scales (although no statistical differences), i.e. within-bedform scale. The global hydraulic conditions varied a bit between the stossside, crest and lee-side of bedform. The highest
densities were found in the crest (depositional
zone) where the lowest bed shear stresses occur.
On the other hand, the smallest densities were
recorded on the stoss-side and lee-side of the bedform. Apparently, the organisms prefer the crest
of this kind of bedform.
It was shown in this study that a stratified benthic macroinvertebrates distribution may be found
in a meander of a small lowland river. Multi-scale
approaches are needed if a comprehensive understanding linking hydro- and morphodynamics
processes with benthic organisms on meanders is
desired, i.e. location of the sampling stations (riffle, transitional or pool area) and the position
along the selected area (i.e. bedform over a riffle)
should be all due accounted. However, considering the preliminary character of this study further
investigations are necessary.

Figure 5. ANOVA results (circle= mean).

In spite of the variations of total benthic densities between the corresponding crest and lee-side
were no statistically significant, a highest density
was recorded on the crest. The opposite situation
was recorded on the lee-side, i.e. the lowest benthic densities (mean differences around 33%). The
Figure 6 shows the results of the box plot analysis
revealing the same tendency and a highest benthic
variability recorded over the crest.
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ABSTRACT: The Water Framework Directive of the European Union introduces a new approach to a
most cost-effective and sustainable way of any measures to water resources and their management. The
necessity of comprehending the influence of re-mobilised (contaminated) sediments on the quality of the
aquatic environment increases rapidly. Data for eco-system-modelling was obtained through several field
methods (topographic data, hydrologic data, and granulometrical data). An artificial flood event was initiated using an existing weir to gather suspended sediment data. A model of the Karthane reach was compared with discharge and water levels given from the controlled flood by primary numerical modelling
with Hec-Ras® and SRH-1D®. To simulate the flow under steady and unsteady conditions in the investigated river reach a grid was generated. Data transfer into ETH Zurich's software Basement® leads to an
eco-system-model for the German lowland river Karthane in order to get a projection not only based on
specific reference conditions for categorised water bodies but to include diversified structures of the lowland river due to natural changes or renaturation measures.
Keywords: Re-mobilised Sediments, Eco-System Modelling, European Water Framework Directive, Sustainable River Basin Management
Since the implementation of the framework it
has been discussed whether the influence of
aquatic sediments are taken into account in a sufficient manner, i.e. the increasing impact of sediments as carrier and potential source of pollution
is regarded adequately. Sediments are regularly
discussed in respect to maintain navigability and
safety against flooding, to stabilise bed and water
levels, to model effects of measures and sediment
management, to maintain the morphology itself
and to quantify morphodynamics (Sieben, 2009).
As hydraulic analysis concentrates on investigating hydrology in combination with geomorphology (sediment data) and geology (channel dimensional characteristics) to analyse features of
erosion or deposition of the channel at the moment the research should be extended to gain
predication about remobilised sediments in river
reaches to balance the aquatic sediment as source
of water pollution (Koonce, 2008).
Non-point emissions, fugitive air immersion
loads or sewage disposals lead to massive entry of
pollutants particularly during flood events. Cohesive sediments (also referred as suspended sedi-

1 INTRODUCTION
The Water Framework Directive of the European
Union aims to achieve a good status in all European waters using biological, physical, chemical
and hydro-morphological parameters within a sustainable context in association with sediment and
biota (Borja, A. et al., 2004), i.e. a new approach
to a most cost-effective and sustainable way of
any measures to water resources and their management is introduced by the Water Framework
Directive.
With the survey of the European water bodies
limitations to the ecosystems were identified and
it was displayed that hydro-morphological deficits
limit the aquatic ecosystem in most cases. Heavily
modified water bodies are substantially changed
in character due to hydro-morphological alterations and should at lest reach a good ecological
potential, i.e. a ecological status should only
slightly lower than the best one that could be
achieved without significant adverse effects on the
environment.
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located 2.5 km upstream the studied river reaches,
form a massive sediment trap. Today’s appearance
of the river Karthane and the lowland is the result
of heavy man-made impacts.
The river Karthane identified as a heavily
modified small surface water body offers trapezoidal and v-profiles with steep slopes (1:3) free
of groves. The total length of the Karthane is approximately 48 km, their total drainage basin covers about ADrainage basin = 425 km2. The largest
tributary is the Cederbach, which drains a basin of
ADrainage basin = 117 km2 and reaches the Karthane
about 2.1 km downstream the study reach. The
studied river reach was chosen due to the existing
weir (river km 0+010) representing the beginning
of the investigated section.

ments or fine sediments) tend to adhere pollutants
and to re-suspend them when transported during
flood events. Deterioration of aquatic sediments
results in degradation of the whole freshwater
ecosystem (Owens et al., 2005). The attributes of
sediments can be divided into four particular issues: memory effect, life support, secondary
source and final storage.
Subsequent impacts on the ecological status of
water bodies are introduced by hydromorphological alterations. As sediments are an integral and dynamic part of water bodies’ remediation methodologies as well as preceding risk assessment shall be part of a sustainable sediment
management. It is, therefore, important to gain an
extensive knowledge about sediment - water interactions, and cohesive sediment behaviour in
particular (Förstner, 2004).
Currently there is a lack of application - orientated methods dealing with cohesive sediments
and their impact on freshwater ecology. Comprehension of the dynamics, as well as predicting
river evolution, is a remarkable issue in the study
of water quality. Beside the analytic procedures,
eco - system - modelling helps to analyse the effect to the structure of the aquatic ecological system by means of the sediments and leads to a
combination of simulation technologies and
measuring techniques. Although this is more or
less unnoticed until now the necessity of understanding the influence of (contaminated) sediments on the quality of the aquatic environment
increases rapidly.
The morphological development of aquatic
ecological systems including path tracking of cohesive sediments by modelling the transport of
fine sediments of a lowland river is performed to
analyse alternative measures to improve the water
body structure. To support the coherent implementation of the European Water Framework Directive observing and transferring the common
implementation strategies agreed by the European
Commission and the member states the sediment
contemplation is significant for a sustainable development of water resources and the whole environment.

3 HYDRLOCIGAL AND SUSPENDED
SEDIMENT DATA COLLECTION
Neither continuous data collection of suspended
sediment nor detailed river bed material analysis
had been performed for the investigated Karthane
river reach earlier. To quantify the transport of
fine sediments and their influence on the morphological development a controlled flood event was
initiated using an existing weir to collect suspended sediment data as well as hydrological parameters. This procedure provides the data to be
sampled for a complete flood event excluding the
particular - but for the lowland river Karthane in
that study case about sediment remobilisation insignificant - effects by surface run-off. As particle
availability is subject to seasonal dynamics with
remarkable concentrations in autumn and spring
(Lefrançois et al., 2007) the flood event was triggered in the European spring. 22 cross-sections
were surveyed in the studied Karthane reach; river
bed material was collected and inspected by
granulometrical analysis.
The suspended sediment samples were taken at
four specific sampling points (km 0+123,
km 0+244, km 0+688 and km 1+287) along the
reach (Figure 1). Two sampling spots (3 and 4)
were provided with auxiliary water gauges, spot 4
was additionally used to detect flow velocities
continuously during the flood event by an electromagnetic flow sensor (OTT Nautilus C2000®)
in order to calculate the discharge and to compute
a hydrograph by software Q®. Water samples
were collected from 500 and 1000 ml widenecked bottles and analysed by a Beckmann Coulter Laser Diffraction Particle Size Analyser® to
obtain fine sediment fractions. Pre-sampling was
performed to derive information about suspended
sediment concentrations and particle sizes in the
evolving spring flow conditions.

2 INVESTIGATED RIVER REACH
The investigation area is located in the northwestern part of Brandenburg (Germany). It contains a 1.3 km long reach of the lowland river
Karthane (which is an Elbe tributary). The area is
predominantly used for agriculture and grassland.
Therefore a multitude of barrages and drains are
used for irrigation and drainage. Several fishponds
and the connection to Plattenburg’s moat, which is
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grain size analysis refers to Koslitz & Lengricht
(2008).
An average mean suspended sediment concentration (SSC) of 51 mg/l was detected between
February and April 2008 and also measured directly before flooding started. The following peak
of suspended sediment concentration (SSC) introduced by the increasing discharge in the river
channel reached a maximum of 69 mg/l (Figure 2). The different concentrations at the sampling sites can be explained by different accumulation and erosion in the different cross sections
partly due to varying grain sizes.

Figure 1. Investigated Karthane river reach

During the flooding period of 60 minutes (maximum discharge Q = 3.34 m3/s and runoff rate
q = 22.2 l/km2s) flood water samples were taken
at the four spots 1 to 4 (location described above)
along the reach with sampling frequencies of three
to five minutes. A reference measurement before
flooding resulted in a discharge of Q = 1.79 m3/s.
A reference rating graph for water level and discharge was given by a permanent gauging station
located 7 km downstream sampling spot 4. Based
on hydrological time series (1997 - 2007) of this
gauging station in Bad Wilsnack, the performed
flooding event relates to a mean summer flood.

Figure 2. Suspended sediment concentration (SSC) of sampling points during flooding

The sediment distributions in the thalweg were
determined for the whole investigated river reach
and shown in figure 3.

4 SUSPENDED SEDIMENTS DURING
FLOODING
The analysis of suspended sediment fractions results in a characteristic temporal pattern showing
a shift of particle diameters with rising water
level. The grain sizes distributions during the
flood event conditioned by the flood wave itself
and time dependencies from the beginning of
flooding until the impact of the flood induced
shear stresses decrease were determined. As the
flooding does not imply surface run-off, a resuspension of bottom sediment leads to a shift of
the sediment mean diameter transported within the
flooding. For specific particle distributions and

Figure 3. Sediment distribution in the thalweg, km 0+500 to
0+700

The sediment distributions in km 0+869 and in
km 1+237 (refer to figures 4 and 5) indicate the
particular local differences in the river reach depending on the specific location or alignment, e.g.
slip-off slope, undercut slope etc..
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The whole studied river reach is represented by
very low rates (less than 1% by weight) of fine
river bed material smaller than 63 µm (silt and
clay); sandy parts dominate the river bed. The existing sand fraction appears more homogeneous
upstream than downstream the weir. Finer sand
fractions are more present in the Stillwater
reaches than in the thalweg (particularly recorded
at river reach station 0+122 km and 0+388 km as
shown in table 1.

Table 1. Granulometrical analysis of river bed material

5 NUMERICAL SIMULATIONS
5.1 Hec-Ras® simulation
A Hec-Ras® simulation was performed with the
topographic and geometrical data for the crosssections delivered in the field in order to gain information about the expected hydraulic conditions
in the investigated reach of the lowland river Karthane.
Figure 6 reveals the results of a Hec-Ras®
simulation which fit well with the hydraulic conditions observed during the experiment of artificial flooding in terms of water levels in the single
cross-sections and subcritical and critical flow
states (Froude numbers) in specific locations or
alignments along the investigated reach.

Figure 4. Sediment distribution in cross-section km 0+869

Figure 6 Hec-Ras® simulation of the investigated reach of
the lowland river Karthane

5.2 Numerical modelling the suspended sediment
concentration with ETH Zurich's Basement®
ETH Zurich's software Basement® is the first
open source software which allows addressing
complex problems in watercourses and river areas
connecting hydraulic conditions and sediment
transport. The basic 1-D element consists of two
nodes with known cross-sections. At the location
of the nodes all variables - velocity, flow depth
and cross-section geometry - are defined by a cellcentred discretisation. The common edge of the
two elements is defined by the midpoint of the

Figure 5. Sediment distribution in cross-section km 1+237
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Meyer-Peter Muller Hunziker is chosen for now
as the application of van Rijn formula is in progress.
Suspended load information is given through
flooding event data. A suspension discharge is
given describing the concentration of suspended
sediment upstream in time. Advection diffusion is
computed by Basements modified discontinuous
profile method.
The results of the numerical simulation by
ETHZ's Basement® reveal remarkable regions in
terms of their morphology. The simulation duration is chosen of 90 minutes which matches flooding experiment duration. As shown in figure 7 and
8 the sediment behaviour during flooding is
caused through each with three areas of deposition
and erosion terms.

connecting line between two nodes, i.e. the more
nodes are known, the better the representation of
the real world data, particularly at regions with
strongly curved water course, is.
The required input data for simulating the Karthane river reach consists of topographic data
(known through obtained cross sections), as well
as hydrologic data, i.e. time series of discharge,
water levels, concentration of suspended sediments, velocity profiles.
For a 2-D simulation an additional node and
the ground elevation build up the discrete representation of the topography in Basement® according to Faeh et al. (2009).
Furthermore the granulometrical data given by
the artificial flood event has to be embedded in
the numerical model to develop an applicable routine for all hydraulic states. That explains the remarkable role of statistical treatment of the grain
size distribution from the water and/or sediment
samples.
The fundamental capabilities of the numerical
software, the simulation of the flow under steady
and unsteady conditions, the simulation of sediment transport (bed load and suspended load) under steady and unsteady conditions in channels
with arbitrary geometry and the simulation of erosion are given by ETHZ's Basement®.
Within the software the one dimension numerical subsystem BASEchain was selected to perform simulation of Karthane river branch based on
cross sections with respect to sediment and suspension transport. The one-dimensional model
setup exists of a general input file containing control blocks geometry, hydraulics and morphology
as well as specified information files. The geometry block contains information of all 22 crosssections surveyed in the studied Karthane reach.
Hydraulic boundary conditions, initial state, friction type and values and simulation duration time
is given by the block hydraulics. The morphology
block consists of information about bed material,
bed load, suspended load and used formula.
The hydraulic boundary condition during the
performed flood event is described upstream as a
hydrograph with maximum discharge of 3.34
m3/s. Boundary condition downstream is given by
a relation between water surface elevation in a
cross-section and corresponding discharge. As the
friction type Manning-Strickler was chosen.
Based on granulometrical analysis of the studied reach (see table 1) the bed material is described through 3 grains sizes (63μm, 125μm and
200μm) and their volume fractions. Porosity is defined as 0.37 % and density as 2650 kg/m3.
Riverbeds active layer is defined with a layer
height of 0.5 m. As the bed material consists of
three grain size classes transport formula of

Figure 7. Longitudinal profile of mean bottom level of the
start (zbed_start) and end situation (zbed_end)
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Figure 10. Notably morphological bottom alterations river
km 0+620

Figure 8. Survey of morphological alterations of simulated
River reach

Here the most intense area is formed between
km 0+591 and km 0+655. The simulation results
enable slightly statements about riverbed evolution in this area. The morphological alterations in
the cross-sections are shown in Figure 9, 10 and
11.

Figure 11. Notably morphological bottom alterations river
km 0+655

Results of hydraulic simulations fit the field
observations of the artificial flooding.
As the flooding does not imply surface run-off
a re-suspension of bottom sediment is expected
and supported through granulometrical analysis of
sampled data. As discharged induced shear
stresses mean increased re-suspension of bottom
fine sediment, the temporal development of the
suspended sediment is closely related to water
level elevations induced by flooding. Due to this
suspended sediment concentration (SSC) relates
closely to terms of erosion and deposition as these
areas exhibit sediment supply. This clearly relation could be validated through the simulation and
is illustrated figure 12 which reveal modelled SSC
during modelling time steps in minutes. As shown
SSC decreases from high concentration at beginning (due to existing weir at km 0+010) till river
km 0+388. Now Karthane River flows through
morphologic main active region between km
0+388 and 0+591. Erosive terms lead to resuspension of bottom fine material and increases
SSC till river km 0+600 (see fig. 12). Similar pat-

Figure 9. Notably morphological bottom alterations river
km 0+591
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data. A model of the Karthane reach was compared with discharge and water levels given from
the controlled flood by primary numerical modelling with Hec-Ras®. To simulate the flow under
steady and unsteady conditions in the investigated
river reach a model was built up performing an
eco-system-modelling with ETH Zurich's software
Basement®. The analysis of fine sediment fractions have resulted in a characteristic temporal
pattern, which shows a shifting of particle diameter with rising water level, i.e. the rising water
level, the grain sizes distributions during the flood
event conditioned by the flood wave itself and
time dependencies from the beginning of flooding
until the impact of the flood induced shear stresses
decrease. Modelling results validating this and reveal morphologic active river zones. At the present stage simulations dealing with common river
restoration methods are being performed to obtain
WRRL respective improvements.

terns also exist in morphologic important regions
between km 0+600 and 0+800 as well as around
km 1+000. The SSC peak concentration is reached
within simulation duration from 20 till 35 minutes.
Based on simulation results Karthane River
reach between 0+400 and 0+800 seems to be the
most morphologic active area with regard to river
bed alteration and SSC. Hence ongoing analysis
concerning WFD river basin management suggestions focuses on that reach.
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Figure 12. Temporal development of the suspended sediment concentration during simulation
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the sediments and leads to a combination of simulation technologies and measuring techniques. Although this is more or less unnoticed until now the
necessity of understanding the influence of (contaminated) sediments on the quality of the aquatic
environment increases rapidly.
Eco-system-modelling was performed with detailed sampling data and hydrologic parameters.
The required data was obtained through several
field methods (topographic data, hydrologic data,
and granulometrical data). Additionally a controlled flood event was initiated and triggered using an existing weir to gather suspended sediment
1475

Koslitz S & Lengricht J. 2009. Sediment remobilisation as
influencing value in fluvial eco-system-modelling. Vancouver, Canada: Proc 33rd Congress of IAHR, The International Association of Hydro-Environment Engineering and Research - Water Engineering for a sustainable
environment. TS14 C-1, 10906.
Lefrançois, J. et al. 2007. Suspended sediment and
discharge relationships to identify bank degradation as a
main sediment source on small agricultural catchments.
Hydrological Processes 21, 2923-2933.
Owens, P.N. et al. 2005. Fine-grained sediment in river systems: environmental significance and management
issues. River Research and Applications, 21, 693-717.
Sieben J. 2009. Sediment management in the Dutch Rhine
Branches. International Journal of River Basin Management, 7(1), 43-53.

1476

River Flow 2010 - Dittrich, Koll, Aberle & Geisenhainer (eds) - © 2010 Bundesanstalt für Wasserbau ISBN 978-3-939230-00-7

Quantifying the physical alterations of river reaches using a regional
river morphology reference model. A step towards river restoration.
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ABSTRACT: The aim of this study is to quantify the physical alterations of alluvial rivers and reach a
better understanding of the links between these alterations and the ecological quality (derived from the
European Fish Index, EFI) of river channels. This is an essential step towards river restorations, which
are increasingly being considered in order to meet “good ecological status” as defined by the European
Water Framework Directive. The methodology of this study involves comparing physically altered river
reaches (mainly reshaped rivers) to a reference model built from data collected on 28 non-altered sites in
the chalky parts of the Seine Basin (northern France). The physical quality of the reaches is determined
from eight morphological variables such as the bankfull discharge, the channel width, the width/depth ratio and the depth of pools present. These variables are estimated at the reach scale (i.e. about 20 times the
channel width) from topographical surveys and discharge measurements. The hydrological regime (at
mean and bankfull flow) and river substrate (sediment composition, size and transport rate) are also considered as morphological drivers. Our study shows that a reference model for natural river reaches may be
built from their morphological characteristics in regions with homogenous geology and hydrology. Physically altered reaches have statistically different characteristics from the reference model. From biological
data (relative to fish populations) the structure of the fish communities in natural and altered reaches was
characterised and fish index was calculated, showing a link between physical alteration and ecological
quality.
Keywords: Channel morphology, River restoration, Bankfull discharge, Biological alteration
cluding the type of river and the magnitude of the
perturbation. A better understanding of the links
between physical alterations and ecological quality is a precondition to planning river restoration
that aim to attain good ecological status.
The aim of this project is to better understand
these links by studying several tributaries of the
Seine River in northern France using a three-step
process. The first step consists of determining the
morphological characteristics of about 30 natural
(non-altered) river reaches through the analysis of
response variables such as the channel geometry,
the bankfull discharge and the sediment size. Regional models are constructed based on this data
(i.e. the reference model). In the second step, altered river reaches are compared to the reference
situation previously defined and divergences from
the reference model are measured. The final step
seeks to determine the ways in which physical alterations of the river channel may contribute to

1 INTRODUCTION
The European Water Framework Directive (WFD)
aims to achieve “good ecological status” of European rivers by 2015. In order to meet the WFD
objectives, a certain amount of river reaches will
have to be restored. A better understanding of the
links between physical alterations of river channels and their ecological quality is necessary in
order to optimise river restoration. Although, clear
links between the physical and the biological environments have been demonstrated, the consequences of physical alterations of river channels
on their biocenoses are less clear. Physical alterations do not necessarily lead to ecological alterations. The responses of aquatic communities to
anthropogenic alterations such as partial embankment, channel reshaping or increases in
sediment size are not clear. These responses are
not uniform and depend on many parameters in1477

while the others are sand bed rivers. All gravel
bed reaches are located in the western part of the
basin (Normandy) where they flow on chalk with
flint pebbles. Slopes are also generally steeper in
this part of the Seine Basin.
Rivers that flow on chalky substratum have
specific morphological, hydrological and hydrogeological characteristics which control their ecological behaviour and the organisation of their
biocenoses (Berrie, 1992; Wood et al., 2001).
Their hydrological regimes are dominated by
groundwater flow. Sear et al. (1999) showed that
the Base Flow Index (BFI) (Tallaksen & Van Lanen, 2004), which indicates the contribution of
groundwater to the river discharge, ranges between 0.53 and 0.99 in several chalky British rivers. In this study, 75% of the rivers studied have a
BFI higher than 0.85. The preponderance of
groundwater means that seasonal and inter-annual
flow does not fluctuate greatly and that environmental conditions are relatively stable. In natural
conditions, the stability of the hydrological regime
also seems to influence the cross-section morphology of the channel (Sear et al., 1999). Whiting & Stamm (1995) showed some typical features of groundwater dominated rivers: a high
width/depth ratio, a lack of alluvial bars, a low
rate of sediment transport, low shear stress values
and a bankfull discharge frequently attained, leading to ground saturation of the floodplain.

modifications in the biological communities
present.
2 STUDY AREA
All of the studied catchments are located in a region that is relatively homogenous in terms of geology, geomorphology and hydrology (Figure 1).
All of the rivers flow on Upper Cretaceous sediment (chalky) in the Paris Basin, in northern
France. 28 sites were selected in reaches as natural as possible in order to build the physical reference model. Reaches were considered as natural
when their hydrology had not been modified (at
least at high flow), when sinuosity was pronounced and when there were no embankments
and no weirs. Another 11 sites were selected on
reaches where there was a clear anthropogenic influence (mainly channelization, reshaping and
embankments). These sites were selected because
of the very low sinuosity of their courses, which
indicates that river channel has been modified by
men.
The 39 basin areas of the reaches studied range
between 9 and 1029 km² (53 and 350 km² for the
altered reaches); their slopes are gentle and range
between 0.02 and 1 % (mean 0.3%); the median
sediment size ranges between 1 and 60 mm.
About half of the reaches are gravel bed rivers,

Figure 1. Study area. Geological map of the Seine Basin and location of the study sites.
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tions such as channelization, reshaping and embankments.
Reaches measuring 15 to 20 times the bankfull
width were studied in order to include at least two
riffle/pool sequences. The bed morphology was
determined from a topographical survey of 15 to
20 cross-sections at intervals equal to the bankfull
width. The water level was measured twice, at low
and high discharge (when possible) allowing the
bankfull discharge to be calculated by extrapolation. The definition of the bankfull stage has been
discussed by many authors in the literature (Leopold et al., 1964; Andrews, 1980; Harrelson et al.,
1994; Castro & Jackson, 2001; Navratil et al.,
2004). In this study, the bankfull stage was located on the bank based on one of the methods
suggested by Navratil et al. (2006) in their comparative study of bankfull stage definitions (i.e.
the bankfull stage corresponds to the inflection
point on the top of the bank just before the bank
becomes flat). It was then possible to determine
the morphological features of the channel at the
bankfull stage.
In 20 reaches out of 39, high flow was not observed during the time the study was conducted.
Bankfull discharges had therefore to be modelled
using Fluvia, a one-dimensional, open-channel,
steady and step backwater model (Baume & Poirson, 1984). In order to compare the discharges
calculated using the model with the discharges
calculated in the field, Fluvia was also applied to
10 reaches where high and low flow had been surveyed. For these 10 reaches, bankfull discharges
calculated from the model were similar to the
bankfull discharges extrapolated from two discharges measured (maximum difference of 10%).
Hydrological data were provided by the French
Regional Department of the Environment from 49
gauging stations present in the area. Unfortunately
every river studied was not equipped with a station and extrapolations had to be made. The mean
annual discharge and the 2-year return period
peakflow were then estimated based to the QIXA2
value observed at the closest gauging station
(within the same geology) using the ratio of catchment areas.
The D50 was measured on riffles using Wolman's (1954) technique in the gravel bed reaches
and by sieving in the sandy reaches. The depth of
the pools was calculated using the methods proposed by Carling & Orr (2000) based on the longitudinal profile of the bottom of the bed.
By taking into account the needs of species in
terms of habitat, it was also possible to compare
the characteristics of the biological communities
of the altered and non-altered rivers. Data on fish
communities were collected allowing the structure
of the aquatic communities in the reference condi-

3 METHODOLOGY
The methodology of this study involves comparing the ecological status of physically altered rivers with a reference model built from about 30
non-altered sites. In order to integrate the upstream and downstream impacts of the anthropogenic perturbations, this multi-site study is based
on eight morphometric parameters which allowed
the physical condition of not-altered rivers to be
defined: the bankfull discharge (Qb), the bankfull
width and depth (W and d), the width/depth ratio
(W/d), the sediment size (median diameter on riffles, D50), the pool depth (dp) and the coefficients
of variation of the depth and the Froude number
calculated for each cross-section at low flow
(CV_d and CV_Froude).
Most of morphological variables used to study
the physical quality were measured at the bankfull
stage. In natural conditions bankfull discharge
usually results from the river’s auto-adjustments
to the basin characteristics. Different authors have
constructed regional models linking channel characteristics to the bankfull discharge (Petit & Pauquet, 1997).
In the first step of this study, linear regression
models (reference models) were constructed using
the eight variables presented above as a function
of three independent variables:
- (1) the catchment size (BA);
- (2) the ratio between the 2-year return period
peakflow and the mean annual discharge (QIXA2/QA) which reveals the magnitude of flood
events. In groundwater dominated rivers peakflows are strongly reduced (Sear et al., 1999).
This ratio therefore indicates the contribution of
groundwater flows to the general hydrological regime.
- (3) a regional variable (REG) allowing eastern and western rivers to be separated. Rivers to
the east (Champagne region) flow on chalky
ground where flint is not present and rivers to the
west (Normandy) are generally gravel bed rivers
due to the flint pebbles present in the chalk.
In the second step of our study, the modifications to the physical characteristics of altered rivers were measured by comparing their morphometric parameters with the reference conditions
previously defined. The models allow the value of
the eight variables in natural conditions to be estimated, taking into account the global environmental conditions described by the three independent variables: BA, QIXA2/QA and REG. The
residuals between the values observed and the
values calculated using the models were computed
and used to determine which variables best highlight the morphological changes caused by altera1479

events. These characteristics correspond with the
traditional features found in the chalky rivers
(Sear et al., 1999).

tions to be identified. At this stage, they concern
only fish populations and are available for 10 of
the natural sites and 10 of the altered sites. They
come from electric fishing and were collected using the following methodology:
- In rivers narrower than 8 to 10 m, the entire
reach was prospected. The amount of anodes was
adapted to the channel size (1 anode for each 4 to
5 m of width).
- In larger rivers, the prospection was not complete. The sampling scheme consisted of distributing tens of sampling units (about 10 m² each)
throughout the reach in order to cover the entire
habitat diversity.
The fish sampled were then identified and
measured individually. The European Fish Index
(EFI) was used to asses the alterations to the fish
communities on each site.
4 RESULTS AND DISCUSSION
4.1 Regional reference models
In the first step of the analysis, statistical relationships were made for the natural sites. They are
based on linear regression models linking the
channel morphology and sediment size to one or
two of the three independent variables selected:
BA, QIXA2/QA and REG. Every one of the eight
morphological variables is significantly linked to
at least one of the three independent variables
(Table 1 and Figure 2).
As predicted, the bankfull discharge is well
correlated and increases with the basin area. The
model also shows that rivers with attenuated peakflows (i.e. low QIXA2/QA) have on average lower bankfull discharges. The bankfull width also
increases with the catchment size. However, the
REG parameter shows that, for equivalent catchment sizes, the rivers of the western part of the
Seine Basin are larger. Mean depth increases with
the basin area and the W/d ratio varies according
to the location. The highest value may be found in
the reaches of Normandy where sediments are
coarser, which is coherent with the literature
(Knighton, 1998). Logically, Figure 2 shows that
pools tend to be deeper in the larger rivers. This
trend is however rather weak (r²=0.155) and a
large variability within reaches is observed.
The last two parameters which indicate the diversity of the habitats, CV_d and CV_Froude, are
not linked to the river size but increase in line
with the QIXA2/QA ratio The reaches characterised by attenuated peakflows therefore have a
range of depths and flow conditions that are more
homogenous than rivers with well marked flood

Figure 2. Evolution of the eight morphological variables
with the three independent variables that describe the global
environmental conditions.

4.2 Divergences between altered reaches and the
reference model
The differences between observed values and the
values predicted using the reference models (i.e.
residuals) for natural and altered sites were computed for each of the eight morphological variables (Figure 3).
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Table 1. Linear models between each of the 8 morphological variables and the three independent variables. Only variables
with significant effect (p<0.05) are include in the final models.
Intercept
BA
REG
QIXA2/QA
r2
value
Coeff
p
Coeff
p
Coeff
p
0.268
0.887
0.540
0.006
D50
Particle median diameter
Qb
Bankfull discharge
0.640
-1.155
0.685
0.000
0.369
0.013
W
Mean width
0.737
0.405
0.260
0.000
0.111
0.002
d
Mean depth
0.317
-0.543
0.186
0.002
W/d
Width/depth ratio
0.165
12.774
5.145
0.036
Mean depth of pools
0.155
-0.934
0.170
0.042
dp
CV* of depth
0.274
0.163
0.147
0.005
CV_d
CV* of Froude number
0.319
0.195
0.239
0.002
CV_Froude
* Coefficient of variation (i.e. the ratio of standard deviation to the mean)

flow conditions. However, these last three observations were not significantly demonstrated (p >
0.05). Meanwhile, no differences were observed
concerning the sediment size.
For the four significantly different variables (p
< 0.05) in altered and natural reaches, the ranges
of values overlap. It is therefore not possible to
classify natural and altered reaches using only one
unique variable. A discriminant analysis of residual values was then undertaken. It revealed that
altered reaches may be distinguished from natural
ones based on the following three residuals calculated from the difference between the observations
and the models: D_Log(dp), D_Log(Qb) and DLog(W) (i.e. the depth of the pools, the bankfull
discharge and the mean width).
The analysis defines a factorial axis which corresponds to a linear combination of these three variables (Figure 4). On this axis the natural reaches
tend to have negative coordinates while altered
reaches have positive ones. Factorial coordinates
of the altered reaches are greater as their morphological characteristics are different from those
found in natural conditions. Of the 40 reaches studied, the discriminant analysis allows every altered reach to be distinguished from the natural
ones.

Figure 3. Differences between observed values and values
predicted by the reference model for the 8 morphological
variables in natural or altered reaches. The P values are the
probability values associated with the ANOVA test.

In a certain number of cases, some residual
values show statistically significant differences
between natural and altered reaches. Natural
reaches have in general a lower bankfull discharge, a larger width, a higher W/d ratio and
deeper pools. Natural rivers also seem to be shallower but have a greater variability of depth and

Figure 4. Distribution of the values of the coordinates defined by the factorial analysis.
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4.3 Impacts on biocenoses

EFI values were related to the factorial coordinates (Figure 6) of the reaches from the discriminant analysis of the morphological variables presented above (used as an indicator of
morphological alteration of rivers). The general
trend shows that EFI values decrease as the factorial coordinates of the discriminant analysis increase. This indicates that the more the morphological characteristics of the altered reaches differ
from the natural ones, the higher the degradation
of the ecological condition of the fish populations
is. However, this trend is limited and is not statistically significant (P = 0.12). In some cases, the
lowest EFI values do not represent the strongest
morphological alterations.
At this stage, the results relating to fish populations should be treated with caution and may not
be generalised because (i) of the relatively small
amount of reaches included in the analysis, (ii)
this study concerns a particular type of river
dominated by groundwater flow, and (iii) only one
type of alteration (channelization, reshaping) has
been considered. However, these results correspond with the results of other studies which indicate that fish bio-indicators (and in particular EFI)
respond better to water quality alterations than to
physical degradation of the channel (Schmutz et
al. 2007).

The fish population data was analysed using a biological indicator based on fish populations, the
European Fish Index (EFI). The EFI is a multiparameter index which is based on 10 variables
that describe different aspects of the fish population structure and composition. EFI values potentially range between 0 and 1 (1 corresponding to
the reference situation).
Figure 5 shows that in general, the altered
reaches tend to have lower EFI values than in
natural reaches. This confirms the negative impact
of physical alterations of rivers, which induce
modifications to the fish population. It also confirms that classical bio-indicators may be used to
detect physical alterations. The difference between natural and altered rivers, illustrated in Figure 5 may not be statistically tested because of the
small number of observations.
However, the observed trend is not systematic.
Half of the altered sites yield index values similar
to those observed in natural reaches. In some
cases, physical alterations to the channel have no
consequences on fish populations (at least when
considering the variables used in the index).

5 CONCLUSION
In order to evaluate the rate of physical alteration
of river reaches the results presented in this paper
are rather encouraging. Though they may not yet
lead to an index of physical alteration, they show
that when several morphological parameters are
considered, it is possible to use a reference situation to which possibly altered reaches may be
compared. This is very interesting when evaluating restoration needs and planning restoration
schemes. In the chalky part of the Seine Basin,
three parameters are predominant: the depth of
pools, the bankfull discharge and the width. They
allow clearly channelized and reshaped sites to be
distinguished from natural ones.
This clearly shows the consequences of anthropogenic pressure on river morphology. The impacts on river's ecological status have also been
highlighted but are still less clear. The small
amount of data, the parameters used, the particularity of the region studied and the complexity of
the processes may probably explain the weakness
of the results.
In order to improve the physical and ecological
results, the size of the sample of altered reaches
has to be increased. In addition, by increasing the
variety of alterations considered, by using macro-

Figure 5. EFI values for altered and natural sites (1 corresponds to the reference situation).

Figure 6. Evolution of EFI values with the factorial coordinates defined by the discriminant analysis.
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invertebrates indexes, and by studying regions
with other hydrologic and geologic proprieties, it
should be possible to improve the quality of the
statistical adjustments and better understand the
link between alterations and ecological responses
to them.
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ABSTRACT: In braiding river systems, gravel bars fulfill important ecological functions. At the River
Sense, one of the last unregulated rivers in Switzerland, the frequency of gravel bar inundation of a 2 km
long site maintaining indicator species such as Myricaria Germanica (German Tamarisk) and Chorthippus pullus (Gravel Grashopper) was studied. Based upon both detailed data collected in the field and a
hydrological analysis of the site, a numerical two-dimensional model of the site was developed to investigate the inundation area and frequency of the parafluvial zone for a range in flow regimes. Results show
that the free surface of the parafluvial zone is reduced significantly only when floods with a return period
greater than one year occur. Three types of gravel bars were distinguished: gravel bars devoid of vegetation occur for return periods less than two years. The elevation of gravel bars that support Myricaria
Germanica and Chorthippus pullus are at higher discharge elevations that coincide with discharge return
frequencies between 2 to 5 years. Densely vegetated overstory and understory communities occur at
floods greater than the bankfull return period of five years which also coincide with the floods principally
responsible for altering the riverscape. Findings correlate well with the hypothesis that the sustainability
of Myricaria Germanica and Chorthippus pullus is largely dependent upon a specific frequency and duration of intermittent flood inundations.
Keywords: Ecological Potential, Numerical Models, Gravel Bars, Flood Frequency, Inundation
river banks is frequently eroded and incorporated
into flood events resulting in woody debris deposits with receding flows. Correspondingly, the colonization success of successional species which
populate point bars, central bars and other midchannel depositional features between large hydrographic events are also directly coupled to the
frequency and duration of hydrographic events.
However, the frequency and duration of hydrographic events defining river form may not be
commensurate with those which sustain terrestrial
growth and colonization. A feedback mechanism
may also occur whereby mature terrestrial vegetation can increase the tensile shear strength of bank
material leading to reduced rates of bank erosion
(Wolman and Gerson, 1978; Thorne, 1990;
Knighton, 1998) thus changing the frequency and
duration of events where fluvial processes change
the riverscape.
In the 21st century, considerable emphasis is
being placed on the restoration of riparian corridors as an essential means to enhance the dynamic

1 INTRODUCTION
Riparian corridors are a nexus between biotic and
abiotic environments which change spatially and
temporally due to fluvial processes driven by hydrographic events, droughts, water quality, disease, ecological spiraling and dispersion, and
anthropogenic influences, amongst many other
factors. At the reach scale, the physical riverscape
is mostly defined by erosion and depositional
processes during flood events when sediment
transport capacity and particle entrainment are
high. During such discharge events, depositional
features (such as point bars and central bars) and
floodplains are inundated and their frequency and
duration of inundation are directly linked to the
intensity and duration of precipitation and snowmelt events.
Tockner and Stanford (2002) have identified
floodplain riparian zones as some of the most
geomorphologically active and endangered landscapes in the world. Terrestrial vegetation along
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In the braided parafluvial zones of the river, the
morphology is dominated by frequent channel
avulsions, mid channel and side channel bars resulting in a highly diverse habitat environment
(Lorang and Hauer, 2006) with frequent bank retreats, tree losses, woody debris, emergent vegetation and successional terrestrial species. The return frequency of inundation varies widely
between mid and side channel bars, floodplains
and terraces. Conversely in the single-thread orthofluvial zones (in particular where river training
works have been employed), point bars and side
channel bars are inundated much more frequently
than the untrained braided reaches.

stability of rivers while correspondingly improving habitat diversity and variability and lowering
long-term maintenance expenditures (EU WFD,
2000; FISRWG, 1998). Riparian corridor restoration may involve the removal of river training
measures to allow fluvial processes to become reestablished within riparian corridors, the physical
restoration of channel morphologies through construction measures, removal of levees, bioengineering, terrestrial grooming and enhanced planting, and the protection and preservation of wild
areas.
In many countries, there is an added level of
complexity in riparian corridor restoration resulting from hydropower schemes which require controlled artificial flood durations and events to produce hydro-electricity. In many cases, the power
scheme events can be altered to assist riparian corridor restoration. However, little is currently
known about the frequency and duration of inundation of floodplains and mid-channel depositional features and the resulting success of terrestrial
species. The aim of this study is to investigate the
frequency and duration of flows in a braided river
reach where native successional species are
known to exist under relatively natural (unregulated) flow conditions. The information arising
from this study can then provide power scheme
design information on how to best regulate anthropogenic flow regimes to improve and enhance
downstream riparian corridors.
2 THE RIVER SENSE
The River Sense is a fourth order watercourse in a
432 km2 watershed situated in the cantons of Fribourg and Bern, Switzerland (Figure 1). The watershed is one of the last unregulated rivers in
Switzerland where hydrographic events are driven
by snowmelt and precipitation events without any
power schemes or major flow diversion works.
Downstream from the confluence of several
headwater streams (near Plaffeien – Figure 1), the
main stem of the river flows for 35 km before
confluencing with the River Saane.
A braided river channel exists in a glacial
trough valley near Plaffeien below the mountain
headwaters where the sediment transport capacity
is high. As the river progresses downstream, the
channel enters into a single-thread incised limestone bedrock gorge and then progresses into a single-thread riffle-pool dominated channel morphology. Prior to confluencing with the River
Saane, the River Sense is a single-thread planebed channel morphology (Montgomery and Buffington, 1997) that has undergone river training
over the past several decades.

Figure 1. River Sense site location map.

Within the riparian corridor of the River Sense,
Chorthippus pullus and Myricaria Germanica are
frequently observed in mid channel and side
channel bars which are indicators of high biotic
integrity. These species are particularly abundant
in the braided reaches where it is expected that the
more heterogeneous fluvial environment supports
a more diverse aquatic and terrestrial environment
(Stanford et al., 2005). Further, the braided channel reaches have highly varied elevations of mid
and side channel bars, floodplains and terraces resulting in disparate inundation frequencies allowing several terrestrial species to become established.
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In the single thread reaches, there is an observed absence or reduction in Myricaria Germanica and Chorthippus pullus. The reduction is believed to result from the increased frequency in
inundation of the depositional features at similar
elevations limiting rooting establishment and hindering the terrestrial community development. On
the other hand, floodplain abandonment resulting
from reduced upstream sediment supply or headcutting may contribute to the pervasiveness of terrestrial species by changing the frequency of inundation and proximity to the water table.
Completely abandoned floodplains are inundated
on a less frequent basis and have a reduced susceptibility to erosion which may then contribute
less to the destruction of more aggressive species
and colonization of more biologically diverse indigenous species.

of the species of interest. Other gravel bars at
higher elevations are densely vegetated islands
with tree heights approaching 15 meters and absence of Myricaria Germanica.
The study site is approximately 2 km in length
(Figure 2) with an average bankfull width of 150
m and an effective catchment area of 118 km2.
The area of study is approximately 25 hectares.
3.2 Field data collection
Nineteen cross sections and a longitudinal thalweg
profile of the channel were surveyed using a firstorder differential GPS. Transects were spaced at
approximate 100m even intervals perpendicular to
the mean channel flow direction to characterize
the geomorphic features which included: the
channel thalweg, top and bottom of channel
banks, bankfull stage, terrace elevations and any
additional visual breaks in cross sectional slope.
The limits of islands and depositional features
were surveyed in addition to the maximum elevation of each feature and the location of woody debris piles.
Substrate size and distribution were characterized using the Wolman pebble count method
(Wolman, 1954) at each cross section within the
bankfull limits of the channel. Grain size distribution plots were generated for each cross section
and the median particle diameters of log-normal
distribution plots used to determine the median
grain size diameter (D50) as illustrated in Figure 3.
The median reach particle diameter was found to
be 53 mm which relates to a very coarse gravel
substrate.

3 METHODS AND ANALYSIS
3.1 Study site

Figure 2. Study site and cross section locations.

The inundation frequency of a braided reach near
Plaffeien (Figure 1) is investigated to determine
the frequency and duration of discharge events
which are considered biologically optimal for the
colonization of Chorthippus pullus and Myricaria
Germanica. Chorthippus pullus and Myricaria
Germanica are found in the study reach, however,
there are a series of mid channel bars also devoid

Figure 3. Grain size distribution curves at each transect

Hydraulic roughness (ks) was estimated from
the results of the Woman Pebble count using the
Strickler equation of the form (Strickler, 1923):
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ks =

21.1 1
=
1/ 6
D50
n

compared to those of the Thörishaus gauge station
during the same days of observation. On the day
of field measurement, the average daily discharge
at Thörishaus was 4.8 m³/s. Using the logarithmic
model, a predicted discharge at Plaffeien was 2.8
m3/s whereas a field measured discharge of
2.3 m³/s was calculated. It is important to note that
on the day of flow measurement, discharge varied
slightly during the day of measurement between
cross sections. The average discharge from all 19
cross section velocity measurements and discharge calculations were used. Given the small error between the observed average daily discharge
and that predicted using the logarithmic model,
we assume that the flow duration curve developed
at the Thörishaus gauge could be extrapolated
with reasonable certainty to the study site.

(1)

where n is the Manning’s roughness coefficient.
An average value of k s = 34m1 / 3 s −1 was obtained
for the entire study reach. An average reach
roughness coefficient was used rather than discrete values obtained at each cross section since at
discharges approaching mid channel bar inundation, there is significant course grain sediment
transport leading to a redistribution in the bed material that cannot be adequately quantified in addition to changes in the wetted perimeter resulting
from scour and deposition.
Discharge velocities were obtained within the
flowing sections of each cross section using the
six-tenths velocity method in addition to velocities
being measured 0.05m above the channel bed. Velocities obtained at 0.05m were considered to relate to the nose running depth of fish that would
occupy the lotic environments. Discharge velocities were obtained using a Sontek Flow Tracker®
acoustic Doppler velocity meter and their specific
locations surveyed using a GPS.
The spatial location of the terrestrial species of
interest were acquired from a parallel biological
inventory using a hand held GPS. Ground elevations at each plant location were related to ground
elevations obtained in the first order differential
transect surveys.

Figure 4. Study site flow duration curve.

3.3 Hydrology
A hydrometric monitoring gauge station was not
available at the study site proper. However, two
gauge stations are located upstream (approximately 7 km) located on two tributaries at Rotenbach
and Schwändlibach, one gauge located 15 km
downstream at Thörishaus and a fourth gauge on
the River Saane at Laupen immediately downstream of the confluence with the River Sense
(Figure 1). Flow duration curves were developed
for each of the four gauge stations and a watershed scaled flow duration curve developed for the
study site (Figure 4) using the Swiss regionalized
model developed by Pfaundler & Zappa (2006)
which is based upon ordinal datasets between
1981 and 2000. The model assumes there is a contiguous logarithmic function between watershed
area and discharge.
At the Thörishaus gauge station 15 km downstream, the mean annual discharge was calculated
to be 8.7 m3/s and using a logarithmic discharge
scaling factor of 0.66 for the study site at Plaffeien, a mean annual discharge was estimated as
4.2 m3/s. Validation of the scaling factor was
achieved using the calculated discharge from velocity measurements during field inventories and

Figure 5. Interpolation of specific discharges between the
available gauges by means of a logarithmic law
Table
1. Return frequencies and extrapolated discharges.
_____________________
Return
period
Q
___________
____
years
m³/s
_____________________
2
124
5
172
10
208
30
266
50
296

Flow frequency analysis using the Log Pearson
III analysis method were conducted for a series of
return periods between 2 to 50 years for the four
gauge stations over each period of record. The return periods were extrapolated for the Plaffeien
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study site using the same logarithmic scaling factor (Figure 5). Table 1 lists the return periods and
associated flows extrapolated for the Plaffeien
site.

comparison between observed and predicted flow
depths. The most upstream and downstream cross
sections were also eliminated from the comparison arising from boundary condition limitations in
the numerical model.
Figure 6 shows the geodetic elevations of the
thalweg profile (bed elevation) and of the calculated and measured water level along a segment of
the modeled reach. Simulated average flow
depths, calculated as difference between thalweg
and water level elevation, correlate very well with
field observations.

3.4 Numerical model development
The numerical model FLUMEN (FLUvial Modelling ENgine) was used to investigate the spatial
distribution and inundation frequency of depositional features of the study site. FLUMEN is a
two-dimensional surface water model which can
be used to investigate hydraulic behavior of rivers
and coastal waters in a myriad of discharge conditions. The solution method is solved using depthaveraged shallow water flow equations on a cellcentered unstructured mesh that allows for wet
and dry domains, sub- and supercritical flow conditions, and the specification of variable bed topography (Beffa, 2004).
In the current study, the river bed was assumed
to be stable. We recognize that a static river bed is
an over-simplification of the braided river reach
of study, however, the modeling domain cannot
accommodate a dynamically changing grid configuration which would be consistent with a braided
river reach under various high flow conditions.
Nevertheless, for an initial investigation in determining the frequency and duration of depositional
features and how these temporal metrics relate to
terrestrial colonization, the proposed model
should provide sufficient accuracy.
Nineteen cross sections, additional survey
points, and surrounding upland data extracted
from digital terrain were used to define the modeling domain of the River Sense at Plaffeien which
is illustrated in Figure 2. An average Manning’s
roughness value of 0.03 was used for the bankfull
channel (Equation 1) using the results of the pebble count analysis. Flood plain roughness beyond
the limits of the bankfull channel and mature tree
stands on islands were estimated in the range of
0.05 < n < 0.10 and associated with the density
and calliper of vegetative communities as suggested by Chow (1959).

Figure 6. Comparison between measured and predicted water elevations for 4.3m3/s.

The bankfull discharge frequency was also calculated as a qualitative metric to evaluate the accuracy of the model to the flow regime commensurate with initial flooding of the floodplain
regions. Kellerhals et al. (1972) observed that the
return frequency of bankfull discharge in braided
rivers of western Canada ranged between 2 years
and 7 years. Williams (1978) studying both
braided and single thread channels observed bankfull return frequencies ranging between 1.1years
and 25 years but did not stratify his data into specific channel morphologies. A series of simulations were conducted with varying discharges to
determine what discharge (and associated return
period) correlated best with the field observed
bankfull discharge and associated depth along the
longitudinal profile of the channel. A discharge of
172 m3/s (relating to a 5-year return period) best
correlated with observed flow depth conditions
(Figure 7). The return period coincides with the
range of previously observed discharge return periods in other braided river systems which provides additional confidence in the predictability of
the model.

3.5 Calibration of model
Model calibration was conducted using field
measured velocities and the calculated discharge
for the observed flow condition of 2.4 m3/s where
measured versus estimated flow depths were
compared.) Further, flow depths were only compared at cross sections where the total flow occurred in a single channel, rather than multiple
flow paths. The single flow path sites were selected as they offered greater flow depths and decreased cross sectional variability leading to better
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Figure 7. Comparison between bankfull height and water
level for 172 m3/s.

4 RESULTS
4.1 Overall study site
Six inundation simulations were conducted between low flow conditions and the 10-year discharge ranging between 2 m³/s and 220 m³/s. The
spatial distribution of inundation of the study
reach is illustrated in Figure 8. The results illustrate that with increasing discharge, an increasing
proportion of the river bed is inundated which increases the number of isolated regions (pseudo
islands) up to a flow of approximately 57 m3/s
(which relates to a 0.5 year discharge return frequency) followed by a decrease in isolated regions
until the majority of the channel is inundated at
200 m3/s. The remaining dry regions correlate
with islands identified from field investigations
were mature and well established tree stands exist.

Figure 8. Parafluvial zone inundation with varying flow regimes.

Based upon the two-dimensional hydraulic
analysis, a relationship was derived between the
exposed (dry) surface area of the study reach and
the annual duration of exposure (Figure 9). The
relationship shows that at base flow conditions
(2m 3/s), 20000 m2 of the parafluvial zone is inundated and that the inundation trend follows a logarithmic profile with decreasing annual duration
(increasing discharge). At the annual average
maximum discharge, approximately 140000 m2 of
the study reach is inundated which relates to 56 %
of the total parafluvial zone. Further, for over half
of a year in an average discharge year, only 10%
of the total parafluvial zone is inundated while
20% of the parafluvial zone is inundated for 25
days/year or less.

Figure 9. Wetted parafluvial zone area versus annual duration.
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Relative percentages of inundated (wet) and
exposed (dry) parafluvial zones were calculated
for a series of discharge simulations related to
specific frequency return periods and a relationship developed between relative area wet/dry percentages and discharge return frequency (Figure
10). A rapid increase in inundation area occurs
within the parafluvial zone up to approximately
the 2-year return period (approximately 85% wetted surface area). With increasing discharge return
frequencies the relative areal increase in inundation significantly decreases. The rapid increase in
parafluvial zone inundation relates to the range in
discharges that are filling the bankfull channel in
which all of the mid-channel and side channel
bars exists. Beyond the two-year return period,
only the highest elevation island remain above the
water surface and correlate with the locations of
well established island vegetative communities. A
small percentage of the parafluvial zone remains
above the water table at the 30-year return period,
these elevations relate to an abandoned terrace
elevation that has persisted over several decades.

“thresholds” when inundation significantly
changes. The discharge thresholds were determined by evaluating a series of simulations and
identifying inflection points in the relationship between the change in exposed parafluvial area (dA)
and change in discharge (dQ) as a function of discharge. Evaluating local maxima or minima in the
rate of change of dA/dQ identifies the threshold
discharges where significant changes in exposed
surface area (relating to the inundation of gravel
bars) occur. The objective of this analysis was to
correlate particular discharges and their return
frequencies to the success in migration of Chorthippus pullus and colonization of Myricaria
Germanica at certain gravel bar sites.

Figure 11. Decreasing of gravel bar continuous dry area due
to the growth of discharge.

Figure 11 identifies the thresholds values in
dA/dQ as a function of discharge over a broad
range in simulated discharge values and return
frequencies. Seven threshold discharges were
identified: 10, 19, 32, 75, and 195 m3/s which then
relate to water surface elevations where there are
significant changes in parafluvial inundation. Figure 12 illustrates the spatial distribution of dry and
wet zones for the sub-study reach. It is noted that
an additional base case of 8.5 m3/s is also illustrated: which is the lowest discharge when two
flowing channels begin to form in the parafluvial
zone. The dashed regions in Figure 12 depict the
dry surfaces in the area of interest, while the darker solid shading identifies the inundated regions.

Figure 10. Trend of wetted and dry area in the entire floodplain for floods with different return period.

4.2 Special area of interest
A particular sub-reach of the study area was evaluated in closer detail between cross sections 3
and 9 (Figure 2). The sub-reach is of particular interest as the area has several gravel bar deposits of
varying elevations where some bars support Myricaria Germanica and Chorthippus pullus, some
support tree stands and some have an absence of
either. The surface area of the parafluvial zone is
39040 m2 and has a longitudinal distance of 600m
and an average bankfull with of 130 m.
Rather than evaluating areal percentage of parafluvial inundation as it relates to pre-determined
discharge frequency, here we determined the discharge related to the water surface elevation when
the elevation of specific gravel bars and island became inundated. A relationship could therefore be
developed between exposed (dry) percent parafluvial zone and discharge at vertical stages or
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greater than 20 years, the entirety of the parafluvial zone is inundated.
5 CONCLUSIONS
A two-dimensional surface water model of a
braided river reach of the River Sense in Switzerland was developed to investigate the persistence
of terrestrial species with specific habitat requirements. Three dominant types of depositional features exist within the parafluvial zone. Depositional features devoid of vegetation are typically
inundated in flows less than a two-year return period. Depositional features where Chorthippus
pullus and Myricaria Germanica persist were
found to become inundated at discharge return
frequencies ranging between 4 years and 5 years.
Depositional features, floodplains and abandoned
island terraces where mature overstory and understory tree stands persist were found to be
flooded at discharge return frequencies greater
than 5 years. All parafluvial features were inundated when discharges exceeded a 20 years return
period.
In single thread unregulated gravel-bed river
channels, bankfull discharge is often correlated
with a 1.5 year – 2 years return period (Leopold et
al., 1964) and also maintains a relatively homogeneous wetted perimeter (relative to a braided
channel). The absence of Chorthippus pullus and
Myricaria Germanica in single thread channels
may be related to the channel morphology or the
frequency of orthofluvial inundation.
The results presented here provide initial insights into methods for linking the persistence of
terrestrial species of interest with hydrologic and
hydraulic tools. With sufficient coupled investigation of biotic and abiotic characteristics in a myriad of channel morphologies under a range in
flow regimes, it is expected that flow regulation
guidelines can be developed to optimize channel
flow for both hydro-electric demands while enhancing terrestrial community restoration.

Figure 12. Wetted and dry areas with changing discharges.

As illustrated in Figure 12, at a discharge of
10 m3/s a new flow path emerges on the left hand
side of the channel forming an island. By 19 m3/s,
an additional bifurcation in flow occurs on the
right hand side of the channel leading to an additional island. The formation of branches that
evulse the principle dry zone from left to right occur between discharges of 32 m3/s and 75 m3/s. A
discharge of 75 m3/s relates to a return period of
around 1.3 years. At the flow stage related to
75 m3/s, the majority of the gravel bars devoid of
vegetation are submerged, while the bars with
Myricaria Germanica are still above the water
surface. In the discharge range between the 4 and
5 year return frequency (just below bankfull discharge), areas populated by Myricaria Germanica
are completely inundated.
Beyond 75 m3/s, no significant change in inundated surface area occurs until a discharge of
195m3/s (7-year return period) is achieved which
is above the bankfull stage (a discharge of 172
m3/s and a five-year return period). At a discharge
of 195m3/s the adjacent floodplains will also be
inundated and this final inundation elevation relates to a low terrace elevation. The remaining island surface elevation above the water level coincides with the mature tree stand, which has a
surface of 1530 m2 relating to 4 % of the total parafluvial zone. For discharges with return periods
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An approach to simulate interstitial processes in river beds to meet
biological requirements
M. Noack & S. Wieprecht

Institute of Hydraulic Engineering, Universitaet Stuttgart, Stuttgart, Germany

ABSTRACT: The quality of the hyporheic interstitial is described by multifaceted interstitial processes
ranging from biological and chemical to physical and morphological processes. Regarding the ecological
quality of the hyporheic zone, the dissolved oxygen concentration plays an important role in defining habitat conditions for aquatic indicator species. The oxygen supply rate for hyporheos depends on the gravel
matrix of the river bed, the available pore space, deposition of fines into the gravel matrix but also on the
oxygen respiration of sediments, organic material and microorganisms. The objective is to use highly sophisticated morphological models to simulate the dynamic processes affecting the gravel matrix and the
changing interstitial conditions. As this is not sufficient to describe the ecological quality of the hyporheic
zone in terms of habitat preferences, the results have to be linked to additional parameters like temperature, intragravel flow, organic matter, consolidation or permeability to meet biological requirements in
terms of the oxygen supply rate. Therefore it is planned to apply a multivariate fuzzy-logical approach
giving an imprecise range of dissolved oxygen as response for a certain combination of interstitial describing parameters and is compared to habitat demands of indicator species. As not all occurring interstitial processes can be considered due to their complexity and more than one parameter is decisive in determining the ecological quality of the interstitial, warranting the application of the fuzzy-logical
approach. Thus the consideration of both biological and morphological factors can be considered.
Keywords: Hyporheic Interstitial, 3D-Sediment-Transport, Physical Habitat, Sediment Analyses
geomorphologist may consider the river bed as
multiple sediment-layers (Ferreira et al. 2006)
with different grain size distributions and dynamic
processes
like
sediment-transport,
erosion/sedimentation, infiltration of fine sediments
into the gravel-mixture. A hydrologist on the other
hand may look at the amount of exchanged water
and turnover rates assuming a more or less stable
river bed. The morphology of the riverbed and the
adjacent interstices are important factors for defining the hyporheic zone in four dimensions: vertically, laterally, longitudinally and over time
(Ward, 1989). In each of them the hyporheic interstitial shows hydrological, chemical, biogeochemical and morphological processes and gradients. In this paper the morphodyanamic
processes in the interstitial influencing the quality
of the hyporheic zone for the reproduction of gravel-spawning fish are given focus.
According to the European Water Framework
Directive (2004) the provision of spawning

1 INTRODUCTION
1.1 Background
The hyporheic zone was recognized as an ecologically independent compartment between ground
and running waters in a series of scientific studies
starting about half a century ago (Schwoerbel,
1961, Borchardt & Pusch, 2009). Recently, the relevance of the hyporheic interstitial increased
steadily and is often a focus for restoration measures. Generally the hyporheic interstitial is the
dynamic and distinguishable interface between
surface waters and groundwater (Dahm et al.,
2006). A more biological definition is given by
Brunke et al. 2007 who states the hyporheic zone
is an active ecotone between surface water and
groundwater with dynamic boundaries including
all organisms, the so-called “hyporheos”. From a
more engineering and hydrological point of view
it is difficult to find a definition in literature. A
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1.2 Study Site

grounds for target fish species should be considered as one of the major aims in successful river
restoration. But successful spawning is only one
part of reproductive success. The interstitial time
period of eggs, embryos, and larvae up to the
emerging fry is relatively long and can last up to 6
months (Merz et al., 2004). The length of time between egg deposition and emergence depends on
species redd location and numerous physical parameters (DeVries, 1997). The timing of spawning, egg burial depth and embryo development are
tied to the dynamic hydrologic regime of a river,
including disturbances such as streambed scour
(Montgomery et al., 1999). According to Schiemer et al. (2003) the early life stages are particularly significant because in these life-stages fish
have the highest mortality rates not only due to
starvation and predation of larvae but also due to
physical factors like non-optimal temperatures,
oxygen deficit and dispersal of eggs. As said by
Hübner (2003) & Neumann et al. (2006) different
development stages give different sensitive response to interstitial quality.
Given to the relatively long time-period in the
hyporheic interstitial during the reproduction
process the incubation time reacts highly sensitive
to changes in the hyporheic interstitial quality induced by morphodynamic processes. River dynamic processes like the alteration of flow, sediment transport, hyporheic exchange processes or
other seasonal events lead to mobilization of
channel-bed sediment and provide a renewal of
substrate conditions. Additionally, they can also
impact one or more fish life stages and may destroy a whole generation. Intrusion of fines, armoring and embeddedness contribute to decreased
substrate permeability in the hyporheic interstitial
harming the development of early life stages in
different ways. Possible effects are the emergence
of fry from the redd may be inhibited, and a reduction of the dissolved oxygen content, or the
transport of metabolic waste. Therefore it is necessary to understand the spatial and temporal
variations of vertical exchange processes in the
hyporheic zone (Saenger & Zanke, 2006).
Given to the complexity of processes in the hyporheic zone an interdisciplinary multivariate
fuzzy-logical approach will be developed to combine different results of a high-resolution sediment-transport model (3D) to an ecological interstitial quality regarding the physical habitat
preferences in the incubation phase of brown
trout. As the reproduction success depends significantly on the available dissolved oxygen (DO) in
the interstitial - this might be a suitable indicator
for the ecological quality of the hyporheic zone.

After the installation of two reservoirs used for
hydropower production on the River Spöl (Engadin, Switzerland) in 1970, changes in the flow regime have affected river morphology, the sediment structure and food resources for aquatic
organisms. The regulated flow regime with a nearly constant discharge of 1 m³/s leads to the absence of floods which initiate sediment-transport
and prohibits natural river dynamic behavior, a
general feature of many regulated rivers (Stanford
& Ward, 1996). Flushing flows are increasingly
being used for the rehabilitation of regulated rivers, especially with respect to fisheries (Rood et
al., 2003). At the River Spöl a flood program was
developed following a number of earlier studies of
individual flushing flows with the aim of providing the most proper conditions for reproductive
success of brown trout.
After the flushing at the Livigno reservoir in
1990, Jäger et al. (1991) reported the changes in
sediment compositions, channel morphodynamics
and in riparian vegetation. These studies show that
the riverbed was totally altered by floods with
peak discharges around 70–90 m³/s. Mürle (2000)
then investigated the morphology and habitat
structure of the river due to the reduced flow regime from Punt dal Gall to Punt Periv before the
beginning of the present controlled flood regime.
Fig. 1 provides an overview of the River Spöl
and the selected study site with a total length of
approximately 350 m

Figure 1. Map of the study area of the River Spöl, showing
morphological features and several mapped spawning areas

The only fish species that lives and reproduces in
the Spöl is the brown trout (Salmo trutta fario).
The trout population in the River Spöl between
the Livigno and Ova Spin reservoirs is isolated by
reservoir dams and discharge gauging stations.
The status of the trout population has been evaluated several times since 1990 by electro-fishing
(Rey & Gerster, 1991), and more recently (2000 –
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2010) the changes of habitat distribution and the
status of brown trout populations are and will be
investigated by Ortlepp & Mürle (2010).

(Graham et al. 2005). Photosieving is a new method to get grain size distribution through digital
imaging and autocorrelation analyses. The method
aims to achieve satisfactory characterization of
grain sizes while simultaneously reducing the time
effort in field and laboratory. Over the whole
study site totally 18 photo samples were taken
with additional calibration images of certain grain
sizes. The analyses are still in progress.
To calibrate the vertical hydraulic gradient of
the 3D-sediment-transport-model vertical velocity
profiles were measured near the artificial redds
using an Acoustic Doppler Velocimeter (ADV).
As temperature is one major parameter that
controls the timing of the development stages during incubation it is recorded continuously using
temperature-logger giving values in 15min intervals.
Discharges and hydrographs are provided by
the Federal Office for the Environment (FOEN) in
Switzerland as operator of the nearest gauging station Punt dal Gall (Fig. 1).
So far two field campaigns were absolved including one artificial flood (September 2009) with
a peak flow of 40 m³/s.
Table 1 gives an overview of the measured abiotic data before and after the flood.

2 MATERIAL AND METHODS
2.1 Monitoring Program
To get an idea and a sufficient database to describe the quality of the interstitial a three-yearmonitoring-plan was developed covering both abiotic and biotic monitoring. Therefore in the beginning of December 2009 a total of 9 artificial
spawning redds were constructed whereby all of
them are located near natural spawning redds. In
each artificial redd numerous abiotic and biotic
measurements are carried out.
Abiotic Monitoring:
Next to the artificial spawning redds sediment
samples were taken in two different sediment layers. The upper layer (UL) consists of the first
10 cm while the lower layer (LL) is between 10 20 cm. To determine grain size characteristics the
sediment samples were dry sieved using following
sieve sizes in mm (63, 31.5, 16, 8, 5, 2, 0.63, 0.2,
0.063, 0.002). The dry sediment masses ranged
from 18.72 kg to 9.12 kg. These masses achieve
bulk sampling criteria according the German norm
DIN 18123. For all samples the weighting of the
single fractions did not differ more than 1 % from
the total dry weight.
Additionally, the dissolved oxygen (DO) content was measured next to the artificial redds using optodes in two different sediment depths
(10 cm, 20 cm) which is similar to the natural
depth of buried eggs. In total 12 DO-probes were
installed using a modified version of the standpipe
technique developed by Niepagenkempner et al.
(2002). The interstitial water is sucked through a
tube in a metal standpipe into a measuring cylinder where the optode is located. It is important that
the whole instrument is water- and airtight, so that
no air and surface water can get into the measuring cylinder. To measure the absolute content of
DO the interstitial water temperature is measured
simultaneously.
To generate a digital terrain model (DTM) of
the study site cross-section were measured using a
total station. For the river reach of 350 m approximately 4000 topographical points were measured
to generate the DTM. For hydrodynamic calculations and calibration purposes more than 100 water levels were measured over a known discharge
hydrograph.
To run the sediment-transport-model additional
sediment analyses were taken using photosieving

Table 1. Overview of measured abiotic data before and after
the
flood in September 2009
______________________________________________
Parameters
before after
______________________________________________
Hydrographs
x
x
Topography
x
x
Dissolved Oxygen
x
Sediment Samples
x
x
Photosieving
x
x
Velocity Gradients
x
Temperature
x
x
_____________________________________________

According to the measured bed level changes as
well as the changes in sediment conditions the sediment-transport model will be calibrated to ensure high quality of model results.
While the temperature and discharges are
measured continuously the DO, photosieving, and
velocity gradients are measured monthly. All parameters (including the topography) are directly
measured before and after each artificial flood.
Furthermore it is planned to use the freezecore
technique to gain undisturbed sediment samples of
the riverbed composition.
Biotic Monitoring:
To estimate the effect of changed environmental
conditions on survival rates from egg fertilization
to fry emergency of brown trout fine mesh screen
cylindrical capsules were buried in each artificial
redd. The technique of inserting egg capsules in
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riod a three-dimensional numerical model is required that is able to simulate vertical hydraulic
gradients, several sediment layers and graded sediment transport. Regarding the interstitial
processes especially the grain size distributions in
the different sediment layers and the vertical hydraulic gradient near the river bed are important.
While during the artificial flood the bed load
transport is significant for mixing sediment and
bed level changes the suspended load is of major
importance during the long low flow period with
input of fine sediment due to snow melt and rainfall.
The applied 3D-sediment-transport model is
SSIIM (Olson, 2009). SSIIM is a free CFD software and is the abbreviation for Sediment Simulation In Intakes with Multiblock option. The main
strength of SSIIM is the capability of modeling
sediment transport in three dimensions with moveable bed in a complex geometry. This includes
multiple sediment sizes, sorting, bed and suspended load, bed forms and effects of sloping
beds. The latest modules for wetting and drying in
the unstructured grid further enables complex
geomorphologic modeling. Given to the simulated
grain size distributions several substrate indices
related to DO can be calculated. Dirksmeyer
(2008) has shown that the percentage of fine sediments is significantly correlated with the DO.
Together with additional parameters taking the
whole grain size distribution into account like the
sorting coefficient or the Fredle-Index the results
of SSIM provide substantial input information for
the multivariate fuzzy-logical model.
SSIIM solves the Navier-Stokes equations with
k-ε model on a three-dimensional non-orthogonal
grid. A control volume method is used for discretization, together with the power-law scheme of
the second order upwind scheme. To couple pressure the SIMPLE method is used. An implicit
solver is used, producing the velocity field in the
geometry and the convection-diffusion equations
for different sediment sizes.
Another benefit of SSIIM is its capability to be
easily adapted and implement additional code; e.g.
the integration of an additional sediment-transport
equation or porosity model etc.

the substratum was firstly developed by Scrivener
(1988) but it proved to be unsatisfactory, because
of the size of capsules and insertion tube, which
had to be hammered down through the gravel and
thus disturbed the riverbed. Therefore a modified
design of the miniaturized capsules of Dumas
(2006) was constructed. The capsules were filled
with 10 eggs separated by small gravels to avoid
fungal contamination by dead eggs. The incubation capsules are 9 cm long and 0.9 cm in diameter cylindrical tubes made out of 1.4 mm mesh
stainless steel netting (Fig. 2, left) able to retain
hatched fry. The two ends of the cylinder were
sealed by a plastic stopper equipped with approx.
60 cm long nylon lines. In each artificial redd 3
capsules were buried to examine the survival rate
at intermediate stages of egg development (e.g.
hatching).
Additionally, traps (Fig.2, right) for emergent
fry were constructed using one incubation tube
with a 1.4 mm mesh and a second tube as trap
connected to the incubation tube by a screwed lid.
Both cylindrical tubes are identical in design
(20 cm x 12 cm).

Figure 2.Exemplary egg-capsule (left) and a trap for emergent fry (right)

For each stage during the development (e.g. eyedstage, hatching) one capsule is controlled and the
survived eggs are counted. The emergent tubes
will be controlled at the end of reproduction to get
the total survival rate.
In the study site of River Spöl totally nine artificial redds were constructed. In each of them
three capsules were buried with one trap for the
emergent fry. The result of the biological monitoring is not yet finished.

2.3 Multivariate fuzzy-logical Approach
The major objective of this research is to predict the quality of the hyporheic interstitial in
terms of reproduction of gravel spawning species.
Therefore an interdisciplinary approach is required involving all relevant processes. The plan
is to combine several results of the numerical
modeling and correlate the combined effect to the
measurements of DO as the most significant pa-

2.2 Modelling Sediment-Transport
To simulate the morphodynamic processes induced by the artificial floods but also the changing
sediment conditions during the long low flow pe1498

and at the borders of the wetted area of the low
flow period are bigger bed level changes. The
mean deviation is 0.08 m that barely exceeds the
uncertainties regarding the interpolation of measured topographical points. These moderate bed
level changes were hardly surprising as spatial
bed alterations are expected at discharges between
70 m³/s and 90 m³/s (Jäger, 1991).

rameter for hyporheic quality (Ingendahl, 2001)
by using the fuzzy-logical approach of CASiMiR.
Before fuzzy-modelling can be performed a parameter analyses is necessary to determine the
dominating processes and parameter influencing
the interstitial quality.
Fuzzy-Logic allows calculations with imprecise (fuzzy-) information. The basic elements of
fuzzy-logic systems are overlapping membershipfunctions described by so-called fuzzy-sets. All
input-parameters are described in such sets and
are directly linked to the output-parameters (DO)
using an inference rule system. E.g. Dirksmeyer
(2008) states that a DO below 5 mg/l results in no
reproduction, while between 5-7 mg/l the reproductions might be affected and above 7 mg/l
would be no negative impact. This could be directly transferred into a fuzzy-set with membership-functions of “low”, “medium” and “high”
DO-content.
Fuzzy-logic has proven to be an appropriate
modelling technique to deal with these ecological
gradients because the boundaries between the
classes of the input variables are overlapping und
thus reflects these gradual transitions (Salski,
1992, Mouton 2008)
Given the fact that multivariate approaches
take interactions of physical variables into account
in order to determine interstitial quality and given
to the uncertainty due to the complexity of interstitial processes, a multivariate fuzzy-logical approach is an appropriate tool for simulating the
quality of the hyporheic zone for reproduction of
gravel-spawning fish.
3 FIRST RESULTS & OUTLOOK

Figure 3. Measured bed level changes given to the artificial
flood in September 2009

The beginning of monitoring was in September
2009 with the first artificial flood. So far the collected and analyzed data are related to this single
event and the changes in the sediment conditions
are described below.

3.2 Grain Size Analyses
Next to the bed level changes the sorting
processes and mixing of grain sizes in different
sediment layers are of interest.
Figure 4 shows exemplary the results of sediment sieving of one sediment sample before and
after the artificial flood (upper and lower sediment
layer).
For the upper sediment layer (10 cm), Fig. 4
indicates the coarsening of the grain size distribution for the whole range of grain sizes. In the lower layer (10-20 cm) it can be seen that mainly the
sediment range between 0.5 and 5 mm was mobilized due to the flood.

3.1 Bed Level Changes
The artificial flood with a maximum peak of
40 m³/s induced morphodynamic processes. The
sedimentation and erosion areas are visualized in
Figure 3. The black areas in Figure 3 indicate erosion while the grey areas indicate deposition of
sediments.
There is no distinctive trend in erosion or sedimentation. The 10% and 90 % quantiles are between -0.14 m and +0.13 m. Only in local spots
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mean) with a measure of dispersion (Lotspeich &
Everest, 1981).
FI =

dg
SO

d g = d84 ⋅ d16

(3)
(4)

where FI = Fredle-Index, dg = geometric mean,
d84 = grain size for which 84% is smaller in size,
d16 = grain size for which 16% is smaller in size.
The last parameter investigated is the percentage of fine sediments in the grain size distribution. The use of “percent fines” in fish biology literature is originated with a study relating
incubation success to gravel size be McNeil &
Ahnell in 1964. In this study fine sediments are
defined as a grain size > 2mm.
In Table 2 the various analyzing methods are
listed for the grain size distribution shown in Figure 4.
Table 2. Results of sediment analyses (UL=Upper Layer,
LL=Lower Layer)
______________________________________________
Substrate Index
Upper Layer
Lower Layer
____________
_____________
before after
before after
______________________________________________
14.19 20.47
12.18 11.62
dch
Sorting-Index [-]
1.98
2.09
2.16
1.62
Fredle-Index [-]
3.39
6.58
2.71
5.71
Percentage
of
Fines
15.25
10.45
20.75
10.75
_____________________________________________

Figure 4. Sieving results before and after the artificial flood.
Samples were divided in an upper layer (10 cm) and lower
layer (10-20cm)

For grain sizes larger than 20 mm the distribution
before the flood was coarser compared to the distribution after the flood.
Given to the sieving results of the sediment
samples various sediment indices analyzing the
grain size distribution were calculated.
The characteristic grain size (Meyer-Peter,
Müller, 1948) is a representative grain size for a
sieve curve.

The characteristic grain size dch as a representative
value of a sieve curve does not provide adequate
information about sediment properties to conclude
about the interstitial quality but gives a first hint
about present grain sizes. The importance of dch is
decreasing with increasing heterogeneity of the
grain size distribution. For the analyzed grain size
distribution a coarsening of the upper layer can be
determined while for the lower layer dch is slightly
decreased.
The Sorting-Index (SO) shows for the upper
layer a slightly higher value after the flood meaning less pore spaces compared to the sediment
conditions before the flood. But especially the SO
of the lower layer declined significantly. This may
be a sign that the fine sediments are flushed out of
the gravel matrix leading to a higher permeability
in the lower layer.
The Fredle-Index (FI) increased in the upper
layer indicating higher pore spaces than before the
flood which is in contrast to the conclusion according to the SO. For the lower layer the FI increased crucially supporting the result of SO.
The percentage of fines shows on the one hand
the higher amount of fine sediment in the lower
layer and on the other the coarsening of both layers. While the percentage of fines is reduced by

n

d ch =

∑ ( Δp ⋅ d )
i

i =1

100%

k ,i

(1)

where dch = characteristic grain size, Δpi = percentage of fraction i, dk,i = mean grain size of fraction i.
The sorting index (SO) (Shirazi & Seim, 1981)
of a grain size distribution considers the filling of
finer fractions in the interstices of coarser grains.
This means, the higher the SO the lower the pore
spaces of the investigated sediment layer.
SO =

d 75
d 25

(2)

where SO = sorting coefficient, d75 =g rain size
for which 75% is smaller in size, d25 = grain size
for which 25% is smaller in size.
The Fredle-Index FI was subsequently proposed as an index of gravel quality that combined
a measure of central tendency (dg=geometric
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approx. 30% in the upper layer the fines could be
halved in the lower layer.
Regarding the biological interpretation to assess the substrate indices in terms of interstitial
quality or reproduction success thresholds are given by Dirksmeyer (2008). The characteristic grain
size should have a minimum value of 14 mm that
is only provided in the upper layer. Even after the
flood the lower layer does not fulfill this criterion.
For the SO of natural spawning areas he gives a
range of 3 – 5. Both sediment layers of River Spöl
have lower SO indicating an insufficient sediment-mixing. The minimum FI-value is 3.5 for
successful reproduction. The FI-values in Tab. 2
clearly show the positive effect of the artificial
flood. For both layers a significant improvement
could by achieved with an increase from 3.4 to 6.6
in the upper layer and from 2.7 to 5.7 in the lower
layer. Regarding the fine contents (< 2mm) Soulsby et al. 2001 give a rule of a thumb not to exceed
15 %. Both layer show a reduction of fine sediments after the flood below 15 % proving that the
flood is flushing out fine sediments.
The results of the biological interpretation indicate the changing substrate conditions due to the
flood. While the characteristic grain size and the
sorting-coefficient is not in the optimal range for
successful reproduction the flood-induced substrate changes significantly improve the FredleIndex and reduce the contents of fine sediments.
To get a overall res not a single index assessment
is not sufficient and approaches considered multiple parameters are required.

grounds. The first is that there is no physical reason to expect that a measure of dg divided by a
measure of dispersion yield a meaningful index of
gravel quality. Secondly, the geometric mean is
calculated using d16 and d83 and is thus influenced
by the extremes of the distribution. The last aspect
is the calculation of the dispersion using d25 and
d75 covering only 50 percent of the whole distribution. However, the FI-values might give a fmore
irst qualitative hint about the available pore space.
The percentage of fine sediments below a given size is influenced not only by the amount of
fine sediment but by the other sized present as
well, because it is simply a percentage of the total.
E.g in many studies large grain sizes are excluded
from the analysis, this artificially increases the
amount of finer fractions (Kondolf & Wolman,
1993). On the other hand the amount of fine sediment could effect the permeability of gravels depending on framework grain size (Sear et al.
2008) that have to be considered via sediment infiltration.
Regarding the quality of the interstitial for the
reproduction of brown trout the objective is to
combine several sediment indices by the multivariate fuzzy-logical approach with the target value
dissolved oxygen and not to use only one single
index. Therefore also no sediment parameters are
of interest. E.g. the hydraulic gradient in the surface water or the influence of groundwater or the
exchange processes of these two compartments
may play a major role in assessing the interstitial
quality. One of the largest advantages of using
fuzzy-systems is that additional parameters can be
implemented easily e.g. hydraulic gradients, biological parameter or exchange coefficients like the
leakage coefficient (Herbert, 1970). Furthermore
fuzzy-systems dealing automatically with a certain uncertainty giving to the overlapping membership-functions in the fuzzy-sets which is necessary as not all complex interstitial processes can
be implemented deterministically.

4 DISCUSSION
The bed level changes give a hint where sediment
dynamics highly occur. Especially the erosion
depth is of importance regarding the deposited
eggs in the spawning redds of brown trout. As in
this study site floods only occur artificially and
not during the reproduction period of brown trout
this represents not a problem.
The different analyses of the grain size distributions are a first approach to investigate significance of existing analyzing methods to assess interstitial quality. So far no combined effects are
considered nor are the parameter analyses about
the most significant parameter finished. Furthermore, additional parameters like the porosity,
permeability, turbulence or hydraulic gradients are
required to consider sediment infiltration (Sear et
al. 2008)
Other aspects are the sediment indices themselves:
According to Klingeman et al. (1998) the
Fredle-Index can be criticized on at least three
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Hydro-sedimentology and mitigation measures of the stream diversion
of “Arroyo Corrales”, Uruguay
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ABSTRACT: A mining company operates the “Arenal” gold mine nearby the Corrales Stream in Uruguay. In order to extend the mine operation, a diversion of the Corrales Stream (Q100=1700 m3/s) was
projected in 2005. This project included the construction of protection levees and the implementation of
re-naturalization measures. These last measures involved the re-vegetation of the dikes and banks of the
channel. The excavation of the new stream trace was done in rock, the length of the diversion is 1250 m
including several curved reaches, and the channel cross-section is trapezoidal with a bottom width of 40
m. The hydro-sedimentological viability of the project was studied in advance in order to determine the
protection actions required to ensure the stability of the stream. The stream diversion was built in August
2007, and today the diversion remains operational and the mining area has been expanded as planed. In
this paper we present the methodology and the results of the hydro-sedimentological study of the diversion works. The hydraulic and sedimentological behavior after the construction is also shown. Finally, the
implemented environmental mitigation measures are described and their monitoring procedure is presented. The in-situ observations gathered during the first two years after the diversion operation agree
well with the predicted performance from the hydrodynamic, sedimentological, and environmental points
of view.
Keywords: River Modelling, Diversion Projects, River Mitigation Measures
the stream. A culvert is located at this discharge
section. The channel was excavated in fine soils,
loose rock and sound rock, and consequently the
different cross-section were adapted to those conditions. Three cross-section types are distinguished:
Type 1. Corresponds to the reaches of the outlet of the Corrales Stream into the channel and to
the outlet of the channel into the Corrales Stream
(Figure 2, S1 in Figure 1).
Type 2. Corresponds to the central reach of the
channel, where it crosses the hillside and it is excavated in sound rock (figure 3, S2 in Figure 1).
Type3. Corresponds to the lower reach of the
channel, where the excavation is made in fine
soils, loose rock, and partly, in sound rock (figure
4, S3 in Figure 1).
The protection embankment levees have a central rolled clay core, shoulders composed of loose
rock and filters composed of sandy material. The
embankment is founded in the sound rock, and has

1 INTRODUCTION
A mining company began to operate of the gold
mine “Arenal” in 2003. The mine is located in the
north of Uruguay, in the left side of the Corrales
Stream. The first stage of this operation concluded
in August 2007, when a new geological survey
detected a lode that then determined the enlargement of the mine’s area. In order to extend the
quarry the diversion of 900 m of the Corrales
Stream and the construction of two protection levees was planed (Figure 1).
The reach where the diversion works are located is located in the middle zone of the Corrales
Stream. Following the Schumm’s definition
(Schumm & Winkley 1994) this is a transfer zone
of the stream, and for a stable channel, input and
output of sediment are balanced.
The diversion channel is 1250 m long and has a
slope of 0.0019. Its cross section is trapezoidal,
with a bottom width of 40 m. Downstream of the
mine the diversion channel discharges back into
1503

In order to ensure the environmental sustainability
of the works, the project sought to maintain the
hydrodynamic and sedimentologic behaviour of
the Corrales Stream unchanged.
Mitigation measures, consisting on revegetation of the embankment slopes and the diversion channel margins, were taken to ensure the
continuity of the stream corridor (The Federal Interagency Stream Restoration Working Group,
2001). Both the diversion and the re-naturalization
measures have took place in August 2007.
This paper presents the methodology and results of the diversion’s hydro-sedimentological
study. In addition, the hydraulic and sedimentological performance of the diversion after its construction are described, as well as the results of
the implemented environmental mitigation measures.

a crest that is wide enough to permit the transit of
road trucks (Figure 5, S4 in Figure 1).

2 METHODOLOGY
Figure 1. Sketch of the diversion.

2.1 Hydrological and Hydraulic models
The Corrales basin situated upstream from the
bridge of Route 28 was modelled in order to determine the extreme flood hydrographs. This basin
covers an area of 1013 km2, with the bridge of
Route 28 located 5 km upstream of the diversion
channel (IMFIA 2006). The implemented model
was of the semi-distributed type and the total basin area was divided in seven sub-basins (Figure
6, Table 1). The hydrologic study was implemented using the HEC-HMS model (US Army
Corps of Engineers).
A hydrodynamic model of the Corrales Stream
was implemented for a stretch of 30 km length.
The modelled reach starts 5 km upstream of the
diversion channel and ends at the conjunction of
the Corrales Stream with the Cuñapirú River.

Figure 2. Diversion channel. Cross section. Type 1 (S1 in
Figure 1).

Figure 3. Diversion channel. Cross section. Type 2 (S2 in
Figure 1).

Figure 4. Diversion channel. Cross section. Type 3 (S3 in
Figure 1).

Figure 6. Sub-basin of Corrales Stream

Figure 5. Diversion levees. Cross section (S4 in Figure 1).
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Table
1. Sub-basin of Corrales Stream characteristics]
______________________________________________
Sub-basin
Area
Length Dif elev S tc
_____________________________________________

km2
km
m
% h
______________________________________________
Coronilla
223.4 26.7
155
0.52 7.0
Vargas
196.6 30.4
125
0.41 7.8
Alvez
210.6 24.3
70
0.29 7.6
Cañada Gde
136.3 26.3
105
0.40 7.1
Juncal
106.7 15.6
65
0.42 4.6
La Calera
69.2
13.0
45
0.35 4.3
M.
de
Corrales
98.1
16.3
45
0.28
5.6
______________________________________________

Figure 8. Location of sediment samples.
Table 2. Sub-basin of Corrales Stream characteristics
______________________________________________
Sample
Stream length
d50
Std
_____________________________________________

m
mm
______________________________________________
M10
950
19.1
4.49
M09
2600
0.70
2.39
M08
2630
50.0
2.68
M11
3950
0.95
1.79
M07
6590
3.10
1.39
M06
7160
1.00
1.96
M05
7935
0.95
1.77
M04
8660
1.10
2.05
M03
9015
4.76
6.59
M02
9605
0.75
1.74
M01
9605
0.75
1.80
M12
10860
0.12
2.87
______________________________________________

Figure 7. Surveyed sections of the Corrales Stream

The model was implemented using the MIKE 11–
DHI software. A campaign of topographic and bathymetric survey was carried out in order to obtain
information to feed into the model. The surveyed
sections are shown in the Figure 7.
The hydrologic and hydraulic models were calibrated and validated using:
− Daily pluviometric data the Corrales basin
− Water levels at the Route 28 Bridge section
(section 900).
− Water levels at the culvert section (section
5500).
− Rating curve of Corrales Stream at the
Route 28 Bridge cross-section.
Data from the 1961 flood were used during the
calibration phase. Based on these data, the hydrological parameters of each sub-basin were adjusted, and the values of Manning’s roughness
coefficient for the hydraulic model were determined.
For the validation phase, data from the maximum registered flood (April 2002) were used.
With the aid of the hydraulic model, the impact of
the diversion works on the streamflow was analyzed, and the dimensions of the diversion channel
and of the embankments were optimized.

2.2 Sedimentological Model
In order to identify possible modifications of the
sedimentological regime and changes in the morphology of the Corrales Stream, a hydrosedimentological model was implemented using
the ST module of MIKE 11. The particle size distribution of sediments in the streambed was established by extraction and analysis of fourteen samples (Figure 8 and Table 2). A regulation dam is
located upstream of the modelled reach and null
sediment input at this location was assumed as
boundary condition.
The sediment transport and the evolution of the
streambed were simulated for the maximum registered flood, occurred on April 2002. For this event
the temporal evolution of the streambed was determined and the amount of sediment transport
was established at each section.
The original situation, before the construction
of the diversion, was also simulated and the results compared with those obtained for the after
diversion conditions.
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Five different equations for the computation of the
sediment transport were tested: Van Rijn; Engelund-Fredsoe; Engelund-Hansen; Acker-White y
Smart-Jaeggi. (Julien, P., 2002)
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2.3 Operational phase
The operation of the diversion started on August
2007, with the monitoring activities started simultaneously in order to asses the behaviour of the
diversion works. Information of daily precipitation has been collected from three meteorological
stations, and water level data have been collected
from a gaging station. A detailed monitoring of
the diversion works response took place during
the floods that occurred after August 2007.
The monitoring plan consisted in monthly visual inspections of the river banks and the vegetation cover. Topographic surveys were conducted
after every mayor hydrologic event and two surveys have taken place since the beginning of the
operation of the diversion. The surveys consist of
detailed geometric descriptions of the longitudinal
and transverse profiles of the diversion crosssections. Comparing before and after flood surveys allows to detect areas of erosion and deposition.
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Figure 9. Model calibration. Routing curve in Road 28
bridge.
800
700
Q (m3/s)

600

Calculated
Observed

500
400
300
200
100
0
0

100

200

300

400
t(x5min)

500

600

700

800

Figure 10. Model calibration. 1961 flood hydrograph in
Road 28 bridge.

The impact of the diversion works on the water
levels at different sections of the modeled reach
was studied for the April 2002 and September
1961 events. As an example of these results, Figures 11 and 12 show stage hydrographs with and
without the diversion works for the cross-section
just upstream and downstream from the diversion.
From the results it is clear that the diversion
works have had no negative effect of on the Route
28 Bridge for the two analyzed events. For discharges close to the largest ever register (April
2002 flood: 1376 m3/s) the increase on the levels
at the Route 28 Bridge was less than 10 cm. Similarly, at sections close to the diversion there was
no difference on the modeled water levels for
large stages (large discharges). Some difference
was observed for the lower stages, but the potential problems associated are no particularly significant for this case.
Another important element to consider is the
change in the number of hours that the bridge is
out of service due to high waters. Using the results
of simulations it is possible to determine the
amount of time that the water levels at the bridge
would be above the bridge pavement level (122.8
m). This was done for both scenarios, before and
after the diversion, and the results are shown in
Table 3. It is found that although there is an increase in the number of hours that the bridge
would remaind closed; this increase is less than 1
%.

2.4 Rehabilitation and mitigation measures
Stream corridor mitigation measures were
planned, executed. Those measures consisted in:
− The re-vegetation of the embankment
slopes with native grasses after placement
of topsoil on them.
− The re-vegetation of the margins of the excavated channel with native grasses.
− The rescue of native trees and bushes from
the affected areas, their maintenance in
nurseries and their transplantation into the
margins of the excavated channel.
A monitoring plan was has taken place in order to
determine the success of the mitigation effort.
3 RESULTS
3.1 Hydrological and Hydraulic models
Figures 9 and 10 show the results of the hydrologic and hydrodynamic model calibration at Route
28. Figure 9 shows both the measured and modeled stage-discharge relations. Figure 10 shows
the observed and computed flow hydrographs for
the September 1961 event. A very good agreement between the modeled and observed conditions of the system can be seen.
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Figure 11. Stage hydrograph with and without the diversion
works, just upstream from the diversion
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Figure 13. Bottom channel level resulted from the different
sediment transport formulation upstream of the diversion
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Figure 12.- Stage hydrograph with and without the diversion
works, just downstream from the diversion

Figure 14. Bottom channel level resulted from the different
sediment transport formulation downstream of the diversion

Table 3. Time variation of bridge out of service with and
without diversion works. The maximum flow discharge of
the
april 2002 flood is 1376 m3/s.
______________________________________________
Discharge
Time of bridge out of service
Without
diversion
With diversion
_____________________________________________
3
m /s
h
h
_____________________________________________

As it can be clearly seen, the effect of using the
different sediment formulations is relatively small,
both on the final bed elevation as well as on the
total amount of transported sediment. This shows
that any of the considered formulations could
represent the overall sedimenttological behavior
of the studied reach.
The Engelund-Hansen formulation was used to
compare the original and diverted stream configurations. Figures 15 and 16 show the initial and final bed elevation for reaches up-stream and downstream from the diversion. The differences in both
cases are very small: The bed remains essentially
unchanged downstream of the diversion. And Upstream of the diversion larger changes on the bed
elevation are predicted for both scenarios.
The largest difference between the final bed
elevation with and without the diversion is about
20 cm, which is within the error of this type of
simulations. In the rock outcrop areas, where no
erosion is possible, the model also shows that no
deposition should be expected do to the steep
slopes. Therefore no significant changes in the
sdeimentological behavior of the Corrales Stream
should be expected as a consequence of to the
construction of the diversion channel.

2200
81.8
82.7
1376
55.7
56.2
1000
45.6
45.7
______________________________________________

3.2 Sedimentological Model
The sediment transport for the April 2002 flood
was modeled considering no sediment input as upstream boundary condition. The transported sediment and the bed elevation evolution was considered at each cross-section for the original and diverted scenarios, and the results were compared.
Figures 13 and 14 show the longitudinal bed
profiles obtained from the application of five different equations for the sediment transport for the
April 2002 event. The five considered equations
were: Van Rijn (VR); Engelund-Fredsoe (EF);
Engelund-Hansen (EH); Acker-White (AW) y
Smart-Jaeggi (SJ). The original profile is also
shown as reference.
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Regarding the transport of sediment, the results
are shown in Figures 17 and 18 for the upstream
and downstream sections. Again no significant effects of the diversion is observed.
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The execution of the works started in April 2007
and concluded in August 2007, when the diversion became operational. The total movement of
soil and rock was 1.3 billion cubic meters in 5
months.
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Figure 15. Bottom channel level resulted from the model
with and without diversion works (upstream of the diversion)
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3.4 Hydraulic and sedimentological behaviour
assessment
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Figure 19 shows a frequency analysis of the flows
registered at Corrales Stream after the construction of the diversion channel.
During October 2007 (Figure 20) and November 2009, two extraordinary floods occurred and
no negative effects were detected. During these
events peak discharges of 800 m3/s (Tr = 3 years)
and 1400 m3/s (Tr = 30 years), respectively, were
registered.
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Figure 19. Histogram of the flow discharge for the operation
time period

Figure 17. Sediment transport resulted from the model with
and without diversion works in a section just upstream of
the diversion
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Figure 16. Bottom channel level resulted from the model
with and without diversion works (downstream of the diversion)

0.05

With diversion

0.045

Whitout diversion

0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005
0
0

50

100

150

200

250

300

350
400
Time (min)

Figure 18. Sediment transport resulted from the model with
and without diversion works in a section just downstream of
the diversion

Figure 20. Aerial view during the flood of October 2007.
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Figure 21. Sedimentation and deposition zone after the flood event in the longitudinal profile of the diversion channel

The sedimentological behavior of the stream was
evaluated from topographic surveys of the diversion channel cross-sections and the its longitudinal profile. A longitudinal profile of the channel at
the beginning of the diversion operation (August
2007) and after the last mayor flood event (December 2009) are shown in Figure 21. No significant changes on the bed elevation profile are observed. Erosion is observed in the first 60 meters
of the channel, but it is very mild, just 20 cm. Figure 22 shows this area in detail, it can be seen that
the erosion took place on the banks of the channel,
while the talweg remained unchanged.

EROSION

Figure 22. First cross section of the diversion channel with
the erosion produced for the flood event

As it can be seen form the aerial photos (Figure
20) the natural look of the stream is essentially
preserved. And since the construction, the system
has been working normally without hydraulic affectations neither upstream nor downstream of the
diversion.

3.5 Rehabilitation measures assessment
The implemented measures have been successful
to rehabilitate the connectivity of the stream corridor. Figures 23 and 24 show the upstream zone
of the diversion channel in two moments: immediately after the completion of construction and
once the re-vegetation measures were implemented.
The success of the rehabilitation measures was
the result of the fast grow of the vegetation cover
in the first two years. Using these as a starting
point, native tree species have also been planted
more recently.
Figure 23. Upstream zone of the channel after construction

4 CONCLUSIONS
This work presented the method and results of a
hydro-sedimentological study of the diversion of
the Corrales Stream in Uruguay. Results showing
the hydraulic and sedimentological behavior of
the diversion as well as the environmental measures taken during the operation phase have been
shown. A good calibration between the results of
the hydrologic, hydraulic, and sedimentological
models was obtained using stage and flow data
available.
The hydrological model was used to select the
flood hydrographs and their frequency in the catchment area situated upstream of the diversion.
The hydrodynamic model was used to determine

Figure 24. Upstream zone of the channel after re-vegetation
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the dimensions of the diversion channel and the
elevation of the protection levees. Results obtained with the sedimentological model by formulae of Van Rijn, Engelund-Fredsoe, EngelundHansen, Acker-White and Smart-Jaeggi, were
similar. The results of the sedimentological model
and the surveys after construction of the diversion
showed that no significant changes between the
situation with and without the diversion exist. The
general conclusion it is that the works of diversion
will not affect the sedimntological behavior of
Corrales Stream in the future.
The implemented models were able to adequately predict the hydrodynamic and sedimentological behavior of the diversion in the case of extreme events. In particular the ones occurred after
completion of the works in year 2007 and 2009.
Finally, the surveys after mayor flood events
showed that the re-vegetation with native species
of the embankment slopes and the canal margins
was a success.
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Impact of the flush discharge from a dam on the biotic and abiotic
river environment
R. Tsubaki, Y. Kawahara, Y. Nakadoi, Y. Iwakoke and H. Yoshitake
Hiroshima University, Kagamiyama, Higashi-Hiroshima, Japan

ABSTRACT: Due to regulation of river flow, there have been gradual but drastic changes on the biotic
and abiotic environment of rivers. These changes may have led to lowering of the quality of ecosystem
services provided by affected rivers. In this study, a flush discharge release was observed to estimate the
impact of a flush discharge on the river environments of an upstream reach of the Jyouge River, which
flows through the northern part of Hiroshima, Japan. The river reach that was assessed in this study is 8
km in length and is located just downstream of the Haiduka dam, which released a maximum flush discharge of 100 m3/s. Water stage hydrographs at 21 stations were recorded using the water gauges installed in the river. At two stations, water sampling had been conducted to quantify suspended sediment
(SS) and chlorophyll a (chl.a.) Two-dimensional flow simulation was performed to represent timedependent flow and material transport processes. Using the observed and simulated results, transport of
chl.a during the flush discharge was investigated．Then transport distance of chl.a and its relation to the
flood duration are discussed.
Keywords: Flushing flow, Dam, Attached algae, Numerical model, Environmental impact
flush discharge on the river environment is not
straightforward but complicated phenomena. For
example, changes in bed sediment composition,
meandering of channel geometry and plant migration interact with each other so we should evaluate
those effects in comprehensive manner to assess
the impact of the flush discharge on the river environment.
Hence, estimation of the effects of a flushing
flow in advance of actual water release is a challenging task, and the comprehensive method to
predict the impact on the river environment has
been not developed yet.
The design of a flushing flow is constrained by
environmental and financial considerations (Wu
and Chou 2004). To optimize the design of the
flushing flow, it is essential to estimate or predict
the environmental effects due to the flushing flow.
In this study, a flush discharge release conducted on March 25, 2009 was observed and twodimensional flow simulation was performed to estimate the impact of a flush discharge on the river
environment of an upstream reach of the Jyouge
River that flows through the northern part of Hiroshima, Japan.

1 INTRODUCTION
Regulation of rivers is effective measure to reduce
flood damage and utilize water resources. River
regulation by dam operation has induced gradual,
but drastic changes in the biotic and abiotic environment of rivers. These changes may lower the
quality of ecosystem services provided by affected
rivers (Tsujimoto et al. 2008).
Flushing flow is a river environmental restoration method used to mitigate the negative effects
of river regulation. Impacts expected from the
flushing flow include maintenance of bed sediment composition (recovering the ratio of fine and
coarse sediment, e.g., Downs et al. 2009), maintenance of channel and floodplain geometry and
maintenance of riparian and aquatic plants (e.g.,
Tsujimoto et al. 2001 for riparian vegetation, Tashiro et al. 2003 for periphyton, Battala and Vericat 2009 for macrophytes). These impacts were
provided by natural floods before river regulation
was initiated, but these impacts have become definitive after dam installations. Accordingly,
flushing flow has been implemented to restore the
river environment; however, the impact of the
1511

runoff, accordingly this area had suffered frequent
flooding damage. To mitigate flooding damage,
the river regulation methods such as dam construction, embankment installation and dredging
of the river bed, are effective and deemed to be
indispensable. However, due to river regulation,
the river environment has changed. For instance,
the fishery yield of the Japanese trout, Plecoglossu altivlis, has decreased. One of the reasons of
the Plecoglossu alivlis population decrease is due
to the reduction in the amount of fresh attached
algae, which is the main food source of the Japanese trout. To increase and maintain the amount of
fresh algae to feed the Japanese trout, periodical
disturbance of the river bed is essential. For this
reason, the flush discharge was planned and conducted in 2007.
In this study, a reach of the Jyouge River that
spans 8 km and is located 1 km downstream of the
Haiduka dam is explored to evaluate the impacts
of the flush discharge conducted in March 25,
2009. The mean bed slope in this reach is approximately 0.33%. The discharge hydrograph of released water is shown in Figure 2. The maximum
flow rate was 100 m3/s.

Figure 2. Released and measured discharge hydrograph. The
section measured by ADCP is located approximately 7.5 km
downstream from the dam, resulting in a lag time of approximately 30 min.

Figure 1. The study area of the Jyouge River.

2 THE STUDY AREA
3 METHODS

The Gouno basin is located in the north area in the
Chugoku district and drains an area of approximately 3,900 km2 (Figure 1). The mountainous
area accounts for 92% of the Gouno basin, and the
rest consists of 7% agricultural area and 1% urban
and residential area. Due to the high proportion of
mountainous area, the runoff process of this basin
is comparatively short and concentrated. Additionally, three large tributaries converge at the
Miyoshi basin and the peak discharge of these
three tributaries has been simultaneous, and this
condition has caused to rapid and concentrated

3.1 Bathymetry surveying
In advance of the flush release, we surveyed 70
cross-section profiles. At each cross-section, reference points for surveying were measured using
RTK-GPS (Real Time Kinematic-Global Positioning System, Nikon-Trimble, 5800/R8), then crosssectional points (13 points on an average) were
measured using the total station (Nikon-Trimble
Co., Ltd., NST-305CN.) The bathymetry survey1512

ing result is used to generate a flow simulation
grid.

corder, a battery and a sequence of blocks (7.8 cm
in diameter and 5 cm in height) with electric resistance. The sequence of blocks is connected to
form a parallel electric circuit as shown in Figure
3b. In this circuit, a constant electric voltage is
supplied and voltage recorder measures the voltage reduction by use of a parallel electric circuit
of resistances. This system is installed under the
river bed. If the bed surface was eroded, the top
block is flown out downstream. Loss of the top
block changes the electric circuit, which leads to a
passing electric current reduction. A time series
change of voltage indicates the bed degradation
during the flood. By using this system, the unsteady process of degradation at the measuring point
during the flood can be recorded.

3.2 Observation during flush discharge
During the flush discharge, an ADCP (acoustic
Doppler current profiler, RD Instruments Inc.,
Workhorse Monitor) was used to measure flow
discharge at cross-sections in the middle of the
measuring reach (symbol ▲ in Figure 1) and a
small tributary. Aerial photograph surveys from
low altitude using a remote control airplane were
conducted before and after the flush discharge to
obtain high resolution aerial images. These images were used to identify the surface cover and
its change after the flush release. Water stages at
21 stations were recorded using the pressure type
water gauges (Oyo Co., S&DL mini) installed in
the river. Locations of water-stage stations are depicted in Figure 1.
At two stations (an upstream station and a
downstream station, location of each station is depicted as symbol ● in Figure 1), we sampled one
liter of water at 30 min intervals to evaluate SS
(suspended sediment) and chl.a (chlorophyll a).
The sampled water was analyzed at a laboratory.

3.4 Flow and passive scalar transport simulation
A two-dimensional flow simulation was performed to represent time-dependent flow and material transport processes. In this simulation, twodimensional flow and scalar transport are modeled
by solving the following fundamental equations:
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and h = water depth, u and v = velocity components for x and y directions, respectively, c = concentration of passive scalar (chl.a in this study), g
= gravitational acceleration. Sfx and Sfy = bed shear
stresses for x and y directions and are estimated
using Manning’s friction parameter as follows:

Figure 3. Bed degradation sensor system.

3.3 Bed degradation sensor system
The scour depth sensor systems (see Figure 3) was
developed and installed in the bed to record morphological change during the flush flood. The sensor system is composed of an electric voltage re-

n 2u u 2 + v 2
n2v u 2 + v 2
S fx =
, S fy =
h4/3
h4/3
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(3)

where n = Manning’s friction parameter. S0x and
S0y = bed slope for x and y directions. Dx and Dy =
drag force due to vegetation, and estimated as:

4 RESULTS
4.1 Observed time-series changes on water
depth, chl.a and suspended sediment

Dx = 0.5Cd λhu u + v ,
2

2

D y = 0.5Cd λhv u 2 + v 2

In Figure 5, hydrographs of observed water depth,
chl.a and suspended sediment (SS) at the upstream
station (placed about 2 km downstream of the
dam) and the downstream station (9 km downstream of the dam) are compared. Locations of
both stations are depicted in Figure 1 using symbol ●. During the flush discharge, water depth increased from 30 cm to 150 cm at the upstream station, and increased from 80 cm to 200 cm at the
downstream station. At the upstream station, water depth was accomplished to the peak discharge
at about 18:30 (immediately after the peak flushrelease from the dam). At the downstream station,
the peak water depth was observed at 19:30. The
time lag of peak water depth (and local flow rate)
between the upstream station and downstream station is approximately one hour. The profiles of the
chl.a and SS concentrations show clear peak during the raising stage of water depth. Concentrations of chl.a and SS at the downstream station are
about twice as much as those at the upstream station. This means that the influxes of chl.a and SS
are larger than those of out-fluxes in the section
between the upstream and downstream stations.

(4)

where Cd = drag coefficient, = frontal length
per unit area. In this study, diffusion, settlement
(sink) and pickup (source) of the scalar are not
considered; only convection effect is considered.
The fundamental equations are solved using the
finite volume method with a triangular unstructured grid system. The flux difference scheme is
used to achieve both stability and accuracy for the
calculation (Shige-eda and Akiyama 2003, Benkhaldoun et al. 2007). In Figure 4a, the discretized
domain used in the flow calculation is depicted.

Flow
236
m
225
209

m
200 m
1000 m

215

(a) Bed elevation

Bare
Grass
(broken during flood)
Wood and grass
(not broken)

1000 m
(b) Bed surface cover

Figure 5. Time-series change of chlorophyll a (chl.a, μg/l)
and sediment (ss, mg/l).

Figure 4. Flow simulation grid.
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represent the observed result profiles, which indicate that the general flow structure can be reproduced by the flow simulation used here.

4.2 Bed degradation
In Figure 6, the time-series change in the recorded
voltage of the bed degradation sensor is depicted.
At 18:00, the recorded voltage abruptly declined,
which indicates that the upper block of the sensor
was exposed to the flow and washed out. Therefore, the bed degradation of approximately 5 cm
(height of the block) occurred at that moment. It is
confirmed that bed shear stress at this point

4.4 Transport and exchange of chl.a
concentration
Figure 8 shows simulated and observed chl.a concentrations at the upstream and downstream stations. In the chl.a transport simulation, diffusion,
sink and source are neglected and pure convection
is considered. Difference between the simulated
and the observed values shows net gain of chl.a
for the water mass convected from the upstream
station to the downstream station. As shown in the
lower part of Figure 8, the field sample value is
about twice as much as the pure convected profile
(simulated result). The net gain in chl.a concentration shows that the amount of chl.a supplied from
the river bed is larger than that settling on the bed
in the reach between the upstream station and the
downstream station. The chl.a concentration in the
dam water is 3 μg/l, namely the concentration of
phytoplankton is comparatively low in the flow
under stable conditions. The high concentration of
chl.a is originated from the algae, which has been
detached from the river bed in the reach between
the dam and the upstream station. Namely, the difference between the observed and the simulated
concentrations of chl.a at the downstream station
shows that a net gain of chl.a originated from the
attached algae removed from the river bed.

Figure 6. Recorded voltage change of bed degradation sensor during the flush event.

4.3 Validation of simulation

Figure 7. Comparison of simulated and measured stages at
stations 12, 14 and 16.

Figure 8. Comparison of measured and simulated timeseries changes of chl.a.

Figure 7 presents a comparison of observed and
simulated water stages at three stations. The simulated water stage hydrographs adequately
1515

4.5 Transport distance of chl.a

work of the hydrograph design of a flush discharge from the viewpoint of the material transport were discussed. We would like to analyze
more field data to verify applicability of this concept.

By comparing the chl.a profiles of the upstream
and downstream sections of the simulated result,
convection velocity of chl.a transport can be evaluated. The convection velocity of chl.a concentration is identical to that of water mass, namely
flow velocity. The first inflection point of chl.a
concentration at the upstream station takes 3.5
hours to arrive to the downstream station. The
second inflection point arrives 1.5 hours later (see
gray additional lines on Figure 8). As demonstrated in Figure 5, the lag time of peak water depth
(and discharge) at the upstream station and the
downstream station is about an hour. In the open
channel flow, a flood wave travels faster than the
local velocity of water (e.g., Sato and Watanabe
2000). Therefore, chl.a that has been detached
from the river bed during the rising phase of the
flood will settle to the river bed at a specific
downstream distance L because chl.a is left behind
the flood due to the difference of chl.a transport
velocity C and the flood propagation velocity U.
The distance of chl.a convection during the flood
with duration time of T is roughly estimated as
L≈

C
1−U
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Namely, if the flood duration of the flush discharge is short, transported algae will settle at the
point close to the detached area, and it can be said
that only one-time implementation of the flush release is insufficient to flush of the organic matter
from the river bed. To flush out the organic matter
deposited or attached on the river bed effectively,
it is necessary to conduct a long-duration flush release, or short but repetitive implementation of the
flush release.
The traveling distance of the materials depends
on the flush hydrograph pattern. The difference of
the flood propagation velocity and the material
transport velocity can be analyzed based on the
hydraulics, so the traveling distance can be estimated analytically or by using the numerical flow
simulation.
5 CONCLUSION
In this study, field observation was conducted to
record flow and transport phenomena during the
flush discharge conduced in the Jouge River on
March 25, 2009. The numerical flow and transport
simulation was also conducted to analyze flow
characteristics and the transport mechanism. A
simple equation to estimate the traveling distance
of the suspended matter was proposed and frame1516
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ABSTRACT: New EU regulations and expected changes in climate are translated into river restoration
projects in ways that require knowledge from science and policies to be integrated with local and experiential knowledge in the design and development of hydro-morphological structures, with the aim to improve ecological conditions. This raises the following questions: what forms of knowledge integration
underlie current planning, design and execution of hydro-morphological interventions? Are these adequate? This paper presents research conducted from 2009 to 2010 in the Rhine river basin taking a case
study from the Netherlands as an example. The research is transdisciplinary; it studies processes of integration of the social and natural sciences (like hydraulic engineering) and, by engaging with professional
practice, also of experiential knowledge. It does not deal with technical aspects of river engineering. The
case study examines the integration of knowledge in the design of the ‘Doorbraak’, a 13 km river engineering project in the east of the Netherlands. The analysis of the integration processes was performed by
a group of scientists, water management professionals and policy makers in a two day interactive event;
the group itself is experimenting with co-creation of new knowledge. The case study is part of a research
program called: “Knowledge in action in river restoration in the Rhine river basin”.
Keywords: River engineering, Planning and decision making, Knowledge arrangements, Co-creation,
Community of practice
policies like the European Water Framework Directive (WFD) and climate adaptation into river
projects. Also the WFD takes international river
basins as unit of planning, and the importance of
closing cross boundary gaps in knowledge is essential.
In river engineering water managers have to
cope with different perspectives on the importance
of ecological objectives and standards, on priorities and investments, on evaluations of the impacts of measures and last but not least with landuse issues. Science in all countries abutting the
Rhine is contributing to the improvement of understanding, for example by developing Decision
Support Systems and models to facilitate planning. But the use of these scientific tools in practice is problematic. The same is true for stakeholder involvement. Stakeholder consultation has
been institutionalised in regulations. The WFD for
example sets a frame for stakeholder involvement
and participation (Kaika and Page (2003)).

1 INTRODUCTION
In planning river engineering projects, water management meets competing land and water users
and usually this leads to complex negotiations.
The interests of many must be translated into a
concrete project with a workable design. These
translation processes are interesting because not
only local interests and expert knowledge are at
issue but also the legitimacy of sciences, public
policies, and technocratic strategies.
Researchers (Funtowicz & Ravetz 1993, Gallopin et al. 2001, Stirling 2006) have highlighted
the changing roles of scientists, policy makers and
water management professionals in planning.
Gaps are recognized between scientific knowledge, practical experience of water management,
experience of policy makers and knowledge of
stakeholders. Knowledge integration in river basin
management is seen as one of the crucial elements
of river basin regime formation (Lindemann,
2008) and is considered essential for translating
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McDermott 2002). Representatives from each of
the participating countries, with knowledge in a
range of sciences, practical and policy experience,
and who have stakes in actual river engineering
projects, form the CoP membership.
Our research is positioned in the context of the
following policy landscape:
1. Implementation of the Water Framework Directive (European Commission 2000) and the
General European ambition to improve the
environment and the ecological quality of water systems, expressed for instance in the Natura 2000 legislation (European Commission
1992).
2. Climate change. The need for adaptation to
probable hydrological impacts of climate
change is being translated into projects to enhance the resilience of water systems in order
to cope with greater volatility in weather patterns and resultant (more extreme and more
frequent) floods and droughts.

In the last decades considerable research has
been dedicated to the integration of knowledge in
water and river basin management c.f. EU programmes like SLIM (Blackmore et. al. 2007),
Harmonicop (2005), and Newater (Pahl-Wostl et
al. 2008). These studies build on the understanding that new forms of collaboration emerge as a
result of social learning as an organised form of
knowledge integration (Blackmore et al. 2007).
This paper describes a research programme that
takes knowledge integration in planning and decision taking in river engineering projects as the object of study. The three country studies are ongoing. The results reported here thus are
preliminary. The case study presented provides an
example of the conceptual framing, the research
approach, and the initial results.
2 THE KNAC RESEARCH
Before entering into the case study, this section
presents the KNAC research1. KNAC is part of
the IWRM-net research programme2 funded by
the EU FP6 programme, with additional German
and Dutch research funding.

2.2 Theoretical Framework

“Knowledge in Action in the Rhine river basin
hydro-morphological restructuring” (KNAC) is
about knowledge integration in modern river engineering projects on a local scale. Our assumption is that improvements in knowledge integration, by joint learning among scientists,
professionals and policy makers, is possible. The
main elements are:
1. Assessment of knowledge integration in planning and decision making in river engineering
activities in sub-basins of the Rhine river basin, based on literature studies and interviews
with key stakeholders.
2. Joint testing with stakeholders of approaches
to knowledge integration by means of transdisciplinary field study events, each of two
days. The first field study is presented in section 3;. The second was held in April 2010
along the river Kyll in Germany; and the third
in May 2010 along the Kander in Switzerland.
3. Formulating general principles, relevant to all
European river basins, for improving knowledge integration.
The research is executed by a ‘community of
practice’ (CoP) (Wenger 2000, Wenger &

In river engineering projects, knowledge from
science and policies mixes with local knowledge
and experiential knowledge, flowing into the design and development of hydro-morphological
structures. During the design process new knowledge may be formed and old practices and routines may become unnecessary or become an obstacle to a smooth execution. Regeer and Bunders
(2009) propose two modes of knowledge integration. Mode 1 corresponds with the view that
knowledge can be ‘transferred’ between people.
The underlying metaphor of transfer here implies
that ‘knowledge’ has become stabilized and packaged in some formal way as information and that
packages of information about knowledge are sent
by researchers to receivers (policy makers and
practitioners). The process of knowledge creation
typically is experienced as (and designed to be) a
step by step process, starting with research and
ending in its integration in practice. Every step
asks for the translation of knowledge into a form
thought to be relevant, usable and understandable
by the next user. In translation elements usually
get lost or re-interpreted.
Payne3 distinguishes between:
1. Lost before translation: Researchers are producing answers but the questions are not the
ones practitioners are interested in.
2. Lost in translation: Researchers are producing
the answers that practitioners need, but the

1

3

2.1 Introduction

More information on KNAC: http://www.knaciwrm.eu/knac/knac_de/index.html (30-Jan. 2010)
2
http://www.iwrm-net.eu/ (30-Jan. 2010)

Presentation at the IWRM-net conference Febr. 2009 in
Brussels, see: http://www.iwrm-net.eu/spip.php?article191
(30 Jan. 2010)
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sion or the international Rhine WFD implementation project group.

practitioners are not aware of the answers (or
do not understand them).
3. Lost after translation: Relevant, accessible research results are available to practitioners,
but they do not use them.
In mode 2, ‘co-creation’ (Regeer and Bunders
2009), new knowledge emerges from interaction.
In this emergence process ‘knowledge’ still has a
transient form as participants’ jointly co-create
knowledge. The assumption is that no losses before, in or after translation are made, because of
the intensive interactions.
Following this theoretical argument our key research questions are: What forms of knowledge
integration underlying current planning, design
and execution practice of hydro-morphological interventions exist? Are these adequate?
In discussions on theory in the CoP the metaphor of baking a cake has been used. Integrating
knowledge following mode 1 is like ‘dividing a
cake’. Every stakeholder has his own piece and
maintains the integrity of that piece. In mode 2 a
new cake is baked. Boundaries of knowledge lose
significance in the newly baked cake. Co-creation
is compared with ‘baking a new cake’.

3 FIELD STUDY ‘DE DOORBRAAK’
On 30th of November and 1st of December 2009 a
CoP meeting took place in the area of the Water
Board Regge and Dinkel (Fig.1). The objective
was to conduct a field study of a river engineering
project, called ‘The Doorbraak’. The Water Board
is responsible for the project management of the
Doorbraak.
During the field study key stakeholders from
the region were invited to join in interview-based
investigations ‘in the field’. Together with water
managers, local stakeholders, policy makers and
CoP members they engaged in a systematic analysis of and reflection on the project (see section
3.1). The field study involved fourteen CoP members and eleven local stakeholders in two activities;

2.3 Assumptions
The basic normative assumptions we make are
that:
• In water management practice losses before,
in and after translation do occur.
• Knowledge integration needs to evolve (given
the overall contextual landscape already
noted) so as to enable ‘co-researching’ among
stakeholders.
• A qualitative analysis of knowledge integration, drawing on the three CoP-based field experiments with co-creation, and additional researcher-based assessments, yields relevant
lessons of general applicability.
We are interested in understanding how, in
each of our sites, the interactions between research and practices are organized, at three levels:
1. local,
2. regional (or national),
3. trans-national (river basin) levels.
The local level is understood as the level where
realization of projects such as river restoration,
construction of retention measures, flood protection, urban water system improvement, take place.
The regional level is where policies, strategies and
plans are formulated, such as sub catchment river
basin plans for WFD implementation. The third
level is where states or nations coordinate their
policies and strategies, as in the Rhine commis-

Figure 1: Map of the Rhine River Basin with location of
the Doorbraak

1. Studying the actual knowledge integration in
this river engineering project, together with
local stakeholders and governmental parties.
2. Monitoring the methods of knowledge creation used during the field study experiment, in
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the ‘urban’ branch, thus improving the water
quality in an important part of the Regge river
basin and contributing to WFD objectives.
2. Prevention of floods in the city of Almelo. The
new brook serves as a detour canal for water
flowing in the direction of the city of Almelo.
The brook (being 75 meters wide) also contributes to enhancement of the resilience of the
water system to extreme climatic events by
creating more space for water.
3. Establishment of an ecological connection
zone between two rural areas by crossing areas of housing, railways and highways. Over
time, the Doorbraak also will enhance landscape values and incorporate recreational and
educational functions.

order to analyse and assess the added value of
these methods.
A crucial element in the field experiments is
that the hosting party must benefit from the results. Therefore attention was been paid to preparing the study together with the Water Board of
Regge and Dinkel officials. Their expressed need
was to be able to formulate explicit learning
points and lessons for planning and decision taking, drawing on the ‘knowledge integration’
among CoP members.
3.1 The Doorbraak
De Doorbraak (The Breakthrough) is a newly
constructed 13-km long brook through Twente to
the South of Almelo (see Fig. 1 and 2) in the
Regge river basin. The Regge is a tributary of the
Vecht, which flows into the IJsselmeer.

Figure 3: areal view on the Doorbraak. Picture: Water Board
Regge and Dinkel

Figure 2: The Doorbraak, south of the city of Almelo, crossing rural areas and infrastructure.

3.2 Conceptual Framework

The project was initiated by the Water Board
Regge & Dinkel and the province of Overijssel.
The preparations first started about twenty years
ago and are planned to be finished in 2014, after
which the water will stream through the new
brook, following the trajectory of existing smaller
brooks and new cuts about two metres deep
through a hydrological boundary (this is why it is
called the ‘Breakthrough’). The Water Board estimated the total cost at forty million euro. The
stakeholders are three ministries, two water management and land use agencies, three municipalities, farmers, citizen organizations, nature conservation
organizations,
land
consolidation
commissions, recreational organizations, businesses, engineering consultants, universities, utility companies, and private investors.
De Doorbraak serves three major goals (Fig.3):
1. Separation of urban and rural watercourses.
The cities of Enschede, Almelo and Hengelo
(about 700.000 inhabitants) produce polluted
water that flows into a branch of the Regge
river. The Doorbraak connects two rural
branches while making it possible to separate

In discussion with the CoP a conceptual frame has
been formulated which makes comparison of
knowledge integration of the field studies in
KNAC possible. This frame was adapted from
theories of knowledge systems and cognition. Research (Röling, 2002) shows that competent decision making in networks of interdependent actors
is a result of continuous interaction between different elements (or kinds) of knowledge.
Bawden & Röling (Röling, 2002) have developed a model (Fig.4) of cognitive systems based
on research on cognition and learning. The model
connects four elements that are present in any
cognitive entity. It shows that the values and
emotions of the actors with a stake in the planning
and decision taking, perceptions of the environment in which the entity exists, the actors’ theories about this world, and the action taken in it, are
connected with each other. The assumption is that
integration of knowledge in planning and design
takes place when sufficient attention is paid to all
the elements and when there is a measure of coherence among them. Further, stakeholders’ insights about each others’ ‘knowledge elements’
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sulting the public’. New forms of communication,
involving interaction and stakeholder participation, have come into practice since 2000, confronting project managers with new knowledge
perspectives
The interviewed stakeholders expressed different views on the communication processes in and
about the Doorbraak. Some praised the ‘interactive information’ meetings on the plans and the
designs that have been held throughout, at which
participants were invited to contribute to the design of the Doorbraak. The detailed design of the
brook was left flexible on purpose by the Water
Board designers in order to create space for adaptation of the designs and plans by local inhabitants
and house owners. This emphatically ‘open’ and
flexible attitude of the Water Board was recognized and respected. Also much attention has been
paid to transparent information sharing (website,
newsletter, meetings, drawing media attention
etc.).
But there was also criticism. Some farmers
complained about the project’s multiple objectives
(see point 2). They claimed they did not understand the rational of the project anymore. They
particularly expressed their problems with the inclusion of nature goals. They agree with the water
drainage objective, but disagree about the nature
development side of the project. And they complained about the lack of personal contact (“I have
good coffee at home”)4.
The nature – agriculture tension was not only
expressed by the farmers. Water Board experts
and officials mentioned it too. The experts did not
have professional ecological expertise and all of
them mentioned their ‘good learning experience’
relating to how to match ecology with civil engineering, hydrology and supervision by learning
from the implementation process. Still, it was
clear that ecology lies outside the professional
routine of Water Board experts.
The Ministry representative expressed the view
that knowledge interaction among political, technical and management levels was not flowing
smoothly. People were talking “different languages”.

helps to improve the integration of diverse knowledge into planning and decision taking.

values,
emotions,
wanting

perception
of the environment,
knowing

theories,
understanding

action,
Being able

Figure 4: Model of a cognitive entity

3.3 Data collection and methods used
The research was executed by members of the
CoP as well as the policy makers and practitioners
engaged in the research process. The following
methods for data collection were used:
• Study of project reports and maps.
• Presentations from officials of the Water
Board and round table discussion of questions.
• Field visit with officials of the Water Board.
• Interviewing of invited stakeholders. As most
members of the CoP did not have any interview experience these were prepared carefully. A semi structured question list was distributed (based on the four elements of the
conceptual framework shown in figure 4) to
teams of two interviewers. Eleven interviews
were conducted with: farmers, officials from
local, regional and national governments, nature organization and house owners living
along the Doorbraak.
• Analysis of interview reports in a plenary session, using the conceptual framework.
• Plenary discussion of the findings of the
Doorbraak analysis.
• Plenary self evaluation of the co-creation
process during the research.
The field study was prepared by a team from the
Water Board of Regge and Dinkel and the University of Wageningen.
3.4 Presentation and discussion of findings on
integration of knowledge in the Doorbraak
project.
Three issues were highlighted in the discussions
among CoP members on the findings and analysis.
These three issues are presented in this section.
1. Communication and knowledge interaction.
During the life cycle of the Doorbraak project
communication practices have evolved. In the
1990s communication between government and
the public was understood as ‘informing or con-

4
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The interviewed farmers were still in negotiation with
the water board. Of a total of 160 involved farmers, 10
are still negotiating transfer of land ownership to the
project. These negotiations are connected to the construction of a new industrial site. A complicating factor
is that land prices are rising because of the ‘speculation
value’ of the new industrial site.

how can the success be effectively monitored in
these terms? Two issues arose during discussion:
• Engineering a new ‘natural’ brook is in essence unnatural. And therefore much attention
is being paid to landscaping, design of infrastructure, ecological design etc. The question
becomes: what criteria exist to measure the
degree to which an engineered construction is
sustainable?
• The mean width of 75 meters is justified as
‘being necessary to create enough habitat for a
functional ecological zone’ and as ‘the area
needed to have enough space for water in order to safeguard the protection of Almelo
against floods’. But on what criteria are these
statements built? The point was made that here
scientific evidence or knowledge should play a
role, but often certain knowledge is lacking at
the time decisions have to be taken. And what
knowledge might be used to monitor such
claims?

Figure 5: View on the Doorbraak. Picture: Water Board
Regge and Dinkel.

2. Goals
During the project life cycle, new objectives
were added to the initial goal (flood management,
and separating urban and rural water flows in order to improve the water quality). The project has
all the characteristics of a masterful adaptive implementation strategy or a ‘learning by doing’
strategy. New policy priorities were translated
into the planning (like the ecological main structure and the European Water Framework Directive) and unexpected windows of opportunity
were used (like the flooding of the city of Almelo
in 1998 and the sense of urgency thereafter, and
the construction of a new industrial site south of
Almelo). This impacted on the design. For instance the initial mean width of the required zone
was 25 metres, but after ecological goals were
added this became 75 metres.
New policies and windows of opportunity presented also new financial opportunities. The Water Board could finance only part of the project
investment costs and other funding was needed.
Therefore subsidies (from Europe) and contributions from other parties (province, municipality
Almelo, ministry) have had to be sought and integrated. The art of searching for additional sources
of finance and integrating these in the project is
called by Water Board experts “financial engineering”. The definition of the goals of the project
has been heavily influenced by this dependency
on (or, integration of) external funds. “Everything
of this project is about money” (project manager)
3. Monitoring Success
Because of the adaptive nature of the project
and the flexible goal setting the monitoring of
success became very important but it also became
more complicated. An integrated project like the
Doorbraak is framed as improving the sustainability of the region. But how to monitor and measure
progress toward sustainability? Also, the project is
presented as an improvement of the Twente landscape and of course as an ecological zone. But

3.5 Analysis of co-creation in the CoP
The CoP members conducted a self evaluation of
the ‘cake baking’ (co-creation of knowledge) during the field study.
During the field study knowledge and experiences were shared between the Water Board and
the other CoP members. The awareness increased
that the KNAC participating countries face common problems and have similar approaches to
finding solutions. The members’ practical knowledge, based on experience, was used to form suggestions to the Water Board and included improving the communication strategy and recognising
the importance of mobilising scientific evidence
to support project objectives.
At the final evaluation there was a positive
feedback from CoP members. The working atmosphere was perceived to be constructive and,
between the CoP members themselves,
a
‘friendly professional relationship’ began to
evolve. The cultural differences between the
Dutch and German participants were not as important as expected beforehand.
4 DISCUSSION
One field study does not produce enough empirical material to be able to execute a profound analysis of knowledge integration. But going back to
the research question: “what forms of knowledge
integration underlying current planning, design
and execution practice of modern river engineering exist?” preliminary answers may be formulated. A ‘red thread’ in the CoP’s findings (sec1522

sion to construct the Doorbraak itself was nonnegotiable, the design procedures were flexible
and responsive to a range of stakeholder concerns.
In this regard, the co-financing imperative proved
a strength in terms of knowledge integration, enabling the project to push toward greater multifunctionality over time. Indeed, the Water Board
professionals see the ‘financial engineering’ experience as a crucial factor in project success.
Land acquisition provided other opportunities for
knowledge integration. Farmers and inhabitants
were invited to translate their local interests into
the design, on the condition that the overall design
criteria were honoured. Many seized the opportunity (although a few farmers still refuse to negotiate).
The second research question of KNAC is ‘Are
actual forms of knowledge integration in river engineering adequate?’
The CoP found that the Water Board is strong
on the action and explicit strategy side. It is quick
and pragmatic in seeking and integrating new
knowledge when needed. But on the other side,
their discourse on the deeper values and emotions
stirred up by a complete new waterway remained
superficial and ‘distant’. A question here is
whether the project management not only should
involve stakeholders in planning and execution issues (as they did), but also should initiate a broad
regional dialogue on the transformation of an old
agricultural landscape into a new ecological waterway and, if so, at what stage(s) of the planning
and decision making process. The CoP experienced co-creation of knowledge itself during the
two day field study event. This experience was
evaluated as rich and powerful. But how widely
applicable is this kind of interactive meeting
among different knowledge fields in the planning
and decision-making processes involved in river
restoration? The findings and analysis from the
completed KNAC project will be reported at end2010.

tion 3.4) is the observation that ‘different languages’ are spoken. In the field study interviews
the following discourses were recognized:
• The need to increase the safety of the city of
Almelo against floods. After severe flood
damages in 1998 the Doorbaak project was
framed as an effective detour channel for water flow around Almelo.
• The need to enhance ecological values. First
the Doorbraak was framed as an interesting
ecological connection zone between two nature areas, divided by the urbanized areas.
Later European legislation (Natura 2000; European Commission 1992 and WFD; European
Commission 2000) heightened the perception
of the need for ecological improvements (but
also thereby increasing the potential for conflict with farmers’ perceptions of their interests).
• Farmers’ need to keep space for entrepreneurial growth . Farmers argue that any
change of function in agricultural land and
water decreases the potential to develop their
business in the future.
• Regional governments and developers of industrial sites frame the Doorbraak project as
an improvement of the traditional Twente
landscape, that is today considered to be of
‘high cultural value’.
• Scientists and specialists question the scientific underpinning of design choices (why 75
metres?) and the problems with monitoring of
success. On what grounds can cost benefit
analysis be made?
The question is how were these discourses integrated in the Doorbraak project?
As the Water Board is responsible for project
management their role must be considered first.
The CoP observed that the Water Board shows an
impressive capacity to engineer and realise a
complete new infrastructure of 13 km in a context
of constrained funding, continuous re-negotiations
on the objectives and (until now) land acquisition
only on a voluntary basis. The Water Board officials who were interviewed showed a remarkable
motivation for the project ‘I take my grandchildren here to show them’, ‘This project is my
baby’. Engineering of an integrated design clearly
resonates with their professional interest.
The strategy was one of going slow and benefitting from opportunities when they appeared.
New policies (flood control, WFD, Natura 2000)
were integrated into the planning when they came
into force, and provided legitimacy for decisionmaking, and local opportunities (new industrial
site, connection with a nature area) were seized
whenever possible. The planning may be characterized as an adaptive process; although the deci-
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ABSTRACT: Understanding the mechanisms through which the momentum and Reynolds stresses are
redistributed in strongly curved bends is directly relevant for flow in natural river configurations. In this
paper, Detached Eddy Simulation (DES) is used to calculate the flow and turbulence structure in a single
open channel 1930 bend of very high curvature for which the ratio between the mean curvature and the
channel width is close to 1.3. For these conditions, the strength of the cross-stream motions and anisotropic effects are very important. This makes it a very tough test case for numerical models. The threedimensional velocity distributions predicted by DES are compared to the data obtained from an experiment conducted at EPFL-Lausanne. Results show that DES satisfactory capture the distribution of the
streamwise velocity in the mean flow and, more important, the distribution of the streamwise vorticity in
relevant cross-sections. Comparison with Reynolds Averaged Navier Stokes (RANS) simulations shows
that DES is significantly more successful in predicting the velocity redistribution in the channel as a result of the non-linear interactions between the main flow and the cross flow induced by the channel curvature. The success of DES is particularly important, as this technique can be used to conduct numerical
simulations at Reynolds numbers close to those present in the field, thus allowing the study of scale effects.
Keywords: Numerical Simulations, Curved Bends, Open Channels
flow velocity and bed shear stress increase in the
region close to the outer bend where erosion is initiated and a pool is created. As the scour develops
at the outer region of the bend, the transversal
slope increases until the force induced by the secondary current (main cross-stream circulation
cell) against the transversal slope is balanced by
the (downwards) component of the gravitational
force acting on the sediment particle in the same
direction (e.g., Odgaard 1981). At this point equilibrium is reached and the large-scale features of
the bathymetry do not change significantly in
time. Hence, the cross-stream circulation indirectly determines the flow field by shaping the bathymetry.
In recent years, several fully 3D computations
of flow and sediment transport in loose-bed open
channels have been performed for bends of moderate curvature for which the ratio between the radius of curvature of the bend, R, and the channel
width, B, was larger than 4 (e.g., Wu et al., 2000,
Khosronejad et al., 2007, Zeng et al., 2008b). In

1 INTRODUCTION
Natural rivers are seldom straight over distances
larger than a few channel widths. The secondary
flow and associated cross-stream circulation in the
curved and meandering regions play an important
role in the transport processes (e.g., sediment,
contaminants).
The flow, sediment transport and associated
bathymetry evolution in curved channels are determined to a large degree by the helical motion of
the water due to the action of the centrifugal
forces present in regions of relatively high channel curvature. In the region close to the outer
bank, the shear stress is strongly amplified in the
downstream part of the curved region, and some
distance past it, before the flow and shear stress
distributions recover toward the values associated
with straight open channels. Near the bed, sediment particles move toward the inner bank where,
eventually, they deposit and raise the bed level by
forming a point bar. Concomitantly, the mean
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and for wall roughness effects compared to an advanced hybrid RANS-LES model like Detached
Eddy Simulation (DES).
The present study uses DES (e.g., see Constantinescu & Squires, 2004 for a more detailed discussion of the model) to investigate the flow and
turbulence structure in open channel bends of high
curvature. The good performance of DES in predicting massively separated flows and junction
flows (e.g., flow past bridge piers, bridge abutments, groynes, etc.) over a wide range of Reynolds numbers, in particular compared to RANS,
was already proven (e.g., see Constantinescu et
al., 2003, Chang et al., 2007, Koken & Constantinescu, 2009, Kirkil et al., 2009, Kirkil & Constantinescu, 2009). However, flow in curved bends do
not automatically fall into this category, especially
if large emerged / submerged islands or hydraulic
structures (e.g., groynes installed to protect
against bank erosion) are not present. Thus, a
careful assessment of the performances of DES
for this type of flows is needed.
One should also mention that, once validated,
DES can be a powerful technique to study flow in
natural streams not only compared to other numerical approaches, but also compared to experiment.
Though in many regards the ideal way to go, detailed field studies of flow in natural river bends
are relatively scarce (e.g., Thorne et al., 1985) because of the high costs involved. Moreover,
changing conditions in the river during the measurement period adds another level of complexity
that has to be taken into account when analyzing
the data and using it for validation of numerical
models. The resolution at which the measurements
are performed within the area of interest in such
field studies and the accuracy of these measurements are lower than those of state-of-the-art laboratory experiments. Such experiments conducted in controlled environments allow a detailed
investigation of the mean flow and turbulence
structure (e.g., Blanckaert, 2002). Still, in many
cases such experimental investigations also report
detailed measurements only in one or few cross
sections which are not enough to exactly determine the position and strength of the large-scale
coherent structures in the flow. Such measurements do not allow to accurately estimate the distribution of the friction velocity at the bed and the
sidewalls, nor that of the pressure root mean
square (rms) fluctuations. This is a serious shortcoming, as the entrainment of sediment particles
is driven by the local values of the bed friction
and the pressure rms fluctuations. On the other
hand, most of the detailed experimental investigations of flow and sediment transport in curved
open channels were conducted at channel Reynolds numbers less than, or around, 105. A main

all these studies, one or two equation isotropic
Reynolds Averaged Navier Stokes (RANS) models were used to account for turbulence effects.
Zeng et al. (2008a) were the first to report 3D
RANS simulations with movable bed and with
fixed deformed bed corresponding to equilibrium
conditions in a very sharp open channel bend
(R/B=1.3). The test case (Blanckaert, 2002) was
designed to include all processes occurring in the
natural river environment in an exaggerated way,
in order to make them better visible and to allow
validation of 3D morphodynamic models by
means of an extremely severe test case.
Comparison of the results of these two RANS
simulations with experimental measurements performed at equilibrium scour conditions by
Blanckaert (2002) showed that discrepancies between measurements and RANS predictions were
due both to failure of the flow module of the morphodynamic code to predict the flow and turbulence structure in the bend and to deficiencies in
the modelling of the sediment transport which determines the evolution of the bed. This means that
to increase the accuracy of numerical models used
to predict flow, sediment transport and morphodynamic changes in loose-bed open channels and
natural streams, more complex sediment transport
(in particular, bed-load transport) models and
more complex turbulence models have to be used.
Even for flat bed conditions corresponding to
the initiation of the scour and deposition process,
there is wide agreement that to qualitatively and
quantitatively capture the intricate cross-stream
flow pattern in the curved bend (e.g., the formation of the outer bank cell of cross-stream circulation), an advanced turbulence model capable of
accurately resolving turbulence anisotropy effects
and the kinetic energy transfer between mean flow
and turbulence is needed (e.g., see Blanckaert &
de Vriend, 2004, 2005).
Among the options available to increase the
accuracy of the predictions of the mean flow and
turbulence structure in curved open channels and
natural streams are useing anisotropic Reynolds
stress RANS models, Large Eddy Simulation
(LES), or hybrid RANS-LES approaches. As our
long term goal is to be able to use the same numerical model to study flow and sediment transport in natural streams at field conditions, the use
of a hybrid RANS-LES model that allows performing eddy resolving simulations at field channel Reynolds numbers (e.g., around 106) appears
the best option. This is because well-resolved LES
is too expensive to simulate the flow at such high
Reynolds numbers, while standard LES with wall
functions uses a much more simplified approach
to account for the processes in the near-bed region
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scheme and second-order central scheme. All other terms in the momentum and pressure-Poisson
equations are approximated using second-order
central differences. The discrete momentum
(predictor step) and turbulence model equations
are integrated in pseudo-time using alternate direction implicit (ADI) approximate factorization
scheme. The Spalart-Allmaras (SA) one-equation
model was used as the base model in DES and to
perform the RANS simulation. Time integration in
the DES code is done using a double timestepping algorithm. The time discretization is
second order accurate. Validation of the DES code
for flow in channels with bottom mounted cavities
and flow past surface mounted bridge piers is discussed in Chang et al., (2007) and Kirkil and Constantinescu (2009).
Figure 1 shows a sketch of the flume in which
the M89 mobile bed experiment was carried by
Blanckaert (2002). The flume consisted of three
sections: a 9 m long straight inflow channel reach
followed by a 193º bend with constant centerline
radius of curvature R=1.7 m and a 5 m long
straight outflow reach. The total length of the
flume was 22.7 m along the centerline. The
width of the flume was B=1.3 m and the sidewalls
(banks) were vertical. The bed was covered with
quasi-uniform sand with an average diameter of
about d50=2mm. The bathymetry was measured
after the flow and sediment transport reached
equilibrium. Also detailed velocity measurements
of the flow at equilibrium conditions by means of
an Acoustic Doppler Velocity Profiler are available in representative sections for validation (for
more details see Zeng et al., 2008a). The inflow
discharge was 0.089 m3/s. The Reynolds number
and the Froude number calculated using the
flume-averaged flow depth and the flumeaveraged velocity were 68,400 and 0.41, respec-

question is to what extent the findings from these
detailed experimental investigations apply in the
field, where the Reynolds numbers can be much
larger than 106. Investigation of scale effects using
DES can help answer some of these questions.
While in the case of a flat-bed curved channel,
one can argue that the use of LES (e.g., van Balen
et al., 2009) or hybrid RANS-LES approaches
should result in more accurate predictions of the
flow and turbulence compared to RANS because
of the importance of turbulence anisotropy effects,
in the case of a more complex bathymetry the answer is not so obvious as most of the secondary
motions are primarily pressure driven. This is
however an essential question, as after the initial
stages of the scour process, the bathymetry features start playing an important role in the redistribution of the mean flow and the formation of
shear layers and secondary large-scale vortices.
Moreover, natural streams have always a deformed bed. If switching from RANS to a hybrid
RANS-LES model will result in a significant improvement of the mean flow and turbulence structure in the open channel at all, or most, stages of
its evolution toward equilibrium, then one can argue that the use of such eddy resolving models in
codes that have the capability to predict sediment
transport and the bathymetry should be undertaken. Better predictions of the mean flow and turbulence will result in a more accurate prediction
of the bed shear stresses and of the other quantities that are used to estimate the suspended and
the bed load transport and, ultimately, the channel
bathymetry.
2 NUMERICAL METHOD, DESCRIPTION OF
THE TEST CASE AND SIMULATION SET
UP
A general description of the DES code is given in
Chang et al. (2007). One should also mention the
RANS version of the same code was used by Zeng
et al. (2008b, 2010) to calculate flow and sediment transport in similar curved open channels
with movable bed, including in the geometry considered in the present paper (Zeng et al., 2008a).
The results section details the comparison between the present DES simulation and the corresponding RANS simulation conducted by Zeng et
al. (2008b) with a deformed fixed bed.
The 3D incompressible Navier-Stokes equations are integrated using a fully-implicit fractional-step method. The governing equations are
transformed to generalized curvilinear coordinates
on a non-staggered grid. The convective terms
in the momentum equations are discretized using a
blend of fifth-order accurate upwind biased

tively.

Figure 1 Sketch of the flume in which the experiment was
conducted.
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the RANS simulation was much coarser, but the
RANS solution was checked to be grid independent. In both RANS and DES, a minimum grid
spacing of one wall unit was used in the wall
normal direction to avoid the use of wall functions. The location of the inflow section in DES
and RANS was the same (9 m upstream of the
bend entrance).
3 ANALYSYS OF MEAN FLOW FIELD AND
COMPARISON WITH EXPERIMENT
The bathymetry at equilibrium conditions is depicted in Fig. 2. The measured equilibrium bathymetry shows that scour in the outer half of the
cross-section develops upon entering the bend.
The flow depth reaches a maximum of about 3D
in the cross-section situated at 60° within the bend
(D60 in Figs. 1 and 3), before reducing to a value
of about 2.2D in sections D120 and D150. Scour
increases again upon approaching the bend exit.
The flow reaches a depth of about 2.6H in section
D180. Then, the scour decays in the straight outflow reach and the bed is about flat in the outer
part of section P2.9 (Fig. 1), situated 2.9 m downstream of the end of the curved reach.
As discussed by Zeng et al. (2008a), the rapid
development of the transverse bed slope past section D30 induces a rapid spanwise redistribution
of the discharge. For example, in section D60
more than 90% of the discharge flows through the
outer half of the cross-section and the maximum
unit discharge is about three times higher than in
the straight approach flow. The shallow inner half
of the cross-section over the point bar developing
between sections D30 and P1.5 is a kind of dead
water zone. Downstream of section D60, about
75% of the flow discharge is conveyed through
the outer half of the cross-section. The spanwise
distribution of streamwise unit discharge is modulated by the bed topography. Its non-uniformity
decreases from section D60 to section D120, and
increases again towards the bend exit. In the
downstream part of the straight outflow reach, the
flow tends to become uniform over the width.
The Q criterion was used in Fig. 3 to visualize
the main large-scale eddies present in the mean
flow based on DES predictions. The vortex V1
corresponds to the main cell of cross-stream circulation developing on the outer half of the cross
section, starting close to the entrance into the bend
region. The eddy present close to the channel centerline between sections D60 and D90 corresponds to the shear layer forming on the outer side
of the point bar centered around section D75. The
dominant vorticity component into that eddy is
vertical rather than streamwise. Additionally,

Figure 2. 3D view of the bathymetry at equilibrium conditions. The bed elevation is measured with respect to the
mean position of the free surface (z/D=0) in the inlet.

Figure 3. Visualization of the vortical structure of the mean
flow predicted by DES using the Q criterion.

The results are presented in non-dimensional
form. The length scale is selected to be D=0.115
m. The velocity scale is U=0.61 m/s.
At the inflow section, turbulent inflow conditions corresponding to fully-developed turbulent
channel flow with resolved turbulent fluctuations
are applied in DES. A steady fully developed
precalculated RANS solution was used to specify
the inflow conditions in the RANS simulations. At
the outflow, a convective boundary condition is
used in DES. The free surface is treated as a rigid
lid but the free surface deformation measured in
the experiment was taken into account when the
computational domain and mesh were generated.
All the walls are treated as no-slip boundaries. In
both RANS and DES, the equivalent total bed
roughness estimated using the procedure described in Zeng et al. (2008a) was 0.037 m. This
value is comparable with the measured height
(0.03 – 0.05 m) of the small-scale traveling dunes
observed over the whole bed in the experiment.
The computational domain in DES was
meshed using about 10 million cells. The mesh in
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than that in the surrounding flow. As one moves
downstream of D90, the core of V1 increases
while its strength diminishes rapidly.
Next, we focus our attention on section D120
(Fig. 5). At this streamwise location the main recirculation eddy is still present. No compact core
of strong streamwise vorticity is present at this
section. However, both the experiment and DES
show the presence of a relatively large patch of
stronger streamwise vorticity compared to that in
the surrounding flow. This patch is situated close
to the free surface and the outer wall. Consistent
with the underestimation of the strength and compactness of the vorticity distribution inside the
core of V1 at section D60, no patch of vorticity
corresponding to V1 is present in section D120.
Meanwhile, a strong vortex V3 is present close
to the inner bank in DES. This vortex is clearly
visible in Fig. 5. Unfortunately, no velocity measurements were available in that region. However,
the presence of a strong vortex at the inner bank is
fully consistent with the local scour observed
close to the inner bank (η/D<-4). Moreover, the
vorticity levels between η/D<-2 and η/D=-4.5 are
in very good agreement in experiment and DES.
Away from the bed, RANS predicts significantly
lower vorticity values in this region. One should
mention that 2D streamline patterns show the
presence of an eddy similar to V3 in the RANS
simulation. However, its strength is couple of
times lower compared to DES that also shows a
very large amplification of the turbulent kinetic
energy in the region where the core of V3 is located. A strong vortex is needed to induce local
scour, especially that the streamwise velocity (see
Fig. 6) in the same region is relatively low, both in
RANS and DES.
Comparison of the streamwise velocity distributions in Fig. 6 shows other interesting differences between RANS and DES predictions. The
core of large streamwise velocities already started
moving toward the inner bank. Experimental measurements show that the center of the core is situated close to the centerline in section D120 and
the patch containing relatively high values of the
streamwise velocity penetrates up to η/D~-3.5 on
the inner side and up to η/D~3 on the outer side of
the section. Though some differences are observed
between the experiment and DES, the overall
agreement is quite satisfactory. The RANS distribution of the streamwise velocity presents several
qualitative and quantitative differences with both
experiment and DES. The peak values inside the
core of large streamwise velocities are smaller.
However, the area occupied by this patch is larger.
In particular, rather than extending up to η/D~3
on the outer side of the section, the core penetrates
in the lower part of the section until close to the

three more streamwise oriented vortices denoted
V2, V3 and V4 form in the vicinity of the inner
wall and slowly diverge from the inner bank as
one move downstream. These three vortices are
not connected. Their circulation increases fast
downstream of the streamwise position where
they originate and then decays slowly in the
streamwise direction. Certainly, the presence of a
deeper region very close to the inner bank in some
parts of the flume favors the formation of these
vortices, in particular V3 and V4. One can also
argue that the formation of the large-scale eddies
triggers the changes in the bathymetry observed at
equilibrium conditions close to the inner bank. We
are in the process of running a similar simulation
with flat bed to try to understand to what degree
the formation of these streamwise oriented vortices at the inner bank is dependent on the presence
of a deformed bed. As the discussion of the mean
flow structure in representative cross section will
show, some of these vortices (e.g., V3) can be
quite strong. Coupled with the fact that a large
amplification of the turbulent kinetic energy is
present inside the cores of some of these vortices,
it is possible that their formation may substantially amplify the bed friction velocity and pressure
fluctuations on the solid surfaces (inner bank, bed)
situated in their vicinity.
Figure 4 compares the RANS and DES predictions of the non-dimensional streamwise vorticity
in section D60. This section cuts through the main
cell of cross-stream motion, denoted V1. Similar
to the experiment, DES captures the formation of
a relatively circular patch of high streamwise vorticity at the end of the bottom attached boundary
layer induced by the cross stream motions in the
vicinity of the bed over the inner half of the section. This compact patch of high streamwise vorticity corresponds exactly to the position of the
core of V1 as visualized by the Q isosurface in
Fig. 3. Meanwhile, RANS does not capture the
presence of a clear region that can be associated
with V1. In fact, when the Q criterion is used to
visualize the main eddies in the RANS solution,
the strength of V1 is significantly underpredicted
compared to DES. Moreover, the distribution of
the streamwise velocity in the same section (not
shown) is also affected. The presence of a strong
vortex centered around η/D=3.5 in section D60
induces the formation of a tongue of higher
streamwise velocity in the vicinity of the bed,
over the outer half of the section, in the experiment and DES solution. This redistribution of the
streamwise velocity due to the presence of a
strong compact vortex (V1) is not captured by
RANS. One should also mention that in the experiment and DES the core of V1 corresponds to a
region where the streamwise velocity is smaller
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lenges the predictive capabilities of the numerical
solver and turbulence model, the flow and turbulent structure are controlled by the non-linear interaction between the downstream velocity and
the cross-stream circulation. This interaction is
further complicated by interaction with the
bathymetry, which leaves a strong fingerprint on
all characteristics of the flow field.
DES revealed several strong streamweise oriented vortices formed near the inner bank. The
presence of these vortices generally results in a
strong amplification of the turbulence (velocity
and pressure fluctuations) close to the solid
boundaries situated in the vicinity of these flow
structures (e.g., inner bank, channel bed). The
strength and exact extent of some of these vortices
were not possible to estimate from experiment because of the lack of data near the two sidewalls.
Results clearly show that compared to RANS,
DES is able to better capture the distribution of
the streamwise velocity and streamwise vorticity
that is a direct measure of the strength of the secondary flow over the strongly curved bend. A better prediction of these two variables will automatically result into a better prediction of the
streamwise and cross-stream components of the
bed friction velocity and of the depth averaged
horizontal velocity components that are used by
the sediment transport module in codes that have
the capability to predict the bed deformation.

outer bank. This penetration is possible because of
the severe underprediction of the coherence of V1
in the same section.
Next, the streamwise velocity distributions in
section P2.9 situated in the downstream straight
reach of the flume are compared in Fig. 7. Though
RANS predictions are closer to DES in terms of
the overall level of agreement with experiment,
some differences can still be pointed out. The position of the region of very high streamwise velocity is situated too close to the inner wall and the
peak values are overestimated in RANS. Though
that is also true in DES, the differences with the
experiment are smaller. However, most of the important differences in the flow structure in section
P2.9 between DES and RANS are related to the
differences in the distributions of the streamwise
vorticity in the two simulations.
RANS totally fails to predict the circular region
of negative vorticity associated with V4 (see Fig.
3) at η/D~-4.5 and the tongue of negative vorticity
starting at the crest of the hump centered around
η/D=0. Both these features are present in the
streamwise vorticity distributions calculated based
on velocity measurements. Moreover, the vorticity
levels in the two regions of negative vorticity are
comparable in DES and experiment. By contrast,
in RANS the streamwise vorticity values are very
low in that section. Inspection of the 2D streamline patterns shows that even in RANS a recirculation region in predicted close to the bed, in between the inner wall and η/D=-0.5. However, the
circulation is very close to zero and the presence
of a strong vortex (V4) and a weaker cell centered
at η/D=-2.5 is not captured. The 2D streamline
patterns in experiment and DES are very similar
in this region. The strength of V4 is so large that it
induces the formation of a bottom attached vortex
that, at times, ejects patches of positive vorticity.
This is the main mechanism that modulates the intensity of V4 in the instantaneous flow fields. This
detaching boundary layer is situated too close to
the bed to be accurately captured by the experimental measurements. The formation of V4 can
also provide part of the explanation why the water
elevation becomes larger near the inner wall
downstream of P1.0. As V4 moves away from the
inner wall (Fig. 3) and starts loosing its coherence,
one expects the differences in the bathymetry levels would gradually diminish.
4 CONCLUSIONS
The present study considered the flow in an open
channel bend of very high curvature over realistic
topography corresponding to equilibrium scour
conditions. For this test case, that greatly chal1532
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Figure 4. Mean flow streamwise vorticity ωζ(D/U) in section D60. a) experiment; b) RANS; c) DES.

The data generated from DES simulations will
be used to enhance insight in the physics of the
flow in bends of strong curvature over flat and
equilibrium bathymetry and to study scale effects
between the range of Reynolds numbers art which
most experimental studies are conducted and the
range of Reynolds numbers typically encountered
in the field. These simulations will allow enlarging the range of geometrical and flow parameters
over which detailed information on the flow physics, streamwise variation of the strength of the
secondary flow and integral parameters characterizing the flow in curved bends are available.
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Figure 5. Mean flow streamwise vorticity ωζ(D/U) in
section D120. a) experiment; b) RANS; c) DES.

Figure 7 Mean flow streamwise velocity, υξ/U, in section P2.9. a) experiment; b) RANS; c) DES.

Figure 6 Mean flow streamwise velocity, υξ/U, in section D120. a) experiment; b) RANS; c) DES.

Figure 8. Mean flow streamwise vorticity ωζ(D/U) in
section P2.9. a) experiment; b) RANS; c) DES.
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ABSTRACT: A quasi-3D model is developed and tested to simulate the vertical distribution of horizontal
velocities in curved open channel. The water surface elevation and depth averaged velocity are modeled
by the depth averaged open channel flow model River2D. Then using the depth averaged results as input,
the Reynolds averaged Navier-Stokes horizontal momentum (RANS HM) equations are discretized and
solved in a generalized coordinate system by a finite difference method with a zero equation turbulence
model. Two correction terms are added to the RANS HM equations and modeled such that the mean of
the modeled velocity profile at each vertical is equal to the depth averaged velocity. The vertical velocity
is neglected and a hydrostatic pressure distribution is assumed. The model results show good agreement
with the experiments. The computational time required by the quasi-3D model is less than one order of
magnitude as compared to the depth averaged model.
Keywords: Quasi-3D model, Depth averaged model, Open channel flow
Due to the limitations of 3D CFD models for
open channel flows, different depth averaged and
Quasi 3D models have been developed and are
currently being used. The classical St. Venant
equations used for one and two dimensional depth
averaged flow simulation in open channels, are
derived assuming uniform velocity, hydrostatic
pressure and small channel slope (Chaudhry
1993). Therefore these equations can not provide
any vertical detail of the flow field and do not
include the effects of the non uniform velocity
distribution and the non hydrostatic pressure.
Boussinesq equations include the effects of the
nonhydrostatic pressure and vertical velocity
distribution, but they are only applicable for flows
with wavelength to depth ratio greater than ten
(Steffler and Jin, 1993). They are improvements
of the St. Venant equations but do not provide the
vertical distribution of longitudinal velocities
better than the St. Venant equations. Dressler
(1978) attempted to incorporate the bed curvature
using curvilinear coordinate in the Euler equations
assuming the water surface curvature same as the
bed curvature. Hager and Hutter (1984) improved
the model assuming a linear variation of flow
angle and curvature between the bed and surface.
However all these potential flow assumptions can

1 INTRODUCTION
A good understanding of river hydrodynamics is
important for different environmental and
engineering flows related to contaminant
transport, effect of hydraulic structures, sediment
transport and channel geomorphology. Currently
numerical models are widely used in modeling
river hydrodynamics due to its cost effectiveness
over experiments and field measurements. A full
3D computational fluid dynamic (CFD) model
with the capability of tracking the free surface and
an appropriate turbulence closure model may give
very good spatial distribution of all velocity and
pressure variables, however its use is often
hindered by the consideration of computational
time and/or memory in a natural river (Xia and Jin
2007). Different simplifications of 3D CFD
models such as hydrostatic pressure assumption
with dynamic free surface computation or a rigidlid assumption for the free surface have been
used; however it may be difficult to use an
adequately refined discretization with a
sophisticated turbulence model (e.g. shear stress
transport) with a higher order upwind method due
to computational time limitations.
1535

not include the turbulence and rotationality
present in open channel flows. Steffler and Jin
(1993) developed the vertically averaged and
moment equations (VAM) by integrating the
RANS equation over the flow depth with a linear
approximation for the longitudinal velocity
distribution and a quadratic approximation for the
vertical velocity and pressure distributions.
Multilayer models have been used by different
researchers to compute the water surface and the
velocity profiles (Lai and Yen 1993, Li and Yu
1996). Xia and Jin (2007) used the moment
equations with the layer averaged equation in each
layer to improve the multilayer model. They
assumed linear profiles of flow variables within a
layer.
Recently Zobeyer and Steffler (2009)
developed a quasi-3D model for 2 dimensional
plane flow by a combination of the depth
averaged and the Reynolds averaged NavierStokes (RANS) equations in order to simulate the
vertical distribution of horizontal velocity. They
solved the depth averaged St. Venant or the VAM
equations and the RANS x momentum equation to
obtain a better distribution of horizontal velocity.
The water surface elevation and depth averaged
velocity were obtained from the St. Venant
equations for hydrostatic flow conditions.
Otherwise the VAM equations were solved to
obtain the vertical velocity and the nonhydrostatic
pressure in addition to the depth averaged velocity
and water level which were used as input in the
RANS x momentum equation. A correction was
required in the RANS x momentum equation such
that the mean of the horizontal velocity profile in
a vertical becomes equal to the depth averaged
velocity at that location. The model was used to
simulate the flow over a sill and a free overfall.
Practically it is harder to find a natural river
with a straight reach longer than 10 channel width
(Leopold and Wolman 1960), therefore the
modeling of river bends has drawn special
attention from hydraulic engineers and
researchers. The characteristics of flow in a river
bend are the superelevation, secondary flow and
redistribution of longitudinal velocity. To simulate
these characteristics, different models ranging
from analytical (Johannesson and Parker 1989),
quasi-3D (Shimuzi et al. 1990, Jin and Steffler
1993, Ghamry and Steffler 2005) to full 3D
(Meselhe and Sotiropoulos 2000, Wilson et al.
2003, Nguyen et al. 2007) have been developed
and verified. In this study, the model of Zobeyer
and Steffler (2009) is extended for 3D flow and
verified to simulate the flow in a channel bend.
The water surface and the depth averaged velocity
are obtained from the depth averaged finite
element model River2D (Steffler and Blackburn

2002) which solves the 2D St. Venant Equations.
Then the computed water surface is used as a rigid
lid for the solution of the Reynolds horizontal
momentum equations to obtain the vertical
distribution of the horizontal velocities. The
vertical velocity and nonhydrostatic pressure are
neglected for this study.
The main purpose of this study is to evaluate
the accuracy and computational efficiency of the
proposed model. Therefore the simplest modeling
techniques such as finite difference discretization,
first order upwind discretization, and zero
equation turbulence model are used and
implemented through Matlab computer program.
2 MATHEMATICAL MODEL
The River2D model solves the depth averaged St.
Venant equations in conservation form which can
be expressed as:
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In the above equations, d=water depth, u and v =
depth averaged velocity in the x and y directions,
g=acceleration due to gravity; qx and qy = x and y
component of discharge per unit width; Sox and Soy
S fx and
=bottom
slope,
S fy =bed
stress, τ xx , τ xy , τ yx and τ yy are the depth averaged
turbulent stresses.
Since River2D uses the finite element method
where coordinate transformations are done on the
element level these equations are left in Cartesian
form.
The x and y momentum RANS equations for
incompressible fluid including two momentum
correction terms (X and Y) can be expressed in the
non-conservative form after transforming it from
the Cartesian to the nonorthogonal bodyfitted
coordinate by the partial transformation approach,
that is (x,y,z)→(ξ,η,ζ) but leaving the velocity
components in the Cartesian coordinate,

1536

∂u
∂u
∂u
∂u
=
+W
+V
+U
∂ζ
∂η
∂ξ
∂t
∂p
∂p
∂p
1 ⎛
⎜ξ x
−
+ηx
+ζx
∂ξ
∂η
∂ζ
ρ ⎜⎝
∂ τ xz
∂ τ xz
1 ⎛
⎜ξ z
+
+ηz
+ζz
∂ξ
∂η
ρ ⎜⎝
∂v
∂v
∂v
∂v
+U
+V
+W
=
∂t
∂ξ
∂η
∂ζ
1 ⎛
∂p
∂p
∂p
⎜ξ y
+ζ y
+ηy
−
ρ ⎜⎝
∂ζ
∂η
∂ξ
∂ τ yz
∂ τ yz
1 ⎛
⎜ξ z
η
+ζz
+
+
z
∂η
ρ ⎜⎝
∂ξ

⎞
⎟⎟
⎠
∂ τ xz
∂ζ

⎞
⎟⎟
⎠
∂τ

Steffler 1992) to discretize the St. Venant
equations. For stability upwinding is achieved by
weight functions based on both characteristics
scaled to their absolute values. The discretization
of the computational domain is performed by
triangular elements. For the subcritical upstream
boundary, a known discharge is specified. For the
subcritical downstream boundary, a known water
depth is used. Sidewall boundaries are treated as a
free slip boundary with no flow perpendicular to
the wall. Details of the model can be found in
Steffler and Blackburn (2002).
The computational mesh for the quasi-3D
model could be generated by using the 2D
triangular mesh in plan and dividing the flow
depth in several layers and the nodal values of
water depth can directly be used to define the
upper boundary for the discrete 3D domain.
However, the quasi-3D model is modeled by a
finite difference method and so the locations of
the verticals are different from the nodes of the
depth averaged model. Therefore the water depth
and depth averaged velocity are interpolated at the
locations of the verticals of the quasi-3D model by
the post-processor of River2D. The convective
terms are discretized by the first order upwind
method. The pressure gradient terms are
approximated by a centered difference method.
The gradient terms in the ξ and η directions are
discretized explicitly with an implicit coupling in
the ζ direction which allows to solve each vertical
independently using the values of the neighboring
verticals from the previous time step and avoids
the solution of a large matrix, rather a
hexadiagonal matrix of size 2m is solved for each
vertical, where m is the number of node in the
vertical.
For the x and y momentum equations vertical
profiles of u and v are specified as the upstream
boundary condition. For the side walls free-slip
boundary conditions are used. They are
implemented by setting the contravariant velocity
component Uwall equal to U at the first interior
point while the condition of no flux perpendicular
to the solid wall is applied by setting the
contravariant velocity component Vwall to zero.
The law of the wall is used as the bottom
boundary condition and a zero shear stress is
specified at the water surface. Logarithmic
velocity profiles based on depth averaged velocity
are specified as the initial condition at each
vertical. The shear stress is computed by the eddy
viscosity hypothesis. The eddy viscosity (ν t ) is
given by

(4)
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where u, v, and w = Cartesian velocity
components in the x, y and z directions
respectively, U, V and W= contravariant velocity
components
( U = uξ x + uξ y + wξ z

V = uη x + vη y + wη z , W = uζ x + vζ y + wζ z ), g
=acceleration due to gravity, ρ = density of water,
stress,
p =pressure,
τ xz , τ yz =shear

ξ x , ξ y , ξ z ,η x ,η y ,η z , ζ x , ζ y and ζ z =matrices of
transformation. The ζ direction coincides with the
vertical direction while ξ and η follows the bed
and water surface profile and so ξ z ,η z =0.
p can be split into the hydrostatic ( ph ) and the
nonhydrostatic ( p ' ) components as
p = p h + p ' = ρ g(h-z)+ p' ; where h= water
surface elevation, z = elevation of any point from
a reference level. The vertical velocity w and
nonhydrostatic pressure p ' are neglected in this
study. The normal stresses are also neglected.
In the derivation of the depth averaged
equations, uniform velocity and hydrostatic
pressure conditions are assumed and the bed stress
is computed from the depth averaged velocity. On
the other hand, the quasi-3D model equations
include the nonuniform velocity and in general
can include the nonhydrostatic pressure and bed
stress is computed from the near bed velocity.
Therefore the correction terms are added to the
RANS HM equations in order to make the two
sets of equation consistent both mathematically
and numerically such that the mean of the
computed velocity profile in any vertical becomes
equal to the depth averaged velocity in that
vertical.

NUMERICAL SCHEME
The River2D model uses fully implicit
Streamlined Upwind Petrov-Galerkin (SUPG)
finite element schemes known as Characteristics
dissipative Galerkin (CDG) method (Hicks and

⎛

ν t = κu * ( z − z b )⎜⎜1 −
⎝
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z − zb
d

⎞
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where κ = Von Karman’s constant (=0.41), u* =
shear velocity, zb = bed elevation, d = depth of
flow.

The iteration procedure is described in the next
section.
3 SOLUTION PROCEDURE

MODELING OF THE CORRECTION TERMS

In the River2D model, a time marching procedure
is used to obtain the steady state solution. At the
beginning of the simulation relatively a small time
step is used. As the solution advances, time step
size is increased based on relative solution change
to expedite the convergence speed. The nonlinear
discretized equations are linearized by the
Newton-Raphson method. The Jacobian matrix is
computed numerically and solved by a direct
solver.
Once the steady state water level and depth
averaged velocity are obtained, they are used in
the Quasi-3D model with the water surface as a
fixed lid. A time marching procedure is also used
to obtain the steady state solution in the quasi-3D
model. For each vertical a local time step is
computed from a fixed Courant number (Cr),

In order to model the correction terms,
approximate equations have been developed as
follows.
Let us consider equation 4. Considering the
numerical scheme for the quasi-3D model,
equation 4 can be written as
n

n

n +1

⎛ ∂u ⎞
u n +1 − u n ⎛ ∂u ⎞ ⎛ ∂u ⎞
⎟⎟ + ⎜⎜V
⎟⎟ + W n ⎜⎜
⎟⎟ =
+ ⎜⎜U
Δt
⎝ ∂ξ ⎠ ⎝ ∂η ⎠
⎝ ∂ζ ⎠
n
n +1
∂p
∂p ⎞
1 ⎛ ∂p
1 ⎛ ∂τ ⎞
⎟⎟ + ⎜⎜ ζ z xz ⎟⎟ + X ;
− ⎜⎜ ξ x
+ ηx
+ζx
∂η
∂ζ ⎠ ρ ⎝
∂ζ ⎠
ρ ⎝ ∂ξ

(6)

With a guessed value of the correction term say
Xg, equation 4 can be written as
ugn +1 − u n
Δt

n

n

n +1

⎛ ∂u ⎞ ⎛ ∂u ⎞
⎛ ∂u ⎞
⎟⎟ =
⎟⎟ + W n ⎜⎜
⎟⎟ + ⎜⎜V
+ ⎜⎜U
∂
∂
ξ
η
⎝
⎠
⎝ ∂ζ ⎠ g
⎠ ⎝
n

n +1

⎛1
∂p ⎞ 1 ⎛ ∂τ xz ⎞
∂p
∂p
⎟ + Xg;
+ζ x
+ ηx
− ⎜⎜ (ξ x
) ⎟ + ⎜ζ z
∂ζ ⎟⎠ ρ ⎜⎝
∂η
∂ξ
∂ζ ⎟⎠ g
⎝ρ

(7)

Δt i =

n +1

+ Xg

Because of the approximations in this
derivation more than one iteration may be
required to obtain the appropriate value of the
correction term. Therefore the above expression
can be written as
n +1

X k +1

u − uk
=
Δt

+ Xk

(8)

where subscript k refers to the iteration level for
the correction term.
Similar relationship can be developed for Y as

∑ (δφ )
∑φ
2

v − vk
Δt

+ Yk

2

≤ tolerance

where φ =velocity, δφ = difference between
velocity at two successive time steps. A tolerance
of 10-6 is used for the convergence criteria.

n +1

Yk +1 =

(10)

where i refers to a particular vertical, U i , Vi are the
contravariant velocities at all nodes of the vertical.
At the beginning of the simulation, the set of the
discretized horizontal momentum equations of
each vertical is solved for one time step after
setting the values of X and Y equal to zero. During
this simulation if the mean of the computed u
and/or v velocity profile is not within a specified
tolerance of their corresponding depth averaged
velocities, Equation 8 and/or 9 is used to compute
X and Y and the velocity profiles are recomputed.
This procedure is repeated until the mean of the
computed velocity profiles are within the
specified tolerance of their depth averaged
velocities. Once all the verticals are solved for one
time step, the procedure is advanced to the new
time level using the values of X and Y computed
from the previous time step and the above
procedure is repeated. This solution procedure
continues until the solution converges to the
steady state. The convergence to the final steady
state solution is assessed by the following criteria:

where the superscripts n and n+1 refer to the
solution at the current and next time level, the
subscript g refers to the values computed using Xg
and Δt is the discrete time step.
Subtracting Equation (7) from Equation (6),
assuming that in the vertical direction the
respective velocity and shear stress gradients in
both equations are the same and integrating the
remaining terms over the flow depth give the
following relationship
u −ug
X =
Δt

Cr
max(U i , Vi )

(9)

1538

4 RESULTS AND DISCUSSION

(Y/b=0.5) and inner side (Y/b=-0.5) of the bend
matches very well with the experimental results.
At section 8 (144 degree) the quasi-3D model
predicts the center (Y/b=0) and outer profiles
(Y/b=0.5) very well. In the inner side (Y/b=-0.5)
the model overpredicts the velocity, however it
predicts the shape of the profile quite well. Just
downstream of the exit (Section 10), the model
undepredicts the velocity in the outer side
(Y/b=0.50) and slightly overpredicts velocity near
the surface in the inner side (Y/b=-0.5), however
the model predicts the shape of the profiles
reasonably well.
The simulated transverse velocity (uT) profiles
are compared with the experimental results and
shown in Figure 3. At section 6 the simulated
profiles agree well with the experimental results in
the center (Y/b=0.0) and outer side (Y/b=0.5). At
the inner side (Y/b=-0.5) the model slightly
underpredicts the near surface velocity. At section
8 the model can reproduce the experimental
results quite well. At section 10, the model
slightly overpredicts the velocity at the center and
inner side of the bend and overpredicts the near
bed velocity in the outer side (Y/b=0.5). Therefore
the secondary current has been simulated very
well.
Generally, this model can properly simulate
both the longitudinal and transverse velocity
profiles with some overprediction in the inner side
and underprediction in the outer side near the exit
for longitudinal velocity. This might happen
because the modeled profiles were corrected to
give a mean equal to the depth averaged velocity
and the depth averaged model does not consider
the lateral momentum exchange due to non
uniform longitudinal and transverse velocity
which is responsible for the flow shifting from
inner towards the outer bank. However, once the
quasi-3D model results are obtained, the effect of
nonuniform velocity and bed stress could be
incorporated into the depth averaged model. This
would model the flow shifting in the depth
averaged computation. Then the updated water
level and depth averaged velocity can be used in
the quasi-3D model.

The experimental data of Rozovskii (1957) have
widely been used to validate the capability of
different numerical models to simulate the flow
field and predict the secondary flows in a bend
that exhibits strongly three dimensional
characteristics.
Rozovskii
performed
his
experiments in a 180° curved rectangular flume
with a very strong degree of curvature (Rc/2b=1,
Rc= radius of the centre of the bend, b= half
channel width) The secondary velocities produced
in his experiments were very strong due to the
sharp curvature of the channel. The results of run
1 are presented here to test the numerical
predictions of the present model. Rozovskii’s
channel consisted of a 6-m-long straight approach
and a 3-m-long straight exit with a 180° bend
(Figure1). The width of the channel was 0.8 m,
and the radius of the channel centerline was 0.8 m
for the circular reach. The channel bed was
horizontal and smooth with a Chezy coefficient of
60 m1/2/s. The inflow discharge was 0.0123 m3/s
with the flow depth at the entrance equal to 0.06
m. This gives a mean velocity at entrance equal to
0.256 m/s.
For simulating the flow in the curve bend by
the current model, first the River2D model is used
to compute the depth average velocity and water
surface elevation. The simulation is performed
using a finite element mesh composed of 2754
triangular elements and 1685 nodes. At the
upstream boundary a steady inflow discharge of
0.0123 m3/s was used. For the downstream
boundary a constant depth equal to 0.057m was
used. Based on the measured Chezy coefficient
the corresponding roughness height is estimated to
be 0.0003 m. Once the steady state simulation
was performed, the post processor of River2D was
used to extract the depth averaged velocity and
water level at predefined locations which are
eventually the locations of the verticals in the 3D
model as mentioned earlier. A total of 2380
verticals are used with 140 in the streamwise
direction and 17 in the transverse direction. For
the streamwise direction a denser spacing is used
in the bend region with a coarser spacing in the
straight reaches, for the transverse direction equal
spacing is used. In the vertical direction 15 nodes
are used for each vertical giving a total of 35700
computational nodes.
The computed longitudinal velocity (uL)
profiles are shown in Figure 2. The computed
profiles are compared with the experimental
results. Generally all the profiles show good
agreement with the experimental results. At
section 6 that is located at 100 degree of the bend,
the profiles at the center (Y/b=0), outer side

5 COMPARISON OF COMPUTATIONAL
EFFORT
To get an estimate of the computational efficiency
of the current quasi-3D model, a comparison
between the River2D model and the quasi-3D
model in terms of computational time required to
obtain the steady state solutions is made. The
computer programs of the River2D model are
written in the C programming language and the
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computational time for the steady state depth
averaged modeling required by the River2D
model is approximately 30 seconds.
The
computer programs of the quasi-3D model are
written in Matlab and the computational time is
approximately 180 seconds. This indicates that the
new model requires less than one order of
magnitude of the computational time with more
than one order of magnitude of computational
nodes as compared to the River2D model.
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6 CONCLUSION
A quasi-3D model is verified by modeling the
flow in a curved open channel. The water surface
and depth averaged velocity are obtained from the
2D depth averaged model River2D. Using this
information, the RANS horizontal momentum
equations are solved in a generalized coordinate
by a finite difference method neglecting the
vertical velocity and the nonhydrostatic pressure.
Two correction terms are added to the momentum
equations and modeled such that the mean of the
computed velocity profile at any vertical is equal
to the corresponding depth averaged velocity. The
model results when compared with the
experimental results showed reasonably good
agreement. The computational efficiency of the
3D model is also quite satisfactory. Further
improvements of the model are needed by
incorporating the effects of nonuniform velocity
computed by the quasi-3D model into the depth
averaged model. Then the velocity profiles can be
recomputed using updated depth averaged
velocity and water surface. Also the effects of
vertical velocity and non hydrostatic pressure
together with higher order upwind methods and
better turbulence models on the accuracy and
efficiency of the quasi-3D model need to be
investigated.
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ABSTRACT: A deep understanding of the turbulent structures associated with the flow through compound meandering channels is of immense interest to river engineers for the creation of flood retention
activities. In this study, the turbulent flow structures in a compound meandering channel is simulated by
Large Eddy Simulations (LES) using the experimental configuration of Muto and Shiono (1998). Muto
and Shiono measured longitudinal, lateral and vertical velocities as well as turbulence intensities at several cross sections along the meandering channel for overbank flow and the data are used for the validation
of the simulations. The Large Eddy Simulation is performed with the in-house code LESOCC2. The Reynolds number based on the channel depth h and the bulk velocity ub is approximately Reh ≈ 6600. The interaction between the main channel flow and the floodplain flow generates a complicated flow structure
which includes several turbulent flow features around the junction between the main channel and the
flood plain. LES is used to predict these features. The predicted streamwise velocities and secondary current vectors as well as turbulent intensity are in good agreement with the LDA measurements. In this paper the mean flow field is analyzed and further insight into the complex nature of flow in compound
meandering channels is provided based on Large Eddy Simulation.
Keywords: Turbulence, Large Eddy Simulation, Meander, Flooding
In-bank flow in meandering channels is highly
three-dimensional and complex exhibiting secondary motions. The phenomenon of secondary
motions was first mentioned by Boussinesq
(1868) and Thomson (1876). They studied the
center-region cell and discussed the influence of
secondary motion on the streamwise velocity distribution and on the sediment transport. Secondary
motion occurs due to the imbalance between the
driving centrifugal force and the transverse pressure gradient (Jia et al., 2001).
Moreover, river flows in a compound channel
often inundate the adjacent plains, which generate
more complicated flow structures between the
main and the floodplain flows. Compared with the
extensive knowledge for straight compound channel flows, much less information is available for
compound meandering channel flows. Only some
works are available in the literature (Muto &
Shiono (1998); Jing et al (2009); Rameshwaran &
Naden (2004); Peter R. Wormleaton & Manaye
Ewunetu (2006); Rameshwaran & Shiono (2003)).
Of special interest is the work by M. Sanjou &

1 INTRODUCTION
The environment is strongly influences by rivers
which form our landscape continuously and are
important for the transport of freights as well as
waste water. The watercourse of a natural river is
characterized by a curvy shape. The curves or
meanders consist of an inner bank and an outerbank and can be seen to a first approximation as
being periodic. Meanders are formed when river
flow erodes the outer-banks and widens the river
channel. Sediments are transported from the outer
to the inner-bank through which the shape of a
river is changed continuously. The mechanisms
associated to the phenomena described above are
still a challenge to scientists and engineers and are
not fully understood yet. Due to the effort to handle and regulate rivers, e.g. river restoration, navigation, water quality, production of energy, it is of
great importance to engineers in understanding the
various governing mechanisms, including secondary motions within the meander channel.
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ment. Second-order central differences are employed for the convection as well as for the diffusive terms. The time integration is performed with
a predictor-corrector scheme, where the explicit
predictor step for the momentum equations is a
low-storage three-step Runge-Kutta method. The
corrector step covers the implicit solution of the
Poisson equation for the pressure correction. The
subgrid-scale (SGS) stresses, resulting from the
unresolved motions, are modelled using the approach of Smagorinsky (1963) with a model parameter of Cs=0.1.
For the numerical calculation a global coordinate system was used, while for the data analysis
the quantities were transformed on a body-fitted
coordinate system. The x-axis is hereby along the
centerline of the channel bed, the y-axis is along
the spanwise direction and the z-axis is along the
vertical direction. The Reynolds number based on
the bulk-velocity and the hydraulic radius is 6600.
The cross-sectional aspect ratio of channel width
to water depth is 2.5 and the flood plain depth is
0.01 m. The computational grid consists of
960 × 90 × 40 = 3.456 ⋅10 6 grid points in the inbank and 960 × 390 × 10 = 3.744 ⋅ 10 6 in the outerbank in the x-, y- and z-directions, respectively.
The characteristic of the mesh in a cross section of
the compound meander is shown in Figure 1.
The computational grid is uniform along the
centerline in x-direction and stretched in the yand z-directions to achieve a better resolution of
the near wall motions. The stretching ratio is kept
to a fix value around 1.03. The grid sizes in terms
of wall units are Δy + = Δz + ≈ 17 near the wall
and Δx + ≈ 200 . Only one meander was computed
and periodic boundary conditions were defined in
the entrance and exit of the meander. The WernerWengle model was employed at the bottom
boundary and lateral walls jointly with a rigid-lid
assumption for the free surface.

I.Nezu (2006) where a LES simulation has been
carried out to study the turbulent flow structures
in a meander compound channel with a sinuosity
of 1.09 for the meander bend.
The main objective of this project is to complement the experiments in studying the effect of
the interaction between the main channel flow and
the floodplain flow on the mean and instantaneous
flow, the turbulent and related structures as well
as the distribution of mean and instantaneous bedshear stresses. However, in this paper only the
comparison of the mean velocities and the turbulent intensity are discussed.
2 EXPERIMENTAL SET-UP
The experiment was carried out at the hydraulics
laboratory, Department of Civil and Environmental Engineering, University of Bradford. The experimental flume consisted of 5 meanders, where
the bends were connected by straight sections (see
Figure 1). It was made of Perspex with a rectangular cross-section.
The flume was equipped with a recirculation
pump-sump system and a venturimeter pipe was
installed in the middle of the recirculation system,
to which a hybrid trans-former-oil/mercury manometer was detached for discharge measurement.
The calibration curves relating manometer readings and discharge were obtained by Alromaih
(1996) beforehand.
The velocity measurement was carried out with
2 component laser-Doppler anemo-meter (LDA)
and flow visualization at the water surface using
solid tracers and a fixed camera technique.
The longitudinal slope (valley slope) of the
flume was adjustable with a jack and a hinge. The
slope was reestablished after installing each new
configuration of meander channel and was
checked with a dial gauge frequently during the
experiments.
The central radius of channel curvature rc was
0.425 m and the arc of meander was 120° with
the corresponding sinuosity 1.370. The width of
the channel was 0.15 m and the depth 0.053 m.
More details of the case are specified in table 1.

4 RESULTS & DISCUSSION
In this section, some results of the simulation are
presented. Focus is given to the mechanism of
secondary motion and the importance of the mean
velocity and the turbulent intensity is also highlighted in the discussion.

3 NUMERICAL METHOD

4.1 Mean flow

The LES was performed with the in-house code
LESOCC2 (Large Eddy Simulation On Curvilinear Coordinates). It is a successor of the code LESOCC developed by Breuer and Rodi (1996). The
code solves the Navier-Stokes equations on bodyfitted, curvilinear grids using a cell-centered finite
volume method with collocated storage arrange-

The comparison of the mean streamwise velocity
contour lines between the LES simulation and the
experimental data by Muto (1997) is presented in
Figure 2. In the figure, the distances of the lateral
and vertical components are normalized by the
channel height and the mean velocity by the
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Figure 1. Experimental set-up and detail of the mesh used in the LES simulation
Table 1Meandering channel of the experiments of Muto (1997)
Discharge

Water Depth

Relative
depth

Mean velocity

Friction velocitya

Reynolds
numberb

Froude
berc

num-

Q (·10-3m3/s)

H (m)

(H-h)/H

Us (m/s)

u* (m/s)

Re (·10³)

Fr

2.513

0.063

0.15

0.129

0.012

6.6

0.34

a. u*=

gRS , where g=gravity acceleration, R=hydraulic radius and S=energy slope

b. Re=4UsR/ν, where ν=kinematic viscosity, R=hydraulic radius
c. Fr=Us /(gR)-1/2

section averaged velocity (Us=Q/A; where Q is
the discharge and A is the cross area).
The LES results show a very good agreement
with the experimental results by Muto (1997), in
particular for the prediction of the maximum
values. In this case, the flow behaviour is different
to what happens in the case of the in-bank flow
for meander channel. The maximum velocity
values occur near both channel walls at the bend
apex and lower velocities occur in the central
region. This is well related with the structure of
the secondary flow motions explained in the next
section.
Moreover, in the crossover region (sections 59), it also appears a clear influence of the floodplain flow to a vertical gradient of the velocity
contour lines due to the floodplain flow entering
this region. There are some discrepancies between
the computed and measured velocity patterns near
water surface in the cross-over sections in which
water level varies along the cross–over sections
due to entering floodplain flow. This can be expected owing to the use of rigid lid condition in
the computation. However, the streamwise motion

is still dominant in the major domain with values
higher than the section mean velocity Us.
4.2 Secondary currents
To analyze in detail the secondary currents in the
compound meandering channel, the secondary
current vectors of the selected sections are presented in Figure 3 and compared with the experimental results by Muto (1997).
For the in-bank flow case, the process of the
growth and decay of the primary vortex has already been analyzed in Folke et al. (2009). However, the effect of the floodplain flow complicates
the behavior in this case (Figure 3). In section 1, a
big anti-clockwise recirculation cell could be observed in the vicinity of the inner bend. However,
this dissipates along the next reach by entering
floodplain flow which produces two smaller cells
near the inner wall in section 3, although this is
not clearly seen in the experimental result. Moreover, at section 5 a new cell appears around
y/h=0.8 which starts progressing downstream to
situate the inner wall. This cell could be the upper
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cell grown by the floodplain flow near the inner
wall at section 3. Surprisingly, the progress of the
primary vortex generated by the floodplain flow
along the meandering channel is well predicted. In
future analysis, the location and generation of this
primary vortex will be analyzed.
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4.3 Turbulent intensity
The turbulent intensity is analyzed by the value of
the root-mean-square (rms) of streamwise velocity
fluctuations normalized by the friction velocity
(u*) and presented in Figure 4. At this moment,
fluctuations were recorded during 500 dimensionless time units H/U∞.
The results show a good agreement with the
experimental results by Muto (1997) except near
water surface areas. Maximum values are around
2.25 and they appear in shear layer regions where
the flow interaction occurs by the floodplain flow
entering main channel in the upper left corner of
sections 5-9. This interaction is also well reproduced by LES.
5 CONCLUDING REMARKS
In this paper, the results of a large eddy simulation
of the flow in a periodic compound meandering
channel for overbank flow were presented. The
comparison with experimental data of the streamwise velocity and secondary currents in selected
cross sections was made and was satisfactory.
Our main interest concerns the development of the
secondary motions and their possible implications
for sediment transport, meander formation and
stabilization. We have shown that, for this particular depth case, one interacting cell after the bend
apex is formed that switches from one bend to the
other, but opposite to what happens in the in-bank
flow case. After the switch from bend apex to
apex it is dissipated by the water intrusion from
the floodplain, on the other hand a new cell
emerges. In spite of the (low?) strength of this recirculation cell, they are very relevant to turbulent
transport and mixing along the meandering channel.
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Figure 2. Streamwise velocity U/Us (Left: LES simulation; Right: experimental measurements by Muto (1997))
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Figure 3. Secondary flow vectors (Left: LES simulation; Right: experimental measurements by Muto (1997))
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Figure 4. Turbulent intensity u´/u* (Left: LES simulation; Right: experimental measurements by Muto (1997))
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ABSTRACT: The depth-averaged models have a great advantage in computational efficiency compared
with 3D (three-dimensional) models. If 3D flow structures are predominant, depth-averaged 2D models
are not applicable. Recently, several sophisticated 2D depth-averaged model, in which some 3D flow
structures, such as, secondary currents of the first kind, or the vertical acceleration are incorporated, have
been proposed. However, a horseshoe vortex in front of a bluff body, which also contains a typical 3D
flow feature, has not been considered into any depth-averaged models. In order to consider a horseshoe
vortex in depth averaged equations, we propose a novel physical based model for a horseshoe vortex in
front of a bed mounted cylinder. The model can reproduce the horseshoe vortex if the profiles of the
depth and the depth-averaged velocity in the stream-wise directions are given. For model validation, the
present model is applied to two kinds of flows, namely, a potential flow around a circular cylinder and 3D
URANS computations of a flow around a square cylinder. The results showed that the present model can
capture the fundamental features of a horseshoe vortex excellently.
Keywords: Plane 2D model, Shallow flow equations, Horseshoe vortex, Local scour
models have been refined and extended their applicability by many researchers, such as, Hosoda
et al. (2001), Onda (2004) and Onda et al. (208).
Applications of the 2D models with effects of
secondary current have also done widely in real
river phenomena with bed deformation, such as,
meandering channel (Kimura et al. (2009)) and a
side-cavity with recierculation (Kimura et al.
(2008)).
Another typical three-dimensional flow structure can be seen around a bluff body, such as,
bridge piers, spur-dikes, etc. Those 3D structures
are characterized by formations of a horseshoe
vortex at upstream region of the bluff body and an
arch vortex at downstream region of it. A horseshoe vortex formation is particularly important for
river engineering because a horseshoe vortex is
closely related to local scour erosion around a river structure, which sometimes threatens the safety
of river structures. However, so far, the 2D depth
averaged model considering effects of horseshoe
vortex was not been proposed except some ad hoc
approach.
In this paper, we developed a model of a horseshoe vortex for incorporating into depth-averaged
2D shallow open channel equations. For model

1 INTRODUCTION
Depth-averaged plane 2D (two-dimensional) shallow flow equations have been widely used for
computations of various phenomena in rivers and
shallow lakes. The numerical models based on the
plane 2D shallow flow equations have a great advantage from the viewpoint of computational efficiency compared with 3D (three-dimensional)
models. Though the computer is developing rapidly and also 3D numerical models are becoming
common nowadays (e.g., Nagata et al. (2005)), the
3D computations are still expensive and not practical for engineering purposes. Generally speaking, a horizontal scale of rivers is much larger
than a vertical scale. Therefore, the assumption of
shallow flows is reasonable in many cases. However, the plane 2D models sometimes yield serious errors if the three-dimensionality of flows
becomes conspicuous.
Secondary currents of the first kind at curved
channels are typical cases of river flows with crucial three-dimensionality. The 2D depth-averaged
model incorporated the effects of secondary currents of the first kind were firstly proposed by
Kalkwijk & de Vriend (1980). After then, such
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v = v( x, ζ ) = v0 ( x) + v1 ( x )ζ + v2 ( x )ζ 2 + v3 ( x)ζ 3
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x
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z
h

w
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(3)

where z: water depth, zb: bed height and (u, v): velocities in (x, y) directions. The velocity in the
vertical direction, w(x, ζ) can be expressed using
the three-dimensional continuity equation:

u
0

z − zb
h

(2)

∂u ∂v ∂w
+ +
=0
∂x ∂y ∂z

x

(4)

Figure 1. Schematic diagram of the flow domain.

and equations (1) and (2) as:

building, velocity profiles in vertical directions
are expressed as polynomials of vertical coordinate. We chose polynomial type functions considering analytical simplicity. The assumed velocity
profiles are substituted into both threedimensional and depth-averaged continuity and
momentum equations. Then the relations of coefficients for each term are derived. As the first step
of model development, we assumed a hydrostatic
condition as well as simplified flow domain. We
also chose the lowest order of polynomial functions to express a horseshoe vortex for simplicity.
The present model was verified through the
comparison with two kinds of simple flow phenomena; one is a potential flow around a circular
cylinder and the other is a three-dimensional numerical result of a horseshoe vortex in front of a
square cylinder studied by Kimura et al. (2006).
The calculated results show the validity of the
present model and the applicability to real river
phenomena with a horseshow vortex.
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The depth averaged velocity component in x
and y directions, U and V are obtained through
vertical integration of equations (1) and (2) as:
1

U = U ( x) = ∫ udζ
0

2 DERIVATION OF THE PRESENT MODEL

u u u u u u u
= u0 + 1 + 2 + 3 + 4 + 5 + 6 + 7 +
2 3 4 5 6 7 8

2.1 Basic assumption

1

V = V ( x) = ∫ vdζ

We consider a flow field schematically shown in
Figure 1. The flow domain is assumed as symmetric with respect to the center line (x-axis) and the
lateral velocity v on the centerline is assumed to
be 0. First, the three-dimensional velocity profiles
in the streamwise direction (u) and the transverse
direction (v) are expressed by polynomials of ζ as
follows.
u = u ( x, ζ ) = u0 ( x ) + u1 ( x )ζ + u 2 ( x )ζ 2 + u3 ( x )ζ 3
+ u 4 ( x )ζ 4 + u5 ( x )ζ 5 + u6 ( x )ζ 6 + u7 ( x )ζ 7 +

(6)

0

= v0 +

v1 v2 v3 v4 v5 v6 v7
+ + + + + + +
2 3 4 5 6 7 8

(7)

2.2 Coefficients of velocity profile functions
Coefficients (u0, u1, etc.) for velocity profile functions (equations (1) and (2)) are derived in the following way. For the sake of simplicity, we consider up to second order terms for u and only the
0-th order term for v, respectively. Therefore, necessary coefficient functions are u0(x), u1(x), u2(x)
and v0(x).

(1)
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The 0-th order coefficient u0, which is expressing
a streamwise velocity at the bottom (u|ζ=0), can be
derived as follows. An equation considering up to
the second order terms of equation (6) becomes:

First, using the depth-averaged continuity equation under steady condition:
∂Uh ∂Vh
+
=0
∂x
∂y

(8)

U = u0 +

the following relation is derived.
−h

∂v0 ⎛
u u ⎞ ∂h
u u ⎞
∂ ⎛
= ⎜ u0 + 1 + 2 ⎟ + h ⎜ u0 + 1 + 2 ⎟
∂y ⎝
2 3 ⎠ ∂x
2 3⎠
∂x ⎝

∂ 2u
∂h
∂u
∂u
+ν t 2
= −g
+w
∂z
∂x
∂z
∂x

(9)

6β ' U 2
6β ' U 2
3β ' U 2
2β ' U 2
U=
u0 +
u1 +
u2
h
h
h
h
(18)

Next, u1 and u2 in equation (18) can be eliminated
using equations (14) and (18). Considering nonnegativity of depth averaged streamwise velocity
U ( U 2 = U ) at upstream region of a structure, the
following equation for u0 is derived.

(10)

where g: gravity acceleration and νt: eddy viscosity coefficient. The eddy viscosity coefficient is
evaluated using the depth averaged velocity U
(NOT friction velocity) as:
ν t = β 'h U 2

6β '

(11)

∂u
∂z

= β 'h U 2
ζ =0

u1
= u* u*
h

v0 = V

(12)
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u
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2
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2 ∂x
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(13)

u* u*

βU

=

u0 u0

β r* 2 U

Equation (9) is not directly used for model building but will be used later for comparison of lateral
velocity gradient dv/dy with results by a threedimensional computation.

(14)

On the other hand, equation (1) is substituted
into u in equation (10) and the relation of 0-th order of ζ becomes:
∂h
1 ∂zb ⎞
u
⎛ ∂u
u0 ⎜ 0 − u1
+ β ' h U 2 ⋅ 2 22
⎟ = −g
h ∂x ⎠
∂x
h
⎝ ∂x

2.3 Computational procedure
(15)

2.3.1 Coupling with a plane 2D model

For simplicity, zb=0 is assumed. Then, u2 can
be expressed using u0 as:
u2 =

∂h ⎞
⎛ ∂u 0
+g ⎟
⎜ u0
∂x ⎠
2 β ' U ⎝ ∂x

A plane 2D computation considering a horseshoe
vortex can be carried out in the following procedure:
Step 1: u0 is calculated through equation (19) using U and h, which are computed by a plane 2D
model. This process cannot be done analytical-

h

2

(20)

w = w( x, ζ ) = − hζ

From equations (12) and (13), u1 can be given using u0 as:
u1 =

(19)

where V is calculated by a plane 2D computation.
From equations (14), (15), (19) and (20), all
coefficient functions for velocity profiles u and v
are determined. The vertical velocity w can be obtained by the following equation, which is derived
using equation (5).

where u* is a signed friction velocity. In a similar
way with the model proposed by Engelund
(1974), the velocity near a bed (=u0) is assumed to
be in proportion with a friction velocity and is expressed using model constant r* as:
u0 = r*u*

du
U2
U
dh
1
= 6β ' u0 + 3 2 u0 u0 + u0 0 + g
dx
h
h
dx
hr*

U and h in equation (19) are calculated using
plane 2D (two-dimensional) computations.
Since only 0-th order term is considered for the
lateral velocity v, v0 is simply given as:

where β’ is a model constant, which value should
be chosen one order smaller than the case, in
which a friction velocity is used for the velocity
scale. On the other hand, the relation of a bed friction yields:
νt

(17)

When both sides of equation (7) are multiplied by
6β ' U 2 / h , that becomes

The momentum equation in the x-direction along
the centerline becomes:
u

u1 u 2
+
2 3

(16)
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Figure 2. Schematic diagram of an open channel flow
around a circular cylinder.

Figure 3. Relation between the diameter of the cylinder and
scale of negative velocity region.

ly. So, we introduced a quasi-unsteady term
du0/dt and solved until well-developed steady
state by a time marching method. An upwind
scheme is applied for the third term at right
hand side of equation (19) for stabilizing the
time integration.
Step 2: u1 and u2 are calculated using equations
(14) and (16) with u0, which is obtained in Step
1.
Step 3: Using u0, u1, u2 and equation (20), the vertical velocity w is calculated by equation (21).
Step 4: Depth averaged velocities U, V and a water depth h are computed by shallow flow equations, in which the bed friction is evaluated
with u*. u* is calculated from u0 by equation
(13).
Repeating step 1 – Step 4, we can compute velocity field considering a horseshoe vortex. If the
plane 2D model is coupled with sediment transport model and bed continuity equation, a local
scour due to the horseshoe vortex can be computed. When the computation of 3D velocity field
is not necessary, we can skip step 2 and step 3.

2
2
1⎛ 2
u + 2u0u2 u1u2 u2 ⎞
⎜ u0 + u0u1 + 1
⎟h −
+
+
3
2
5 ⎟⎠
g ⎜⎝
2
2
⎡ 2 1⎛ 2
u + 2u0u2 u1u2 u2 ⎞ ⎤
(24)
⎟h⎥
+
+
⎢h + ⎜⎜ u0 + u0u1 + 1
⎟
3
2
5 ⎠ ⎦⎥
g⎝
⎣⎢
x = x0

h2 +

+

is obtained. Equations (24), (19), (14) and (16) are
solved simultaneously and the depth can be estimated.
3 APPLICATION TO A POTENTIAL FLOW
AROUND A CIRCULAR CYLINDER
3.1 Flow characteristics
In order to check the fundamental features of the
present model for replicating a horseshoe vortex,
an application to an open channel flow around a
circular cylinder is firstly considered. The depth
averaged velocities and water depth distribution
around a cylinder are evaluated by a theoretical
potential flow for simplicity. Figure 2 shows the
plane and vertical views of the flow domain. The
origin of the axes is located at the center of the cylinder on the bottom and R denotes the radius of
the cylinder. U0 and h0 denote the velocity in xdirection and the depth at infinitely far from the
cylinder, respectively. Δh denotes the water elevation around the cylinder. The bed slope is set to be
0. The theoretical solutions can be obtained analytically for U, h and Δh as follows.

2.3.2 Evaluating water elevation around a
bluff body
Another application of the present model is evaluating water elevation around a river structure using depth averaged velocities U and V. In this
case, the following depth averaged momentum
equation along x-axis is used.
∂h τ
∂ zs u 2
dz = − gh − bx
∫
z
b
2
∂x ρ
∂x

τ bx
= u* u*
ρ

2β ' x
u0 U 2 dx = 0
g ∫x0

(22)
(23)

When second orderly extended u is substituted into equation (22), the following relation:
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⎛ R2 ⎞
U = U 0 ⎜⎜1 − 2 ⎟⎟
x ⎠
⎝
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h = h0 + Δh

(26)
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Flow
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z

Vertical view

h=1.14cm

Figure 4. Predicted velocity profile (=u0) at the bed at upstream region of the circular cylinder.

x

0

Flow
Slope=1/1000

Figure 6. Schematic diagram of plan and vertical views of
open channel flow around a square cylinder (Kimura et al.
(2006)).
Table 1. Hydraulic parameters in 3D computation (Kimura
et al. (2006).
h(cm)
1.14

U0(cm/s)
18.18

D(cm)
4.0

B/D
5

h/D
0.285

Re
8400

Fr
0.54

h: depth, U 0: mean velocity, D: side -length of cylinder B:
channel width, Re: Reynolds number (=U 0D/ξ ), Fr: Froude number

Figure 5. Velocity vectors at a vertical section along the center-line (x-axis) at the upstream regions of the cylinder.

Δh =

U 02 ⎛ 2 R 2 R 4 ⎞
⎜
− 4 ⎟⎟
2 g ⎜⎝ x 2
x ⎠

(27)

From those equations, the water surface slope in
x-direction is calculated by
∂Δh U 02 ⎛
2 1
4 1 ⎞
=
⎜ − 4R 3 + 4R 5 ⎟
∂x
2g ⎝
x
x ⎠

Figure 7. Computational grid used for 3D computation (Kimura et al. (2006).

When u0 is set 0 in equation above, the following
relation for x0 is derived.

(28)

⎛
R2 R4 ⎞
3β ' ⎜⎜1 − 2 2 + 4 ⎟⎟ =
x0
x0 ⎠
⎝

3.2 Results and discussions

⎛ R 2 R 4 ⎞⎧⎪
U 2 ⎛ 2 R 2 R 4 ⎞⎫
⎜ − 3 + 5 ⎟⎨h0 + 0 ⎜ 2 − 4 ⎟⎪⎬
⎜ x
2 g ⎜⎝ x0
x0 ⎟⎠⎪⎭
x0 ⎟⎠⎪⎩
⎝ 0

3.2.1 Location of the separation point
The separation point x=x0 of the horseshoe vortex
at the bottom is defined as the x location of u0=0,
(u|ζ=0 = u0). This value is important for determining the horizontal scale of the horseshoe vortex.
Substituting equations (25)-(28) into equation
(19), the following equation is obtained.

The x0 can be calculated by solving equation (30)
with iteration.
Figure 3 shows the relation of x0 and x0/R with
different R. This figure shows that the horizontal
scale of the horseshoe vortex becomes larger as R
becomes larger. This feature is in compatible with
real phenomena.

⎛ R2 ⎞
R2 R4 ⎞
2⎛
6β 'U 0 ⎜⎜1 − 2 2 + 4 ⎟⎟ = 6β 'U 0 ⎜⎜1 − 2 ⎟⎟u0
x
x ⎠
⎝
⎝ x ⎠
+3

u0 u0
r*

2

+ u0

du0
dx

⎧
U 02 ⎛ 2 R 2 R 4 ⎞⎫
⎜
+
− 4 ⎟⎟⎬
h
⎨ 0
2 g ⎜⎝ x 2
x ⎠⎭
⎩

⎧
U 2 ⎛ 2 R 2 R 4 ⎞⎫⎛ R 2 R 4 ⎞
+ 2U 02 ⎨h0 + 0 ⎜⎜ 2 − 4 ⎟⎟⎬⎜⎜ − 3 + 5 ⎟⎟
2g ⎝ x
x ⎠⎭⎝ x
x ⎠
⎩

(30)

(29)
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3.2.2 Analytical solution for velocity field by the
present model

u0(x) is extended as a polynomial of R/x as:
2

3

4

R
⎛R⎞
⎛R⎞
⎛R⎞
u 0 = A0 + A1 + A2 ⎜ ⎟ + A3 ⎜ ⎟ + A4 ⎜ ⎟ +
x
⎝x⎠
⎝x⎠
⎝x⎠
5

6

(32)

A1 = 0

(33)

A3 =

7

⎛R⎞
⎛R⎞
⎛R⎞
A5 ⎜ ⎟ + A6 ⎜ ⎟ + A7 ⎜ ⎟ + ⋅ ⋅ ⋅ ⋅ ⋅
⎝x⎠
⎝x⎠
⎝x⎠

⎧
2 ⎫
A0 = r*2 β 'U 0 ⎨1 ± 1 −
⎬
β ' r*2 ⎭
⎩

(31)

Equation (31) is substituted into equation (29) and
relations for each order are obtained. The coefficients for equation (31) were solved up to 5th order terms as follows.

A4 =

Full-3D

2

1 h0 A0 A2 + U 0
3 R β 'U − 1 A
0
0
2
r*

1
2
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1 2
A2 + h0 0 3
2
R
r*
1
β 'U 0 − 2 A0
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(34)

2β 'U 02 + 2β 'U 0 A2 +

(35)

A5 =
3β 'U 0 A3 − A2 A3 +

U0
–5

0

5

10

x/D

Figure 8. Snap shot of the plan flow pattern by the 3D computation (3D-DP) (Kimura et al. (2006)).

Full-3D

U0
–5

0

5

10

x/D

Figure 9. Time mean plane flow pattern by the 3D computation (3D-DP).

U0

full-3D
-1

0

x/D

1

(a)3D-DP (considering dynamic pressure)

U0

quasi-3D
-1

0

x/D

1

(b) 3D-SP (hydrostatic assumption)
Figure 10. Time-mean flow patterns by 3D computations at
a vertical section along x-axis (Kimura et al. (2006)).
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h0
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U 4 U 2h
(2 A0 A4 + A22 ) + 0 A0 A2 + 0 − 0 0
R
gR
gR
R
3β 'U 0 + A0

(36)

u1 and u2 can be calculated using u0 with equations (31)-(36), equations (14) and (16).
Figure 4 shows the profile of bed velocity u0
along x-axis when U0 = 0.3m/s, h0 = 0.1m/s, β’=
0.01, R = 0.05 m and r* = 15. The region with
negative u0 shows the range of the horseshoe vortex. Figure 5 shows velocity vectors at the vertical
section along x-axis. We can see a clear horseshoe
vortex formation behind the cylinder. However,
the present result shows unreasonable large velocity near the water surface. This feature does not
agree with the real phenomena. The reason seems
to be that velocity function (equation (1)) currently include only up to the second order term.
Therefore, it is shown that a higher order model is
necessary for improvement of the accuracy.

Figure 11. Predicted velocity profiles at the bed around a
square cylinder by the present model (upper: 3D-DP, lower:
3D-SP).

3D-DP

3D-SP

Figure 12. Predicted velocity vectors at a vertical section
along x-axis by the present model (upper: 3D-DP, lower: 3DSP).

check the more detailed performance of the
present model.
Figure 6 shows the plane and vertical views of
the tested flow domain. The hydraulic parameters
used in the 3D computation are listed in Table 1.
The plan view of the computational grid around
the square cylinder is shown in Figure 7. Number
of grid layers in the vertical direction is 8. As a
turbulence model, the second order non-linear k-e
model developed by Kimura & Hosoda (2003)
was adopted. Two kinds of computations, i.e., a
computation under hydrostatic assumption (case
3D-SP) and a computation considering dynamic
pressure (case 3D-DP) were carried out. They also
performed a plane 2D computation with depthaveraged shallow flow equations.
Figure 8 shows the instantaneous horizontal
velocity vectors at the water surface by the 3D
computation (case 3D-DP). We can see that Karman vortex shedding is captured numerically. It is
likely that the horseshoe vortex is affected by the
Karman vortex shedding and fluctuates periodically. However, the numerical result showed that
the temporal velocity variation caused by the periodic Karman vortex shedding is much smaller
than the mean velocity. Therefore, we use timeaveraged velocities and depth of the 3D computation for validation of the present model. Figure 9
shows the time mean plane flow pattern by the 3D
computation with 3D-DP. The flow field is completely symmetric to the x-axis.
Figure 10 shows the flow pattern in a vertical
section along x-axis. Both computational results
could capture the generation of the horseshoe vortex though the scale of the computed vortex by
3D-SP is smaller than the result by 3D-DP. As for
the backwater elevation at the upstream region of
the cylinder, the computation with 3D-DP could
reproduced the elevation precisely though the
computation with 3D-SP a little bit underpredicted it.
4.2 Results by the present model

4 COMPARISON WITH 3D URANS
COMPUTATIONAL RESULTS AROUND A
SQUARE CYLINDER

4.2.1 Outline of the model validation
Since the present model adopts hydrostatic assumption, the model is applied to both 3D-DP and
3D-SP and results are compared. First, the depth
averaged velocity U and V are calculated from the
3D numerical results through vertical integration.
Using the U, V and h by the 3D computation, the
vertical velocity profile along x-axis is reconstructed by the present model. Then, the vertical
velocity profile along x-axis by the 3D computation and the present model is compared.

4.1 Flow characteristics
Kimura et al (2006) performed three-dimensional
(3D) computations around a square cylinder
mounted on a flat bed in an open channel flow using URANS (a second order non-linear k-ε model)
approach. Although this study mainly focused on
the backwater elevation, a horseshoe vortex was
also clearly captured by the computation. Therefore, the comparison with the data is useful to
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4.2.2 Comparison of velocity near bed (u0)
Figure 11 shows the comparison of the streamwise
velocity at the bed (u0) along x-axis obtained by
the 3D computation and the present model. The
both results show the region where the streamsie
velocity at the bed becomes negative at the upstream region of the cylinder. The profile by the
present model is however not smooth contrary to
the 3D computational result. This may be because
of the low order approximation for u and v. Currently, the orders of velocity function is 2 for the
streamwise velocity and 0 for the lateral velocity.
So, we should develop a refined model with higher order approximation. As for the result by 3DDP, the scale of the horseshoe vortex and the profile of negative velocity are in good agreement
with the 3D computational result though the velocity at upstream region of the horseshoe vortex
is under-predicted by the present model. On the
other hand, the computation with 3D-SP could
capture the scale of the horseshoe vortex though
the minimum velocity is under-predicted.
In general, the present model could replicate
the fundamental features of the horseshoe vortex
around a square cylinder in an open channel flow.
Since the present model adopted the hydrostatic
assumption, it is expected that the result agrees
better with 3D-SP than 3D-DP. However, such
tendency was not found. The reason is also likely
to be very low order approximation of velocity
functions.

the 3D computational results in both 3D-DP and
3D-SP.

Figure 13. Predicted lateral velocity gradient dv/dy along xaxis by the present model (upper: 3D-DP, lower: 3D-SP).

5 CONCLUDING REMARKS
This study presents a novel modeling approach for
a horseshoe vortex in an open channel flow for
depth-averaged shallow flow equations. The
present model is a first step for practical model
and is imposed some restrictive assumptions, such
as, symmetric flow field and flat non-sloped bed,
etc. The order of approximation for velocity profiles is currently very low (second order for
streamwise velocity and 0-th order for lateral velocity). The present model was applied to the potential flow around a circular cylinder and a open
channel flow around a square cylinder with existing 3D URANS computational data.
The computational results indicate that the
present model can replicate the horseshoe vortex
formation. The range of negative velocity at the
bottom and the lateral velocity gradient along the
center line were also simulated adequately. However, the shape of the horseshoe vortex does not
agree with the 3D computational result.
In the next step, we should modify the model in
the following way.
− Considering vertical acceleration
− Increasing the order of velocity profile functions
− Extending to generalized curvilinear coordinate

4.2.3 Shape of the horseshoe vortex
Figure 12 shows the flow pattern at the vertical
section along x-axis by the present model. A
horseshoe vortex is generated in both cases. The
comparison with the 3D computational results reveals the difference of the shape of the horseshoe
vortex clearly. In the 3D computational result, the
horseshoe vortex occurs near the bottom and the
shape is ellipsoidal with a longer horizontal axis.
On the other hand, the range of the horseshoe vortex reaches near the surface in the result by the
present model. The necessity to consider higher
order terms were again shown here.
4.2.4 Lateral velocity gradient
The present model assumes symmetry of the flow
domain. Therefore, the lateral velocity v at the
centerline is always zero though the velocity gradient dv/dy is generally not zero. Figure 13 shows
the value of dv/dy computed from equation (9).
The result by the 3D computation is shown together. This figure shows that the results by the
present model are again in good agreement with
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Effect of Abutment Length on the Bed Shear Stress and the Horseshoe
Vortex System
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ABSTRACT: Turbulent flow structures forming around isolated bridge abutments with curved toes are
investigated in this study. Detached Eddy Simulation (DES) at a channel Reynolds number of 45,000 is
used. Channel bottom is taken to be horizontal which corresponds to the initiation of the scouring
process. Incoming flow in the simulations were fully turbulent containing unsteady velocity fluctuations.
Changes in the structure of the horseshoe vortex system and the bed shear stress and pressure r.m.s. fluctuations on the bed is investigated for two different abutment lengths. These quantities are very important
in sediment entrainment and can be used to identify the possible erosion regions on the bed. Although the
pattern of the bed shear stress is similar in both cases there are some quantitative differences. This is
mainly because of the changes in the strength of the main necklace vortex forming around the abutment
and due to the different blockage ratio at the cross-section where the abutment is attached. At both
lengths the mean pressure r.m.s. fluctuations on the bed peaked beneath the separated shear layers.
Keywords: Bridge abutment, Turbulence, DES, Horseshoe vortex system, Bed shear stress.
Koken and Constantinescu (2008a, 2008b)
provided the first in-depth study of the structure
and the unsteady dynamics of the flow field forming around vertical wall abutments both for flat
bed and deformed bed conditions. They used a
well resolved LES to simulate the flow field
around the vertical wall abutment at a Reynolds
number of 18,000 for both flat bed and deformed
bed conditions (Koken and Constantinescu 2008a,
2008b).
The turbulent HV system around abutments is
very unsteady and subject to large temporal variations of its location, size and intensity. Furthermore, the turbulent kinetic energy (TKE) and
pressure r.m.s. fluctuations are significantly amplified within the HV system and large bed shear
stress and pressure fluctuations are induced on the
bed region beneath the HV system. (e.g., see Koken and Constantinescu, 2008a).
The present study focuses on the changes within the HV system and the bed shear stress around
isolated abutments with different lengths. Abutments used in the present study have vertical lateral walls with a semi-cylindrical toe.

1 INTRODUCTION
Bridge abutments cause development of a very
complex three dimensional flow field within their
proximity. This is mainly as a result of the separation of the incoming boundary layer. As flow approaches the abutment, because of the adverse
pressure gradient, the boundary layer separates
and the necklace shaped vortical structures (so
called horseshoe vortex (HV) system) develop
close to the bed which wraps around the abutment. In case the abutment lies on top of an erodible bed HV system play an important role in the
formation of the local scour around this structure.
Although there are various experimental studies concentrated on the prediction of the scouring
pattern and the maximum scour forming around
different abutment geometries (see Melville 1997
for a review) not much work is done to identify
the flow physics related to the scouring mechanism. Eddy resolving numerical simulations such as
LES (Large Eddy Simulation) or DES provide 3D
detailed solution of the flow field not only for the
instantaneous but also for the mean flow field including turbulent statistics.
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2 EXPERIMENTAL SETUP

oscillations. Non-dimensional time step used in
the simulations were 0.025 D/U. The simulations
were run on 12 processors in a PC Cluster.

Experiments were conducted in a 25 m long flume
that has a width of 1.5 m and a height of 0.5 m.
Sediment which has a median particle size, d50 =
1.5 mm, were stick on the channel bed for roughness. In each experiment, an abutment with different length (15 cm and 35 cm) which has a width
of 10 cm was connected vertically to the side wall
of the flume. The toe of the abutment was semicylindrical having a diameter of 10 cm. The channel Reynolds number which is defined by the approach velocity (U = 0.335 m/s) and the channel
depth (D = 0.135 m) was approximately Re =
45,000. The abutment which has a length of 15 cm
will be called as the short-abutment and the one
which has a length of 35 cm will be called as the
long abutment throughout the text.
Velocity measurements were taken at various
points around the abutment at the mid flow depth
using Micro-ADV (Acoustic Doppler Velocimetry) for validating the numerical results.
3 NUMERICAL MODEL
Eddy resolving models such as LES and DES are
much more successful in the prediction of the
massively separated flows compared with the
conventional RANS models. In the present study,
DES without wall functions is used to simulate the
flow. A general description of the code used in
this study is given by Constantinescu and Squires
(2004).
The length scale is selected to be the flow depth
(D) whereas the mean approach velocity (U) is
used as the velocity scale. The length and width of
the domain is selected to be 48D and 11.11D respectively. Abutment lengths, including the
curved toe, were 1.11D and 2.59D for the two
cases simulated and they are located at a 8D distance from the inlet section. The computational
domain contained approximately 4 million nodes
with a minimum grid spacing of Δy+ = yuτ/ν ~1
wall units (assuming that uτ/U = 0.04) in the normal direction to all the solid boundaries (See Figure-1).
Turbulent inflow conditions containing velocity
fluctuations are obtained from a LES simulation
held in a periodic channel and stored in a file.
This is then fed into the inflow section of the DES
simulation which contains the abutment in a timeaccurate fashion. Free surface is modeled as a rigid lid whereas no slip boundary condition is used
on all the solid surfaces. At the outflow a convective boundary condition is used which allowed the
exit of the coherent structures from the domain in
a time accurate way without producing unphysical

Figure 1. a) Computational domain b) Structured grid for
Long-abutment.

4 RESULTS
4.1 Validation
Velocity timeseries were recorded at the mid flow
depth for a duration of 30 seconds at various
points (located approximately 2-5 cm apart from
each other) around the abutment using MicroADV (Acoustic Doppler Velocimetry). The average velocity field is then obtained using these data
sets.
Average streamwise velocity components obtained from the experiment and the simulation at
the mid-depth are compared for case L-A in Figure-2. Note that there is a blank region close to the
sidewall on which the abutment is attached on
Figure-2b. This is the region on which velocity
measurements were not taken because of the limitations of the ADV probes. In general, the experimental results show good agreement with the
numerical results. Velocity magnitudes and the
patterns are very similar.
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ly diffuses within the flow (at approximately 17D
downstream of the abutment axis).

Figure 2. Average streamwise velocity at mid-depth obtained from: a) Numerical simulation; b) Experiment.

4.2 Horseshoe Vortex System
Coherent structures at the upstream of the abutment together with the HV system is visualized
using Q criterion for the mean flow for short and
long abutments in Figure-3 (note that the separated shear layers are covered in this figure).
Mean horseshoe vortex system consists of three
necklace vortices wrapping around the short and
long abutments. In both cases, the primary horseshoe vortex, HV1, originates close to the side
wall-abutment junction line and then follows the
upstream face of the abutment. Getting closer to
the abutment tip it bends towards the flow direction. On the other hand, the secondary and tertiary
horseshoe vortices HV2 and HV3 originate at a
further distance from the upstream abutment face,
behind the recirculating flow. Getting closer to the
tip of the abutment they also bend in the flow direction but this bending is much smoother compared to HV1.
Similar to the findings of Koken and Constantinescu (2008a), in both cases there is a coherent
corner vortex, CV, at the upstream recirculation
region which originates from the free surface and
goes into the deeper flow depths where it bends
and eventually merges with the primary necklace
vortex HV1. Corner vortex CV, convects additional fluid and momentum from the regions close
to the free surface into the core of the primary
necklace vortex HV1.
Comparing the short and long abutment cases,
there are important differences in the organization
and the coherence of the HV system described
above. Compared to the long abutment case in the
short abutment case the primary necklace vortex
HV1 is coherent at a relatively smaller length.
This vortex completely diffuses within the flow at
a distance approximately 1D downstream of the
abutment. On the other hand, in the long abutment
case this vortex is much stronger and it remains
coherent at a much longer length until it complete-

Figure 3. Vortical structures around the abutment for the
mean flow visualized by Q criterion for: a) Short-abutment;
b) Long-abutment.

Figures 4 and 5 show the streamline patterns
superimposed on out-of-plane vorticity contours,
and the distribution of the non-dimensional pressure r.m.s. fluctuations p'2 /( ρ 2U 4 ) on vertical
planes which cut through the HV system for the
short and long abutment cases respectively.
In the short abutment case, the turbulent pressure fluctuations are amplified inside the core of
HV1 and HV2 for approximately one order of
magnitude with respect to the surrounding flow.
The level of amplification is similar for these two
vortices suggesting that they have similar
strengths. However the size of HV1 is considerably smaller than that of HV2. On the other hand,
the level of amplification inside the core of HV3
is insignificant at all frames. At sections i-iii,
close to the tip of the abutment, a double peaked
distribution in the p'2 is observed inside the core
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of HV1 and HV2. This indicates the presence of
large scale bi-modal oscillations both for HV1 and
HV2. To the best of authors knowledge this is the
first time where the bimodal oscillations are observed in the secondary necklace vortex HV2
which wraps around an isolated abutment. At section iv, which is positioned at approximately 1.5D
downstream of the abutment, the secondary necklace vortex loses its coherence where the decay
in p'2 inside the core of HV2 is approximately
40%. At this section HV1 is not present as it has
already diffused within the flow. The p'2 has a
one peaked distribution inside the core of HV2 at
this section indicating that the large scale bimodal
oscillations are not present anymore inside the
legs of HV2. Note that the large p'2 values observed on the right hand side at section iv are related to the separated shear layers.
In the long abutment case (see Figure 5) at section i, which is at upstream of the abutment, the
amplification in p'2 inside the core of HV2 and
HV3 is negligible compared with the amplification observed inside the core of HV1. At section
ii, where the amplification levels both for HV1
and HV2 is largest, the level of amplification inside the core of HV1 is approximately one order
of magnitude larger than that of HV2. At this section, compared to the short abutment case, the
maximum amplification value inside the core of
HV1 is approximately 5 times larger. This suggests that the strength of the main necklace vortex
HV1 increases considerably with the increase in
the abutment length.
At sections i-iii, inside the core of HV1 p'2 is
amplified with a double peaked distribution. This
is a consequence of the large scale oscillations
present at sections close to the tip of the abutment.
Similar to the short abutment case the double
peaked p'2 distribution is replaced by a single
peaked distribution along the legs of HV1 where
the bimodal oscillations are not present any more.
This is visualized at section iv which is approximately at 3.4D downstream of the abutment axis.

Figure 4. Mean out of plane vorticity contours together with
the streamline patterns and resolved pressure r.m.s. fluctuations in representative vertical sections for the short abutment case (see inset in frame i).

Figure 5. Mean out of plane vorticity contours together with
the streamline patterns and resolved pressure r.ms. fluctuations in representative vertical sections for the long abutment case (see inset in frame i).

Although the maximum mean bed shear stress
values are comparable in both cases (0.017 in the
long abutment case and 0.014 in the short abutment case), which are observed close to the tip of
the abutment, there are major differences in the
spread of the bed shear stress distribution.
The decay rate of the bed shear stress values
within the flow direction is very different for the
two cases investigated. In the short abutment case,
bed shear stress values which are larger than the
threshold value required for sediment entrainment
is observed only in the close proximity of the abutment and the bed shear stress values decayed
very rapidly in the flow direction. In the long abutment case this decay rate is much slower. Bed
shear stress values which are larger than τwc are
observed at a distance up to 7.5D away from the
abutment axis in two separate regions beneath the
mean location of HV1 and HV2. This is a consequence of the much coherent necklace vortices
present in the long abutment case which diffuse
much slower within the flow.

4.3 Bed Shear Stress
The distribution of the non-dimensional mean bed
shear stress is given in Figure 6 both for the short
and long abutment cases. For the experimental
flow conditions the critical non-dimensional bed
shear stress is obtained from the Shields diagram
as τwc =0.007. In both cases the largest values of
the bed shear stress is obtained close to the tip of
the abutment where the flow is accelerating.
However large bed shear stress values are also observed beneath the horseshoe vortices (especially
beneath the primary necklace vortex, HV1) and
the upstream part of the separated shear layers.
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surface into the core of the primary necklace vortex HV1.

In the long abutment case the large bed shear
stress values are observed in a region with a wider
lateral extent than that of short abutment case.
This is related to the size of the primary necklace
vortex, HV1, which is larger in the long abutment
case.
Another important quantity which determines
the sediment entrainment capacity is the nondimensional r.m.s. pressure fluctuations on the
bed which is given in Figure 7 for the short and
long abutment cases. In both cases large p'2 values are recorded around the tip of the abutment
beneath the upstream part of the main necklace
vortex and especially beneath the separated shear
layers. Compared with the short abutment case
p'2 values are approximately two times larger
throughout all the amplified regions in the long
abutment case. The decay rate of the p'2 in the
flow direction is also faster for the short abutment
case.

Figure 7. Distribution of the pressure r.m.s. fluctuations at
2
2
4
the bed, p ' /( ρ U ) for: a) Short-abutment; b) Longabutment.

Both for the large and short abutment cases the
main necklace vortex HV1 was found to undergo
bimodal aperiodic oscillations similar to the ones
observed in junction flows which was described
by Devenport and Simpson (1990). These oscillations significantly amplified the pressure fluctuations within the core of the vortex and were found
to peak at sections cutting through the tip of the
abutment. Bimodal oscillations disappeared along
the legs of HV1 for the long abutment case. A
major difference in HV1 for the two cases studied
was the length scale over which the main necklace
vortex preserved its coherence. For the short abutment case, HV1 completely diffused within the
flow at approximately 1D downstream of the abutment axis whereas in the long abutment case
HV1 was coherent up to a distance of 17D.
In the long abutment case the strength of the
secondary necklace vortex, HV2, was smaller
compared to the primary necklace vortex, HV1.
However in the short abutment case the secondary
necklace vortex was found to have a similar
strength with the primary necklace vortex. Moreover, p'2 contours represented a double peaked
distribution for both HV1 and HV2 in the short
abutment case suggesting that the aperiodic bimodal oscillations were also present in the core of
the secondary necklace vortex HV2.
In both cases the largest values of the bed shear
stress is obtained close to the tip of the abutment
where the flow is accelerating. However large bed
shear stress values are also observed beneath the
horseshoe vortices (especially beneath the primary
necklace vortex, HV1) and the upstream part of
the separated shear layers.

Figure 6. Non-dimensional mean bed shear stress contours
for: a) Short-abutment; b) Long-abutment. The solid contour
line in frames a corresponds to τwc/ρU2=0.007

5 SUMMARY AND CONCLUSIONS
DES is used in the present study to investigate the
changes in the structure of the horseshoe vortex
system, differences in the bed shear stress and
pressure r.m.s. fluctuations around isolated bridge
abutments with different lengths.
For both abutment lengths three necklace vortices are observed which wrap around the abutment. Similar to the findings of Koken and Constantinescu (2008a), in both of these cases the
corner vortex CV, which merged with the primary
necklace vortex HV1, provided additional fluid
and momentum from the regions close to the free
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In the short abutment case, bed shear stress
values which are larger than the threshold value
required for the sediment entrainment is observed
only in the close proximity of the abutment and
the bed shear stress values decayed very rapidly in
the flow direction. In the long abutment case bed
shear stress values which are larger than the threshold value is observed in two separate regions
elongated in the flow direction. Here the decay
rate of the bed shear stress was much slower compared to the short abutment case.
Finally, both for long and short abutment cases,
large p'2 values are recorded around the tip of the
abutment beneath the upstream part of the main
necklace vortex and especially beneath the separated shear layers. Compared with the short abutment case, p'2 values are approximately two times
larger throughout all the amplified regions in the
long abutment case.
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ABSTRACT: In the present study a three dimensional numerical model is used to predict the flow in a
channel with a long contraction and a ne gravel bed. The numerical results are compared with experimental data. In the beginning of the contraction the water accelerates. A distinct drop in the water level can be
observed. In the expansion area a recirculation zone forms. Here the water elevation increases again, but
to a lower level than before the contraction. For the cases with a higher discharge, a local hydraulic jump
occurs in the beginning of the contraction. The numerical results show good agreement with the experimental data. The numerical model uses the level set method in addition with Lagrangian particle correction for the calculation of the free water level. With this front-capturing method the free surface is modeled as the zero level set of a scalar signed distance function. In order to maintain this property and to
ensure mass conservation, the level set function is reinitialized after each time step. Surface tension is
taken into account with the continuum surface force method. The convective terms including the level set
function and the equations of the k-ω turbulence model are discretized with the fifth-order finite difference WENO scheme. It ensures a smooth and oscillation free solution for large gradients and even shocks
while maintaining a high order discretization at the same time. The pressure is discretized with the projection method. The Poisson equation for the pressure is solved with the preconditioned BiCGStab algorithm. The staggered grid configuration leads to a tight velocity-pressure coupling. For time discretization
a second-order Adams-Bashforth scheme is used. Parallelization of the numerical scheme is achieved by
using the domain decomposition framework together with the MPI library. Since the numerical model
employs a Cartesian grid, the present study requires special attention to the geometry of the contraction
and the expansion. Here an immersed boundary method based on ghost cell extrapolation is used.
Keywords: Free surface flow, Particle level set method, Immersed boundary
ticles are replaced by a scalar field, which describes the volume fraction of one fluid for each
discretization cell. The main difficulty with this
method is the accurate reconstruction of the interface. Also an effect known as foaming, the smearing of the interface can be a problem. In the current paper the level set method is used [10]. The
main idea behind this method is that the location
of interface is represented implicitly by the zero
level set of the smooth signed distance function.
In contrast to the VOF method the level set function varies continuously across the interface. The
location of the interface is readily available and
does not require any reconstruction procedure.
Since mass conservation is not enforced directly
by the level set method, it is supplemented with a
particle correction algorithm.

1 INTRODUCTION
In many engineering disciplines fluid flows with
more than one phase occur. The correct prediction
of the phase interface is important for many applications, such as solidification, melt dynamics,
reacting flows, breaking surface waves and airwater dynamics. Several interface capturing approaches exist. One of the first was the Markerand-Cell (MAC) scheme [5]. Here massless marker particles are used to represent the phases. The
distribution of the particles determines the location of the interface, which must be reconstructed
explicitly. The computing effort is rather large because the grid needs to be refined along interface
in order to avoid smeared solutions. In the Volume of Fluid method (VOF) [7] the marker par1567

2 NUMERICAL MODEL

∂ω
∂ω
∂
+U j
=
∂t
∂x j ∂x j

2.1 Equations of Motion

2

∂
+
∂x j

A slight deviation between the above presented
equations for the k-ω model and Wilox's model is
that here ω is cµ times Wilcox's. That way the eddy viscosity representation resembles that of the
standard k-ε model. The model coefficients are
then cµ = 0:09, cω1 = 5=9, cω2 = 5=6 and σω = σk =
2. The term |S|² is constituted of the mean rate of
strain tensor

(1)
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1 ⎛ ∂U j ∂U i
Sij = ⎜
+
2 ⎜⎝ ∂xi
∂x j

(2)

The level set method was first presented by Osher
and Sethian [10] in 1988. It was devised for computing and analyzing the motion of an interface Γ
between two phases in two or three dimensions.
The location of interface is represented implicitly
by the zero level set of the smooth signed distance
function φ ( x , t ) . In every point of the modeling
domain the level set function gives the closest distance to the interface and the phases are distinguished by the change of the sign. This results in
the following properties:

Turbulence is modeled with the k-ω model by
Wilcox[18]. The Reynolds stress term in the the
RANS equations is then replaced with the Boussinesq-approximation:
(3)

⎧> 0 if x ∈ phase 1
⎪
φ ( x , t ) ⎨= 0 if x ∈ Γ
⎪< 0 if x ∈ phase 2
⎩

(4)

Also the Eikonal equation ∇φ = 1 is valid.
When the interface Γ is moved under an externally generated velocity fieeld v , a convection equation for the level set function is obtained:

with

ν t = cμ

k

ω

∂φ
∂φ
+U j
=0
∂t
∂x j

The turbulent kinetic energy k and the specific
turbulent dissipation ω which are needed to determine the eddy viscosity νt are obtained by solving the following transport equations:

∂k
∂k
∂
+U j
=
∂t
∂x j ∂x j

⎡⎛
ν t ⎞ ∂k ⎤
⎢⎜ν +
⎥
⎟
σ k ⎠ ∂x j ⎥⎦
⎢⎣⎝

(7)

2.3 Level Set Method

2.2 Turbulence Model

⎞ 2
⎟⎟ − kδ ij
⎠ 3

⎞
⎟⎟
⎠

Wall functions according to [18] are used tomodel the surface roughness of solid boundaries.

U is the velocity averaged over the time t, x is
the spatial geometrical scale, ρ is the water density, ν is the kinematic viscosity, P is the pressure, g
is the gravity, u is the velocity fluctuation over
time with ui u j representing the Reynolds stresses.
At solid boundaries the surface roughness is accounted for by using Schlichting's rough wall law
[12].

⎛ ∂U j ∂U i
−ui u j = ν t ⎜
+
⎜ ∂xi
∂x j
⎝

(6)

+2cμ cω1 S − cω 2ω 2

For the investigations in the present paper a threedimensional numerical model is used. The governing equations for the mass and momentum conservation are the continuity and the
incompressible Reynolds-averaged Navier-Stokes
(RANS) equations:

∂U i
=0
∂xi

⎡⎛
ν t ⎞ ∂ω ⎤
⎢⎜ν +
⎥
⎟
σ ω ⎠ ∂x j ⎥⎦
⎢⎣⎝

(8)

(9)

When the interface evolves, the level set function looses its signed distance property. In order to
maintain this property and to ensure mass conservation the level set function is initialized after
each time step. In the present paper a PDE based
reinitialization equation is solved [14]:

(5)

2

+2ν t S − kω

⎛ ∂φ
⎞
∂φ
+ S (φ ) ⎜
− 1⎟ = 0
⎜ ∂x j
⎟
∂t
⎝
⎠
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(10)

2.5 Surface Tension

S(φ) is the smoothed sign function by Peng et.
[11].

φ

S (φ ) =

φ2 +

22

∂φ
∂x j

Cohesive forces act between the molecules of a
liquid. At the interface liquid-gas the molecules of
the liquid phase do not have neighbors of their
own phase. Since the cohesive forces of the liquid
molecules are larger than that of the gas, they are
attached stronger to each other on the interface
than inside the uid. In order to consider the surface forces in the momentum equations, they need
to be transformed into volume forces. This is done
with the continuum surface force (CSF) model by
Brackbill et al. [8]. The following source term
SCSF;i needs to be added to the momentum equations:

(11)

( Δx )

2

With the level set function in place, the material properties of the two phases can be defined for
the whole domain. Without special treatment there
is a jump in the density ρ and the viscosity ν
across the interface which can lead to substantial
numerical stability problems. The solution is to
define the interface with the constant thickness 2ε.
In that region smoothing is carried out with a regularized Heavyside function H(φ). The thickness
ε is proportional to the grid spacing, in the present
paper it was chosen to be ε = 1:6Δx. The density
and the viscosity can then be written as:

ρ (φ ) = ρ1 H (φ ) + ρ 2 (1 − H (φ ) )
ν (φ ) = ν 1 H (φ ) +ν 2 (1 − H (φ ) )

SCSF ,i = σκ (φ ) ∂ (φ )

(

)

(14)

The surface tension coefficient σ is a material
property. For the water-air interface at 20 °C it is
0.07275 N/m. The calculation of the interface curvature is straightforward with the level set method, no reconstruction is of the free surface is necessary:

(12)

and
if φ < −ε
⎧0
⎪1
φ
H (φ ) = ⎨ 2 1 + ε + Π1 sin if φ < ε
⎪
if φ > ε
⎩1

∂φ
∂xi

⎛ ∇φ
⎝ ∇φ

⎞
⎟⎟
⎠

κ = ∇ ⎜⎜

(13)

(15)

In order to activate the surface tension near the
interface only, the source term is multiplied with a
regularized Dirac delta function.

(

⎧⎪ 1 1 + cos
δ (φ ) = ⎨ 2 ε
⎪⎩0

2.4 Lagrangian Particle Correction
In order to improve the mass conservation properties of the original level set method, massless particles are used to correct the level set function in
under-resolved regions. This approach was first
presented in [4]. In the present paper an improved
version of this algorithm is used [17]. Negative
particles are seeded on the negative side of the
level set function in a narrow band of 1:6Δx near
the interface, the positive particles are respectively placed on the positive side of the interface.
Each cell in the narrow band contains 64 particles.
The particles are advected with the third-order accurate TVD Runge-Kutta scheme [13]. In contrast
to the original method, the narrow band in which
the particles are placed needs to be only have half
the size in the improved version. Also the particle
correction step needs to be performed only once,
after the convection of the level set function.
When a particle passes the interface by more then
its radius it is used to correct the level set function. In the current implementation the particle
correction scheme is fully parallelized.

( ))
Πφ

ε

if φ < ε
else

(16)

2.6 Discretization of the Convective Terms
For complex ow situations such as free surface
ows, it is essential to employ a high order discretization method while at the same time maintain a
high level of numerical stability. With that in
mind the fifth-order WENO (weighted essentially
non-oscillatory) scheme by Jiang and Shu [9] in
the finite-difference framework is chosen. The
great advantage of the WENO scheme is that it
can handle large gradients right up to the shock
very accurately by taking local smoothness into
account. The overall WENO discretization stencil
consists of three local ENO-stencils. These stencils are weighted depending on their smoothness,
with the smoothest stencil contributing the most
significantly. In comparison to popular high resolution schemes such as MUSCL [16] or TVD [6]
schemes, the WENO scheme does not smear out
the solution. Instead it maintains the sharpness of
the extrema. The WENO scheme is used to treat
1569

ing are avoided. At the solid boundaries of the uid
domain a ghost cell immersed boundary method is
employed. In this method the solution is analytically continued through the solid boundary by updating the fictitious ghost cell in the solid region
by extrapolation. That way the numericaldiscretization does not need to account for the boundary
conditions explicitly, instead they are enforced
implicitly. The algorithm is based upon the local
directional approach by Berthelsen and Faltinsen
[1] which was implemented in 2D. In the present
study the extrapolation scheme is decomposed into the components of the threedimensional coordinate system. The current approach has several
advantages: Grid generation becomes trivial, the
numerical stability and order of the overall
scheme is not affected. In addition the method integrates well into the domain decomposition strategy for the parallelization of the model. Here
ghost cells are used to update the values from the
neighboring processors via MPI.

the convective terms for the velocities Ui, the turbulent kinetic energy k, the specific turbulent dissipation rate ω and the level set function φ. [3].
2.7 Projection Method for the Pressure
The pressure is included in the modeling procedure by employing Chorin's projection method [2]
for incompressible ow. Here the actual pressure
gradient is neglected in the momentum equations.
Instead for each time step an intermediate velocity
U i* is computed using the transient RANSequation:

∂ (U i* − U in )
∂t

+ U nj

∂U in
=
∂x j

⎛ ∂U in ∂U nj
∂ ⎡
n
ν
φ
+
⎢ ( ) ⎜⎜
x
∂x j ⎢⎣
∂
∂xi
⎝ j

⎤
⎞
n
⎟⎟ − ui u j ⎥ + gi + SCSF ,i
⎥⎦
⎠

(17)

The Poisson equation for pressures is formed
by calcluating the divergence of the intermediate
velocity field.
1 ∂U i*
∂ ⎛ 1 ∂P ⎞
⎜
⎟
=
−
∂xi ⎜ ρ (φ n ) ∂xi ⎟
Δt ∂xi
⎝
⎠

3 EXPERIMENT

(18)

The physical experiments of the contraction case
were conducted at the laboratories of the BAW
(FederalWaterways Engineering and Research Institute) in Karlsruhe, Germany. The flume is 16.50
m long and 1 m wide. The contraction is 0.5 m
wide. The bed of the flume is filled with sediment
particles with d50 = 5.5 mm. The experiments are
performed with several different discharges. In the
present study measurements of the runs with 150
l/s are chosen for comparison with the numerical
model. With this discharge erosion occurred, but
is not modeled numerically. The hydraulic situation in the flume is characterized by complex
three-dimensional features of the flow. The shape
of the free water surface could be described as
highly turbulent and unsteady. The flume is
equipped with a stationary pressure based system
for the measurement of the water level elevation.

The Poisson equation is solved using the Jacobi-preconditioned BiCGStab algorithm [15]. The
pressure is then used to correct the velocity field,
making it divergence free.
2.8 Time Advancement Scheme
For the time discretization a second-order accurate
Adams-Bashforth scheme is used. The time step
size is determined through adaptive time stepping.
This ensures a stable and efficient choice of the
time step. The spacial discretization is represented
by the operator L. The formulation is given for the
level set equation and a non-equidistant time
steps.

φ n +1 = φ n
+

⎞
Δtn ⎛ Δtn + 2Δtn −1
Δt
L (φ n ) − n L ( φ n ) ⎟
⎜
2 ⎝
Δtn −1
Δtn −1
⎠

(19)

4 RESULTS
For the simulations a numerical grid with an uniform mesh width of Δh = 0:05m and 80.000 cells
is used. The calculations were performed on a 8core Intel Xeon-processor workstation. For the inflow boundary condition the discharge is fixed,
but the water level is not. At the outflow the water
level is specifled to be 0.315 m, with zerogradient
boundary conditions for the velocities. The numerical model calculates unsteady flow and the
results shown are sampled from t = 25 sec. Figure
1 shows the free surface calculated with the nu-

2.9 The Numerical Grid
All model equations are discretized on a Cartesian
grid with a staggered arrangement of the variables. The velocity variables are defined on the
center of the cell faces, while all others such as
the level set function, the pressure or the variables
of the turbulence model on the cell centers. This
way oscillations due to velocity-pressure decoupl1570
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merical model. The black lines represent the geometric enclosure of the numerical grid. The contraction is separated into 8 pieces due to the domain
decomposition
strategy
for
the
parallelization. The contour of the figure
represents the water level elevation. In the contraction area a significant drop in the water level
can be observed. It decreases slightly until the expansion, where it reaches its minimum. Downstream of the expansion the water level raises
again. Figure 2 shows a comparison of the measured and computed water elevation along the center line of the flume. While both lines follow the
same characteristics it is quite obvious that the
numerical model over predicts the water level upstream of the contraction by about 2 cm. Since the
outflow water level is fixed and the inflow water
level is allowed to move, it means that in the numerical model the energy loss in the contraction is
somewhat to high. This is probably due to the fact
that the roughness was not further calibrated in the
numerical model.
Figure 3 shows the free surface with the vertical axis scaled up with the factor 4. The purpose is
to show how detailed the level set method resolves also local free surface structures even
though the grid is rather coarse with Δh = 0:05m.
This is partly owed to the positive effect of the
particle correction algorithm on the resolution of
local effects. The positive and negative particles
on each side of the zero level set can be seen in
Figure 4. The geometry and the coarse mesh with
its high interface cells to total cells ratio is somewhat unfavorably towards the performance of the
method. It costs roughly 20 % of the total computational time. A finer grid would lower that number significantly.

The author would like to thank Thorsten Hüusener
and Dr. Rebekka Kopmann of the BAW in
Karlsruhe for providing the data used in this paper.
REFERENCES
[1] Berthelsen, P.A., Faltinsen, O.M. 2008. A local directional ghost cell approach for incompressible viscous
flow problems with irregular boundaries. Journal of
Computational Physics, 227:4354-4397
[2] Chorin, A. 1968. Numerical solution of the navier stokes
equations. Math. Comput., 22:745-762,
[3] Shu C.W. 1997. Essentially Non-Oscillatory and
Weighted Essentially Non-Oscillatory Schemes for
Hyperbolic Conservation Laws.ICASE Report
[4] Enright, D., Fedkiw,R., Ferziger, J., Mitchell, I. 2002. A
hybrid particle level set method for improved interface
capturing. Journal of Computational Physics, 183:83116
[5] Harlow, F. and Welch, J. 1965. Numerical calculation of
time dependent viscous incompressible flow of fluid
with a free surface. Physics of Fluids, 8:2182-2189,
[6] Harten, A. 1983. High resolution schemes for hyperbolic
conservation laws. Journal of Computational Physics,
49:357-393
[7] Hirt, C., Nichols, B. 1981.Volume of fluid vof method
for the dynamics of free boundaries.Journal of Computational Physics, 39:201-225,
[8] Brackbill J., Kothe D., and Zemach C. A continuum method for modeling surface tension. Journal of Computational Physics, 100:335-354, 1992.
[9] Jiang, G.S., Chu, C.W. 1996. Efficient implementation
of weighted eno schemes. Journal of Computational
Physics, 126:202-228
[10] Osher, S., Sethian, J.A. 1988. Fronts propagating with
curvature- dependent speed: Algorithms based on hamilton-jacobi formulations.Journal of Computational Physics, 79:12-49
[11] Peng, D., Merriman, B., Osher, S., Zhao, H., Kang, M.
1999. A PDE-based fast local level set method. Journal
of Computational Physics, 155:410-438
[12] Schlichting, H. 1979. Boundary layer theory. McGrawHill Book Company
[13] Shu, C.W., Osher, S. 1988. Efficient implementation of
essentially non-oscillatory shock capturing schemes.
Journal of Computational Physics, 77:439-471
[14] Sussman, M., Fatemin,E., Smereka, P., Osher, S. 1994.
A level set approach for computing solutions to incompressible two-phase flow. Journal of Computational
Physics, 114:146-159
[15] van der Vorst, H. 1992. Bi-CGStab: A fast and smoothly converging variant of bi-cg for the solution of nonsymmetric linear systems. SIAM J. Sci. Stat. Comput.,
13(2):631-644
[16] van Leer B. 1979. Towards the ultimate conservative
di_erence scheme V. A second order sequel to Godunovs method. Journal of Computational Physics, 32:101136
[17] Wang, Z., Yang, J., Stern, F. 2009. An improved particle correction procedure for the particle level set method. Journal of Computational Physics, 228:5819-5837
[18] Wilcox, D.C. 1994. Turbulence modeling for CFD

5 CONCLUSION
In the present paper computations of free surface
flow in a long contraction are presented. The
combination of particle corrected level set method
and immersed boundary showed stable numerical
properties. The algorithm proved to be capable to
capture the free surface topology with some detail.
Deviations between the numerical results and the
measurements for the water level elevation on the
upstream side of the contraction occured. In a further study the e_ect of the bed roughness on the
water level should be examined. Comparison with
experimental velocity data is underway.
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Figure 1 Computed free surface with water elevation contour

Figure 2 Water level elevation along the channel centerline

Figure 3 Computed free surface, vertical axis scaled with factor 4

Figure 4 Negative (blue) and positive (red) particles around the interface
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3D layer-integrated modelling of flow and sediment transport through
a river regulated reservoir
S. Faghihirad, B. Lin & R. A. Falconer

School of Engineering, Cardiff University, Cardiff, U.K

ABSTRACT: Details are given of the refinement of a three-dimensional layer integrated k − ε turbulence
model and its application to a scaled physical model of a river regulated reservoir, named Hamidieh Reservoir. The strong turbulent flows generated in the regulated reservoir are due to the high volumes of
flow diversion with low head differences. In this paper, the numerical model is applied to a regulated
dam, associated with water intakes and sluice gates, with the aim being to investigate the flow patterns
and sediment transport processes in the vicinity of these hydraulic structures. The calibration of the model
is undertaken using measurements made from a scaled physical model. The numerical model is able to
test various scenarios which are difficult to test in the physical model. In this context different scenarios
are introduced to investigate the effects of different intake and sluice gate configurations, as well as their
operation schemes on the flow and sediment transport processes in Hamidieh Reservoir. The results have
shown that a non-uniform velocity distribution zone exists upstream of one of the intakes. Also, the sluice
gates do not appear to have any considerable effect on the suspended sediments concentrations moving
through the intakes.
Keywords: Numerical models; k − ε model; Regulated reservoir; 3D flow; Laboratory tests.
1 INTRODUCTION

differences between the low head regulatory reservoirs and those reservoirs that are associated
with normal high dams, in that strong turbulence
flows generated in the regulated reservoir are primarily due to high flow discharges. The turbulence may introduce complex flow patterns, which
can be difficult to predict.
In recent years, a number of studies have been
undertaken using two- and three- dimensional hydrodynamic models to achieve improved understanding of the role of hydraulic structures. Different types of numerical models, such as
MIKE21, MIKE_3 and Delft3D, have been used
to predict the impact of hydraulic structures on the
hydrodynamic, sediment transport and morphological processes.
For the model simulations reported herein, predictions were obtained using a layer integrated
three-dimensional hydrodynamic and sediment
transport model. In this model a two-equation
turbulence model was used, with details of the
governing equations and boundary conditions being given. The original mathematical model was
developed by Hakimzadeh and Falconer (2007)

In reservoirs and rivers, in order to understand the
impact of hydraulic structures on the hydrodynamic and sediment transport processes it is often
necessary to investigate these processes in three
dimensions. Currently, physical models are still
widely used as an essential tool to obtain information about these processes. Generally speaking,
physical models need a long time to construct and
are expensive to run, particularly if large scales
are involved. In the project presented in this paper
a detailed numerical modelling investigation has
been undertaken to simulate water flows through
hydraulic structures and their interaction with sediments. Using a numerical model it is possible to
examine various scenarios that are difficult to test
in physical models. These scenarios are useful for
hydraulic structure design and operation schemes
and future maintenance.
River regulated reservoirs are often constructed
downstream of dams, with relatively low
elevations, to enable water to be distributed for
water supply purposes. However, there are major
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for simulating re-circulating flows in tidal basins.
Some improvements were made in the model in
order to predicting the flow, sediment transport
and morphological processes in a river flow regulated reservoir. These improvements enhance the
capabilities of the exist model. The refined model
was applied to the scaled physical model of Hamidieh regulated reservoir to obtain better understanding of the flow and sediment transport regime within the reservoir.

+

(

) (

∂ − u ′v ′ ∂ − u ′w ′
+
∂y
∂z

i, m+1

Vertical velocity
Turbulence model

Figure 1. Coordinate system for layer integrated equations

2.2 Turbulence model
In the numerical model reported herein the eddy
viscosity concept has been used to represent the
Reynolds stresses. The horizontal eddy viscosity
was equated to the depth averaged eddy viscosity,
based on the horizontal velocity distribution derived from integrating the model predicted vertical
velocity distributions.
For the two-equation turbulence model, the horizontal eddy viscosity was determined using the
depth integrated k − ε turbulence model, given as
(Falconer and Li, 1994):
∂ k H ∂ kUH ∂ kVH
∂ ⎛⎜ ν th H ∂ k ⎞⎟ ∂ ⎛⎜ ν th H ∂ k ⎞⎟
+
.
.
+
+
=
∂t
∂x
∂y
∂x ⎜ σ k ∂x ⎟ ∂y ⎜ σ k ∂y ⎟
⎠
⎝
⎠
⎝
2
2
⎡ ⎛ ∂U ⎞
⎛ ∂v ⎞
+ ν th H ⎢2⎜
⎟ + 2⎜ ⎟
x
∂
⎝ ∂x ⎠
⎠
⎢⎣ ⎝

(2)

(

Horizontal velocity
i+1,m

i-1,m

)

∂u ∂vu ∂vv ∂vw
1 ∂p ∂ − v ′u ′
+
+
+
= − fu −
+
∂t
∂x
∂y
∂z
∂x
ρ ∂y

i, m-1

H

(1)

)

(4)

x

The governing equations used to describe flows in
reservoirs are generally based on 3-D Reynolds
equations for incompressible and unsteady turbulent flows. If the vertical acceleration of the flow
is negligible in comparison with the gravity and
the vertical pressure gradient terms, then the hydrostatic pressure distribution assumption can be
made. As a first attempt, the density of the water
has also been assumed constant throughout the
computational domain. In applying these approximations, the three-dimensional governing equations of mass and momentum can be written respectively in their conservative form as follows:

+

(3)

z

2.1 Layer integrated hydrodynamic model

(

)

where t = time, x, y, z = Cartesian co-ordinates,
u , v, w = components of velocity in the x, y, z direction, respectively, p = pressure, ρ = density of water, f = Coriolis parameter, g = gravitational acceleration and − u ′u ′,−u ′v ′,−u ′w′,−v ′u ′,−v ′v ′,−v ′w′ =
Reynolds stresses in the x − z , y − z plain, respectively.
A sketch of the 3D grid and relative positions
of the governing variables in the x − z plane are illustrated in Figure 1. As can bee seen from Figure
1 that there are three layer types including: the
top, middle, and bottom layers. The free surface
and bed topography are prescribed within the top
and bottom layers, respectively, with both varying
in thickness with the x, y coordinates so that they
only include water ( m = the number of layers).

In this study, the numerical model used to predict
the flow and sediment transport through a river
regulated reservoir comprises two modules: a hydrodynamic module and a sediment transport
module. The hydrodynamic governing equations
are solved using a combined layer-integrated and
depth-integrated scheme (Lin & Falconer, 1997),
with the two-equation k-ε model being used for
turbulence closure (Hakimzadeh & Falconer,
2007)). In the sediment transport module, the suspended sediment transport equation is solved using an operator splitting algorithm (Lin & Falconer, 1996).

∂u ∂uu ∂uv ∂uw
1 ∂p ∂ − u ′u ′
+
= fv −
+
+
+
ρ ∂x
∂x
∂z
∂y
∂x
∂t

) (

∂p
+ ρg = 0
∂z

2 NUMERICAL MODEL

∂u ∂v ∂w
+
+
=0
∂x ∂y ∂z

(

∂ − v ′v ′ ∂ − v ′w′
+
∂y
∂z

)
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(13)

where z f = distance from the free surface to the
grid centre, and k f = the corresponding value for
the turbulent energy. The value of c fε used in equation (13) is 0.164, c μ = 0.09 and κ = 0.41 is the
von Karman constant.

m −1 / 2

al eddy viscosity can be evaluated using the layer
integrated form of the k − ε equations, as derived
in Hakimzadeh (1997), giving
∧

(12)

Krishnappan & Lau (1986) suggested for ε the
following condition should be used:

spectively such as k = (1 / Δz )∫ kdz , then the vertic-

∂ k Δz
∂t

k d3 / 2
0.09b

∂k
∂ε
= 0 and
=0
∂n
∂n
(iii) free surface: k and ε must be given

m ± 1 / 2 refer to the vertical elevations of the layer
interface between the m+1, m and m-1 layers re∧

(11)

(ii) outlet:

m −1 / 2

m +1 / 2

ε

where u d = inflow velocity, and b = inlet width

where σ k , σ ε , cμ , c1ε , c2ε = constant coefficient; with
f = Darcy friction factor.
∧

(10)

∧

k d = 0.004u d2

where k = depth average turbulent kinetic energy;
U , V = depth average velocity components in the
x, y direction, respectively; and ε = depth average
dissipation rate of kinetic energy. The key coefficients are given as:
c k = ( f / 2 ) −1 / 2 ,

k̂ 2

(9)

For the turbulence model equations the following boundary conditions were used:
(i) inlet: distribution of k and ε were given.
Demunren & Rodi (1983) suggested two formulae for fully developed channel flows:

2

2
2
⎛ ∂U ∂V ⎞ ⎤
ε
U4
⎟⎟ ⎥ + cε * − c2ε
+
H
+ ⎜⎜
∂x ⎠ ⎥
H
k
⎝ ∂y
⎦

∧

2.3 Sediment transport equation
Depending upon the size and density of the bed
material and the flow conditions, sediment particles can be transported by the flow in the form of
bed load and suspended load. The 3-D mass equation for sediment in suspension is written as:

(7)

∂S ∂
∂
∂
∂ ⎛ ∂S ⎞
+ (uS ) + (vS ) + [(w − W s )S ] − ⎜ ε x
⎟
∂t ∂x
∂y
∂z
∂x ⎝ ∂x ⎠

⎞
⎟
⎛ ∧⎞
⎛ ∧⎞
− ⎜⎜ w ε ⎟⎟
⎟ + ⎜⎜ w ε ⎟⎟
⎝
⎠ m −1 / 2 ⎝
⎠ m +1 / 2
⎟
⎠m

−

∂ ⎛ ∂S ⎞ ∂ ⎛ ∂S ⎞
⎜ε y
⎟ − ⎜ε z
⎟
∂y ⎜⎝
∂y ⎟⎠ ∂z ⎝ ∂z ⎠

(14)

where S = sediment concentration, W s = particle
settling velocity, ε x , ε y and ε z = sediment mixing
coefficient in x, y, z direction, respectively. For
suspended sand particles in the range of 1001000 μm, the following equation was used to determine Ws (van Rijn, 1984):

∧

∧⎞
∧⎞
∧
⎛∧
⎛∧
⎜ ν tv ∂ ε ⎟
⎜ ν tv ∂ ε ⎟
ε ∧
ε2
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−
+
c
p
Δ
z
−
c
.
.
1ε ∧
2ε ∧ Δz
⎜ σ ∂z ⎟
⎟
⎜ σ ε ∂z ⎟
⎜ ε
⎟
k
k
⎝
⎠ m −1 / 2 ⎝
⎠ m +1 / 2

(8)

where
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0.01(s − 1)gDs3 ⎤
Ws = 10
1
+
⎥
⎨⎢
Ds ⎪⎩⎣⎢
ν2
⎦⎥

ν ⎧⎪⎡

0.5

⎫
⎪
− 1⎬
⎪⎭

charge capacity from 60 m 3 / s to 90 m 3 / s . Figure
2 shows a plan view of Hamidieh regulated reservoir and associated structures. An undistorted
1/20-scale physical model of Hamidieh regulated
reservoir and its relevant structures was constructed in 2002. The aim of project is to investigate the operation of the entire system and to improve the understanding of flow and sediment
behaviors near the structures.

(15)

where ν = kinematic viscosity for clear water, s =
specific density of suspended sediment, and Ds =
representative particle diameter of the suspended
sediment particles.
The mixing coefficients were related to the turbulent eddy viscosity through the equations:
εx =

ν th
ν
ν
, ε y = th and ε z = tv
σh
σh
σv

Azadegan

(16)

Intake

where σ h , σ v = Schmidt numbers is the horizontal
and vertical directions respectively, with values
ranging from 0.5 to 1.0.
In solving Eq. (14), four type of boundaries (inflow, outflow, water surface and sediment bed
boundary) need to specified. For more study,
those refer to Lin and Falconer (1997). The important assumption for a moveable bed contains
that in zones where the fluid flow is varying rapidly or in (circulation) zones where the velocities
are too small to initiate sediment motion, the application of an instantaneously adjusted equilibrium bed concentration may result in a positive
concentration gradient near the bed. In the current

Hamidieh diversion dam
Flow direction

Right Sluice
Gates

Left Sluice
Gates

Chamran
Intake

Figure 2. Plan of Hamidieh regulated dam

4 NUMERICAL SIMULATION

model the main focus is the sediment transport. A
fixed bed was assumed, but mass of bed sediment
changes due to erosion and deposition was recovered.

4.1 Part one: hydrodynamics
Details are first given below of the numerical
modelling study of the hydrodynamic processes in
the Hamidieh regulated reservoir. The model simulation was based on field surveyed data and
measurement data obtained from the physical
model for various operation conditions of the intakes and sluice gates. The results include the
general flow patterns and more detailed velocity
distributions within the reservoir and in the vicinity of hydraulic structures. The bathymetry data
and hydrodynamic scenarios were defined by using field surveyed data and laboratory data. Figure
3 shows the bathymetry of the reservoir and the
intakes based on the physical model scale.
One dredging zone in front of Azadegan intake
close to the right bank has been recommended in
order to make stable diversion flow into the intake
for the long term water supply operation. Numerical and physical model simulations have been undertaken to investigate the feasibility of this
measure in improving the condition for supplying
water.
Table 1 lists the hydraulic parameters used to
set-up the numerical model for testing hydrodynamic model scenarios. These parameters were
chosen on the basis of the data obtained from the
physical model experiments, in which the velocity

3 PROJECT BACKGROUND
Hamidieh regulated reservoir is located 11 km
away from Hamidieh Town. It is located on the
Karkhe River, downstream of Karkhe reservoir
dam. There are two water intakes, named Ghods
and Vosaileh intakes. Currently, the Vosaileh water intake channel is 10.8 km long with a maximum discharge of 60 m 3 / s while Ghods operates
with a 2.5 km long channel with a maximum discharge capacity of 13 m 3 / s .
Due to the development in irrigation and drainage network of Azadegan and Chamran regions,
the present conditions of the water intakes are not
able to meet the water demand. Hence, it is necessary to increase the flow rate from these intakes
by building new water intake structures.
Hamidieh reservoir dam is 192 m long, 4.5 m
high with 19 spillway bays and 10 sluice gates.
Azadegan is to replace Ghods water intake with
an inlet width of 56 m, 8 opening bays and 4 under sluice gates. It is intended to increase the discharge capacity from 13 m 3 / s to 75 m 3 / s . Vosaileh water intake is also to be replaced by Chamran
with an inlet width of 86.6 m, 16 opening bays
and 13 trash racks opening to increase the dis1576

on velocity logarithmic profile assumption for
measuring mean velocity.

distribution was measured in front of the two intakes. The locations of these points are shown in
the Figures 4 and 5.

Figure 5 The location of velocity measuring points in the
vicinity of Chamran intake

In applying the 3D layer integrated model to
this case study the water depth was divided into 5
layers. The thickness of each layer was set to
0.057m, except for the top layer which was
0.051m in the main channel. The grid size was selected 0.25m. The water surface level was calibrated with the differences between the observed
water surface levels obtained from the physical
model and calculated by the numerical model being between 0.0022m and 0.0055m (Roughness
parameter is used for calibrating water level regard to the physical tests). Table 2 indicates the
velocity values for different locations that were
pointed in Figures 4 and 5 for both the physical
and the numerical models.

Figure 3. Bathymetry of Hamidieh, physical model scale
Table 1. The characteristic for the hydrodynamic scenario
Operation
Turbulence
Hydraulic
Boundary
Boundary
Condition
Condition
Reservoir
Discharge
Surface and
Water level
82.2 liter/s
Inlet
(1.01 m)
Az. Intake
Discharge
Outlet
41.9 liter/s
Ch Intake
Water Level
Outlet
(1 m)
LS
Closed
RS
Closed
Az Intake= Azadegan Intake, Ch Intake= Chamran Intake,
L S= Left sluice gate and R S = Right sluice gate

Table 2. Comparison between velocity values obtained from
numerical and physical models
Location
Points
Measured
Calculated
(cm/s)
(cm/s)
Chamran
A
3.09
4.0
B
5.91
6.08
M
6.59
7.21
C
5.91
6.63
D
3.10
3.89
E
3.08
3.86
F
5.27
5.94
N
6.40
7.24
G
5.18
6.53
H
3.59
3.89
Azadegan
A
3.97
4.70
B
4.13
4.31
C
4.46
5.15
E
3.18
3.54
F
4.25
3.73
D
3.18
3.59

The investigation of velocity distribution in the
reservoir and the vicinity of the intakes presented
a platform for studying the hydrodynamic behavior. In the physical model study the velocity was
measured in front of the intakes at several points
by current-meters. The location of these points is
shown in the Figures 4 & 5. In this study, the velocity measurements at these points, together with
the observed water surface levels were used for
calibrating the hydrodynamic model.

The physical model study and the numerical model simulation were not carried out simultaneously.
In this research, efforts have been made to use the
measured data for better calibration but it was not
possible to test and measure hydraulic parameters
for more scenarios and locations. Despite these
limitations, the comparisons made using the available data in table 2 shows that the trend and quantities of velocity values obtained from the numeri-

Figure 4. Location of velocity measuring points in vicinity
of Azadegan intake

In the physical model study, the velocity was
measured by a current-meter at 0.6 D ( D = water
depth) from the water surface and fitted to the
physical scale. This depth had been chosen based
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- According to the observation of the flow direction, it is noticed that a non-uniform velocity distribution zone exists upstream of Chamran intake
on the left bank side. This is thought to be related
to the location of the intake.
- The velocity pattern for the regulatory condition
at the artificial dredging zone (in front of Azadegan intake) suggests that this is a location for high
potential sedimentation.

cal and physical models are in an acceptable level
of agreement for this complicated situation. In this
hydrodynamic scenario 24 gates operated simultaneously and with a real bathymetry being used.
The numerical results show that the magnitude of
the vertical eddy viscosity is from 10 up to 500
times larger than the corresponding horizontal eddy viscosity in different areas.
The results obtained from both physical and
numerical models are presented for the undistorted 1:20-scale model of Hamidieh regulated reservoir. The flow pattern and velocity contours in
the reservoir were calculated by the numerical
model and illustrated in Figure 6. The speed profiles along the depth predicted by the numerical
model at 4 points near of the intakes (B&F for
Azadegan and M&N for Chamran) were shown in
figure 7. The measured velocity at 0.6 D from the
water surface in the physical model is also shown
in this diagram.

4.2 Part two: sediment transport
For simulating sediment transport in hydraulic
systems information such as particle size distribution, inflow discharge and associated sediment
discharge, type of sediments (cohesive or noncohesive) and understanding the dominant process
of sediment transport (suspended load or bed
load) in the nature are required. Previous studies
have showed that the suspended transport is the
dominant process for this case. The majority of
sediment found in this region belongs to noncohesive type. One of the most important tasks is
to prevent sediments from entering the intakes.
Any sediment particles deposited into the irrigation canals would cause a decrease in the flow
rate. Currently, the stakeholders of the irrigation
network have to dredge the canals periodically. In
designing the new system of Hamidieh dam a
great effort has been made to mitigate the sedimentation problem in canals.
In this research, different scenarios were considered in order to determine the amount of sediments entering the intakes. Details are given below of the numerical study of sediment transport
process. The numerical model predictions were
compared to the physical model results at three
sites. The plan of these sites is shown in Figure 8.
In the numerical model, the scenarios were selected on the basis of the laboratory tests. van
Rijn’s (1984) formula was used to calculate the
sediment transport rate. The patterns of the suspended sediments concentrations are shown in
Figures 9, 10 for scenarios 2 and 3, respectively.
The suspended sediment concentrations computed
by the numerical model have demonstrated a good
agreement with the ones measured from the physical mode (A maximum error is less than 21.3%
and an averaged error is less than 7% that seems
acceptable considering the overall complexity of
the sediment transport). The sampling of suspended sediment concentration in the physical
model was taken on the whole depth and calculated using a depth integrated formula. Table 4
shows a comparison between the measured and
calculated suspended sediments concentrations in
different points shown in Figure 8. The results ex-

Figure 6. Numerical model predicted flow pattern and speed
contours
25
Az.Nu. Point B(TD)

Depth(cm)

20

Az.Ph. Point B(0.6D)
Az.Nu. Point F(TD)

15

Az.Ph. Point F(0.6D)

10

Ch.Nu. Point M(TD)
Ch.Ph. Point M(0.6D)

5

Ch.Nu. Point N(TD)

0

Ch.Ph. Point N(0.6D)
0

2

4

6

8

10

Velocity(cm/s)

Figure 7. Model predicted velocity distributions and measured velocities at 0.6D from water surface (Az=Azadegan
Intake, Ch=Chamran Intake, Nu=Numerical, Ph=Physical
and TD=Total Depth)

From Figure 7 it can be seen that the mathematical model predicted velocity values agree reasonably well with measured ones from the physical
model although some variations can be observed.
An analysis of the hydrodynamic results identifies
two main issues:
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- High flow condition with sluice gates in both
sides of the dam in operation (S.3).
The attributes of the scenarios are presented in
table 3. The results showed that the suspended
load has an important role in the sediment transport process and is closely related to particle size.
A good agreement has been observed between the
SSCs obtained from numerical and the physical
models. The analysis of the sediment transport results identifies that:
(i) The suspended sediment concentration in
Chamran intake is higher than the one in Azadegan intake. The main reason is thought to be the
location of the intakes. Chamran intake is located
in the internal curve position when considering
the layout of the system.

press the movement of suspended sediment in the
reservoir and over the intakes.

Figure 8. Location of measured sediment concentration
points (CAZ=Concentration in Azadegan Intake,
CCH=Concentration in Chamran Intake and CRR, CRM &
CRL=Concentration in the reservoir)
Table 3 Main parameters for sediment scenarios
No
Operation
Boundary Concentration
Condition
gr/liter
Reservoir Water level Discharge
0.4724
1.0225 m
87.2 liter/s
Az Intake
Discharge
41.9liter/s
S.1
Ch Intake
Water level
1m
LS
RS
Reservoir Water level Discharge
0.6724
1.0225 m
92.2 liter/s
Az Intake
Discharge
41.9 liter/s
S.2 Ch Intake
Water level
1m
LS
Discharge 5.6
liter/s
RS
Reservoir Water level Discharge
1.3391
1.0225 m
135 liter/s
Az Intake
Discharge
41.9 liter/s
Ch Intake
Water level
S.3
1m
LS
Discharge
25.2 liter/s
RS
Discharge
25.2 liter/s
General d16 , d50 , d84 & d90 = 0.0015,0.0076,0.0166 & 0.0236mm
data SepecificGravity = 2.67 , Grid size= 0.25 m and
Computational time=360 min with Intel(R)
Core(TM)2 Quad CPU Q8400 @ 2.66 GHz
Az Intake= Azadegan Intake, Ch Intake= Chamran Intake,
L S= Left sluice gate and R S = Right sluice gate

Details are given of the model scenarios for simulating sediment transport in the case study. The
scenarios are designed in three categories. The
characteristics of these scenarios are:
- Low flow condition without sluice gates (S.1).
- Low flow condition with one sluice gate (S.2).
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Figure 9. Pattern of suspended sediments concentrations
(SSC), scenario 2.

Figure 10. Pattern of suspended sediments concentrations
(SSC), scenario 3.

(ii) The pattern of the suspended sediment
movement in the reservoir has showed that the sediment entering rate to Chamran intake is affected
very little by the sluice gate operation schemes. It
means that the sluice gates on the left side do not
have a considerable effect on reducing the suspended sediment concentration moving through
Chamran intake.

merical model results being used jointly with the
experimental results to assist in the hydraulic design of the reservoir.

(iii) It seems that the problem of sediment entering the intakes is remained. The layout of these
hydraulic structures is only part of the reason for
this problem. The natural system of sediment
transport and the size of the sediments have an
important role for this situation.
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5 CONCLUSION
Details are given of the application of a threedimensional numerical model to predict the flow
and sediment transport through a river regulated
reservoir. The aim of the study was to improve the
understanding of the abilities of such numerical
models in simulating these complex processes in a
real case. An enhanced model was used to
represent the complex flow pattern in the vicinity
of hydraulic structures.
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Table 4. SSC measured and predicted at sampling points
SSC
Scenarios
Points
SSC
(Measured)
(Calculated)
gr/liter
gr/liter
Scenario 1

CRL
0.401
CRM
0.423
CRR
0.417
CAZ
0.396
CCH
0.433
Scenario 2
CRL
0.563
CRM
0.638
CRR
0.605
CAZ
0.618
CCH
0.681
Scenario 3
CRL
1.18
CRM
1.38
CRR
1.12
CAZ
0.99
CCH
1.11
SSC= Sediment suspended sediment

0.452
0.456
0.452
0.401
0.434
0.645
0.651
0.645
0.589
0.619
1.3
1.31
1.3
1.20
1.25

A series of scenario runs of the operation
schemes for Hamidieh regulated reservoir have
revealed the governing phenomena in the system
to a certain extent. The results obtained from the
numerical model runs confirm that:
(i) A non-uniform velocity distribution zone exists
upstream of Chamran intake on the left bank side.
(ii) The recommended artificial dredging zone, located in the front of Azadegan intake, will not affect the hydraulic behavior significantly.
(iii) The location of Chamran intake has a considerable impact on the suspended sediment concentration moving through the intake.
(iv) The sluice gates’ operation scheme has very
small impact on the suspended sediment flux entering into Chamran intake.
(v) The calibrated numerical model has been used
to predict the water flow and sediment fluxes.
Several scenarios were considered, with the nu1580
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Simulating the impact of medium and large diversions on the
hydrodynamics in the lower Mississippi River Delta
E. Karadogan & C. S. Willson
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ABSTRACT: The Mississippi River, which forms one of the world’s largest watersheds, is also one of
the world’s most engineered river systems. Due to the presence of control structures and levees, necessary
for flood protection and maintenance of navigation routes to a number of economically important ports,
the lower Mississippi River Delta has become hydrodynamically isolated from the River. This has resulted in the deprivation of the sediments and nutrients vital for wetland maintenance and regeneration.
The Delta is also being impacted by large subsidence rates resulting in relative sea level rise of up to 1
cm/year; higher than many other delta systems throughout the world. One of the solutions being proposed
to reverse or slowdown wetland loss are medium- and large-scale river and sediment diversions. Properly
located and designed diversions would recreate the historical delivery of river water and sediments into
the coastal wetlands. A calibrated and validated two-dimensional hydrodynamic model of the lower River
(from New Orleans down to the Gulf of Mexico) has been developed that includes all of the lower River
passes and many of the dynamic forcings from the Gulf. Steady state solutions for water surface elevations at gage locations match well with observational data and the distribution of river flow among the
different sections of river channel and passes capture the behavior of the limited field data available. In
this paper, the influence of two diversions on the navigation and sediment transport behavior of the system is investigated. The first, West Bay (River Mile 4.7) was built in 2003; the second is a proposed diversion further upriver (River Mile ~30) around the Empire Area. Numerical modeling results are shown
demonstrating the impacts on river stages, flow distribution through the passes and other uncontrolled
sections of the lower River. River passes. The impact of proposed Empire diversion is more significant
than the West Bay Diversion.
Keywords: Hydrodynamics, Simulation, Shallow Water, Lower Mississippi River, Diversion
1 INTRODUCTION

1.2 Land Loss Problem in LMRD and Diversions
In natural systems, large, fine-grained deltas subside due to sediment compaction, faulting, and
other effects. Subsidence is counteracted by overbank sediment deposition and avulsion into low
areas. The result is a delta in which subsidence
and sedimentation balance over time (Kim et al.,
2009). This balance in the natural Lower Mississippi River Delta has been disturbed over the last
century due to first levee construction. Since the
mid 1800s, the lower Mississippi river has been
canalized and shortened by 230 kilometers and
2,700 kilometers of levees were built along the
river (Wiener et al., 1998). Also, the construction
of many storage dams and reservoirs on rivers in
the watersheds of the upper tributaries has greatly

1.1 Lower Mississippi River Delta (LMRD)
The Mississippi River system drains approximately 3,224,600 km2 representing about 41% of the
48 contiguous United States and two Canadian
provinces (Knox, 2007). The Mississippi River
ranks seventh worldwide in both annual sediment
and water discharge with an annual average flow
rate of 14,000 m3/s and a freshwater discharge
onto the continental shelf of 580 km3 per year.
The river discharge into the Gulf of Mexico is distinctly seasonal, with highest flows occurring between March and May and lowest flows occurring
during August and October (USACE, 2004).
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agement of the diversion structures will optimize
the capturing of the appropriate water discharge
and transport of sediment and nutrients within the
diversion channel.
Another effect of freshwater diversions that
should be investigated is their impact on navigation. The Mississippi river and its ports belong to
one of the most important economic gateways in
the United States. Therefore it is of great importance to keep the river navigable. The U.S. Army
Corps of Engineers maintains, with dredging, a
minimal water depth of 13.7 meters. In addition, a
major concern to the shipping industry is the effect of large-scale diversions on the river hydrodynamics and the ability to maintain vessel control.
This study focuses on the use of a twodimensional hydrodynamic model to capture the
hydrodynamics of the LMRD (main river reach
and passes) under existing conditions. After calibration and validation, the model is used to study
the influence of two river diversion structures.
Hydrodynamic simulations for West Bay and a
hypothetical diversion near Empire will be assessed to investigate their flow capacity and impact on the river hydraulics.

reduced the sediment load of the Mississippi River. The sediment totals have decreased to between
150-200 million tons annually, which is almost
half of the estimated load from the period of 1850
to 1963 (CREST, 2006). Hydrologically isolation
of the river by the levees, decline of river-borne
suspended sediments, natural causes such as sea
level rise and geological subsidence, anthropogenic factors such as dredged canals and associated
spoil banks are all causing an average loss of approximately 88 km2 per year of Louisiana coastal
wetlands (Mossa, 1995). In addition, these factors
are all contributing to a relative sea level rise in
some areas as high as 1 cm/year (USACE, 2004).
One proposed method of reestablishing the historical flow and sediment patterns is the use of
river diversions (Mossa, 1995). Freshwater diversion projects are designed to create, nourish, and
maintain emergent wetlands within a project area
over a selected project life by enhancing the natural process of delta growth and, if available,
through the beneficial placement of material
dredged during construction and maintenance. It
is predicted that these diversions will result in tidal flats that are intermittently flooded and suitable
for marsh development (DeLaune et al., 2003 and
USACE, 2004).
Along the Mississippi River above Head of
Passes (River Mile -0.6) a number of freshwater
diversion projects have been proposed by the
Coastal Wetlands Planning, Protection and Restoration Act (CWPPRA) located at various potentially favorable reaches, most of these are located
at former crevasse sites. One of those projects,
West Bay Sediment Diversion opened in November 2003, and is located on the right descending
bank of the Mississippi River in Plaquemines Parish, LA, at River Mile 4.7 above Head of Passes.
Another potential diversion site is located at Empire around River Mile 30. In addition to West
Bay, two diversion structures in the LMRD that
have been built are the Caernarvon Freshwater
Diversion into Breton Sound opened in 1991and
the Davis Pond Freshwater Diversion into the Barataria estuary opened in 2002. Both of those diversions have much less capacity than West Bay
and the ones proposed by CWPPRA.
Freshwater and sediment diversions are very
complicated systems involving many design components and large amounts of data uncertainty
(Willson et al., 2007). Numerical models can be
used as tools to help weight the costs of constructing and managing a diversion against the potential
benefits it will provide. Also, the construction and
efficient operation of river diversions will require
an understanding of the impact of the diversion on
the hydraulics and sediment transport in the river
in the receiving wetlands. Proper design and man-

2 NUMERICAL MODELING
2.1 ADH Modeling System
The Advanced Hydraulics (ADH) Modeling System developed and supported by the Coastal and
Hydraulics Lab of Engineer Research and Development Center (ERDC) of US Army Corps of Engineers (USACE) is a finite element software
package that can handle saturated and unsaturated
groundwater flow, overland flow, three dimensional Navier-Stokes flow and two or three dimensional shallow water problems. The 2D shallow-water equations used for this application are a
result of the vertical integration of the equations
of mass and momentum conservation for incompressible flow under the hydrostatic pressure assumption. ADH is equipped with a friction algorithm that automatically adjusts the friction for
variations in water depth.
ADH is an implicit code and therefore, the time
step size is not stability limited for the linear problem (i.e., not limited to the stability conditions
imposed by the Courant–Friedrichs–Lewy (CFL)
number). As a result the model can take larger
time steps; hence, reducing the turnaround time on
time-critical simulations. However, nonlinear instability will occur if the time step is too large.
Additionally if the time step size is excessively
large, simulation accuracy will suffer. To select
1582

lution coastal mesh previously developed at the
University of Notre Dame under contract to the
USACE for use in surge probability evaluation,
hurricane protection planning, and coastal restoration planning (Westerink et al., 2006).
A reach of the Lower Mississippi River from
Carrollton (New Orleans) at River Mile (RM) 103
down to the Gulf of Mexico as deep as 80 m was
selected as a study area. The developed mesh (see
Figure 1 for model domain and elevation contours) contains 214,515 nodes and 424,207 elements. The total area of the mesh is 3.97x107 m2
with node spacing as low as 40 m.
The hydrodynamic model is calibrated and validated by using the gage readings taken by
USACE (2009b) at 13 river locations (Figure 1).
Note that River Mile 0 is located at the Head of
Passes near Gage 12. Continuous discharge data is
available at Tarbert Landing (RM 306.3). Because
there are no significant additions or losses of water between this station and the study area, 2 days
lagged flow data at Tarbert Landing was used to
obtain stage hydrographs at gages for the water
years between 1987 and 2009 after excluding extreme values and non-physical outliers. Mean and
standard deviation river stage values at each gage
corresponding to 708 m3/s (25,000 cfs) discharge
intervals are calculated to represent the observation data for comparison with model results.

the most appropriate time step, ADH utilizes a
Pseudo-Transient Continuation with a limit on the
maximum time step length (Tate, McAlpin, & Savant, 2009).
The major strength of ADH is its ability to dynamically refine the domain mesh in areas where
more resolution is needed at certain times due to
changes in the flow conditions. This process is
done by normalizing the results so that an error
quantity is determined for each element. If this error exceeds the tolerance set by the user, then the
element is refined. ADH is also able to unrefine
previously refined areas when the added resolution is no longer needed however, the adaption
would not make the mesh coarser than the initial
one (Berger and Tate, 2009).
The wetting drying capabilities of ADH within
the marsh areas as the water level changes is ideal
for shallow marsh environment. This tool is being
developed at CHL and has been used to model sediment transport in sections of the Mississippi
River, tidal conditions in southern California, and
vessel traffic in the Houston Ship Channel (Gambucci, 2009).
Another major benefit of ADH is its portability, i.e. the ability to run on any number of processors and machines ranging from a standard PC to
high-end supercomputers on both Windows and
UNIX based systems. The ADH code has been parallelized using a Single Processor Multiple Data
(SPMD) approach. The domain is decomposed using the METIS graph partitioning libraries. The
communication between processors is explicitly
defined using Message Passing Interface (MPI)
calls (Hallberg, 2006).
2.2 Mesh Generation and Model Domain
An unstructured finite element mesh was developed. Elevation data for the finite element mesh
came from five different sources. One source of
topography data is LIDAR measurements made in
2002 of land elevations; these are acquired from
"Atlas: The Louisiana Statewide GIS" (ATLAS,
2009) in the form of edited XYZ ASCII files.
Another set of LIDAR data was acquired from
National Oceanic and Atmospheric Administration's National Ocean Service (NOAA, 2009). Although the NOAA set of data comes from more
recent measurements (i.e., 2005), it did not cover
most of the land sections in this study area. The
2004 Mississippi River hydrographic survey book
(USACE, 2007) and routine hydrographic surveys
(USACE, 2009a) performed by New Orleans District to monitor local river and waterway navigation conditions were used for the river bathymetry. Other elevation data, not available from the
above data sources, are obtained from a high reso-

Figure 1. Elevation contours and gage locations within the
model domain

The mesh, used for the calibration and validation
simulations, includes the West Bay Sediment Diversion, the largest constructed sediment diversion
in Louisiana. The West Bay diversion was initially constructed using a hydraulic cutter head
dredge with a pipeline transport system (Figure 2).
After construction the diversion has grown over
time expanding to 22.5 m deep and 150 m wide
and having a capacity of 1400 m3/sec. The model
has been run with and without the diversion included (Figure 2) with different boundary condi1583

22,654 m3/sec (800,000 cfs) and 28,317 m3/sec
(1,000,000 cfs) which represent low medium and
high flow levels in the Lower Mississippi River
Delta were applied for the inflow boundary conditions. Three tailwater conditions (0.00 m, 0.35 m
and 0.70 m) were applied for each of the flow
rates providing a total of nine simulations.
The tail water elevation boundary conditions
were determined for nodes along the model open
water boundary by calculating the low, mean and
high water levels in Gulf of Mexico using ADCIRC Tidal Database (Mukai et al., 2002) and
T_Tide Harmonic Analysis Toolbox (Pawlowicz
et al., 2002). To look at potential impacts of future
sea level rise, we will use the simulations made at
0.35 m tailwater to represent normal current day
conditions and simulations made at 0.7 m tailwater as normal conditions at a future date. For reference, eustatic sea level rise occurred at a rate 12 mm/year in the twentieth century (USACE,
2004).

tions to investigate the effect of the diversion on
the general river hydrodynamics.

Figure 2. Elevation contours with and without West Bay
Diversion

Another test case for investigating the impact of a
diversion involved locating a hypothetical river
diversion located further upriver near Empire (RM
30), Louisiana. A mesh for that area, previously
developed by Dill (2007), is modified and combined with the current mesh (Figure 3). The diversion channel used at that area is 10 m deep and
245 m wide with a capacity over 2,830 m3/sec
(100,000 cfs).

3 RESULTS AND DISCUSSION
Hydrodynamic action is the most important mechanism involved in transport processes in rivers
and coastal waters. The hydrodynamic model developed here will form the foundation for: (a) sediment transport modeling to investigate the impact of diversions and relative sea level rise on
sedimentation properties of the river and (b) a solute and oil transport modeling for the Mississippi
River Delta (e.g., Danchuk and Willson, 2010);
and (c) investigation of various strategies for
managing the lower River and its resources.
During model calibration, ADH’s refinement
indicator was used to identify the regions around
the bendways and wetting/drying areas that required more resolution to decrease mass balance
errors. The increased resolution resulted in some
improvement in the detailed hydrodynamics, but
did not change the overall hydrodynamics over
the large areas. The adaptive capability will be
more vital in the future modeling work, where the
hydrodynamic model will be run simultaneously
with other transport models (e.g., sediment, solute
and oil), since the necessary refinement requirements will be less predictable ahead of time.
Overall, the simulated water surface elevations
(WSEL) are in good agreement with the observations, particularly for the low and medium flow
rates (Figure 4). Simulation results at the high
flow are better for the section of the river from
RM 50 (West Pointe A La Hache) down to Gulf
of Mexico than the section between RM 110 and
RM 65 (Carrollton to Alliance). Some preliminary
simulations were made that include some dike-

Figure 3. Current Mesh with Hypothetical Empire Diversion

The number of nodes in this mesh is 228,907 and
the number of elements is 452,908.
Running simulations with large meshes has become much easier in recent years, as computational resources have become more powerful and
easier to utilize. In this study, Louisiana State
University Center for Computation and Technology (CCT), The Louisiana Optical Network Initiative (LONI) and Coastal Environmental Modeling
Laboratory (CEML) High Performance Computing resources are utilized extensively. Although
these kind of complex models cannot simulate
events at the decade-scale, having model times on
the order of months can supply useful information
on important river processes and management
schemes. Utilization of High Performance Computing allows for one-day dynamic hydrodynamic
simulations to be completed in less than one hour
of CPU time.
Steady state solutions were obtained using constant inflow and tailwater boundary conditions.
Three flow rates; 11,327 m3/sec (400,000 cfs),
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like structures in that reach to the existing mesh
without changing the resolution in an effort to test
their effect on the WSELs. Results did not show
any significant improvement. A series of simulations were also run to test the required model
resolution i.e. grid convergence, using the adaptive scheme of ADH. Analysis of the WSELs and
velocity magnitudes indicated that there was no
need for additional refinement for the current application of the model.

Figure 5. Locations of the cross sections use for flow comparisons
Table 1. Simulated and Observed (ERDC, 2009) Flow Fractions at Selected River Cross Sections
28,317 m3/sec
Tail
11,327 m3/sec
LocaWater
ModObs.*
ModObs.*
tion
el*
el*
99%
0.00
71%
m
0.35
96%
67%
75~78
Venice
m
100%
%
86%
61%
0.70
m
0.00
Above
80%
55%
m
0.35
~59
West
77%
53%
~70%
m
%
0.70
67%
47%
Bay
m
0.00
68%
46%
Head
m
0.35
~45
Of
64%
43%
~55%
m
%
0.70
55%
38%
Passes
m
0.00
48%
29%
m
0.35
SW Pass
41%
27%
~32%
m
0.70
32%
22%
m
* with respect to the flow rate at Tarbert Landing

Figure 4. Simulated and Observed Water Surface Elevations; mean observed WSELs are given along with error
bars which show +/- 1 standard deviation

After model calibration to river stage data, flow
rates across a number of river and pass cross sections (Figure 5) were calculated and compared to
flow data collected during a number of recent
USACE field surveys conducted for West Bay
Diversion Work Plan (ERDC, 2009) (Tables 1 and
2). Flow measurements from the field indicate
that, at medium and high flow rates, the discharge
at Venice (RM 10) is approximately 60-70% of
the Tarbert Landing discharge. The simulated results show reasonable agreement with these estimates. The USACE data shows that approximately 45% of the total discharge is lost to the multiple
cuts from Venice to below Cubit’s Gap. One potential reason why the model underestimates this
loss is that the elevation data around the receiving
areas of lower River passes is higher than the current conditions. As a result of this underestimate,
the model over estimates the flow through Southwest Pass. Closer inspection of the topography in
the lower river shows that the land elevations are
very close to the water surface elevations. Thus,
even a 1 ft change in the topography can cause
significant changes in flow distributions. The elevation data of the mesh will be updated for future
studies as newer data become available..

After validation of the current model, the impact of West Bay Diversion and proposed Empire
Diversion were analyzed by investigating the
steady state solutions of the hydrodynamic model
only. Simulations with West Bay Diversion open
are used as baseline runs. During this process, we
investigated the variation of river stages and velocity magnitudes along the river together with
flow rates across a number of river and pass cross
sections.
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Table 4. Flow Rates through Lower River Passes with and
without West Bay Diversion (WBD) with tail water elevation of 0.35 m
28,317 m3/sec
11,327 m3/sec
Location
With
W/out
With
W/out
WBD
WBD
WBD
WBD
Bap. Col
809
819
1,243
1,250
Grand
913
964
1,671
1,799
Pass
WBD
300
0
813
0
Cubit’s
798
812
1,303
1,330
Gap
South
1,361
1,388
2,355
2,406
Pass
Note: All units are in m3/sec

Table 2. Simulated and Observed (ERDC, 2009) Flow Fractions through Lower River Passes
28,317 m3/sec
Tail
11,327 m3/sec
Location Water
ModObs.
ModObs.
el*
*
el*
*
7%
4.5%
0.00
m
7%
4.4%
0.35
9.2%
8.2%
Bap. Col.
m
6%
4%
0.70
m
0.00
Grand
9%
6%
m
0.35
8%
6%
Pass
9.5%
8.7%
m
0.70
7%
5.4%
m
0.00
2%
3%
West
m
0.35
3%
3%
Bay
4.5%
4.3%
m
Diver0.70
4%
3%
m
sion
0.00
7%
5%
Cubit’s
m
0.35
7%
4.6%
Gap
11%
8.5%
m
0.70
6%
4%
m
0.00
12.6%
8.6%
South
m
0.35
12%
8.3%
Pass
12%
9%
m
0.70
10%
7.4%
m
* with respect to the flow rate at Tarbert Landing

The simulated flow through the Empire diversion channel (3,874 m3/sec for high flow case;
~15% of the total flow) is much higher than
through West Bay resulting in a more significant
impact on the River hydrodynamics. Starting from
a few miles upstream of the proposed Empire Diversion location down to River Mile 10 (~20
miles downstream of diversion location) there is a
reduction in the velocity magnitudes of around 0.2
m/sec (Figure 6). As expected, the diversion reduces the fluxes through the river, however the
impact on the river stages is not significant since
the Lower Mississippi River Delta is a very large
and complex system. The flow distribution
through the passes downstream of Venice does not
change very much. Of particular interest to navigation is the fraction of flow (40-50%) that passes
through SW Pass, the primary navigation route
from the Gulf of Mexico to the ports in the Mississippi River.

According to the steady state simulation results
at low and high flowrates, there was not any significant difference in the river stages and velocity
magnitudes along the river with and without the
West Bay Diversion. Also, very little change is
observed for the distribution of the flow rates
(Tables 3 and 4). Since the simulated flow
through West Bay Diversion channel is less than
the field data, we would not expect much impact
on the model results. Obviously, definitive conclusions for West Bay Project would not be possible without accurately simulating the flow through
the West Bay Diversion.

Figure 6. Simulated Velocity Magnitudes with 0.35 m tail
water elevation.

Table 3. Flow Rates at Selected River Cross Sections with
and without West Bay Diversion (WBD) with tail water
elevation of 0.35 m
28,317 m3/sec
11,327 m3/sec
Location
With
W/out
With
W/out
WBD
WBD
WBD
WBD
Venice
10,927
10,900
19,078
18,920
Above
8,726
8,640
14,922
14,645
WBD
HOP
7,279
7,346
12,303
12,642
SW Pass
4,684
4,792
7,506
7,745
Note: All units are in m3/sec

The tail water boundary condition of 0.35 m is
considered as mean sea level under current conditions and a tail water condition of 0.70 m is used
to examine the potential impact of future sea level
rise on the system. Model results show that at upstream locations, the tail water elevation has a
more significant effect on the stages at low flow
rates while there is little or no effect at the medium and high flow rate (Figure 7). The most significant impact of tail water elevations can be seen
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10, to Gulf of Mexico) where, under higher sea
levels, flooding occurs at all flow rates in the regions that are close to the open water boundary.
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Table 5. Flow Rates through diversion channels with high
flow rate (28,317 m3/sec) (All units are in m3/sec)
Tail Water
Location
0.35
0.70
m
m
Empire Diversion
3,874
3,828
West Bay Diver1,303
1,137
sion
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CSO event in the Bubbly Creek, Chicago, IL
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ABSTRACT: Bubbly Creek is a tributary of south branch of Chicago River, IL. It is mainly used for
routing combined sewer overflow (CSO) through the Chicago River. In this work we numerically model a
CSO event through the creek and study the flow structures for various flow conditions. The numerical
model used for the aforementioned exercise is Environmental Fluid Dynamics code (EFDC). The model
solves the three dimensional vertically hydrostatic, free surface, turbulent averaged equations of motions
for a variable density fluid. Model uses a stretched sigma or vertical coordinates and curvilinear
orthogonal horizontal coordinates. Dynamically coupled transport equations for turbulent kinetic energy,
turbulent length scale, salinity and temperature are also solved. The flow features thus modeled are
eventually used for modeling common water quality parameters. Bubbly creek is infamous for having less
than desired water quality standards. The modeling exercise conducted helps us in understanding and
isolating various reasons for the present state of the creek.
Keywords: EFDC, Mode-Splitting, Chicago River, Dissolved Oxygen, Biochemical Oxygen Demand
1 INTRODUCTION
1.1 General background
The study area for this modeling exercise
comprises of the entire 2200 meters long channel
of the South Fork of the South Branch of Chicago
River, colloquially referred as “Bubbly Creek”,
along with various slips at the mouth of the Creek.
The extent of the domain becomes a little clearer
in the Figure1. Bubbly creek was once a pristine
wetland system that provided natural aquatic and
terrestrial habitat for fish, bird and other species.
Bubbly Creek has undergone major physical
changes, which includes deepening and widening
of the channel, creation of sheet pile banks, severe
hydrologic alteration, and introduction of polluted
sediments and runoff. A mix of land uses are
found along the banks of Bubbly Creek including
industrial plants, trucking terminals, rail yards and
construction material yards which are giving way
to new commercial and residential development.
In olden days there were number of meat packing
plants situated along the banks of the Bubbly
Creek. The channel was systematically widened
and deepened to allow for drainage and disposal of
waste from the nearby meat packing industries.

Biochemical reactions caused by the decomposing
animal waste continuously produce methane and
hydrogen sulphide bubbles. To this day these
bubbles constantly float to and break at the water
surface, for which the name, “Bubbly Creek” is
colloquially given. Today, Bubbly creek is a
relatively straight 2200 meters long channel that
originates at the Racine Avenue Pumping Station
(RAPS) and flows north during the over flow
events to its confluence with the south branch of
the Chicago River. Bubbly Creek is relatively
shallow with depth varying from 2 meters near
RAPS and around 5 meters at the mouth where it
meets the south branch of the Chicago River. The
width of the creek varies between 40 and 65
meters. The major physical alterations caused by
the development has severely degraded the natural
ecosystem and eliminated most of the natural
aquatic and terrestrial habitat. Due to gigantic man
made changes, hydrologic alterations, combined
sewer overflow (CSO), Bubbly creek remains a
severely impaired ecosystem with vast
opportunities for restoration. Bubbly creek faces
complex series of problems which requires a very
keen and close examination, which hopefully
would finally yield some pragmatic restoration
procedures. Some of the challenges faces by the
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Bubbly Creek are explained in little more detail
here.
Stagnant flow condition: During dry weather
periods Bubbly Creek is stagnant, except for the
occasional movement of water caused by the
passing boats or the slight surge from the south
branch. Even during light to moderate rainfall the
flows in Bubbly Creek is not severely affected as
only a very small area adjacent to the channel
directly drains into Bubbly Creek. It would not be
a stretch to say that for most of the time Bubbly
Creek behaves more like a lake system rather than
a regular river. During the stagnant periods,
severely degraded water quality in Bubbly Creek
can be attributed to several factors, including
biochemical activity between the sediment and the
water column, residual water quality from CSOs
and photosynthetic activity. Levels of dissolved
oxygen (DO), which are indicators of water
quality impairment in a stream, typically plummet
during stagnant periods and often reaches zero.
Combined sewer overflow: During excessively
heavy rainfall events, the combined sewer system
that drains surface water runoff and sanitary waste
by gravity to RAPS can become overwhelmed.
During these times to avoid the problems of water
accumulation in the related sewer shed, the pumps
at RAPS are turned on which discharges directly
into Bubbly Creek. As the quality of water coming
into RAPS and getting discharges into Bubbly
Creek is severely impaired it has an adverse effect
on the overall water quality in Bubbly Creek. At
maximum overflow capacity RAPS can discharge
almost 170 cubic meters per second in Bubbly
Creek. At such high discharge the water levels in
Bubbly Creek can increase significantly,
especially near the pumps the change in water
levels has been observed to be as high as 1 meter.
The flow velocity produced as a result of such
massive discharge varies around 1 meter per
second and some time even more. Such high
velocities lead to increase bed shear stress which
resuspends lot of undesired organic matter from
the bed of Bubbly Creek, which again adversely
affects the water quality.
In this paper we use a three dimensional
numerical model to simulate a CSO events that
happened during the month of September-2006.
The overall aim is to examine the flow structures
in Bubbly Creek resulting from the CSO events
and study their affect on the crucial water quality
parameters like BOD (Biochemical Oxygen
Demand) and DO (Dissolved Oxygen). The
numerical model chosen for the simulation of the
aforementioned domain is Environmental Fluid
Dynamics Code (EFDC) developed by Hamrick
J.M. (1992).

Figure 1: Bubbly Creek from Google Earth

2 NUMERICAL MODEL
2.1 Description
The hydrodynamic component of EFDC is based
on the three dimensional shallow water equations
and includes dynamically coupled salinity and
temperature transport. The basic physical process
simulation in EFDC is similar to that of Princeton
Ocean Model (POM) Blumberg & Mellor (1987),
the US Army Corps of Engineer’s CH3D-WES
model, Johnson et al. (1983) and the TRIM model
by Casualli and Cheng (1982).
The EFDC model has been applied to various
water bodies and environmental engineering
studies, of varied complexity. Some of the cases
for example are as follows. Salinity intrusion
studies in the Indian River Lagoon and Sebastian
River, Florida Tetra Tech (1994), Sucsy et al.
(1994). Large scale wetlands simulation in the
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Everglades, Hamrick (1994b). Thermal simulation
of Lake Okeechobee, Florida, Hamrick (1996).
As far as water quality model is concerned a
simple DO – BOD (Dissolved Oxygen Biochemical Oxygen Demand) was developed on
the lines of Motta (2009). This was then linked
with the hydrodynamic kernel of E.F.D.C which
was used for the simulation exercise.

coordinates x and y, mx and my are the square
roots of the diagonal components of the metric
tensor, m = mxmy is the Jacobian or square root of
the metric tensor determinant. The vertical
velocity, with physical units in the stretched
dimensionless vertical coordinate z is w, and is
related to the physical vertical coordinate w* by:
w = w* − z ( ∂ tζ + umx−1∂ xζ + vm y−1∂ yζ ) +

2.2 Theoretical formulations

(1 − z ) ( umx−1∂ x h + vmy−1∂ y h )

The EFDC model solves the three dimensional
vertically hydrostatic, free surface, turbulent
averaged equations of motions for a variable
density fluid. Model uses a stretched sigma or
vertical coordinates and curvilinear orthogonal
horizontal coordinates. Dynamically coupled
transport equations for turbulent kinetic energy,
turbulent length scale, salinity and temperature are
also solved. The hydrodynamic equations that
form the main kernel of the EFDC model are as
follows.

(9)

∂t ( mHu) +∂x ( my Huu) +∂y ( mx Hvu) +∂z ( mwu)
−( mf + v∂xmy − u∂ymx ) Hv = −my H∂x ( gζ + p)
−my ( ∂xh − z∂x H ) ∂z p +∂z ( mH −1Av∂zu) + Qu
(1)

∂t ( mHv) +∂x ( my Huv) +∂ y ( mx Hvv) +∂z ( mwv)
+ ( mf + v∂xmy − u∂ y mx ) Hu = −mx H∂ y ( gζ + p)
−mx ( ∂ yh − z∂ y H ) ∂z p +∂z ( mH −1 Av∂zv) + Qv
(2)
∂ z p = − gH ( ρ − ρ o ) ρ o−1 = − gHb

(3)

∂ t ( mζ ) + ∂ x ( my Hu ) + ∂ y ( mx Hv ) + ∂ z ( mw ) = 0 (4)
1
1
⎛
⎞
⎛
⎞
∂ t ( mζ ) + ∂ x ⎜ m y H ∫ udz ⎟ + ∂ y ⎜ mx H ∫ vdz ⎟ = 0 (5)
0
0
⎝
⎠
⎝
⎠
ρ = ρ ( S,T )
(6)

∂ t ( mHs ) + ∂ x ( m y HuS ) + ∂ y ( mHvS ) + ∂ z ( mwS )
= ∂ z ( mH −1 Ab ∂ z S ) + Qs

(7)
∂t ( mHT ) + ∂ x ( my HuT ) + ∂ y ( mx HvT ) + ∂ z ( mwT )

The total depth, H = h + ζ, is the sum of the
depth below and the free surface displacement
relative to the undisturbed physical vertical
coordinate origin, z* = 0. The pressure p is the
physical pressure in excess of reference density
hydrostatic pressure, ρogH(1-z), divided by the
reference density, ρo. In the momentum equations
(1) and (2) f is the Coriolis parameter, which is
switched off for the present simulations, Av is the
vertical turbulent or eddy viscosity, Qu and Qv are
the momentum source-sink terms which is
eventually modeled as the subgrid scale horizontal
diffusion. The density of the water is modeled
through a state equation and is a function of
salinity S and temperature T. The continuity
equation (4) has been integrated with respect to z
over the interval (0,1) to produce the depth
integrated continuity equation. In the transport
equations for salinity (7) and temperature (8), Qs
and QT include subgrid scale horizontal diffusion
and thermal sources and sink, while Ab is the
vertical turbulent diffusivity. The system of
equations from (1) to (8) forms a close set of
equations provided the turbulent viscosity and
diffusivity and source and sink terms are specified.
The vertical turbulent viscosity and diffusivity are
modeled in EFDC using Mellor and Yamada
(1982) model modified by Galperin et al. (1988).
The model relates the vertical turbulent viscosity
and diffusivity to the turbulent intensity, qq, a
turbulent length scale, l and a Richardson number
Rq.
As far as the dissolved or suspended
constituents are concerned the governing equation
solved by the EFDC model for any water quality
state variable can be given by the following
equation.

= ∂ z ( mH −1 Ab∂ zT ) + QT

(8)
In these equations, u and v are the horizontal
velocity components in the curvilinear, orthogonal
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∂ ( mx my HC ) ∂ ( my HuC ) ∂ ( mx HvC )
+
+
+
∂t
∂x
∂y
∂ ( mx my HwC )

Kv H −1∂ z ( u, v ) z =1 = (τ sx ,τ sy ) = cs uw2 + vw2 ( uw , vw )
(13)

∂ ⎛ my HAx ∂C ⎞ ∂ ⎛ mx HAy ∂C ⎞
⎟
⎜
⎟+ ⎜
∂z
∂x ⎝ mx ∂x ⎠ ∂y ⎝⎜ my ∂x ⎠⎟
∂⎛
A ∂C ⎞
+ ⎜ mx my z
⎟ + mx my HSc
∂x ⎝
H ∂x ⎠
(10)
=

where C = concentration of water quality state
variable, Ax, Ay, Az = turbulent diffusivities in x, y
and z directions respectively, Sc = internal and
external sources and sinks per unit volume, H =
water column depth.
EFDC model solves the advection-diffusion
equation for a water quality state variable (10) by
decoupling the physical transport and the kinetic
terms. It should be mentioned that the computation
of the kinetic step is made at a constant water
depth at the end of the physical transport step.
This allows the depth and the scale factors to be
eliminated from the kinetic processes and which in
turn can be further split into reactive and internal
sources and sinks which can be presented by the
following equation.
∂Ck
= K ⋅C + R
(11)
∂t
where K is the kinetic rate (time-1) and R represent
the internal source/sink term (mass volume-1 time1
). The solution scheme for both physical transport
and the kinetic equations are second order
accurate.
2.3 Boundary conditions
For solving the given set of partial differential
equations from (1) to (8) numerically we need to
specify the boundary conditions. For closed water
bodies horizontal boundary condition is easy to
implement as it only requires setting the boundary
normal velocity and constituent flux to zero. In
case of open horizontal boundaries, either the
water depth or a combination of the normal
velocity and water depth must be specified as well
as influx of dissolved and suspended constituents
must be specified. The vertical boundary condition
for the solution of momentum equations (1) and
(2) are based on the specification of kinematic
shear stress. The vertical boundary condition as
implemented in the model can be adequately
represented by the following equations.
Kv H −1∂z ( u, v ) z=0 = (τ bx ,τ by ) = cb u12 + v12 ( u1, v1 )

The bottom of the river is denoted by z = 0, in
normalized non-dimensional coordinates and the
surface is denoted by z =1. Uw and Vw refers to
the components of the wind velocity at 10 meters
above the surface of the water surface. The
subscript 1 denotes the velocity at the midpoint of
the bottom layer. The bottom drag coefficient is
given by:
−2
⎛ −1 ⎛ Δ1 ⎞ ⎞
cb = ⎜⎜ k ln ⎜
⎟ ⎟⎟
(14)
⎝ 2 zo ⎠ ⎠
⎝
Where k, is the von Karman constant, Δ1 is the
dimensionless thickness of the bottom layer, and
zo=zo*/H is the dimensionless roughness height.
The wind stress coefficient is given by:

(

cs = 0.001ρ a ρ w −1 0.8 + 0.065 U w2 + Vw2

)

(15)

for the wind velocities in meters per second
with ρa and ρw denoting air and water densities
respectively.
For water quality constituents the values at the
inflow boundaries were specified, whereas at the
open boundaries with water-surface elevation
specified, zero gradient boundary condition was
utilized for dissolved and suspended constituent.
2.4 Numerical solution procedure
The numerical solution of the EFDC model
equations uses a finite volume-finite difference
spatial discretization with a MAC or C grid
staggering of the discrete variables. The velocity
components are located on the faces of the
primary control volume, where as the depth,
buoyancy and concentration of transported
constituents are located at the centroid of the
control volume. The staggered arrangement of
variables can be suitably presented in Figure 2.

Figure 2: Staggered variable arrangement

(12)
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The excess pressure presented in equation (3) is
defined on the top faces of the continuity control
volume. An additional set of control volume,
staggered vertically are used for the transport
equations of the turbulence parameters. The
spatial integration is carried over different sets of
staggered control volume, the horizontal depth and
the excess pressure is determined by the finite
difference operations, all the spatial discretization
is carried out by the second order accurate central
difference scheme.
The temporal integration of the momentum and
continuity equation uses a second order accurate,
semi-implicit, three time-level, leap frog
trapezoidal scheme. The computational mode
generated by a three time level scheme is
suppressed by the periodic insertion of a two time
level trapezoidal step. The mode splitting scheme
which partially decouples the fast moving external
or barotropic mode and slow moving internal or
baroclinic mode is also used. The barotropic
mode is implicit in horizontal and the baroclinic
mode is implicit in the vertical direction.
3 CONFIGURATION OF EFDC MODEL FOR
BUBBLY CREEK
3.1 Grid generation
The formulation and governing equation of EFDC
model is based on orthogonal curvilinear
coordinate system (OCCS), hence the first step
before the model is used and simulations are
conducted is the generation of the grid. The grid
for the domain depicted in the Figure 1 was
generated by using the grid generating tool
gridgen. A portion of grid generated and used for
the simulation is shown in Figure 3.

Figure 3: Portion of grid generated for the simulation

The grid generated has 7821 cells in horizontal
and 8 layers in vertical which gives total 62568
control volumes or cells. It must be mentioned that

while generating the grid it was tried to keep the
mesh as orthogonal as possible, as it’s a well
known fact that a skewed mesh can lead to
undesirable results and can also create problems in
the convergence of the numerical solution.
Sankarnarayanan and Spaulding (2003) conducted
host of simulation to show the adverse effect of
grid non-orthogonailty on the solution of shallow
water equations in boundary-fitted coordinate
system.
3.2 Input data for simulation
The numerical simulation conducted is based on
the CSO event of September 13, 2006, the CSO
volume
was
19148813
cubic
meters,
corresponding for measured outflow duration of
7.66 hrs, which resulted in a mean flow discharge
of 69.43 m3/sec at the Racine avenue pumping
station. The discharge coming from south branch
in the direction of flow was of the order of 20
m3/s. The initial water surface elevation for the
whole domain was kept at -0.66 m. The water
surface elevation at the west end of the domain
was kept at a constant value of -0.66 meters with
respect to the Chicago city datum (CCD), such a
value was obtained by examining the various data
set available at MWRD (metropolitan water
reclamation district of Chicago) and USGS
websites for various CSO events of the past. It has
been observed that for a moderate CSO event,
likes of one which has been simulated, the
elevation at the west end near Cicero avenue
doesn’t change significantly. The general
orientation of the flow in the Chicago River
system can be suitably depicted by the Figure 4.

Figure 4: Segment of Chicago River System
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It has been observed that the flow in the river
system is generally oriented from North to South.
When the Racine Avenue Pumping station starts
pumping due to a CSO event, the upstream
intrusion of the flow along the south branch of
river has been observed. As mentioned in section2, the boundary condition needed by the EFDC
model at the open boundaries are, normal flow
velocity or the depth, or some combination of
both. In the simulation conducted the RAPS end
and the portion on the grid extending towards the
south branch, Figure 4, is taken as the open
boundaries. The inflow at RAPS is set at 69.43
m3/s for the first 7.66 hrs and then set to zero as
the pumps are shut down. The flow from south
branch entering the computational domain is set at
20 m3/s.
As regards with water quality constituents, the
incoming flow from the Racine avenue pumping
station had saturated DO value of 9 mg/l, and
BOD at 68.1 mg/l. The inflow from north in the
main channel had incoming DO level of 6.86 mg/l
and BOD of 5 mg/l. The SOD was taken constant
at 3.3 gm/mt2/day for Bubbly Creek. The entire
computational domain was initialized with DO
value at 1.2 mg/l. This value was obtained by
taking the average of the observed DO values at
36th street and I-55 stations before the onset of the
CSO event.

Figure 5: Veloc. variation at 36th street during CSO

4 RESULTS AND DISCUSSION
As shown in Figure 1, Bubbly Creek has two
observation stations at 36th street near (RAPS) and
at I55 close to the south branch of the Chicago
River. These two monitoring stations take
continuous hourly measurement of dissolved
oxygen and temperature. It should also be
mentioned that based on some historical data
taken by USGS around 36th street area in the
Bubbly Creek, flow velocity has been found to be
in the range of 1 meter/sec and above, when the
amount of discharge from RAPS due to a CSO has
been in the order of 60 m3/sec. As mentioned in
the previous section, the CSO event that was
simulated lasted for 7.66 hrs but the actual
simulation was carried out for 12 hrs to observe
the after effects of the CSO event on pertinent
water quality constituents.
4.1 Hydrodynamic results
The variation of flow velocity magnitude with
time after the start of CSO at 36th street and I-55 is
presented here.

Figure 6: Veloc. variation at I-55 during CSO

It can be seen clearly from Figure 5 and Figure 6
respectively that the magnitude of flow velocity
reaches nearly 1.2 and 0.80 meter/sec at the water
surface at 36th street and I-55 respectively. As
mentioned before, this value is very much in the
proximity of the flow velocity observed during;
CSO events, with comparable discharges at
Racine avenue pumping station (RAPS), as
observed by USGS. The magnitude of flow
velocity at I-55 is less than that at 36th street,
which can be attributed to the fact that the depth in
the creek is shallower around 36th street area. The
same can be observed in the Figure 5 and Figure
6, the free surface at 36th street is only at 1.1
meters, where as at I-55 which is near the turning
basin the depth goes as high as 3.5 meters. As
shown in Figure 4 the general direction of the flow
in the Chicago River system is from north to
south, the same is observed as a result of
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numerical simulation. The three dimensional plot
for the flow velocity is presented here.

oxygen with time for the CSO event simulated
against the observed data.

Figure 7: Flow Vel. Mag. in 3-dimension

Figure 8: DO variation with time during CSO

It should also be noticed that once when the CSO
event is over and the pumps at RAPS stop
discharging, the flow velocity in the creek comes
back to stagnant state, the same can be observed in
the Figure 5 and Figure 6. The flow magnitude at
36th street and I-55 comes almost to zero value 9
hrs after the pump started, it should be kept in
mind that the pumps were in action only during
the first 7.66 hrs.

It is clear from the plot in Figure 8 that the DO
level at 36th street and I-55 shoots up to the level
of saturation value in less than an hr. These values
are almost same as the DO levels coming in from
the Racine avenue pumping station. It is after the
pump stops discharging that we see, the dissolved
oxygen levels going down. As shown in the Figure
8 after 7.66 hrs, the duration of CSO when the
pumps stops discharging we see a steady decline
in the DO level, this can be attributed to the
combine effect of sediment oxygen demand and
because of high concentration of incoming BOD
from the Racine avenue pumping station. Even,
after the end of the CSO even there is enough
BOD (biochemical oxygen demand) in the water
to have an adverse impact on the water quality,
primarily on the DO level. The plot for the
variation of BOD with time is also presented here.
As the name suggests the quality of water getting
pumped into the system during a combine sever
overflow is far from desirable, the amount of BOD
in the water coming in from the Racine avenue
pumping station was taken at 68.1 mg/l. Once
again these values were carried through the whole
system impairing the overall water quality of
Bubbly creek and other segments of Chicago
River.

4.2 Water quality results
It is easy to speculate from the hydrodynamic
results that, during a CSO event, for high
discharges from RAPS any dissolved constituent
in the Creek will be primarily driven by advection.
The dissolved oxygen level at 36th street, I -55 and
at any other place in the creek reaches to the level
of DO that is coming in from the Racine avenue
pumping station. For simulating the water quality
constituents like DO, we make an assumption that
the incoming water from RAPS is completely
saturated. The water temperature for this
simulation conducted here was taken constant at
200 centigrade. The saturated DO value at such a
temperature comes out to be 9 mg/l, APHA
(1992). The simulation conducted here started
with very low dissolved oxygen value of 1.5 mg/l,
which is not far from the value observed in the
creek at various times of low flow condition. As
the pumps starts to discharge during a CSO event
they bring in huge amount of saturated water
which increases the level of dissolved oxygen in
the creek in a very short amount of time. The plot
presented here shows the variation of dissolved
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Figure 9: BOD variation with time during CSO

5 CONCLUSIONS
In conclusion it would not be a stretch to say that
the DO levels in the creek during low flow
condition is a balancing act between sediment
oxygen demand and reaeartion. A simple DOBOD model, which was used for the simulation
was developed at integrated with the
hydrodynamic kernel of EFDC as a part of this
work. It is a well known fact that the kinetic
portion of dissolved constituent is not only
affected by BOD (biochemical oxygen demand)
but also by other important constituents like
phytoplankton, nitrogen, phosphorus etc. Hence,
the future work will involve integrating all these
mechanism in the simple DO-BOD model
developed so far.
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Numerical simulation of scour development due to submerged
horizontal jet
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Germany

ABSTRACT: A computation module for sediment transport in open channels was developed and incorporated into the commercial code FLOW-3D. In the module, the bed-load transport is simulated with a
non-equilibrium model. Effects of bed slop and material sliding are also taken into account. The bed deformation is obtained from an overall mass-balance equation for sediment transport. This paper presents
the results of a model application to simulate scour development downstream of an apron due to submerged jet. The bed deformation predictions are compared with measurements, for which the results
show generally good agreement compared with experimental data. The model is then used to study the effect of efflux discharges on the bed deformation in the flume.
Keywords: Scour, Sediment Transport, Numerical Modeling
1 INTRODUCTION

transport around a fixed cylinder to predict the
bed change with the time. The results show that
time scale predictions within the initial stages of
scour were in good agreement with the observations. However, predictions of the time scale for
the later stages of scour hole development were
significantly under predicted. Overall shape of the
scour hole was in reasonably good agreement with
observations; however the depth of the scour hole
was under-predicted. Vasquez and Walsh (2009)
applied FLOW-3D to compute the initial stages of
scour development in a complex pier made of a
large pile cap and 10 cylindrical piles. The results
were in qualitative agreement with experimental
data. However, additional research using finer grids is needed to quantitatively verify the model.
They added also that, the main practical limitation
of FLOW-3D and CFD models in general, is
computational time. If a very large grid is needed
for modeling the structure, computing long-term
equilibrium scour may require an exorbitant
amount of computational time, much larger than
that required for running a physical model.
A computation module for non-cohesive sediment transport in open channels was developed at
the Institute of Hydraulic and Water Resources
Engineering, Technische Universität München
and incorporated into FLOW-3D. In this module,
suspended transport is simulated through the gen-

Scour downstream of an apron due to submerged
jet issuing from a sluice opening is important from
the point of view of the stability of hydraulic
structures. Accurate prediction of time evolution
and ultimate scour depth is necessary to ensure the
safety and stability of these structures.
FLOW-3D is a commercial package developed
by Flow Science Inc at Los Alamos Scientific
Lab. The software uses several special features for
numerical solution of the Navier-Stokes equations
for free surface flows (VOF-method) and meshing
of complicated geometries (FAVOR method). The
sediment scour model treats sediment as two concentration fields: the suspended sediment and the
packed sediment. The suspended sediment advects
and drifts with the fluid due to the influence of the
local pressure gradient. Suspended sediment originates from inflow boundaries or from erosion of
packed sediment. The packed sediment, which
does not advect, represents sediment that is bound
by neighboring sediment particles. From the physical point of view, the assumption of the two concentration fields seems to be valid to model fine
sediment bed materials. However, for coarse bed
materials it could be not correct and we could not
get acceptable results in this case. Smith (2007)
applied FLOW-3D scour model to fine sediment
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tion. The combined smooth and rough logarithmic
law of the wall equation is iterated in order to
solve for the shear velocity u* (Flow Science Inc.,
2008; Smith et al., 2005):

eral convection-diffusion equation with an empirical settling velocity term and the exchange of
suspended sediment and bed-load at the lower
boundary of the suspended sediment layer. Bedload transport is simulated with a non-equilibrium
model and the bed deformation is obtained from
an overall mass-balance equation. In the module,
effects of bed slope and bed material sliding on
the sediment transport are also taken into account.
This paper presents first results of the validation
of the developed module for bed-load transport.

⎡ 1 ⎛ ρu* y o
u o = u* ⎢ ln⎜⎜
⎣ κ ⎝ μ + ρau* K s

2.1 Hydrodynamic model
The hydrodynamic module is based on the solution of the three-dimensional Navier-Stokes equations and the continuity equation. The continuity
equation and the model formulation of the NavierStokes equations for incompressible flows used in
FLOW-3D are as follows (Flow Science Inc.,
2008):

u* =

⎞
⎟ = − 1 ∂P + Gi + f i
⎟
ρ ∂X i
⎠

τ b ,i =
(2)

(5)

(μ + ρau o k s )u o

(6)

yo

The model has several different turbulence closure
schemes, including one-equation turbulent energy
(k), two-equation (k-ε), renormalization-group
(RNG), and large eddy simulation (LES) closure
schemes. The k-ε closure scheme will be considered as the transport closure scheme in this paper. The standard k-ε model (Wilcox 2000) approximates the eddy viscosity with

where:
⎡ ∂
⎤
(A j Sij )⎥;
⎣⎢ ∂X j
⎦⎥

ρV f f i = τ b ,i − ⎢

⎡ ∂U ⎤
S ii = −2μ tot ⎢ i ⎥;
⎣ ∂X i ⎦

μ .uo
ρyo

The solution for the shear velocity is used as the
wall boundary conditions for the turbulent transport equations (Eq.12).
For laminar flows and non-transport turbulence
closure schemes (e.g., LES models), the wall
shear stress τb,i is defined with

(1)

∂U i 1 ⎛⎜
∂ui
U j Aj
+
∂t V f ⎜⎝
∂X j

(4)

where κ=von Karman constant; a is a constant,
which is equal to 0.247 for k-ε and RNG models,
or 0.246 otherwise; ks is the roughness; and
y0=distance from the solid wall to the location of
tangential velocity, u0. The denominator of Eq. (4)
represents an effective viscosity due to the effect
of the rough boundary (µeff =µ+ρau*ks). If the cell
is within the laminar sublayer (ρu*y0 /µ≤5.0), the
solution for the shear velocity is defined with:

2 GOVERNING EQUATIONS

∂
U i Ai = 0
∂X i

⎤
⎞
⎟⎟ + 5.0⎥
⎠
⎦

(3)

ρC μ k 2
μT =
ε

⎡ ∂U ∂U j ⎤
S ij = − μ tot ⎢ i +
⎥.
⎣⎢ ∂X j ∂X i ⎦⎥

(7)

The closure equations for the turbulent kinetic
energy, k, and the dissipation rate, ε, are given by

where
Ui=mean
velocity;
P=pressure;
Ai=fractional open area open to flow in the i direction; Vf =fractional volume open to flow; Gi
represents the body accelerations; fi represents the
viscous accelerations; Sij=strain rate tensor;
τb,i=wall shear stress; ρ=density of water;
µtot=total dynamic viscosity, which includes the
effects of turbulence (µtot=µ+µT ); µ=dynamic viscosity; and µT=eddy viscosity.
The wall boundary conditions are evaluated
differently based on the chosen turbulence closure
scheme. Transport turbulence closure schemes
(e.g., k-ε model) use a law of the wall formula-

⎛ ∂U i
∂k
μ ⎧
∂k 1
= C sp
+ U i Axi
⎨2 Axi ⎜⎜
∂X i
∂t V f
ρV f ⎩
⎝ ∂X i
⎛ ∂U i ∂U j ⎞⎛
∂U j ⎞⎫⎪
⎟⎬ −
⎟⎜ Axj ∂U i + Axi
+
+⎜
⎟⎪
⎟⎜
⎜ ∂X
∂
∂
X
X
X
∂
j
i
i
j
⎠⎭
⎠⎝
⎝

μ
1 ∂ ⎡ Axi ⎛
⎜⎜ μ + T
⎢
V f ∂X j ⎢⎣ ρ ⎝
σk

⎞
⎟⎟
⎠

2

⎞ ∂k ⎤
⎟⎟
⎥
⎠ ∂X j ⎦⎥

where Csp is the shear production coefficient.
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(8)

⎛ ∂U i
ε⎛
μ ⎛⎜
∂ε 1
∂ε
⎜⎜
A
2
+ U i Axi
= Cε 1 ⎜ C sp
xi
k ⎜⎝
ρV f ⎜⎝
∂t V f
∂xi
⎝ ∂X i
⎛ ∂U i ∂U j
+⎜
+
⎜ ∂X j ∂X i
⎝
1 ∂
V f ∂X j

⎡ Axi
⎢
⎣⎢ ρ

⎞
⎟⎟
⎠

tion of the cell volume which may be occupied by
fluid. It is, therefore, one minus the fraction of the
cell volume which is occupied by solid material.
The area fractions are defined as the fraction of
the area of each mesh cell face through which fluid may flow. Those associated with a particular
cell are the faces between it and the next higher
cell in the x (AFR), y (AFB), and z (AFT) directions. The other three faces of a particular cell
have area fractions that are associated with the
next lower cell in each direction. (Sicilian, 1990)
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⎝
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ε2
⎟⎟
⎥ − Cε 2
k
⎠ ∂X j ⎦⎥

(9)
The closure coefficients and auxiliary relations are
Cε1= 1.44, Cε2 = 1.92, Cµ = 0.09, σk = 1.0, σε = 1.3
The Reynolds-stress tensor, τij, and the mean
strain-rate tensor, eij, are defined with

τ ij = 2

μT
2
eij − kδ ij
3
ρ

1 ⎛ ∂U ∂U j
eij = ⎜⎜ i +
2 ⎝ ∂Xj ∂X i

⎞
⎟⎟
⎠

2.2 FLOW-3D scour model
The FLOW-3D scour module uses a bulk approximation of a conservation of mass and advection/diffusion scheme to predict the transport of
sediment. The drift and settling length scale (Ldrift)
of the suspended sediment is calculated using a
Stokes formulation at the hydrodynamic time step
(Brethour, 2003):

(10)

(11)

Ldrift

The boundary conditions for k and ε are computed
using the logarithmic law of the wall formulation
and are defined with
u *2

u*3
k=
;ε =
κyo
Cμ

d 502 ∇P
=
( ρ s − ρ )Δt
18μ ρ

(13)

where ρs is the sediment density; ρ is the density
of the fluid; d50 is the median grain size; Δt is time
step. In this case, acceleration is represented by
the mechanical gradient (ΔP / ρ ) . Physically, the
drift is assumed to be a result of the particle forcing due to gravity and advection. The local density ρ is given by:

(12)

FLOW-3D handles free surfaces using a method
known as the Volume of Fluid (VOF) technique
pioneered by Hirt and Nichols (1981). This technique consists of three components: a method for
finding the free surface, an algorithm for tracking
the free surface as a sharp interface moving
through the computational mesh and a process for
applying boundary conditions to the surface. The
method uses the simple principle of assigning a
single variable F (fluid fraction) to each cell that
has a value of 1.0 if the cell is occupied by fluid
and a value of 0.0 if the cell is completely empty.
Therefore, if the cell has a value of F between 0.0
and 1.0 then the cell contains a free surface. In
addition, the normal to the surface can be calculated from the direction in which F changes most
rapidly applying boundary conditions to the surface.
FLOW-3D permits the modeling of complicated geometries by allowing the partial blockage
of each cell in a regular mesh. The partial blockage of mesh cells is represented by associating a
single volume fraction (VF) and three area fractions (AFR, AFB, and AFT) with each computational mesh cell. The volume fraction is the frac-

ρ = ρ + f s (ρ s − ρ )

(14)

where fs is the solid fraction in the cell.
The lift length of the packed bed is calculated using an excess shear formulation:
Llift = n sα

τ − τ cr
Δt
ρ

(15)

where τcr is the critical shear stress; ns is the unit
vector normal to the bed. The lift acts perpendicular to the bed. The parameter is dimensionless and
represents the probability that a particle is lifted
from the bed.
The scour module continually provides feedback
to the hydrodynamic solver by using an enhanced
viscosity for the suspended sediment and a drag
term to parameterize inter-granular collisions for
the packed bed. These equations are given below.
⎛

μ * = μ ⎜⎜1 −
⎝

min( f s , f s ,co ) ⎞
⎟
⎟
f s ,cr
⎠

(16)

where fs is the solid fraction in the cell. The solid
fraction is a measure of the fraction of the cell vo1599

lume that is occupied by sediments. The term fs,co
represents the cohesive solid fraction, which is the
value at which the sediment particles start to interact with each other. This can also be thought of
as the lower bed load limit. The term fs,cr
represents the critical solid fraction, or bed porosity. This value corresponds to the point at which
the bed material is bound together and acts like a
solid mass. When the solid fraction exceeds the
cohesive solid fraction, viscosity is no longer enhanced.

1.5 2.1
T
ρ s − ρ 0.5 d 50
Qe = 0.053(
g)
D*0.3
ρ

⎡ (ρ − ρ )g ⎤
D* = d 50 ⎢ s 2 ⎥
⎣ ρν
⎦
' 2
*

2

where U*' is the effective bed shear velocity corresponding to the grain, and U*cr is the critical bed
shear velocity for incipient motion given by the
Shields diagram.
Generally, the non-equilibrium adaptation
length Ls is related to the dimensions of sediment
movements, bed forms, and channel geometry.
The non-equilibrium adaptation length for bed
load may take the value of the average saltation
step length of particles or the length of ripples. It
is important to mention that, there is no relationship between Ls and Ldrift (the drift length) as well
as Llift (the lift length) described in flow-3d scour
model. The first is a horizontal distance, while the
others are the vertical ones due to settling of
sediment and erosion of the bed.
Phillips and Sutherland (1989) proposed the following equation for the average saltation step
length:

(17)

where p’ is porosity of the bed material; Qbs, Qbn
are bed-load flux in main-flow direction s and
cross-flow direction n. They are calculated from
the non-equilibrium bed-load equation:

∂(Qbα bs ) ∂(Qbα bn )
1
+
= − (Qb − Qe )
∂s
∂n
Ls

*cr
2

(U *cr )

The bed level change zb is calculated from the
overall mass balance equation for bed load sediment. If the actual bed-load transport rate qb is
supposed to be the equilibrium one qb*, an equilibrium model of bed-load transport is set up, in
which the bed deformation rate is calculated with
(Bui and Rutschmann, 2006)

∂Z b ∂Qbs ∂Qbn
=0
+
+
∂n
∂s
∂t

(19)

(U ) − (U )
T=

2.3 Bed-load transport module

(1 − p' )

1/ 3

(18)

Ls = α p (θ −θ cr)d 50

(20)

where αp is constant; θ is Shields parameter.
The average saltation step length can also be calculated from an empirical formula of van Rijn
(1987):

where αbs ,αbn are direction cosines determining
the components of the bed-load transport in the s
and n direction, respectively. This is the mass balance equation for bed-load sediment transport in
which all non-equilibrium effects are expressed
through the model on the right hand side, assuming the effects to be proportional to the difference
between non-equilibrium bed-load Qb and equilibrium bed-load Qe and related to the nonequilibrium adaptation length Ls. Both Qe and Ls
are determined from empirical formulae (Bui and
Rutschmann, 2006).
In the literature many formulas for equilibrium
bed-load transport can be found. Most of them relate bed load transport rate with effective shear
stress. In this study, the well-known formula developed by Van Rijn (1984) is applied:

Ls = 3d 50 D*0.6T 0.9

(21)

The bed slope effect was taken into account using the same method proposed by Wu (2004). In
this approach, a streamwise component of gravity
is added to the bed shear stress without modifying
the critical shear stress so that the situation of zero
critical shear stress can be avoided.

τ be = τ b + λoτ cr sin φ / sin Φ
1
⎧
'
0.15 2 sin φ / sin Φ
⎩1 + 0.22(τ b / τ cr ) e

λ0 = ⎨

for φ ≤ 0 (21)
for φ ≥ 0

In case of steep slope, a sand-slide calculation will
be activated at grid point, if there bed slope φ is
more than repose angle Φ. This sand-slide effect
was also previously taken into account in the work
of Roulund (2004) and Olsen et al. (1998).
In the computer code FLOW-3D, the flow and
sediment transport modules communicate through
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a quasi-steady morphodynamic time-stepping
mechanism: during the flow computation the bed
level is assumed constant and during the computation of the bed level the flow and sediment transport quantities are assumed invariant to the bed
level changes. This procedure can be as follows
described:
• The bed shear stress calculated from the flow
module at each time step is used to calculate
the equilibrium bed-load and related parameters.
• Non-equilibrium bed-load is applied for calculation of bed change.
• The effects of the bed change on flow field are
taken into account by updating the open volume fraction and the flow field as well as the
pressure near the bed as follow:
1. The change in volume of fluid is equal to
the change in bed elevation at this cell.
2. If the updated volume of fluid is greater
than one, this cell will be totally full with
fluid (Vf =1.0) and the remaining volume of
fluid will be added to the lower cell.
3. If the updated volume of fluid is less than
zero, this cell will be fully blocked (Vf
=0.0) and the upper cell will become the
boundary cell.
• The fraction areas in x-direction (AFR), ydirection (AFB), and z-direction (AFT) are defined as the average of the volume of fluid of
the attached cells.

Figure 2: Evolution of scour profiles of sand bed in RUN-2
(Chatterjee et al., 1994)

The flow condition for this run is as follows. The
apron length is 0.66m and the jet inlet velocity is
1.56m/s. The downstream water depth is controlled to be 0.291m by the outlet weir. In the experiment, the jet inlet velocity is caused by the
difference between upstream and downstream water depth. The corresponding water depth difference is 0.118m.
The numerical models were set up based on the
experimental conditions of RUN-2 (Fig.1). Calculations started with still water and horizontal bed.
At the inlet and outlet boundaries the water elevations are fixed with an assumption of hydrostatic
pressure distribution. The top boundary of the
domain is the atmosphere and the pressure is set
to zero. At the surfaces of objects, wall boundary
conditions are used. No-slip condition is set for
velocity with zero-normal gradient for pressure.
For the turbulence quantities, the wall function is
used.
The measured scour profiles along the flume at
different times are plotted in Fig.2

3 MODEL SETUP
Chatterjee et al. (1994) conducted a series of experiments to study the scour phenomena and sediment transport due to a two-dimensional submerged horizontal jet of water issuing from a
sluice and flowing over a rigid apron to an erodible bed. In this paper, RUN-2 was selected for
further simulation using FLOW-3D. In this case,
the bed material is sand with a mean grain size of
0.76mm, a density of 2,650kg/m3, bed porosity
0.43, and an angle of repose 29°.

4 CALCULATION RESULTS AND
DISCUSSIONS
Calculations were firstly carried out by applying the original scour model of FLOW-3D. Using
default values for the critical sediment fraction
(0.37433) and cohesive sediment fraction (0.3),
which were proposed by FLOW-3D for fine sand
bed material, the numerical model did not reproduce the scour development with any acceptable
quality (Fig.3). Further, a series of calculations
with different model parameter sets were done to
study their sensitivity on the numerical results.
After adjusting model parameters, e.g. using a
critical sediment fraction of 0.5, a cohesive sediment fraction of 0.05, an erosion coefficient of
0.05 and a drag coefficient of 1.0, a reasonable
agreement between the predicted results and measurements of bed profile, maximum scour depth
and maximum deposition after 3 minutes simula-

Figure 1: Computation domain and initial conditions
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tion was obtained. However, calculation results
for the later stages of scour development were
significantly under estimated (Fig.3). While in the
experiment the deposition rate increases with
time, the predicted deposition rate starts to decrease after about 4 minutes simulation. These results agree with that obtained by Smith (2007).
Further calculations were done using the developed bed-load module. It is clear, when a submerged jet flows over a sediment bed downstream
of an apron, the local bed-shear stress induced by
the high velocity of the jet exceeds the threshold
bed-shear stress for the initiation of sediment motion that results in local scour downstream of the
apron. There is no equilibrium sediment transport
in this area. With the development of scour hole,
the flow depth within the scour hole increases resulting in a reduction of bed-shear stress within
the scour hole. Eventually, the equilibrium of
scour is attained when the bed-shear stress within
the scour hole equals the threshold bed-shear
stress for the sediments. From comprehensive studies on the sensitivity to the approaches and parameters used in the morphological model, it was
found out that in the case of omitting the nonequilibrium approach (Eq.18), the sediment transport rate at the grid points downstream o the apron
was very large, causing an amplification of the resulting errors in the computed bed elevation and
sediment transport rate which led to divergence of
the computations, thus indicating some interrelation between modeling and numerical effects. After performing test calculations with different
formulae for the non-equilibrium adaptation
length, the formula of Van Rijn (1987) is chosen
in this paper.
Fig.4 shows a comparison between the
measured bed profile ater 3 minutes and
calculated results of the two models. Using the
developed bed-load module, the predicted place of
maximun scour agrees well with the measurment.
Howerver, the downstream slope of the predicted
dune is still over estimated. This could be
improved by applying other approaches to
considering sand slide effect in the model or
taking suspended load for account in the model.

Figure 3: Predicted bed profile after different times.

Figure 4: Bed change after 3 minutes.

Figure 5 shows the calculated bed profile and velocity distribution after 3 minutes. One can clearly
see from the vector plots that the jet expands and
interacts with the bed. In the region above the jet,
there is a large scale re-circulating region which
extends to downstream. It is important to recognize that this recirculation region provides for a
significant downward velocity component downstream of the apron. This fit qualitatively well
with the observations made in the experiment.
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Figure 6: Effect of efflux discharges on bed deformation

5 CONCLUSION

Figure 5: Bed profile and velocity field after 3 minutes

A bed load sediment transport module was integrated into FLOW-3D. The model was tested and
validated by simulations for turbulent wall jet
scour in a flume. The numerical results were compared with measurements and qualitative observation. Primary good agreement has been obtained
using the proposed modeling approach. The maximum scour depth and local scour profile fit well
with the experimental data. However the maximum scour depth was lightly under estimated. The
slope downstream of the deposition dune was over
estimated. The model is used to study the effect of
different flow conditions on the bed profile
changes. However, further works are needed to
enhance the sand slide effect and numerical instability.

The scour characteristics can be described by the
time to reach the equilibrium stage, the locations
of the maximum scour depth, and the locations of
the peak of the dune from the end of the rigid
apron. These characteristics depend on flow parameters and sediment characteristics. Our further
purpose is to apply the developed module in
FLOW-3D to quantify the relationship of these
factors. Hence, model tests were conducted for
different efflux discharges q in the flume with the
same sand bed material (Tab.1).
Fig.6 shows the bed profile changes after 3 minutes due to the change in flow conditions. It can
be seen, by increasing the efflux discharges, the
scour process occurs very rapidly. The erosion
and deposition rates depend significantly on the
flow rates. The peak of the sediment deposition
dune moves very quickly downstream, however,
the maximum scour position does not change very
much. The results agree also with the observations
in the experiment. Further calculations for long
term simulation of equilibrium scour bed are still
under way.

NOTATION
The following symbols are used in this paper:
Ai = fractional area open to flow in i direction
a = model constant
d50 = median grain size
fi = viscous accelerations
fs = solid fraction in computation cell
fs,co = cohesive solid fraction
Gi = body accelerations
k = turbulent kinetic energy
ks= wall roughness
Ldrift = drift and settling length scale
Llift = lift length of packed bed
ns = unit vector normal to bed;
P = pressure
Sij= strain rate tensor
Ui = mean velocity
Vf = fractional volume open to flow
yo= distance from solid wall to location of tangential velocity
τb,i= wall shear stress

Table 1: Efflux discharges and water depth differences

Run number
1
2
6

q (m3/s/m)
0.0159
0.0204
0.0313

Δh (m)
0.082
0.118
0.137
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τcr = critical shear stress
ρ = water density
ρs= sediment density;
µtot= total dynamic viscosity
µ = dynamic viscosity
µT= eddy viscosity
κ = von Karman constant
ε = turbulent dissipation rate
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ABSTRACT: In the afternoon of July 28 in 2008, a flash flood occurred suddenly in water-friendly reach
of the Toga River in Kobe City and tragically, five people were drowned by the flood. They were among
about fifty people enjoying the river environment at the site. The flash flood was caused by a sudden localized torrential rain in the urbanized area of the river basin. Noteworthy fact with this flood is the flow
image was successfully captured by a river monitoring camera installed by the local government and it
was made clear that the sudden water rise occurred at least within two minutes, indicating that the flood
entering the accident site was like a tsunami flowing down the river. The flow was almost supercritical
and water level rose locally by transverse steps installed in a steep bed slope of about 1/20. In order to investigate the flow feature more in detail, we conducted a two-dimensional flow simulation using laserscanned data as bathymetry information, from which distribution of hydrodynamic force acting on the
people in the river was estimated, demonstrating the difficulty of evacuation in flash flood condition even
when the water depth is lower than the knee level.
Keywords: Flash flood, Water accident, 2D-simulation, Evacuation, Hydrodynamic force, Water-friendly
environment
1 INTRODUCTION

caused by large-scale flash flood (Dekay and
McClelland, 2006, Jonkman, et al., 2002), the
present accident occurred in an extremely small
scale river basin which had attracted local people.
In order to investigate the cause of the water accident, we try to reproduce the flow situation by a
two-dimensional simulation model as much as
possible and calculate the distribution of hydrodynamic force acting on the people in the river.

The Toga River is one of the twenty four smallscale second-class rivers in Kobe City flowing
down southward to the Seto Inland Sea from the
Rokko Mountains. Toga River has been famous
for enthusiastic activities by the local people aiming at recovering water-friendly river environment
from the worst condition with dirty trash during
the high-growth era about thirty years ago. With
their persistent efforts and the financial support by
the city government, the river environment as well
as river structure has been improved significantly
in recent years even though the river is located in
the center of a big city, for example freshwater
fish such as sweetfish has come to be inhabitable
by installing well-designed fish ladders. This attracts more people to the Toga River than the other rivers in Kobe City.
However, in the afternoon of July 28 in 2008 a
flash flood suddenly occurred due to a torrential
rain accompanying cumulonimbus clouds and it
resulted in a tragic accident killing human lives. It
should be noted that different from loss of life

2 OUTLINE OF THE WATER ACCIDENT
2.1 Toga River
The main reach of the Toga River is located in
Kobe City with two small tributary streams, the
Rokko River and the Somatani River, as indicated
in Figure 1. The length of the main river is
1.79km and the drainage area is 8.57 km2, which
is roughly a common scale of the rivers flowing in
Kobe City. One of the outstanding features of the
Toga River is its bed slope; the slope is 1/200
even at the river mouth and more than 1/20 at the
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2.3 Hydrological and hydraulic data
Hyetographs at each rain gauge station are provided in Figure 4. It is obvious that rainfall intensity is stronger in the downstream urban area than
in the upstream forest area. Surprisingly, at the
Tsurukabuto station, the rainfall increases suddenly up to 24mm per ten minutes from almost no
rain condition. The rainfall continued for about an
hour, rapidly decreasing its intensity after the
peak.
According to the water level hydrograph shown
in Figure 5, the water level at the Kabuto station
rose 1.34m in ten minutes. The peak water level
condition continued for about ten minutes followed by gradual decrease of water depth. The
water depth before the flash flood is about ten
centimeters, which is a normal flow condition of
this river.

upstream end of the main river as shown in Figure
2. The channel cross section is trapezoid with a
bottom width of about fifteen meters at most of
the sections. The side walls and the bottom is
fixed by concrete, however, small meandering
lower stream with efficient fish ladder is installed
in the center of the channel. In addition, side stairs
are installed at many locations for improving the
accessibility to the riverfront. The lower river basin is mostly occupied by residential houses and
paved streets developed up to the foot of the
mountainous area. Therefore, a storm drainage
system is installed for preventing inland flood.
Most of the inland water is conveyed to the main
river through pipes or ducts.
2.2 Arrangement of monitoring systems
A remarkable feature regarding the Toga River
basin is that a variety of monitoring systems are
installed within the area, which were eventually
quite useful in revealing the characteristics of the
flash flood to be described later. The available
systems are a) five rain gauge stations, b) a water

2.4 Monitoring camera capturing water accident
The river monitoring camera installed downstream
of the Kabuto Bridge successfully captured what
had happened during the flash flood. Figure 6 displays several consecutive images before and after
1606

the flash flood. Figure 6(a) is the image twenty
minutes before the arrival of the flash flood. As

can be observed, there are several people including children enjoying the river. It has been re-
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Figure 5. Water level hydrograph at Kabuto Bridge

Figure 4. Hyetographs at rain gauge stations
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Figure 6. River monitoring images before and after arrival of flash flood
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the forest area was examined by debris dam monitoring cameras. Figure 7 is an image of the Ohtsuki camera installed just upstream of the urban area
at the time of the peak rainfall. It is obvious there
occurs no inflow from the forest area through this
dam, i.e. even a water surface cannot be detected
from the image. This condition continues even after the peak rainfall. Since the other two cameras
provided similar surface situations as well, we can
conclude that the water catchment area contributing to the present flash flood is restricted only to
the urbanized residential area with little influence
from the rainfall in the forest area. From this information, we made a rough estimate of the peak
discharge from the rational formula using the residential area, peak rainfall intensity and the runoff
coefficient assumed to be unity. The calculated result, about 40m3/s, will be examined in the 2D simulation in the following chapter.

ported that more than fifty people were playing in
the river at the time. The weather is fine with no
rain. Actually, the weather in this area had been
fine for a month before the flash flood occurred.
The rain caused by the development of cumulonimbus clouds started ten minutes before the
event. Figure 6(b) is the image ten minutes before
the flash flood, at which time the torrential rain
began to fall and people within the image have
evacuated from the river. However, there were
still many people left in the river downstream of
the section. Figure 6(c) shows the image just
when the flash flood arrived at the site. It is apparent that the water depth increases significantly
with large water surface undulation. The side
walking ways are also covered with water. It has
to be mentioned from these images that the sudden increase of water depth occurred almost within two minutes and not in ten minutes as indicated
in Figure 5 in terms of the water level hydrograph.
This discrepancy is attributed to the fact that the
water level information is transmitted to the local
government office via a telemeter after averaging
ten minutes of data. This flow situation continues
for more than twenty minutes as can be seen from
Figure 6(e) and Figure 6(f).
Unfortunately, as mentioned above, there are
people who failed to evacuate from the river due
to the sudden increase of water depth. Among
them ten people were rescued by local residents
but five people including three children were
drowned to death. According to eyewitnesses of
the accident, the flash flood arrived at the site just
like a water wall of tsunami coming from upstream. The height of the water volume is allegedly at least more than one meter and this information is consistent with the gauging data. In fact,
according to the local residents the Toga River
had been known to become dangerous once a
thunder storm comes to the area and actually a
similar flash flood occurred in 1998 with no loss
of life at that time.

Figure 7. Image of debris dam monitoring camera at
Ohtsuki

Somatani R.

Rokko R.

Kabuto Br.

3 CAUSE OF THE FLASH FLOOD
3.1 Water catchment area
As has already been shown in Figure 4, the rain
distribution is concentrated on the urbanized town
area rather than the forest area. The inflow from
Toga R.

Takaha R.

Figure 8. Stormwater drainage system of the Toga
River
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Somatani R.

Rokko R.

Kabuto Br.

250m

Figure 9. Measurement data by ground laser instrument

3.2 Stormwater drainage system
The residential area has a stormwater drainage
system in addition to small-scale tributary channels as illustrated in Figure 8. The shadowed area
bounded by dotted line corresponds to the drained
area of the system. The drained water enters the
major river channels through ducts or pipes at seventeen exits indicated by arrows in Figure 8, out
of which twelve exits are located upstream of the
Kabuto Bridge. It has been reported that the
stormwater inflow to the river is extremely high
like a jet at the exit. This indicates that the installed stormwater drainage system rapidly accumulated the stormwater and drained the water to
the nearest river quite efficiently. This is however
one of the causes of the present flash flood. The
problem was there were people still left within the
water course.

Shin-Togagawa Br.

Bed level

Toga R.

Figure 10. Range of simulation and grid arrangement

4.2 Simulation model based on unstructured grid
system
Since it is impossible to use all of the measured
bathymetry data in the simulation, the data is rearranged into a set of triangular unstructured grid.
The maximum size of the grid is set at 0.6m since
the size of the cubic stepping stone is about 0.6m.
Smaller grid size is used near the bridge pier as
shown in Figure 10. The total number of grid is
about 80000 in the present simulation. The simulation model used is based on the two-dimensional
shallow water equations with turbulence terms as
follows:

4 NUMERICAL SIMULATION
4.1 Detailed bathymetry measurement
In order to simulate the complicated flash flood
features evidenced by the river monitoring camera
previously demonstrated in Figure 6, it is necessary to obtain detailed bathymetry information,
basically composed of walkways, fish ways and
stepping stones. For this purpose, we used a
ground laser instrument capable to measure the
3D ground data with a spatial resolution of several
centimeters. Data for submerged river bed difficult to measure with this instrument are replaced
by the manually measured values. With this procedure, a detailed bathymetry data of 1.8km of the
Toga River are obtained. An example of the measurement data is indicated in Figure 9. The dots
corresponding to the respective measured data
represent the bathymetry information quite precisely.

⎛ ∂ ∂G ∂ ∂G ⎞ ∂H ∂I
∂U ∂E ∂F
+ =0
+ h ⎟⎟ +
+ S +ν ⎜⎜ h
+
+
∂t ∂x ∂y
⎝ ∂x ∂x ∂y ∂y ⎠ ∂x ∂y

(1)

where

uh
vh
⎤
⎡
⎤
⎡
⎡h⎤
U = ⎢⎢uh⎥⎥, E = ⎢⎢u 2 h + 12 gh2 ⎥⎥, F = ⎢⎢ uvh ⎥⎥,
⎢⎣v 2 h + 12 gh2 ⎥⎦
⎢⎣ uvh ⎥⎦
⎢⎣vh⎥⎦
⎡
⎤
0
⎡0⎤
⎡ 0 ⎤
⎡ 0 ⎤
⎢
⎥
S = ⎢− gh(S0 x − S fx )⎥, G = ⎢⎢u⎥⎥, H = ⎢⎢ − u′2 ⎥⎥, I = ⎢⎢− u′v′⎥⎥,
⎢− gh(S0 y − S fy )⎥
⎢⎣v ⎥⎦
⎢⎣− u′v′⎥⎦
⎢⎣ − v′2 ⎥⎦
⎣
⎦

h=water depth, u=velocity in x-direction, v= velocity in y-direction, g=gravitational acceleration,
ν=kinematic viscosity, S0x=bed slope in xdirection, S0y=bed slope in y-direction, Sfx=friction
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Qmax

Q(m3/s)

(b) the water depth on the side walkways estimated by images of the monitoring camera at the
Kabuto Br.
(c) the water depth on the side walkways at the
Shin-togagawa Br. estimated by video-taped images by a broadcast station
(d) the water surface pattern at the Kabuto Br.
observed by the monitoring camera
Figure 12 presents comparison for the condition
(a). The horizontal broken line indicates the
measured data. The simulated water depth increases with the increase of input discharge. The
irregular variation of roughness effect is due to the
local variation of the bathymetry at the site. Figure 13 is the results for the condition (b). The horizontal shadowed zone is the estimated range of
water depth. Figure 14 is the same expression for
the condition (c).

Qmax=20~60(m3/s)
Qmin=0.25(m3/s)
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Figure 11. Input hydrograph
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Figure 12. Comparison of water level at Kabuto Br.

slope in x-direction, Sfy=friction slope in ydirection, and the terms in H and I represents
Reynolds stresses. The Reynolds stresses are expressed by the Boussinesq approximation.
The above equations are discretized by a finite volume method using the flux difference scheme
(FDS) for the solution of the equations (Fujita and
Tsubaki, 2003, Hoffman and Chiang, 1993). Initially, small discharge Qmin, 0.25 cubic meters per
second, is applied at the upstream tributary channels until the flow becomes stable. Then, a sudden
increase of flow with a peak discharge of Qmax is
supplied to simulate the flash flood as shown in
Figure 11. The input discharge is divided in half
and supplied at the upstream two tributary channels. The effect of the respective drainage channels were not taken into account in the present simulation.

n=0.03

n=0.035

n=0.045

n=0.05

n=0.04

0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
Q =20

Q =30

Q =40

Q =50

Q =60

discharge (m3/s)

Figure 13. Comparison of water depth on side walkways at Kabuto Br.
0.45
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n=0.04

0.4

W ater Depth(m )

0.35
0.3
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0.2
0.15
0.1
0.05
0

4.3 Estimation of hydraulic parameters

Q =20

Q =30

Q =40

Q =50

Q =60

3
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The simulation is performed by varying the value
of Qmax between 20m3/s and 60m3/s and the Manning’s roughness coefficient between 0.03 and
0.05 to find the most appropriate combination of
the parameter representing the actual flow situation. The tuning conditions of the parameters are
as follows:
(a) the water depth at the gauging station upstream of the Kabuto Br.

Figure 14. Comparison of water depth on side
walkways at Shin-togagawa Br.

Although it is difficult to determine the only
combination of the parameters satisfying all conditions, we concluded that the optimal combination is the maximum flow discharge of 40 cubic
meters per second and the Manning’s coefficient
of 0.035. It should be noted that the peak discharge agrees with the roughly estimated value by
the rational formula.
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5 RESULTS AND DISCUSSIONS

In order to examine the force acting on the people
at the time of the river accident, we calculated the
distribution of hydrodynamic force from water
depth and velocity distributions. The shape of the
human body is assumed to be two cylinders when
the flow depth is smaller than 0.5 meters and a
larger cylinder for a deeper flow. The drag coefficient is assumed to be one in the calculation. The
distribution of the hydrodynamic force thus calculated is shown in Figure 17(e). It is obvious that
people on the side walkways are subjected to the
local fluid force of more than 200N. This force
level is almost equivalent to the force under which
people are difficult to take even a step forward in
the stream (Kunita et al., 2009).

5.1 3D expression of the transient flash flood feature
The simulated results of water surface patterns
downstream of the Kabuto Br. at several time
steps are demonstrated in Figure 15 in a form of
3D expression with an angle similar to the river
monitoring camera. It is clearly seen that the flow
is initially obstructed by the stepping stones in the
lower channel. Then the elevated water gradually
spreads upstream on the side walkways. However
the backwater effect is restricted to a small region
because most of flow region becomes supercritical
as will be shown later in this chapter. The water
surface displays significant undulation when the
peak flow arrives at the section as shown in Figure 15(d). The simulated water surface configuration agrees fairly well with the image of the monitoring camera previously shown in Figure 6,
except the side inflow from the drainage system.
Figure 16 presents 3-D images from a viewing
angle by a person left on the side walkway before
and after the flash flood’s arrival. Obviously the
side walkways are fully covered by the water with
considerable depth. The simulated results are presented by 3-D expressions from other viewing angles in a similar fashion to build animation movies, which will be distributed as an educational
material for the people trying to utilize the waterfriendly river environment in relatively small
steep rivers.

6 CONCLUSIONS
The two dimensional simulation of the flash flood
occurred in the Toga River due to torrential rain is
conducted to reveal the cause of the water accident. It was made clear from the distribution of
hydrodynamic force acting on human body in the
river that people left on the side walkways must
have been difficult to evacuate after the arrival of
the flash flood because of the irresistible force acting on them. Therefore, an efficient alarming system for the flash flood is required for preventing
those water accidents, occasionally have occurred
in Japan in the past few years.
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5.2 Flow pattern at peak flow
Several hydraulic parameters in the channel
downstream of the Kabuto Br. are provided in
Figure 17 for the flow condition at the peak discharge together with a plan view of the site in
normal condition. Figure 17(b) demonstrates that
the water depth varies significantly from place to
place with crossing shock waves just downstream
of the bridge pier. It should be noted that local
water depth becomes more than fifty centimetres
even on the side walkways. Velocity distribution
provided in Figure 17(c) shows that lower channel
velocity becomes greater than five meters per second, while the velocity is still more than one meter per second even on the side walkways. It can
be pointed out from Figure 17(d) that the Froude
number distribution varies significantly from subcritical to supercritical with the maximum value
of about four.
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(a) flash flood just arrived

(c) flow obstructed by steps

(b) lower channel overflow

(d) flow undulates at peak dish Kabuto Br.
Figure 15. Three-dimensional expression of simulated results near

(a) before the arrival of flash
(b) at peak flow
fl d
Figure 16.Three-dimensional expression from a side walkway downstream of Kabuto Br.
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morphodynamic numerical model of River Danube
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ABSTRACT: The propagation of uncertainties in morphodynamic numerical models can have serious
implications in the reliability of the simulation results. Therefore, it is necessary to identify the various
sources of uncertainty and to quantify their contributions to the variance of the model result. Reliability
analysis can help to calculate the uncertainties in a very effective way. For a two-dimensional morphodynamic numerical model of River Danube two different methods of reliability analysis were applied: a
Monte Carlo method specialised to confidence limits (MC-CL) and the Scatter Analysis (SA). In the presented examples the development of the river bottom is predicted in respect to 13 model parameters. For
each model parameter a probability distribution is assumed. The comparison of the methods is focussing
on the results and the calculation times. Additionally, the user-friendliness, the error-proneness and the
costs for interpretation are discussed.
Keywords: Reliability, numerical models, movable bed models, Monte Carlo method
In this paper only Gaussian or double Gaussian
distributions are used. For a fully description the
mean value and the standard deviation or – in case
of double Gaussian distribution – two standard
deviations are needed.
The result of the reliability analysis is a confidence interval of the state variable, e.g. the evolution of the river bed topography, connected to a
given probability. The confidence interval incorporates only the uncertainties of the considered
input parameters and takes not into account the
various other sources of uncertainties like the imperfection of the numerical model.

1 INTRODUCTION
In morphodynamic numerical models model parameters, initial conditions and input data can be
uncertain due to the natural variability, the deficient description of the physical processes in the
model and the imprecision of the model parameters. The propagation of these uncertainties can
have serious implications in the reliability of the
simulation results. Therefore, it is necessary to
identify the various sources of uncertainty and to
quantify their contributions to the variance of the
model result. Reliability analysis can help calculating the uncertainties in a very effective way.

2.1 Scatter Analysis
For the Scatter Analysis the results of different
simulation runs are used to determine the uncertainties. Thus, modifications of the program code
are not needed. This method is adequate for linear
or slightly non-linear problems. From the root
mean square (rms) the deviations are assumed.
This is done in first order methods like the FirstOrder Reliability Method (FORM) as well.
Demonstrating the method for the influence of
the friction coefficient ks to the state variable evolution, which describes the vertical changes in the

2 METHODS OF RELIABILITY ANALYSIS
The influence of uncertain input parameters to the
state variables were calculated with two different
methods: a Monte Carlo method specialized to
confidence limits (MC-CL) and the Scatter Analysis (SA). Compared to the MC-CL the number of
required simulation runs is less in the SA but also
the ability to handle non-linearities.
The first step for each method is assuming the
statistical distribution of the uncertain parameters.
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bed elevations, a Taylor expansion for the Evolution E can be written as

E (ks) = E ' (ks0 )dks +

fidence limits are not equivalent, not proportional
and furthermore there is no functional connection
between them.

1
E ' ' (ks0 )dks 2 + Odks 3 , (1)
2

where dks = (ks − ks0 ) , ks: gaussian distributed.
The root mean square rms(E) it the product of the
first derivation of the evolution and the standard
deviation plus a higher order term:

rms ( E ) = ( E ' (ks0 )σ + O(σ 3 )

(2)

For the confidence limits only the first order is
taken into account
E (ks ± σ ) = ( Eks0 ) ± E ' (ks 0 )σ
±

1
E ' ' (ks0 )σ 2 + O(σ 3 )
2

(3)

so that the confidence interval of the evolution for
a 68 % probability is two times the rms and for a
95 % probability 4 times the rms. The distortion

δE =

1
E ' ' (ks0 )σ 2 << rms
2

Figure 1. CDF (bold line) and its confidence limits

Because of that the confidence limits (CL)
have to be derived from an empirical distribution
function (EDF). Figure 1 shows a cumulative distribution function (CDF) and its confidence limits
(CL). The CDF has to be inverted in the two
points (1+/-α)/2 (here α=68%) in order to get the
values of the confidence limits.
Instead of inverting the unknown CDF F(x) the
EDF FN(x) is used (see figure 2), which is a step
function with step length of 1/n. If n is big enough
the EDF passes over to the CDF (law of large
numbers). A design of experiment (DoE) generator chooses from all possible combinations of the
input parameters a parameter set for a given number of simulation runs, which has a “reasonable”
statistical distribution.

(4)

should be much smaller than the rms, otherwise
the function is not slightly non-linear and the
method is not adequate for this special problem.
However, the distortion can only be used as an indicator for slightly non-linearity in case of symmetric distributions.
For the reliability analysis shown here the 95
% confidence limits and the related tolerance
range were used. These can be calculated from the
rms by applying a central difference scheme
rms( E ) =

1
[E (ks0 + σ ) − E (ks0 − σ )]
2

(5)

where E(ks0+/-σ) are results from simulation runs
with ks0+/-σ. The calculations of the deviations or
the tolerance limits for n uncertain parameters
need only n*2 + 1 simulation runs. (Nikitina,
2008)
2.2 Monte Carlo-CL method
In the MC-CL method the confidence limits are
determined approximatively. In case of strong
non-linearities the confidence limits can not be
deduced from the root mean square (rms) any
longer. As well, it is not possible to calculate the
rms from the deviations. A connection between
the confidence limits and the root mean square
only exists in case of non-distorted gaussian distribution, as in linear functions. For strong nonlinear functions the root mean square and the con-

Figure 2. CDF (bold line) and EDF (step function line) of a
random variable
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planes. A synthetic hydrograph of 9 days was
simulated including two high flood events (see
figure 4). During the reliability analysis more than
1000 simulations were needed, therefore the simulation time had to be comparably small. Using 32
processors one simulation run needed about 45
min. With a natural 9 days hydrograph the discharge dynamic would be too small for extrapolating the results.

In case of infinity number of simulation runs
the approximation error of the EDF is normally
(gaussian) distributed and can be given as
errCDF =

(1 − α 2 )
.
4 N exp

(6)

di schar ge

This formulation is only valid if n is large
enough (n(1-α)/2>>1) and the larger n, the smaller
is the approximation error (central limit theorem).
The method is independent of the number of
uncertain parameters but only dependent on the
chosen confidence level. The reason is that the
DoE generator works with a probability distribution in the space of the input parameters. The
simulations convert this probability distribution in
the space of the output values. Each output value
(e.g. the evolution in time and space) can be seen
as a single random number while its CDF determines the CL. Such a CDF is independent of the
number of parameters but should have enough
simulation runs in order to be “filled” sufficiently.
(Nikitina, 2009)
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Figure 4. Synthetic hydrograph

For the reliability analysis 13 parameters were
assumed to be uncertain: The active layer thickness, the coefficient for the slope effect β described by Koch & Flokstra (Koch & Flokstra,
1981), which changes the value and the direction
of the solid transport rate:

3 APPLICATION OF RIVER DANUBE
MODEL
A 10 km long stretch of the river Danube including a 270° bend (see figure 3) is modelled with the
morphodynamic program Sisyphe (Villaret, 2006)
coupled with the hydrodynamic program Telemac2D (Hervouet, 2007).

∂z ⎞
⎛
⎜1 − β ⎟
∂s ⎠
⎝
∂z
tan α = tan δ − β
∂n

(7)

where s / n are the co-ordinates in the current /
orthogonal current direction and α / δ are the angles between flow direction and solid transport /
bottom stress,
the coefficient for the bedload formulation of
Meyer-Peter & Müller, the coefficient for the secondary current effect α according to Engelund

τ sec ondary _ current = 7h / R τ main _ flow

(8)

and using the following formulation of the
slope of the free surface zs in bends
g

u2
∂zs
=α ,
R
∂n

(9)

the friction coefficient of the Nikuradse roughness law for 4 areas and the grain size of 5 classes.
The mean values and the standard deviations,
assuming a Gauss or double gaussian distribution
are listed in the table 1.

Figure 3. River Danube model area with a 270° bend of
Mühlham

Nearly 100 000 grid elements were used for the
discretization with mean node distances of about 6
m in the river channel and up to 30 m at the flood
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The friction coefficients create only local and
not very strong effects (see figure 6). The tolerance ranges for 95 % probability exceed 20 cm
only for the first three most sensitive parameters.

Table 1. Mean values and standard deviations of the uncertain parameters
Mean
value

Active layer thick- 0.1
ness AL [m]
Coefficient for
1.3
slope effect β
4
Coeff. for MPM
formulation fMPM
Coeff. of secondary 10
current effect α
friction coeff. river 0.05
channel ksRC [m]
friction coefficient 0.15
groynes ksG [m]
friction coefficient 0.5
nature experiment
ksNE [m]
friction coefficient 0.4
sandbank with trees
ksST [m]
Grain size class 1 0.0005
[m]
Grain size class 2 0.0025
[m]
Grain size class 3 0.01
[m]
Grain size class 4 0.024
[m]
Grain size class 5 0.048
[m]

max σ

Probab.
distrib.
0.0166667 0.3
Double
gaussian
0.43333
1.23333
Double
gaussian
1
1.3333
Double
gaussian
3
3.3333
Double
gaussian
0.011
0.0116667 Double
gaussian
0.033333
0.1
Double
gaussian
0.06667
0.06667
Gaussian
min σ

0.1

01

Gaussian

0.00013333 0.00033333 Double
0.0003333

gaussian

0.00126667 Double

Figure 6. 95 % confidence limits of friction coefficient nature experiment ksNE

gaussian
0.0013333 0.0023333 Double
gaussian
0.0063333 0.004
Double
gaussian
0.004
0.004
Gaussian

For the evaluation of the model result the influence of all uncertain parameters are important.
Figure 7 shows the 95 % probability tolerance
range calculated with MC-CL and SA taken into
account all 13 as uncertain declared parameters
after the simulated 9 days. For the MC-CL method
1000 simulation runs were used, which provided a
small estimation error of 0.005. Theoretically, 41
simulation runs would be enough to calculate the
95 % probabilities but the estimation error of
0.024 seemed too high. The SA needs only 27
simulation runs.
As expected the tolerance ranges are larger
than for one uncertain parameter (see figure 5).
The most uncertain areas are located at the inner
and the outer boundaries of the bends. This is due
to the dominance of the curve influenced uncertain parameters. For a classical numerical morphodynamic simulation the calculated values for
the evolution were believed in a range of +/- 10
cm. With a reliability analysis this very global
range can be stated more precisely. At the straight
sections the tolerance range is often only 10 cm
but in the bends it increases up to 0.5 m. This result shows that the simulation of the bedload
transport perpendicular to the direction of the
main current has to be enhanced in the models.
In the considered section of the river Danube
bed level changes of some decimeters up to 1 m
can be observed after high flood events. Thus,
confidence intervals of +/- 10 cm in a morphodynamic simulation are significant and are in the
same range than the inaccuracy of river bed
soundings.

With the Scatter Analysis a sensitivity analysis
is possible. Using only three simulations runs with
mean value and mean value +/- sigma the partial
effect of separate parameter changes can be estimated for each uncertain parameter. The most
sensitive parameters to the evolution with descending weight are the slope effect parameter
(beta), the secondary currents coefficient (alpha),
the bedload transport coefficient (MPM), the active layer thickness and the grain sizes of the first
(dm1) and the forth class (dm4). The first three parameters are strongly influenced by curve effects
(see figure 5).

Figure 5. 95 % confidence limits of slope effect coefficient
beta influenced by curve effects
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Figure 8. Minimum (above) and maximum (below) 95 %
confidence limits at Mühlham bend.

Figure 7. 95 % tolerance range calculated with MC-CL
(above) and SA (below) after 9 days simulation.

The MC-CL method allows to compare the
minimum with the maximum confidence limit. It
can be seen in figure 8 that the output distribution
is not symmetric. Two effects act in the opposite
direction: the central limit theorem combines
asymmetric input distributions into symmetric
ones whereas non-linear effects deform symmetric input distributions to asymmetric ones. This is
a sign for the presence of non-linearities and can
only be detected with methods like MC-CL,
which consider non-linearities.
The uncertainties increase in time. As expected
the deviations grow stronger during high discharges. The peaks of increase occur during the
floods after 2.5 d and 6.5 d, while the first peak is
bigger than the last one (see figure 9). So probably
the uncertainties will not increase to infinity over
time if the river system is not changed basically,
e.g. as a result of the construction of a new barrage.

Figure 9. Time series of deviation (solid line) at one point
(fairway of Mühlham bend) and the gradient of deviation
(dashed line).
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sults of the reliability analysis are quite satisfying
but the authors see a big need for further development mainly on two topics. Firstly, the reliability analysis comes from the mathematic/statistic
field and has to be adapted to an engineering field.
This means to choose a suitable reliability method
as well as modifying it to the needs of the morphodynamic numerical models. Secondly, presenting the results becomes not easier if they are distributions instead of single values in time and
space. Thus, helpful diagrams of the results are
needed in order to explain them because for most
users these kind of results from numerical models
are new and unusual. Still a lot of work has to be
done to achieve that reliability analysis is an established part in morphodynamic numerical modelling.

Figure 10 shows the comparison for the 95 %
probability tolerance range for the evolution calculated with MC-CL and Scatter Analysis. The results pattern are quite similar (see figure 7) but the
tolerance ranges calculated with MC-CL are at the
most locations bigger. The effects of nonlinearities seem to be too important to be neglected. For a significant analysis only the MCCL method is precise enough to calculate the tolerance ranges.
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Figure 10. Comparison of MC-CL and SA for the 95 % tolerance range after 9 days simulation.

4 CONCLUSIONS
The Scatter Analysis is a very simple and efficient
tool for calculating the sensitivities and should
always be used before other more sophisticated
methods are applied. For the shown example the
simulation time is 37 times higher for the MC-CL
method than for the SA. For the interpretation of
the results a special post-processing program is
needed for both methods. The run time for the SA
post-processor is also much less time consuming
(SA: 4 min, MC-CL: 4 h). With these postprocessors the user-friendliness and the errorproneness are the same for both methods. The
only but strong argument for the MC-CL method
is that it allows for non-linearities, which is important for calculating the tolerance ranges precisely.
Instead of presenting just one value in time and
space with a general uncertainty range the reliability analysis allows to specify a tolerance range
with a given probability, which varies in time and
space. Therefore, there can be areas of high and
low result uncertainty, which may give reason to a
deeper investigation or to choose another site being appropriate for a monitoring station. The re1620
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2-D numerical modeling of rapidly varying shallow water flows by
Smoothed Particle Hydrodynamics technique
R. Vacondio & P. Mignosa
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ABSTRACT: Smoothed Particle Hydrodynamics for shallow water flow problems has received some attention since it is an attractive mesh-free, automatically adaptive method without special treatment for
wet/dry interfaces. In this paper an algorithm for particle splitting is introduced in order to avoid low resolution at small depths, and a new procedure for discretizing the bed source term in presence of irregular
bathymetries is applied. The numerical method is tested against the reference solution for a Cylindrical
Dam break over a non-flat bottom. The CADAM and the 2D Dam breaks experimental test are also reproduced in order to show the capability of the numerical method to simulate real phenomena.
Keywords: Smoothed Particle Hydrodynamics, Shallow Water Equations, Refinement, Slope source term
1 INTRODUCTION

2 NUMERICAL MODEL

The 2-D Shallow-Water Equations (SWEs) are a
widely used description of flows over shallow
domains for a great range of rapidly (and slowly)
varying free surface flows, as for example, dam
break flood waves, flood waves in rivers, tides in
estuaries, etc.. Recently SPH methods have been
applied to the SWEs (Rodriguez-Paz & Bonet
2005 and De Leffe et al. 2008) obtaining promising results; these Lagrangian models have some
distinct advantages: no mesh is needed, the
wet/dry interfaces require no special treatment and
the mass is automatically conserved.
In this work a 2D shallow water code based on
the SPH interpolation is derived with two major
improvements in order to simulate real flooding
test cases: following the idea of adaptive refinement usually adopted in Eulerian models a particle splitting procedure is introduced in our SPHSWEs code with the aim of varying the resolution
over the domain. Moreover a set of bottom particles is used to describe the slope source term and
this allows the method to be applied to arbitrarily
irregular bathymetries.

The SWEs are formally identical to the Euler equations if we re-define the density ρ as the amount
of fluid per unit of area in a 2-D domain; given
this new definition of ρ we can connect it to the
depth of water d with: ρ = ρ w d , where ρw denotes
the constant 3D (conventional) density. The density ρi of a particle i can vary enormously during a
simulation; therefore an SPH scheme with variable smoothing length h in time and space is used
in order to keep the number of neighbor particles
roughly constant during the processes of water inundation and retreat.
Using these definitions and the Lagrangian derivatives the SWEs can be written as follow:
dρ
= − ρ∇·v
dt
dv
g
=−
∇ρ + g ( ∇ b + S f
ρw
dt

)

(1)

where v is the horizontal velocity vector, b is
the bottom elevation, g is the acceleration due to
gravity and Sf is the bed friction source term. The
particles’ position and the velocities are integrated
in time by means of a leap-frog scheme and a
Lax-Friedrichs term is used in order to keep the
solution stable even in presence of shock waves
(Vacondio et al. 2009a). The closed boundaries
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are described using the Modified Virtual Boundary Particle method that is able to keep an approximate zero consistency in presence of complicated boundaries (Vacondio et al. 2009b).

K=

The SPH approximation for the density of the i-th
particle ρi (Monaghan 1992) is:

(2)

j

where W is the cubic kernel function, xj and mj are
the position vector and the mass of the j-th particle and hi is the smoothing length. In general, h
is connected to the density (Benz 1990) with:

π = π ext + π int = ∑ mi gbi +
i

(3)

where dm is the number of dimension (1 in 1D and
2 in 2D), ρ0 and h0 are the density and the smoothing length at the beginning of the simulation.
The above equation is implicit because the
density is itself a function of hi as reported in Equation (3). In this paper a simple Newton - Raphson iteration is adopted in order to solve this system of Equations (2) and (3) (see Rodriguez-Paz
& Bonet 2005 for details).

ai =

(7)

g + v i ·k i v i + t i ·∇bi
∇bi − t i
1 + ∇bi ·∇bi

(8)

and ti is the acceleration due to the internal force.
ti is calculated using the continuity equation and
the internal energy expressed in terms of energy
per unit mass (Bonet and Lok 1999):

Herein we follow the derivation of Rodriguez-Paz
& Bonet 2005 by considering the continuum as an
Hamiltonian system of particles. The Euler – Lagrange equation for each particle is:

ti = ∑ m j
j

(4)

g ⎛ ∇W j (xi , h j ) ∇Wi (x j , hi ) ⎞
−
⎜
⎟⎟
αj
αi
2 ρ w ⎜⎝
⎠

(9)

where α is a correction factor due to the variable
smoothing length:

where the Lagrangian functional L is defined in
term of kinetic energy K and potential energy π
as: L = K - π. π is a function of particles position
but not of velocity, so substituting this expression
into Equation (4) leads to:

d ∂K ∂K ∂π
−
=
dt ∂v i ∂xi ∂xi

1
∑ mi gdi
2 i

where k i = ∇ ( ∇bi ) is the curvature tensor of b(x),

2.2 Momentum equation

d ∂L ∂L
−
=0
dt ∂v i ∂xi

(6)

where g is the gravity acceleration and bi is the
bottom elevation of particle i, πext is the external
potential energy and πint is the internal potential
energy.
Appling the chain rule to Equations (6) and (7)
after some algebra, it is possible to obtain the following expression of acceleration ai:

1/ d m

⎛ρ ⎞
hi = h0 ⎜ 0 ⎟
⎝ ρi ⎠

vz = v i ·∇bi

where vi is the vector of the horizontal velocities and vz is the vertical component of the velocity, the last term is usually neglected in the classical SWEs, but due to the Hamiltonian approach it
is possible to include it in our analysis.
The potential energy of each column of water
can be defined at the baricenter (this is because of
the hydrostatic pressure distribution) and it can be
expressed as a sum of the external and internal
energy of each particle:

2.1 Density evaluation

ρi = ∑ m jWi (x j , hi )

1
∑ mi ⎣⎡ vi ·vi + vz2 ⎦⎤ ;
2 i

αi = −

1
ρi d m

∑m r
j

j ij

dWij
drij

(10)

where rij is the distance between particle i and j.
2.3 Slope source term

(5)

In order to deal with arbitrarily complex bathymetries we introduce a general method for discretizing the bed gradient source term based on an SPH
interpolation technique. We thus discretize the
two terms ∇bi and ki by an SPH interpolation.
This interpolation is performed using not the fluid
particles but a new set of interpolation points
called bottom particles. These points are introduced at the beginning of the simulation, they are
distributed on a Cartesian uniform grid over the
domain and they do not move during the simula-

In the SPH formalism of SWE each particle i
represents a column of water with a total mass mi
and carries its mass unchanged during the motion,
so the total mass is exactly conserved. Moreover
Bonet and Lok (1999) showed that the variational
formulation here adopted conserves the momentum of the system in absence of external forces.
The kinetic energy for a system of particles can
be approximated as the sum of energy of each particle:
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error in the density and velocities fields: once the
number of daughter particles and their relative position are defined, then their masses are calculated
solving a model problem that guarantee the minimization of the error in the density field.

tion. The only physical quantity associated with
bottom particles is the bottom height b and an associated volume Vj (Vacondio et al. 2009b).
The bottom elevation of the i-th fluid particle bi is
calculated using an SPH summation formula using
the bottom particles:
bi = ∑ bbj Wi (xi − xbj , hb )V j

(11)

3 TEST CASES

j

where bbj indicates the bottom elevation of the j-th
bottom particle located at xbj , hb is the constant
smoothing length of bottom particles and Wi is the
kernel for i-th particle corrected using a Shepard
filter. The gradient of the bottom ∇bi is evaluated
using an SPH interpolation together with the gradient kernel correction proposed by Bonet & Lok
(1999):
 W (x − xb , hb )V
∇bi = ∑ bbj ∇
i
i
j
j

3.1 Circular dam break on a non-flat bottom
The SPH discretization of the bed gradient source
term presented in section 2 is tested against the
reference solution of a frictionless circular dam
break with non-flat bottom (Aureli et al. 2008a).
A cylindrical water volume of radius R0 = 10 m is
initially placed in a circular domain of radius R =
25 m centered in (x = 0, y = 0); the water is initially at rest. The bottom profile is described by
the following equation:

(12)

j

 W is the corrected gradient of the kernel.
where ∇
i
Finally the curvature tensor ki is derived using the
following integral approximation (Monaghan
2005):
⎛ xijα xijβ
⎛ ∂ 2b ⎞
αβ
⎜ α β ⎟ = ∑ ⎜⎜ 4 2 − δ
∂
∂
x
x
r
j ⎝
⎝
⎠i
ij
 W (x − xb , hb )V
·∇
i

i

j

⎡
⎛ 2π
z ( r ) = 0.5 ⎢1 + cos ⎜
⎝ 5
⎣

⎞⎤
r ⎟⎥
⎠⎦

(14)

where r = x 2 + y 2 is the radius.
The reference solution for this test case is calculated solving a 1D inhomogeneous problem
along the radial direction by means of a Finite Volume code using a very fine mesh with a cell size
of 0.005 m.
The SPH numerical solution has been obtained
using 126,688 fluid particles and 1,040,400 bottom particles in describing the bed slope source
term, this corresponds to an initial particle distance of 0.05 m. Figure 1 shows the numerical
profiles of water level at x=0 and x=y at some selected times compared with the reference solution;
even if some difference can be noticed at time 2s
in the region close to the boundary, the SPH code
is able to reproduce the reference solution in a satisfactory way. Moreover there is no difference
between the two profiles at x=0 and x=y, this
means that the numerical solution is able to keep
the radial symmetry of the test case.

⎞ bi − bbj
r
⎟⎟
2 ij
+
r
r
·
η
(13)
ij
ij
⎠

j

where α and β are two generic coordinates and
η=0.01hb, rij = xi − xbj .
2.4 Particle splitting
The main problem in the SPH-SWE scheme the
lack of resolution when the fluid moves into very
shallow water or over an initially dry bottom because the variable smoothing length is inversely
proportional to water depth (Equation 3) and it
causes poor resolution at small depths. To overcome this problem a refinement procedure has
been developed: if a particle i has an area
Ai = mi ρi greater than a threshold value it is split
into 7 daughter particles.
Feldman & Bonet (2007) defined a dynamic
splitting procedure for particles in SPH models for
Navier-Stokes equations which is conservative,
and is suitable also for multidimensional domains
but without considering the variable smoothing
length. In this work we adapt their procedure to
our SWE model with a new extension taking into
account also the effects of the variable smoothing
length; the details of this procedure are not reported here for lack of space but they are available
in Vacondio et al. (2009a). The key idea is to define a refinement algorithm able to conserve both
the mass and the momentum and to minimize the

3.2 CADAM test case with a 45° bend
The European Concerted Action on DAm break
Modelling (CADAM) conducted an experiment
where a dam break flow occurs along an initially
dry channel (Soares Frazão et al 1998). The channel has a rectangular cross section of 0.495 m, is
connected upstream with a square reservoir and is
8.4 m long. A 45° bend is located at 4.25 m, the
bottom is 0.33 m higher than the one of the reservoir, as plotted in Figure 2. The water levels are
registered during the experiment in the reservoir
and along the channel using 9 gauges. This case
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ical results means that the discharge that is entering in the channel is correct. Gauges 2 and 4 are
placed along the channel upstream the bend,
therefore they registered the abrupt water level
elevation due to the reflected wave that is travelling upstream to the reservoir. The numerical
model is able to reproduce the water level at
gauges 4 and at gauge 2 after 20 s whereas there is
a difference with the experimental data of gauge 2
in the first half of the experiment. This difference
is presents also in the results obtained using Eulerian numerical schemes (Soares Frazão et al 1998)
and therefore can not be ascribed to the SPHSWEs scheme presented in this paper.
Gauges 5 and 7 are placed in the bend and the
numerical model is able to reproduce these registered water levels, in particular the surface inclination in the bend is correctly simulated. Gauge 9
is placed downstream of the bend and the overall
comparison of the water level is satisfactory although the numerical model slightly underpredicts
the water level.
Despite of the reduced resolution the results of
the simulation with splitting procedure activated
are analogous to the results obtained without it,
where more particles are used. This is due to the
splitting procedure adopted that increases the resolution just in the part of the domain where the
strong changes in the water depth and in the velocity field occur. The computational time of the
simulation with no refinement is 147 minutes,
whereas it is equal to 86 minutes in the simulation
with bigger particles and refinement procedure:
therefore with the refinement procedure the computational time is reduced of 40%.

has been used extensively by other SWE researchers (Liang and Borthwick 2009, Zhou et al.
2004) for benchmarking since it has a variety of
difficult aspects.

Figure 1. Circular dam break over a non-flat bottom: comparison of water depth between SPH results at x=0 and x=y
and 1D radial reference solution at times: 0.4 0.6 and 2s

A first simulation is performed using no refinement and 9,603 particles are initially positioned in
the reservoir, the Manning coefficient of the friction source term is taken as n = 0.01s m-1/3. In order to reduce the computational time a second simulation is performed using bigger particles
inside the reservoir and splitting them when they
approach the channel: 2,450 particles are initially
placed in the reservoir.
The step located between the bottom of the reservoir and the channel has been discretized using
the SPH interpolation method of bottom particles
(Vacondio et al. 2009b), the only expedient introduced here is a smoothing length for the bottom
particles which is two times the smoothing length
initially assigned to the fluid particles. Figure 3
shows the comparison between the experimental
and numerical water levels obtained with and
without the splitting procedure: gauge 1 is placed
inside the reservoir near the channel inlet; the
good agreement of registered data with the numer-

Figure 2. CADAM test case: plane and profile view of the
experimental setup

3.3 2D dam break tests with image technique
acquisition
Aureli et al (2008b) made a set of experimental
test cases where a 2D dam break is reproduced in
the experimental facility showed in Figure 4.
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A rectangular tank is divided into two parts:
the smaller functioning as a reservoir and the larger designed to receive the flood wave after the
sudden removal of a gate placed in the middle of
the dividing wall.
The data are collected by means of an imaging
technique procedure and the maps of the registered water depth in the larger right-hand part of
the tank are available at different time steps; in
this section a comparison between the experimental and the numerical maps is shown in order to
validate the SPH-SWEs numerical code.

Figure 4. 2D dam break main dimension (in cm) of the experimental facility.

Two different tests are presented: in the first one,
the water at rest is placed just in the small reservoir and the initial water depth is 6.3 cm whereas
the floodable area is initially dry. In the second
test case the initial water depth is 15 cm in the
small reservoir and 1 cm in the big one. The presence of an initially wet bottom causes the formation of a shock that moved downstream and, after
a few seconds, was reflected by the walls of the
experimental facility.
The numerical simulation of the first test was
done using 38,560 particle initially placed in the
small reservoir; the Manning coefficient is taken
as n = 0.007 s m-1/3 and a splitting procedure has
been applied just before the particles enter in the
floodable area: this assures an higher resolution in
the floodable area without increasing the number
of particles in the reservoir. Figures 5 – 8 show
the comparison between numerical and experimental maps of water elevation in the floodable
area at times 0.38, 1.22, 2.21 and 2.88 s. The numerical model is able to correctly reproduce the
flow expansion, also the shock wave generated by
the impact against the lateral and the downstream
walls are correctly reproduced by the numerical
model. Figure 9 shows the water depth map at
time 0.38 s without refinement; comparing it with
Figure 5, it can be observed that the results obtained using the splitting procedure are more similar to the experimental map therefore the particle
splitting procedure is effective in increasing the
accuracy of the results.

Figure 3. CADAM test case: experimental and numerical
water depth time series at different gauges.
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In the second test the wet dam break has been
reproduced and 44,419 particles have been used in
the simulation. No splitting procedure has been
adopted because the floodable area is already
filled with particles at the begin of the simulation
and this automatically reduce the lack of resolution during the flooding.

Figure 7. 2D dam break 1: numerical (above) and experimental (under) water depth maps at time 2.21 s.

Figure 5. 2D dam break 1: numerical (above) and experimental (under) water depth maps at time 0.38 s.

Figure 8. 2D dam break 1: numerical (above) and experimental (under) water depth maps at time 2.88 s.

Figures 10 – 13 show the comparison between
numerical and experimental maps of water elevation in the floodable area at times 0.59, 1.29 and
2.00 and 2.70 s. Some discrepancies are due to the
presence of breaking waves in the experimental
data in Figure 10 and 13, clearly these cannot be
directly reproduced by SWE model. Moreover the

Figure 6. 2D dam break 1: numerical (above) and experimental (under) water depth maps at time 1.22 s.
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position of the shock wave travelling upstream in
Figure 12 is slightly different in the numerical and
the experimental maps. Despite these minor discrepancies, the numerical model is able to reproduce the main features of the phenomena: the water elevation at different time steps and the
position of the shock waves before and after the
impact against the walls.

Figure 9. 2D dam break 1: numerical water depth maps
without refinement at time 0.38 s.

Figure 11. 2D dam break 2: numerical (above) and experimental (under) water depth maps at time 1.29 s.

Figure 10. 2D dam break 2: numerical (above) and experimental (under) water depth maps at time 0.59 s.

Figure 12. 2D dam break 2: numerical (above) and experimental (under) water depth maps at time 2.00 s.
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Figure 13. 2D dam break 2: numerical (above) and experimental (under) water depth maps at time 2.70 s.

4 CONCLUSION
In this paper an SPH method for numerical discretization of shallow water equations has been presented. Previously the main limitation of this numerical scheme was the lack of resolution in
zones with a reduced water depth; this has been
overcome in this paper by introducing a particle
splitting procedure: if one particle has an area
which is more than a fixed value it is divided into
seven daughter particles. The masses, velocities
and water depth of daughter particles are assigned
by conserving both the mass and momentum. In
order to extend the method to real case problems
another improvement has been made: the slope
source term is calculated by means of a SPH interpolation method which can be applied for any
bathymetry.
In order to show the capability of the SPHSWEs numerical model to reproduce rapidly varying flow, It has been tested against a reference solution and two experimental test cases and its capability obtaining good agreement with the
reference solutions.
In future works the open boundaries will be introduced in the code and real flooding events will
be reproduced.
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C.4 Navigation waterways and dredging
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Stability of minestone used as artificial bed material to compensate for
bed subsidence caused by mining on the River Rhine
T. Wenka & A. Schmidt

Federal Waterways Engineering and Research Institute (BAW), Karlsruhe, Germany

ABSTRACT: An extensive study of the historical development of the Rhine River reach was considered
and numerical simulations of the bed development were performed to assess the long-term stability of
minestone added as an artificial bed material to compensate for bed subsidence caused by mining. A
large-scale campaign of in-situ measurements was carried out in addition to laboratory studies. The predictions of a one-dimensional sediment transport model showed that mining activities between 1934 and
1975 had caused the bed to subside by up to 3 m. The predicted changes in the bed level from 1975 to
2000 showed that, without compensation, further bed subsidence of up to 2.5 m would have occurred.
The minestone exhibited a generally high tendency to weathering in hydraulic and geotechnical laboratory investigations. Furthermore, the results revealed that in-situ investigations of the river bed over several
metres were essential for a final stability assessment. Evidence of the mobilisation of deeper layers of minestone during floods is provided by freeze core and drill core samples in which the minestone was arranged more or less randomly. Only around 70 percent of the minestone material still located in the river
bed is available.
Keywords: Mine stone, Bed subsidence, Bed stability, Sediment transport, In-situ investigations
1 INTRODUCTION

the section of the Rhine between km 795 and 807.
Today, as a result of the subsidence, the riverbed
is composed of minestone material that locally
reaches several metres in thickness.

1.1 Background
The decision to close the Walsum mine in mid2008 prompted the German Federal Waterways
and Shipping Administration (WSV) to prepare
forecasts for the future stability of the riverbed in
the relevant section of the Rhine River and to initiate any required stabilisation measures. The aim
of the WSV is to design the stretch of the Rhine
River affected by subsidence in such a way that its
morphological and bed stability characteristics
behave in a more or less similar way to the adjacent river sections immediately up- and downstream.
Since the 1930s the coal industry in the Duisburg area has also operated under the Rhine River
and its flood plains. Whereas no compensation of
the mass losses caused by subsidence of the riverbed took place until 1976, the losses have since
been compensated by adding minestone (a byproduct of coal mining) as an artificial bed material in the area of the Walsum mine. The compensation measures were carried out promptly in

1.2 Task
The investigation into the long-term stability of
the supplied minestone was split into four stages
(BAW, 2007b):
•

•

•

•
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Chronological study and investigations of the
development of the stretch of the Rhine River
under consideration (Rhine-km 775 to 814)
since 1934.
Experiments on the typical material properties,
stability properties and weathering behaviour
of the minestone under flow stress.
Numerical simulations of the evolution of bed
levels for various boundary conditions using a
one-dimensional numerical model.
Field investigations to determine the bulk behaviour of minestone and the storage characteristics of the site.

2 INVESTIGATIONS

erally has a high tendency to decompose (see Figure 1) by breaking along the fissures, even under
slight mechanical loads.

2.1 Overview and chronological study
A study was commissioned to expand our knowledge and data. Its aim was to produce a meticulous compilation and documentation of the historical development of the Lower Rhine River and its
banks as a result of the mining industry’s operations since 1934. The anthropogenic impacts of
mining and of the compensation measures on the
flood plains were documented as part of the study.
The large-scale and long-term developments on
the stretch of the Rhine River between km 775
and km 814 during the period from 1934 to 1975
were examined in a preliminary study. A subsequent detailed study focused on the developments
in the core area of the subsidence caused by mining (Rhine-km 795 to 807) since 1975. Since 1976
the mining-induced mass losses have been compensated for in this area by using minestone as an
artificial bed material added by means of dumping
vessels.
The information and documents available on
the mining-induced problems under the relevant
section of the Lower Rhine River were comprehensively described as part of the studies. The extent to which they contribute to the understanding
of the historical and current morphological
processes has also been established. Finally, the
areas in which information and knowledge deficits
exist were stated.
The procedures and developments on the
stretch of the Rhine River between Rhine-km 795
and Rhine-km 807, which is directly influenced
by the mining activities of the Walsum mine,
since the beginning of the minestone supply
(1976) were analysed in detail and accounted for
in terms of volume differences wherever permitted by the available documentation.
Although a final estimation was not possible
due to a variety of uncertainties, the analysis at
least confirmed that a successful strategy is being
pursued by the current supply mode. Balancing
uncertainties are due to neglecting the deposits
along the embankments or on the flood plains as
well as the decay and suspension of significant
proportions of minestone. The study recommends
performing field measurements in order to obtain
more detailed information on the grain size spectrum evolving at the bed of the Rhine River under
bottom shear stress.

Figure 1. Alteration of minestone due to wet and dry
treatment (Upper row “grey”, lower row “black” fractions)

Generally speaking, the minestone material can
be characterised as shale or mudstone. The material, which has a more or less pronounced stratification, contains a high proportion of graphite
and is partly composed of fine sand or small proportions of marl. There are two different forms,
each with partially heterogeneous behaviour:
•
The black or dark grey rock material contains
a great deal of graphite.
•
The light to medium grey rocks have a less
pronounced stratification. The graphite content is lower and the proportion of plant material remains high. It is less stable than the
black material.
The coefficients for the minestone obtained in
the Micro-Deval test according to EN 1097-1, in
which the abrasion resistance of rocks is determined in a rotating cylinder under defined conditions, were roughly ten times higher than for the
naturally prevailing Rhine River gravel (see Table
1). The amount of wear observed in the investigations with the abrasive wheel according to Böhme
(DIN 52108) was approximately five times higher
than for gravel.
Table 1. Results of the Micro-Deval test according to EN
1097-1
________________________________________________
Grain fraction ______________
Micro-Deval _____________
coefficient
__
[mm]
mine
stone
gravel
________________________________________________
10 – 14
81
8
4 – 6.3
94
12
6.3 – 10
91
12
8
–
11.2
91
10
________________________________________________

The investigations performed at the hydraulic
laboratory of the University of the German Armed
Forces in Munich (UniBW) studied the bed stability, sediment transport characteristics and inter-

2.2 Experiments
The analysis performed in the geotechnical laboratory at BAW showed that the minestone gen1632

effect of decay plays a prominent part in the quantification of the results for the final assessment of
the minestone stability problem. Hence, further
long-term laboratory and in-situ investigations
were considered essential to obtain substantiated
statements on the long-term behaviour of the minestone in the bed of the Rhine River.

mixing behaviour of Walsum’s minestone in particular.
The flume studies conducted in a laboratory
channel with sieve curves downsized by a factor
of four (see Figure 2) showed that the minestone
in its supply-specific composition (d50 ≅ 50 mm;
over 90 % with d > 20 mm) behaved differently
from the natural Rhine River material (d50 ≅ 14
mm; around 40 % with d ≅ 20 mm). In addition to
the larger grain size, the predominantly flat grain
shape, which favours the formation of imbricate
structures, at first sight provides greater stability
and much lower minestone transport rates in its
original shape compared with the Rhine River
gravel.

2.3 Numerical simulations
A one-dimensional numerical model for the Lower Rhine River from km 643 to km 865 was established by BAW to support the monitoring of sediment management along the free-flowing Rhine
River. It was based on the HEC-6 computer programme in order to provide long-term and largescale forecasts of the development of the mean
elevation of the riverbed assuming various boundary conditions. The total sediment transport rate
was determined by applying the Toffaleti formula
(1969). In spite of certain code-specific constraints, it was also possible to use the model to
predict the stability of minestone in the core area
of the subsidence caused by mining (Rhine-km
795 to 807).
After a fine calibration, which focused on the
area under investigation, the consequences of different intervention scenarios for the evolution of
the mean level of the riverbed in the past, the present and the future were analysed. Specifically,
the development of the mean riverbed level in the
period from 1934 to 1975 was investigated under
the hypothesis that no mining had occurred under
the Rhine River. Furthermore, the morphological
evolution was simulated under the hypothesis that
no measures to compensate for mining subsidence
had been undertaken since 1975.
Figure 3 provides an answer to the question of
how the morphological development would have
taken place during the period from 1934 to 1975
without any mining activities. The hatched area
representing natural subsidence shows the impact
of mining on the change in mean height (dotted
line), with depressions of up to about 3 m in the
core area of mining subsidence.
A direct comparison of the two calculation scenarios “occurred development (dotted line)” and
“notional development if no mining had occurred
(dashed line)” reveals that slightly retrogressive
erosion above the Rhine-km 775 location was induced in addition to the erosion of up to about 2.6
metres (difference between dotted and dashed
lines) caused in the core zone of subsidence as a
result of the accelerated decline of the river bed.

Figure 2. Mixed bed of mine stone and Rhine River gravel
in the scale model of UniBW

In contrast to these findings there is a high
probability that the original shape and particle size
distribution will not be preserved under the actual
conditions in the Rhine River. The tests on the
material properties strongly indicate that a much
finer grain distribution of the minestone will occur
during the pouring process and when the minestone is in direct contact with the river bed and the
bed load. Very fine particles are washed out and
go into suspension but can hardly be detected due
to the high degree of dilution in the samples of the
river bottom or in the load measurements.
Owing to the high instability of the nearsurface minestone, the intermixing behaviour also
depends on the evolving grain distribution. It determines the extent to which minestone accumulates in the bed load and how much of the natural
bed load will be stored in the matrix of the developing compound riverbed. As long as the minestone remains mobilised it is subject to the decay
process described above with a tendency to be
crushed fairly quickly between the significantly
harder gravel particles.
The questions that remained unresolved after a
series of experiments at UniBW indicated that the
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Figure 3. 1D-morphological model of the Lower Rhine River; prediction of subsidence-specific bed deformation caused by
mining between 1934 and 1975

this case (see Figure 4) that, without the compensation measures in the subsidence area, an additional depression of up to 2.5 m would have
formed within a period of 25 years, representing
an average annual depression rate of 10 cm.
A decline of this magnitude is neither intended
for the use of the Rhine River as a waterway nor
an acceptable situation in terms of nature conservation and agricultural aspects. Moreover, subsidence-induced erosion would have occurred immediately up- and downstream of the area affected
by mining and resulted in a significant increase in
maintenance requirements.
Owing to the high degree of complexity of the
overall process, the one-dimensional numerical
model cannot be expected to deliver detailed
statements on the stability characteristics of the
minestone. Nevertheless, thanks to the meticulous
preparation of the input data and the detailed consideration of anthropogenic influences, the model
provides an ideal basis for future investigations
with the expanded and improved version of the
HEC-6T computer programme and the more sophisticated two- and three-dimensional numerical
models of BAW.

Figure 4. 1D-morphological model of the Lower Rhine
River; prediction of bed deformation with or without compensation of the subsidence caused by mining between 1975
and 2000

The second scenario served to examine how
the riverbed would have developed from 1975 to
2000 if the subsidence had not been compensated
for by supplying minestone. It has been shown in
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2.4 Field investigations

Samples were taken within the 15 stations at
each of the five positions in a cross-section (Rhine
River axis (= axis ± 0), axis ± 50 m, axis ± 100 m)
(BAW, 2008a).

Against the backdrop of recent studies and findings it was essential to conduct sampling of the riverbed to a depth of several metres in order to establish long-term forecasts. It was assumed that
selecting suitable sampling points in the supply
area and downstream would enable reliable conclusions to be reached on how the actual process
of weathering of the minestone is proceeding or
has proceeded. Three field campaigns were therefore launched and their evaluation contributed
substantially to resolving the remaining questions.
The first campaign aimed at reclaiming minestone from a fresh supply area. Four truck-loads of
800 tons of minestone each had been dumped in
the stretch of the Rhine River between km 805.1
and 805.5 over a few days (2006-11-29 – 200612-01). The freeze core samples were taken immediately afterwards between 4th and 6th December. A further investigation was carried out by
taking samples in May 2007. The primary objective of the campaign was to analyse the grain size
evolution and the intermixing behaviour of minestone immediately after supply and during the
medium-term follow-up.
As a direct comparison of the particle size distributions of the freeze core samples taken in December 2006 and those taken in November 2006
shows (see Figure 5) the minestone material is
subject to degradation immediately after dumping.
Although the analysed core samples show a relatively narrow particle size band, they contain a
much higher sand fraction than the feedstock. The
sand fraction increases from around 5 % in the
feedstock sample to around 15 % in the samples
taken in May 2007.
The comparison of the particle size distributions of the feedstock and the prospecting samples
indicates that the sand fraction increases from
around 5 % to a maximum of around 25 %, while
there is no significant increase in the fine gravel
fraction. The sand is composed of minestone and
the natural river sand.
This initial rough analysis indicates that the
mine stone is crushed and the river sand is able to
settle in the cavities of the minestone layer. However, the lab report by BAW (2007a) states that
the analysis of considerably more samples of further field investigations is recommended in order
to achieve a better understanding of the processes
and to gain sounder results.
The second campaign aimed to determine the
medium- to long-term behaviour of the supplied
minestone. Prospecting samples were taken and
freeze cores of around 1.0 – 1.5 m in length were
drawn between Rhine-km 793.0 and 808.0 in the
period from April to May 2007.

Figure 5. Temporal evolution of grain-size distributions
from Nov. 2006 to May 2007

A typical preparation of the freeze cores is
shown in Figure 6 for the five position samples of
a cross-sectional profile. The proportion of minestone is indicated in shades of grey by the marks
in the background of each sample: the darker the
shade (black corresponds to 100 %), the higher
the proportion of minestone. A detailed soil identification was performed and the selected values
were added by linear interpolation in order to determine the total amount of minestone within the
range considered for each sample unit.
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Figure 6. Freeze cores from the field measurements of May 2007, Rhine-km 796.5

The third campaign was designed to analyse
the long-term behaviour of the supplied minestone. A total of 50 drillings of up to 12 m in depth
were performed on the stretch of the Rhine River
between km 792.0 and km 810.0 during the period
between 5th and 29th November 2007 (BAW,
2008b).
The material of the outcrop has been stored in
sections of 0.5 m each in 1-m-core boxes (see
Figure 7) and could therefore be processed in the
modality already described for the freeze cores.
The resulting data enable the deeper layers to be
taken into account and thus long periods to be
considered.
The core and outcrop analysis enables the outstanding questions about the short- and the longterm changes in the particle size distribution and
the long-term behaviour of the minestone material
to be answered as follows.
The cross-section of the Rhine at km 795.5
provides a typical situation for the core area of
mining subsidence and its compensation. It is considered in more detail below to explain the modalities of interpretation. Figure 8 shows the depth
extensions and percentages of minestone at the
five sample positions by way of a typical example
of the manner of dealing with the laboratory evaluations. The information provided by the mine
surveyors of the RAG (German Coal Corporation)
that the subsidence at Rhine-km 795.5 amounts to
about 7 m and extends over almost the entire
width of the fairway is reflected in the samples in

Figure 7. Outcrop samples in 1-m-core boxes, Rhine-km
795.5, axis ± 0
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policies and their interaction with the seasonally
dominated transport regime over several decades.
While Table 2 provides rough indications of
the distribution of minestone within the project
area, the results of the interpolation or integration
of the individual values at the drilling stations
provide the balances over the “control volume” of
Vtot = 11.5·106 m³ for the total volume under consideration and of Vact = 5.5·106 m³ for the actually
identified quantity of minestone. Assuming a constant bulk density of 1.65 tons/m³ for all materials,
a total mass of mtot = 19.0·106 tons and a mass of
mact = 9.1·106 tons for the actual proportion of
minestone can be calculated.
According to specifications of the WSV the
comparable mass of supplied minestone amounts
to mtar = 13.6·106 tons. With reference to that
quantity the target / actual comparison results in a
calculated relative difference of

Figure 8. The samples can be expected to contain
a very high proportion of minestone as the material has been dumped in this area since 1978.

Δ=

m tar − m act
m tar

= 0.33 .

(1)

It is therefore reasonable to assume that approximately 30 – 35 % of the supplied minestone
was removed from the mining area and was thus
not available to compensate for subsidence. Due
to its high weathering rate the minestone fractions
discharged downstream – as documented by numerous bed load measurements and prospecting
samples – obviously did not significantly contribute to the preservation of the riverbed of the
Lower Rhine River.

Figure 8. Depth extensions and percentages of minestone
in the outcrop samples of Rhine-km 795.5
Table 2. Cross-sectional average percentages and mean extension
depth of minestone at the drilling stations
________________________________________________
Stations
Outcrop_________________
samples
______________
[Rhine-km]
mine stone [%] extension depth [m]
________________________________________________
792.0
19
0.9
795.5
47
6.9
796.0
56
5.5
797.0
55
9.1
798.0
62
3.8
799.0
50
2.7
800.0
36
1.2
802.5
49
2.0
805.0
43
0.6
810.0
5
0.3
________________________________________________

3 CONCLUSIONS AND
RECOMMENDATIONS
Following the closure of the Walsum mine in mid2008 it was necessary to draw up forecasts of the
future stability of the river bed. Stabilisation
measures had to be derived for the relevant section of the Lower Rhine River where necessary.
The primary objective of the WSV was to design
the stretch of the Rhine River affected by subsidence such that the morphological aspects of the
river after subsidence and compensation measures
gradually adapt to those prevailing in the adjacent
river sections (BAW, 2007b).
To this end, the findings of the four investigative stages, i.e.
•
chronological study and historical documentation,
•
tests on the typical material properties,
•
numerical studies in a one-dimensional morphological model and
•
several campaigns of field investigations,
were merged and discussed in a concluding synthesis. The following interpretations and constitu-

The averaging of the minestone distribution
first over the depth and then over the lateral extension of the supply area resulted in a percentage
of roughly 50 % of minestone for the station at
Rhine-km 795.5. Thus, a range of between 5 and
62 percent of the cross-sectional average percentages of minestone for all drilling stations was calculated as summarised in Table 2.
The drilling samples served, inter alia, to define the lower horizon of the minestone. Furthermore, it was then possible to determine the “control volume” required to enable the remaining
minestone fraction in the riverbed to be taken into
account. The depth and cross-sectional averages
of minestone reflect the current condition of the
riverbed that has developed as a result of mining
subsidence as well as the related compensation
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The simulation tool DredgeSim – Predicting dredging needs in 2- and
3-dimensional models to evaluate dredging strategies
C. Maerker & A. Malcherek

Institute of Hydro Sciences – Hydrodynamics and Hydraulic Engineering, University of the German
Armed Forces Munich, Germany

ABSTRACT: Dredging along waterways has an impact on their topography, the sediment transport and
the hydrodynamic regime. Furthermore, dredging causes high costs for the maintenance of the fairways.
In order to model the effects of dredging in numerical simulations the software DredgeSim was developed. Coupled with different hydrodynamic and morphodynamic numerical models DredgeSim can be
used to compute dredging needs and different strategies for the maintenance of waterways within complex models. The results can be evaluated concerning a possible reduction of dredging efforts. Typical use
cases and different functionalities of this simulation package are illustrated in this article. The applicability of DredgeSim was tested successfully by computing a dredging strategy for a hydrodynamicmorphodynamic model of the Danube River to predict dredging needs.
Keywords: Dredging, Numerical modeling, Dredging strategies, Maintenance concepts
1 INTRODUCTION

Regarding these aims, the software package
DredgeSim was developed at the University of the
German Armed Forces Munich in cooperation
with the Federal Waterways Engineering and Research Institute (BAW) (Maerker et. al 2006,
Maerker & Malcherek 2008). It works in addition
to common programs modeling the hydrodynamics and the morphodynamics. In DredgeSim a
dredging operation can be defined for hindcast or
forecast modeling purposes.
In a first practical application DredgeSim,
coupled to the programs Telemac2D and Sisyphe,
was used to evaluate different dredging strategies
within a two-dimensional hydrodynamic and morphodynamic model of the river Danube, which
was built up by the BAW. The river Danube is
part of the important waterway connecting the
North Sea with the Black Sea (Fig. 1). The part
between the cities of Straubing and Vilshofen
along the German section of the Danube River is a
critical stage due to tight bends and naturally low
water depths and is dredged regularly to fulfill the
navigational requirements.
Results of predicted dredging needs along this
stage, produced by the combined numerical models, are presented within this contribution. The
achieved dredged volumes and dredging sites
were compared with the real amounts of dredged

The overall aim of using a software package to
take into account dredging operations in numerical models is twofold. First, being able to model
different dredging strategies allows an optimization with focus on a reduction of dredging efforts.
This is an important task as high dredging costs
are annually reported along German waterways
(Tab. 1). Second, a detailed computer model about
the evolution of a river section which is highly
dredged can only be achieved by including dredging operations in the simulation, as the impact of
such anthropogenic influences on the bed morphology and the topography can exceed those of
natural sediment transport.
Table 1. Maintenance dredging costs along German waterways
and harbors
_______________________
Dredging
costs per mill. €*
_______________________
1999
53.95
2000
70.91
2001
63.95
2002
80.57
2003
66.79
_______________________
* Wasser- und Schifffahrtsverwaltung des Bundes (in Bundesministerium für Verkehr, Bau- und Wohnungswesen
2004)
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2.1 Telemac2D

material and the observed locations of dredging
hot spots.

Telemac2D of Telemac system is based on the
shallow water equations (Saint-Venant equations)
(Hervouet, 2007).

div

0

grad

(1)

These equations are solved by specifying certain source terms and body forces to take into account e.g. surface influences like the bottom friction. Furthermore, different turbulence models can
be used for modeling the momentum diffusion.
2.2 Sisyphe

Figure 1. The Danube River and its German section

The morphodynamic module Sisyphe solves the
Exner equation which describes the bed evolution
due to sediment transport. As the riverbed of the
River Danube consists only of coarse particles, it
is assumed that these particles are only transported
by bed load. The Exner equation then reads

2 MODELING SYSTEM
The used modeling environment consists of the
three components Telemac2D for the computation
of the hydrodynamics, Sisyphe for calculating the
sediment transport and DredgeSim for modeling
the dredging operations. These modules need to
interact with each other to exchange certain data,
as each of them affects the results of the others
and needs input data from their associates (Fig. 2).

div

0

(2)

with
as the transport rate for each sediment
fraction in x- and y-direction which is calculated
from the bottom shear stress and a critical shear
stress describing the initiation of sediment movement (Villaret, 2004).
2.3 DredgeSim
The dredging works are included in the simulation
by using the DredgeSim package. This software
allows the user to model dredging activities by
two different possibilities. Either, dredging actions
can be defined by giving a certain time and specific amount for dredging. Or a certain dredge criterion can be set to start a dredging operation automatically when too much sediment is detected
within the fairway. Hereby, characteristic parameters like the water depths can be used as a measure
to decide whether dredging is necessary as they
should not fall below a critical value due to navigational requirements.
The first option allows hindcast modeling of
dredging events in the past, whereas the second
can be used in a forecast modeling to predict
dredging needs as result of actual morphodynamics. Furthermore, both approaches can be used to
either evaluate existing or develop new strategies.
The required steering data for the dredging operations is defined in two input files (Fig. 3). The
DredgeSim steering file is used for the definition
of pure dredging parameters whereas the IPDSfile is used for the geographical definition of op-

Figure 2. Used modular structure of the simulation environment

The structure of this software environment is
arranged in a way that data is transferred between
two components at a time. Hereby, the DredgeSim
package is only coupled to the morphodynamic
module Sisyphe, because dredging changes the
topography of the riverbed first and foremost. Sisyphe on the other hand is also linked to Telemac2D. It receives hydrodynamic input data for
the calculation of the sediment transport and updates in turn the bottom in Telemac2D, which has
changed due to natural sediment transport and
dredging.
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2.3.2 Hindcast modeling of maintenance operations

erational areas. As a result, the amount of dredged
material is printed on an output file for interpreting the simulation results and further postprocessing.

Modeling dredging activities from the past in a
hindcast simulation requires information about the
place, the time and the extent of completed dredging events as input parameters. This data is usually well documented for dredging events along the
fairways.
Hence, the user has the possibility to set a date
and time of a dredging operation in DredgeSim.
Furthermore, a dredge volume can be given, from
which a new bottom depth for every node within
the defined dredge polygons is calculated by the
program (Fig. 5). Herein the total area of the defined dredge polygon is taken into account.
Modeling such a task is necessary to achieve
the correct evolution of the riverbed if the modeled river section was dredged during the simulated time period.

Figure 3. IO-Structure of the DredgeSim package

2.3.1 Definition of operational areas
In order to specify initial conditions for a numerical model an IPDS-file (Initial Physical Data Set)
can be used. In this file, shape formats can be defined to distinguish regions where initial parameters vary from their global values, e.g. a local sediment distribution or a temperature field.
In DredgeSim this file is used to determine the
location and size of possible dredging areas. For
each of the defined areas distinctive dredging parameters can be set. E.g. it can be used to define
critical water levels along the fairway (Fig. 4).
This is a necessary input parameter for applying a
dredge criterion on every node within the fairway
in a forecast modeling. In case of a hindcast modeling the user can define precisely the extent of a
dredging activity by marking this area with a
dredge polygon following observations carried out
along the dredging site.

Figure 5. Definition of input parameters for dredging areas
in case of a hindcast modeling.

Besides its application in hindcast models, a
further use case for this type of steering dredging
activities is the evaluation of the effect of expansion works on the hydrodynamic and morphodynamic regime. This reflects a form of capital
dredging which can be modeled by defining a certain excavation volume.
2.3.3 Forecast modeling of maintenance operations to predict dredging needs
In order to predict dredging needs other parameters need to be specified. Hence, a conceptual
model was developed by which a dredging operation is initiated automatically if the deposition of
sediment is affecting the water depths which are
required for save shipping. This model allows the
user to specify different dredge criteria for different dredging areas.
In these dredge criteria, it is necessary to define
critical values for e.g. the water depth itself. If a
deposition of sediments is reducing the water
depth up to this critical value, the troubling material is dredged (Fig. 6). This is a reaction on the
actual morphodynamics. The dredging depth will
be limited by a value the user has also to define.
This kind of dredge criterion was implemented
in DredgeSim for scanning and dredging every
node of a computing mesh which lies inside a

Figure 4. Definition of different critical water levels along
the fairway and of the location and size of dredging areas.
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dredge polygon. As a result the amount of dredged
material is memorized at the end of a dredging
operation. This allows conclusions about the efficiency and performance of a dredging strategy.

tendencies along the outer parts of the bends (Fig.
7, left). The water depths within this model were
set to an initial value of 4m which are reduced due
to the deposition of material along the bends.
To avoid a total siltation of these areas and to
limit the reduction of the water depths a dredge
criterion was defined in DredgeSim. If the water
depth of a node is becoming lower than 2.5m this
node is dredged. The new depth of this node is
then calculated from an aim water depth of 4m
which should be achieved due to dredging. Resulting from this dredge criterion a different bathymetry is obtained from a numerical simulation (Fig.
7, right).

Figure 6. Dredge criterion for the initiation of dredging on a
dredge polygon

There are three different dredge criteria available in DredgeSim, each referring to a special characteristic value to decide whether or not a node
should be dredged. Either the bottom depth, the
computed water depth, or the water depth related
to a reference surface level can be chosen. The
first can be used in coastal areas, where the bottom slope is rather flat and the water depths are
influenced by the tide, whereas dredge criteria referring to the water depth are useful along inland
rivers with steeper bottom slopes. The latter, taking into account a relation to a reference surface
level, reflects the typical approach of planning and
conducting building activities along German waterways and is therefore orienting on practical applications.
To improve the applicability in real projects
certain sub-functionalities were included to DredgeSim. In order to avoid dredging of every single
node which fulfils a dredge criterion, a minimum
dredging volume can be specified. This minimum
volume needs to be exceeded within a defined
area by the sum of the dredged volumes of all affected nodes. Furthermore, in reality the riverbed
is not observed continuously but periodically or
dependent on the discharge. In DredgeSim the
first can be respected by setting an initial time for
observing the bottom and an observing period.

Figure 7. Test case of modeled change in bathymetry to illustrate a simulated dredging operation. The left picture shows
the bathymetry affected by natural morphodynamics with
depostion (black) and erosion (white) tendencies. The picture on the right shows the bathymetry after a dredging operation was initiated to remove deposited material.

Furthermore, the total dredging needs following this dredging strategy are obtained, if the
dredged volumes are summed up for all nodes in
total and per defined sediment fraction (Tab. 2).
This is a measure for the dredging needs over a
defined time scale to maintain an investigated river section and can be used to estimate the total
storage capacity for dredged sediments.
Table 2. Dredged volumes in total and per modeled sediment
fraction
____________________________________
Dredged volumes modeled by DredgeSim
____________________________________
Sediment volume:
108878.42 m³
Sediment fractions
Fine sand:
43551.37 m³
Very
fine
sand:
65327.05
m³
____________________________________

2.3.4 Example application

Furthermore, the time when a dredge criterion
is fulfilled can be given as output as well. This
shows, when exactly a dredging operation is required thus marking an important information for
the real decisive process about the initiation of
dredging.

The following example should illustrate the use
case of predicting dredging needs and evaluate a
dredging strategy with DredgeSim. This test case
consists of a channel with two bends and a plane
initial bathymetry. The modeled morphodynamics
induced by a stationary discharge shows deposition tendencies along the inner parts and erosion
1642

2.3.5 DredgeSim in 3-dimensional models

3.1 Modeling terms and conditions

As the DredgeSim package is communicating
with the morphodynamic module, it only affects
the bottom of a model. Hence, it can be applied in
3-dimensional models without further ado. The
only input required for a DredgeSim application is
the actual lateral discretization of the riverbed.
Therefore, the component for the hydrodynamic
simulation can easily be switched from 2- to 3D,
which was tested by the BAW Hamburg.

The simulation period covered three years. As the
presented test case is rather complex, detailed data
is required for every part of the numerical simulation.
The hydrodynamic input data consists of a real
time discharge curve from January 2000 to December 2002 at the inflow boundary and compatible water levels at the outflow boundary. The simulation mesh resembles the topography of this
part of the river including groynes and longitudinal dams within this area. The used simulation
mesh for the modeling area consists of 64541
nodes. Using 32 CPU led to a total computation
time of round about 3.5 days for the defined simulation period. In Sisyphe the transport formula of
Meyer-Peter and Müller was used to compute the
bedload transport.
To predict dredging needs, the real decision
making process whether or not dredging is necessary needs to be represented by DredgeSim. This
is done by defining a dredge criterion considering
a referenced water level authorized for maintenance measures. Within the dredge criterion, depths
related to this referenced water level are compared
with a critical value of 2.0 m at defined time steps.
If the water depth is lower than the critical value,
the affected node is dredged to a new value to
reach which is calculated from a given depth of
2.05 m related to the reference surface (Fig. 9).

3 APPLICATION ON THE RIVER DANUBE
The DredgeSim package was applied for the first
time under project terms at the BAW Karlsruhe.
The described modeling system consisting of Telemac2D, Sisyphe and DredgeSim was used to
predict dredging needs in a model of the River
Danube to test its applicability for future requirements.
In the test case presented here, a section of the
Danube River between Straubing and Vilshofen
was modeled by Glander et al. (2009). The considered part covers Danube km 2313 to km 2291
and lies within the stretch from the city of Straubing to the confluence of the rivers Isar and Danube
(Fig. 8). It has a total length of about 22 kilometers.

Figure 8. Modeling area from Danube km 2313 to km 2291
along the stage Straubing to Vilshofen

Figure 9. Applied dredge criterion

The illustrated procedure is very close to reality as nearly every construction measure on fairways is related to a referenced surface level. Furthermore, the used values for the dredge criterion
are lying in a realistic range for this modeling
area.
The dredge polygon covers the whole fairway
to ensure that only nodes within this region are
dredged if the dredge criterion is fulfilled (Fig.
10). Summing up the dredged volumes over the
whole simulation period then indicates the total
dredging needs within the fairway for this time.

Since modeling the bed evolution induced by
the natural hydrodynamics and dredging operations over a relevant time frame requires a lot of
computing capacity, a parallel computer was used
for this task. The software is parallelized according to the MPI-method.
The first studies within this application focused
on the calibration of the whole simulation package
in order to reproduce correct dredging needs and
reliable amounts of dredged material.
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spot is normally not removed immediately and
ships can avoid such resulting shallow water within wide fairways. Furthermore, the dredging depth
along such a distance can vary according to local
parameters, which is not considered in this dredge
criterion, as one dredging depth was specified for
all nodes.
On the other hand the shape of the computed
curve fits the real curve very good. This means
that the position of dredging operations is already
well modeled, although the dredge criterion was
specified roughly in this first approach. Furthermore, a numerical model is always dependent on
its degree of discretization. Every node has an associated nodal area which is used to compute the
dredged volume on a node. If the distance between two neighboring nodes is greater, the associated area is enlarging too, increasing the
dredged volumes.

Figure 10. Dredged nodes within the fairway defined as a
dredge polygon

3.2 Computed dredging needs
Due to this model setup a dredging operation is initiated on every node within the fairway which is
affected by high deposition induced by natural sediment transport (Fig. 11).

Figure 12. Cumulative curves of dredged material obtained
by simulation and observation; a) in a long term simulation
over three years, b) observed in reality over the same time
period; modified from Glander et al. 2009.

Figure 11. Modeled evolution of nodes within the fairway
before (left) and after (right) dredging was initiated (Glander
et al. 2009)

As illustrated, DredgeSim already offers certain functionalities to refine the dredge criterion,
which will be applied additionally. Particular cases like avoiding single nodes to be dredged or local differences in the dredging depths can be taken
into account. As every numerical model, DredgeSim needs to be calibrated, which can be accomplished by these functionalities to increase the
quality of the results.

Resulting from this application of a dredge criterion, the amount of dredged material was computed by dividing the fairway in sections of 25 m
length and summing up the dredged volumes on
each section. This can be illustrated in a cumulative curve of all predicted dredged volumes over
the length of the model. As data about the real
dredged volumes for the simulated time period is
available, a comparison of the simulated and the
observed dredged volumes is possible (Fig. 12).
It can be seen that the predicted dredged volumes are higher than the observed. The factor between both is approximately 1.5 at the end of the
compared time period. Since the morphodynamic
model is well calibrated, this is mainly due to the
applied dredge criterion. This was rather roughly
defined. Every node which fulfills the dredge criterion is actually dredged within the simulation.
This includes single nodes as well. In reality, this
would not be the case, as a single deposition hot

4 CONCLUSIONS
It can be concluded that first applications of
DredgeSim under project conditions showed good
results. The deposition hot spots are reproduced
fairly well within the morphodynamic model of
the river Danube and removed according to a realistic dredge criterion. Hence, the modeled location of dredging areas is fitting observations. The
dredge volumes were overestimated when predict1644

ing dredging needs and comparing the obtained
results with observed data. Since DredgeSim offers certain possibilities to refine the dredging parameters, further simulations with a more detailed
and calibrated dredge criterion will most likely increase the quality of the achieved results according to the amounts of dredged material.
Optimization of dredging strategies is necessary
for a sustainable sediment management along
fairways (Stamm et al. 2007). Numerical models
which are able to take into account dredging and
disposal actions can support this optimization
process in the future.
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Strategies to overcome the possibly restricted utilisation of fairways
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ABSTRACT: Due to the apparent climate change, the probability of occurrence of extreme hydrological
events, droughts as well as flood events might possibly change. The concerns of inland shipping, due to
droughts are more pronounced compared to flood events, as droughts may last several weeks. Lowered
water levels during droughts result in a reduction of maximum transportation capacity of inland vessels
and the constriction of navigable fairway width. As a consequence, efficiency of inland shipping would
decrease as well as safety and reliability of navigation. The investigations described in the present paper
are conducted in the framework of the research program KLIWAS. Using the example of the River Rhine
from Mainz to St. Goar, river training measures are analysed that focus on the maintenance of minimum
flow depths in free flowing waterways under reduced low water conditions. Initially, the present conditions are analysed in order to localise bottlenecks for navigation, applying different low water discharges.
A 2D-hydrodynamic–numerical model is used for this purpose. Subsequently, the potential of a widthreduced “fairway within fairway”, in terms of gaining flow depth during droughts is shown.
Keywords: Climate change, Inland shipping, Navigation, 2D Hydrodynamical modelling
Mainz and St. Goar (Rhine-km 493.0 to 557.5).
Considering that the River Rhine is the most important navigable inland waterway in Europe, the
status quo of fairway depths guaranteed by the
German Federal Waterways and Shipping Administration is quite heterogeneous concerning
low water conditions. The fairway depth varies
from 2.10 m below GlW2002 in the upper Rhine
stretch to 2.80 m below GlW2002 in the lower
Rhine stretch between Duisburg and the Dutch
border. In this context, the GlW2002 is a low water
level specified in 2002 occurring at the discharge
GlQ2002 that just falls below a gauge on 10 or 20
ice-free days per year in a long-time average. In
one stretch of the middle Rhine between Budenheim (Rhine-km 508.0) and St. Goar (Rhine-km
557.5) the fairway depth guaranteed by the German Federal Waterways and Shipping Administration is only 1.90 m below GlW2002. For inland
cargo vessels from the lower Rhine to the upper
Rhine this river stretch determines the maximum
transportation capacity during low water conditions. Furthermore, the mean vessel size is expected to increase about 1% – 1.5% per year in
combination with an increasing traffic volume,

1 INTRODUCTION
As a consequence of the apparent climate change,
the occurrence of extreme hydrological events
might possibly change. The trafficability of inland
fairways would be affected adversely by the peak
and duration of flood events as well as by duration
of extreme droughts. The concerns of inland shipping are much more pronounced by droughts than
by flood events, as droughts caused by general
weather situations usually last for several weeks.
Lowered water levels during droughts lead to a
reduction of maximum transportation capacity of
inland water vessels and a constriction of navigable fairway width. Thus, efficiency of inland shipping as well as safety and reliability of navigation
decrease (Maurer et. al, 2009).
Within the framework of the research project
“Adapted waterways engineering towards varied
hydrological conditions due to climate changes”,
which is part of the research program KLIWAS
(“Impacts of climate change on waterways and
navigation – options to adapt”) investigations of
potential adaption strategies are carried out by
analysing a stretch of the River Rhine between
1647

method, adapted especially to low water conditions.
In order to identify the discharge depending
hydraulic bottlenecks between Rhine-km 493.0
and 557.5 during reduced low water conditions,
two basic states are considered:
1. The status quo of the fairway with a depth of
1.90 m below the water level corresponding to
GlQ2002 from Rhine-km 508.0 to 557.0 and a depth
of 2.10 m in the other river sections (in the following denoted as “status quo”).
2. A deepened, width-reduced fairway (“fairway
within fairway”) with a depth of 2.10 m below the
water level corresponding to GlQ2002 from Rhinekm 493.0 to 557.5 (denoted as “potential state”).
Based on the identified hydraulic bottlenecks,
adaption strategies can be developed to gain flow
depth under tightened low water conditions. One
river training measure considered in the present
paper is the implementation of the above mentioned width-reduced “fairway within fairway”,
but relating the fairway depth of 2.10 m now to
the lowered water level corresponding to GlQ2002
– 25% instead of GlQ2002 (denoted as “adapted
fairway”).

making a systematic analysis of hydraulic bottlenecks at low water conditions even more essential.
Obviously, the development of adaption strategies is necessary to reduce vulnerability of the waterways by reason of changed climatic conditions
and to guarantee minimum flow depths for navigation in the future as well.
2 APPROACH
Before thinking about the development of adaption strategies, an exhaustive analysis of the status
quo of the waterway system is required.
In addition to existing low water conditions,
potential future situations with further reduced
low water levels have to be investigated. Because
no reliable hydrological projections of climate
change scenarios are available yet, the present
analysis is carried out with a stepwise reduced low
water discharge from GlQ2002 down to
GlQ2002 - 25%. With this approach, the systems
sensitivity to changed discharges becomes apparent. As other sub-projects of the KLIWAS research program focus on the hydrological projections of climate change scenarios, the range of
discharges considered in the present study can
easily be brought into relation at a later date.
For the considered range of discharges, the water-depth-related bottlenecks are identified by analysing the water depths calculated with a 2Dhydrodynamic-numerical model. Uncertainties result e.g. due to the modellers choice of a particular
river bed topography representing only one snapshot of a system’s state. In order to reduce these
uncertainties, the identified bottlenecks are verified against documented locations of previous
dredging activities and against results of ongoing
studies.
Bringing in mind that the relevant time scales
in the context of climate changes are decades
rather than years, it is reasonable to include potential future developments of the fairway within the
present analysis that might be realised independently from climate changes. For instance, the
deepening of the fairway between Rhine-km 508.0
and 557.0 from a guaranteed water depth of 1.90
m to 2.10 m or the reduction of the necessary
fairway width due to future developments of
ship’s steering devices and autopilots are potential
developments that have to be considered in the
present analysis.
The width-reduced fairway, the so-called
“fairway within fairway” is generated within the
framework of the KLIWAS project 4.04 “Determination of the necessary fairway width for safe
and easy shipping” by using a route selection

3 AREA UNDER INVESTIGATION
The stretch of the River Rhine from Mainz to St.
Goar has a length of about 65 km and may be
subdivided into two completely different river
sections (Figure 1 & 2).

Figure 1. Rhine flowing through the region "Rheingau".

From Rhine-km 493.0 to 528.8, the River
Rhine flows through a region called "Rheingau".
Within this region, the river is characterised by a
low water level slope ranging from 0.04 up to
0.2 ‰, cross-section widths up to 750 m and small
water depths. Various river bifurcations form the
landscape of the Rheingau resulting in complex
flow situations. Bed load mainly consists of sand
and fine gravel. Bed morphology is characterised
1648

by riffles and dunes. The latter occasionally have
adverse navigational effects.
Numerous river training works have been realised in the last decades for improving navigation
conditions. One measure is e.g. a bed load trap realised near Mainz-Weisenau (Rhine-km 494.3 to
494.46). Since 1989, about 1.7 million m³ sand
and gravel have been removed from this spot,
which has led to a reduction of dunes passing the
upper part of Rheingau.
From Rhine-km 528.8 to 557.5, the Rhine is
flowing through the Rhenish Slate Mountains.
Within this river section, the river bed is fixed by
steep side slopes and thus limited in width. The
river bed consists either of solid rock or loose material, namely sandy or stony gravel with embedded blocks.

imum of 1.4 m and a maximum of 46.3 m (Figure
3). The lateral model boundaries are given by the
extent of the inundation area of a 100-year flood
(IKSR, 2001).

Figure 3. Section of the computational mesh.

The implemented river bed topography is based
on interpolated cross section data (Rhine-km
493.0 – 531.0) and areal data (Rhine-km 531.0 –
557.5).
4.2 Model calibration
According to the objectives of this study, the
model is calibrated against measured water levels
in the range of low up to mean water discharges,
with grain roughness as calibration parameter.
The water level data used for calibration were taken by boat during several measurement campaigns
between 2003 and 2005. The data was collected
every 100 m on the stream axis and recorded simultaneously at each of the 14 gauge stations
within the model stretch. The mean differences of
modelled and measured water levels after calibration are -0.03 m (for a discharge at the gauge station "Kaub" of QKaub = 599 m³/s), 0.01 m (QKaub =
772 m³/s) and 0.02 m (QKaub = 1482 m³/s) with
standard deviations of 0.04 m, 0.03 m and 0.04 m,
respectively (Figure 4).

Figure 2. Rhine flowing through the Rhenish Slate Mountains.

The course of the river is dominated by numerous
bends. River banks are protected by rip-rap or side
walls over the entire length. In contrast to the
Rheingau the low water level slope is much higher, approximately 0.65 ‰. This river section is
one of the most intensively used stretches in terms
of navigation.

water level difference [m]

0,20

4 HYDRAULIC ANALYSIS OF THE
STRETCH
4.1 The model

Q = 772 m³/s

Q = 1482 m³/s

Q = 599m³/s (gauges)

Q = 772 m³/s (gauges)

Q = 1482 m³/s (gauges)

0,10
0,00
-0,10
-0,20
493

All investigations are carried out by means of the
2D-hydrodynamic-numerical model TELEMAC2D (Hervouet & Bates, 2000). This finite element
code solves the depth averaged Navier-Stokes equations on irregular meshes. Main results at each
node of the computational mesh are water depth
and depth-averaged velocity components.
The area under investigation is represented in a
high resolution unstructured grid consisting of
about 800,000 finite elements (triangles). The
mean length of element edges is 9.5 m with a min-

Q = 599 m³/s

503

513

523

533

543

553

Rhine-km

Figure 4. Water level (WL) differences of modelled and
measured values (WLmodel – WLmeasured) after model calibration for discharges from 599 m³/s to 1482 m³/s (Gauge station Kaub, Rhine-km 546.23).

For model validation, a measured water level
of the year 2008, corresponding to a discharge of
about 1383 m³/s at the gauge station "Kaub" was
chosen. Differences between modelled and measured water levels from Rhine-km 506.0 to 528.0
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ing depths, secondarily choose preferably low
(upstream drive) or high (downstream drive) currents. As upstream and downstream drives require
for separate model runs, the upstream drive was
made first because of its larger need of depth. The
vessel sailing downstream was forced to stay as
close as possible to the swept area of the vessel
sailing upstream. Minimum widths result from
addition of both swept paths and common safety
distances.
For reasons of safety, the simple parameterisation
of navigational dynamics is compensated by artificial worsening of the ships behaviour. To obtain
lower boundaries of possible fairway width, the
2D navigational model PeTra2D was applied. Due
to its more detailed physics its safety allowances
can be significantly reduced. On the other hand,
cross currents are considered, which lead to increased minimum width for example at flow diversions (e. g. Figure 5, black rectangles).
Improved drafts of the “fairway within fairway” will be obtained by project 4.04 after several
steps of upgrading the experimental navigational
model PeTra2D. Significant impacts on minimum
widths are expected from upgrading the 1D routing to 2D, from implementing the impact of low
under keel clearance on ship dynamics, and from
consideration of human properties and abilities in
the automatic route guiding algorithm. The improved determination of minimum widths is done
in project 4.04 interacting with the hydro- and
morphodynamical modelling of project 4.03.

are about -0.10 m, whereas in the remaining
stretches measured and computed water levels fit
well. Compared to the gauges, the mean value of
the differences between calculated and observed
water levels is 0.01 m with a standard deviation of
0.04 m. Following this, inaccuracies of water level
measurements are supposed to be the reason for
the observed differences between Rhine-km 506.0
to 528.0. Over the whole stretch, the mean difference of modelled and measured water levels is
- 0.01 m with a standard deviation of 0.08 m.
4.3 Determination of the “fairway within
fairway”
The minimum widths of the fairway are determined in the separate KLIWAS project 4.04 parallel to the work of project 4.03 presented in this
paper mainly. As the lateral dimensions of the
“potential state” are needed quite early for input in
project 4.03 as well as for field investigations in
the framework of both projects, project 4.04 provides an early draft of minimum width from a validated standard tool and upgrades this draft in
close correspondence to model development and
validation from field data.
The first draft of minimum lateral dimensions
of the fairway is determined from the results of
the 1D navigational model PeTra1D (Pegelabhängige Trassierung, english: stage dependent
routing) (Figure. 5, black dots). 2D input data on
current and water depth from the 2Dhydrodynamic–numerical model (see section 4.1)
are averaged for use with the 1D navigational
model at each cross section. The flow velocities
are averaged across the swept area separately for
vessels going upstream and downstream. The
swept area and ship position are provided by a
preliminary model run with 1D input data from
the CASCADE model. CASCADE is a 1Dhydrodynamic-numerical model for the simulation
of unsteady flows.
The minimum widths of the fairway are determined for the area-specific reference water level
corresponding to a discharge of Q ~ 1490 m3/s at
gauge Kaub, when vessels usually reach their
largest possible draught, and currents are considerable. According to typical fleet and traffic conditions at low water stages at the river reach under
consideration, the frequently driving one-row onecolumn push tows (SV) will be considered instead
of the largest licensed vessel type as the design
ship for economizing the fairway, consisting of a
push-boat with two barges, coupled one behind
the other or a large motor vessel (GMS), pushing
a barge. The ship route is generated automatically,
applying the virtual piloting algorithm in
PeTra1D. It was forced to primarily exploit exist-

Figure 5. Swept areas from PeTra1D (grey) and PeTra2D
(black) calculations of ships driving upstream (lower
course) and downstream (upper course) in the area of
Rhine-km 524.4 downstream of the island Ilmenaue, influenced by cross-current due to flow diversion. Adding usual
safety distances (lines aside rectangles) to PeTra1D results,
the first draft of possible fairway width and position was
developed (black dots).

Regarding that larger vessels than SVs of a
length of L = 185 m are unlikely to sail at low wa1650

ter stages, the adaption method “fairway within
the fairway” is not expected to have any significant impact on safety, and only slight impact on
ease of shipping due to the following reasons:
The “fairway within fairway” will only be
provided at low water stage. Larger vessels than
SV of length L = 185 m) are very unlikely to sail
at such conditions due to general restrictions to
fairway conditions in length and width by the water depth.
The width of today’s fairway within River
Rhine was dimensioned mainly to allow a 110 m
vessel to transverse without loosing maneuverability. This postulation is not fulfilled for other
rivers and channels as well, and is not practicable
for large units permitted at River Rhine at existing
dimensions of the fairway anyway.
Widths of existing fairways, e. g. at Rivers
Mosel, Neckar, Danube or Upper Rhine as well as
measured swept areas from observations at Middle Rhine (Maedel et al., 2008) are 80 m or less,
showing that at least for smaller vessels, minimum
width of 80-90 m as calculated in this study
should be practicable. Long vessels at maximum
draught and swept area usually don’t traffic at low
water stages. However, the common fairway is
provided to them.
As the „fairway within fairway“ is expected
to be implemented earliest in 2050 in the context
of KLIWAS, significantly improved steering devices, maneuvering properties, information systems and maybe autopilots should be available on
most ships, increasing ease of shipping in a fairway dimensioned for common ships of today.
A significant impact on fluidity of traffic of
the “fairway within fairway” on fluidity of traffic
is very unlikely, because meeting traffic of the
largest vessel type to assume (SV) with itself is
still possible from calculations. Due to slightly
higher under keel clearance, ship velocities within
the “fairway within fairway” could eventually
even increase.
If huge vessels should traffic despite unfavourable conditions at low water stages, there is
still no safety risk to expect, because to those vessels today’s fairway width as well as depth are
still available. Furthermore, meeting large draught
vessels within the deepened “fairway within fairway” could be avoided by waiting, due to the very
local character of the adaption approach.

investigation of the “potential state“, the “fairway
within fairway” has to be implemented into the
model. This is done by deepening all spots of the
river bed inside the area of the width reduced
fairway with a water depth less than 2.10 m related to WLGlQ2002.
Table 1. Inflow boundary conditions of the Rhine and the
tributaries Main and Nahe for the hydraulic analysis of the
model stretch.

QRhine
[m³/s]
QMain
[m³/s]
QNahe
[m³/s]

-0%

– 5%

GlQ2002
–10% –15%

–20%

- 25%

670

636.5

603

569.5

536

502.5

60

57

54

51

48

45

20

19

18

17

16

15

Identified bottlenecks or shoals are assessed in
a different way depending on their position in the
fairway. Shoals occurring close-by the fairway's
boundary are not as critical as spots in the middle
of the fairway (Figure 6), as the former ones can
be marked by buoys and circumnavigated by the
vessels. In order to distinguish whether the shoals
are within the middle of the fairway or at its
boundary, different zones in the fairway are defined. This is done by reducing the fairway width
as well as the “fairway within fairway” width on
both sides by 10 m and 20 m, respectively (compare Figure 6). Insufficient water depths in the
outermost zones of the fairway are neglected.
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fairway boundary

target value of fairway depth – water depth [m]
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Figure 6. Schematic diagram of shoals and width reduced
fairway polygons for evaluation of water shoals.

For the evaluation of hydraulic bottlenecks, the
minimum water depth of each shoal is plotted
along the considered river stretch. Figure 7 shows
examples of the reduced low water discharge
GlQ2002 - 25%. In addition, it is differentiated
whether the shoals occur in the “fairway – 10 m“section or in the “fairway – 20 m“-section. In case
of the “status quo”-calculations, minimum water
depths down to 1.51 m occur within the fairway.
The depth of 1.37 m at Rhine-km 496.4 is located
40 m downstream of a bridge pier and thus not a
direct obstruction for navigation. It is obvious,

4.4 Identification of hydraulic bottlenecks
In order to identify the hydraulic bottlenecks within the model stretch, numerical simulations are
conducted using the low water discharge GlQ2002
as well as reduced low water discharges given in
Table 1 as inflow boundary conditions. For the
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“status quo” with greater reductions of GlQ2002
(Table 2). Hence, providing sufficient flow depth
in case of reductions of low water discharges of
more than 5 % requires the investigation of additional river training or maintenance measures.

that the trafficability of the entire stretch can only
be improved significantly, if several of the critical
spots are removed simultaneously.
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Figure 7. Minimum water depths of each shoal smaller than
the fairway depth within the width reduced fairway polygons (compare Figure 6) during reduced low water discharge GlQ2002 -25% in case of “status quo” (a) and “potential state” (b).
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Figure 8. Volume deficits per kilometre within the fairway
(“status quo”, Figure 8 a) and within the “fairway within
fairway” (“potential state”, Figure 8 b) during low water
discharge GlQ2002 and reduced low water discharges, Rhinekm 493.0 to 529.0.

Considering the Figures 7 a and b, the improvement of the hydraulic situation in terms of
increasing minimum water depths due to the implementation of the “fairway within fairway”
("potential state") is clearly visible. This is mainly
caused by the chosen position of the widthreduced fairway, as naturally existing, deeper sections are used wherever possible. The increased
fairway depth of 2.10 m between Rhine-km 508.0
and 557.0 however leads to the formation of new
shoals in some parts of the fairway, which did not
occur in case of the “status quo”-analysis. Shoals
appear either locally, caused by bed forms or rock
projections, or widely stretched. As the analysis of
minimum water depths does not give information
about the spatial dimensions of the identified bottlenecks, Figures 8 and 9 show the volume deficits
within the fairway per kilometre for low flow
conditions.
Compared to previous dredging activities, there
is a good agreement of dredging locations and
calculated volume deficits.
According to the “status quo”-calculations
many shoals occur between Rhine-km 542.0 and
552.0. By implementing the “fairway within fairway” (“potential state”-analysis), the volume
deficits can be reduced significantly. In contrast,
the volume deficits between Rhine-km 514.0 and
529.0 partly increase. This is caused by the increased target value of the fairway depth of the
“potential state” with 2.10 m.The “potential state”
comes along with insignificant volume deficits in
case of GlQ2002 and GlQ2002 – 5%, whereas the
volume deficits are approximating to the one of
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Figure 9. Volume deficits per kilometre within the fairway
(“status quo”, Figure 9 a) and within the “fairway within
fairway” (“potential state”, Figure 9 b) during low water
discharge GlQ2002 and reduced low water discharges, Rhinekm 529.0 to 557.5.
Table 2. Total volume deficits [m³] within the fairway in
case of “status quo and “potential state“ occurring during
different low water discharges.
GlQ2002
-0%
– 5% –10% –15% –20% - 25%
„status
2285 3161 4533 7186 13050 26590
quo“
„potential
4
35
787
4003 11245 25203
state“
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The water level difference due to the “adapted
fairway” in case of a discharge of 1490 m³/s at the
gauge station "Kaub", which is correlated to the
maximum water level, where the transportation
capacity is water depth-dependent is about 0.01 m
in maximum (Figure 11).
As a consequence of the river bed modification, changes of the morphodynamics have to be
expected. A first hint is given by changed flow velocities due to the modified bed levels and the
small differences of water levels between the “status quo”- and the “adapted fairway”-case. Figure
12 shows an example of the differences between
the flow velocities in case of GlQ2002 – 25%
(QKaub = 562.5 m³/s) and the discharge of
1490 m³/s, which has more relevance in the context of bed load transport than the low water discharge.

5 ADAPTION STRATEGY
With the objective to gain flow depth during reduced low water levels, the “fairway within fairway” is implemented into the model (“adapted
fairway”). The way of implementation is equal to
the “potential state”, except relating the fairway
depth of 2.10 m to the water level corresponding
to GlQ2002 – 25% instead of WLGlQ2002. The deepening of the fairway corresponds to a total volume
of about 58,180 m³.
As shown in Figure 10, nearly all minimum
water depths within the fairway increase to the
target value of 2.10 m corresponding to
GlQ2002 - 25%. Values of the minimum water
depth below 2.10 m occurring after the implementation of the “fairway within fairway” are caused
by two facts: On the one hand, marginal reduced
water levels due to the measure which result in the
occurrence of new shoals and, on the other hand,
the small-sized shoals with an horizontal extent
less than 2 m where the bed level was not modified. A modification of these small areas with very
small depth lacks of up to 0.02 m would have led
to the unfavourable situation of very small element sizes in the numerical model.
adapted fairway

fairway within fairway - 10 m

Fairway
within
fairway

QKaub = 562.5 m³/s
(GlQ2002 – 25 %)

vStatus quo – vFairway adaption [m/s]

fairway within fairway - 20 m

water depth [m]

0
-0,1

-0.8

1,7
1,9
2,1
2,3
493

503

513

523
Rhine-km

533

543

553

WL-difference [m]

-0,01

-0,03
493

WL(adapted fairway)-WL(status quo)

Q(Kaub)=1490 m³/s WL(potential state)-WL(status quo)
Q(Kaub)=1490 m³/s WL(adapted fairway)-WL(status quo)

503

513

523

533

543

0

0.2

0.4

Reliable values for the range of discharge reduction that can be expected for the end of this century do not exist up to now. Therefore, a sensitivity analysis has been conducted for reduced low
water conditions with regard to the occurrence of
shoals within the fairway. The Rhine stretch from
Mainz to St. Goar (Rhine-km 493.0 to 557.5) was
chosen for these investigations. It could be shown,
that, depending on the level of discharge reduction, the present river training and maintenance
strategies have to be adapted to guarantee minimum flow depths within the fairway.
The analysis shows that, from a technical point
of view, a width reduced, deepened “fairway

0

WL(potential state)-WL(status quo)

-0.2

6 CONCLUSIONS

0,01

GlQ2002 -25%

-0.4

For QKaub = 1490 m³/s, the differences reach
values of - 0.45 m/s, so that bed level changes can
be expected. In a next step these long term adaptions of the river bed will be investigated. Herefrom, maintenance strategies shall be developed to
keep up the dynamic equilibrium of the river bed
as well as the implemented “adapted fairway”.

The differences in water levels between the
“status quo”-calculations and the “adapted fairway”-analysis are small with a maximum value of
about 0.02 m during the reduced low water discharge GlQ2002 – 25% (Figure 11). However, values smaller than 0.01 m are predominant in the
river stretch.

GlQ2002 -25%

-0.6

Figure 12. Differences of scalar velocities (“status quo” –
“adapted fairway”) during GlQ2002 -25% (QKaub = 562,5
m³/s) and QKaub = 1490 m³/s.

Figure 10. Minimum water depths of shoals smaller than the
fairway depth of 2.10 m within the width reduced fairway
polygons during reduced low water discharge GlQ2002 - 25%
(“adapted fairway”, Rhine-km 493.0 to 557.5).

-0,02

QKaub = 1490m³/s

553

Rhine-km

Figure 11. Water level (WL) differences between “potential
state” and “status quo“ as well as between “adapted fairway” and “status quo” for GlQ2002 -25% and QKaub = 1490
m³/s.
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within fairway” seems to be a suitable measure
for the purpose of gaining flow depth. Considering the reduced low water discharge
GlQ2002 -25%, sufficient fairway depths could be
obtained by this measure. Changes of flow velocities due to the implemented “fairway within fairway” necessitate further morphological investigations in order to develop maintenance strategies to
keep up the dynamic equilibrium of the river bed
as well as the implemented “fairway within fairway”.
Besides the “fairway within fairway” further
strategies for gaining flow depth in periods of reduced low water conditions are going to be considered.
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River Rhine - hydraulic and ship dynamic modelling
Rolf Zentgraf & Thorsten Dettmann

Federal Waterways Engineering and Research Institute, P.O. Box 210253, 76152 Karlsruhe, Germany

ABSTRACT: The navigation of an inland vessel on a free flowing river is a complex physical process. To
help in understanding and in operations, the hydrodynamic and ship models of the Federal Waterways
Engineering and Research Institute (BAW) will be combined to create a unified model, whose bases are
discussed in the following article. Using the River Rhine as an example, virtual navigation capabilities
are demonstrated, as are computational verifications using the ECDIS platform contained in the model.
Keywords: Numerical hydraulic model, Ship dynamic, Inland vessel, Navigation
put on the ship dynamic investigations. The coupling of numerical hydraulic models with ship dynamic models is seen as an important field with
the aim to develop Hydraulic and Ship Dynamic
models (HSD). This article outlines the main features of the HSD-models. Furthermore, a case
study is presented for the River Rhine, showing
the improvements regarding river navigation
analysis, for example, to recognize a nautical bottleneck, to derive necessary methods to optimize
the navigability of the waterway.
Finally, the development and application of a
navigation simulator is described to predict and
resolve operational problems for river navigation.

1 INTRODUCTION
Lake Toma, situated at the Oberalp pass in the
Gotthard massif at a height of 2344 m, is officially
considered to be the source of the River Rhine.
When leaving Lake Constance at the bridge in
Constance the division of the River Rhine into
river flow kilometres begins with km 0 and ends
in the delta of the River Rhine in the west of Rotterdam with km 1033. Today the navigational
River Rhine begins near Basel at Rhine-km 150.
Although the catchment area around Basel is
not even a quarter of the total catchment area, the
river already conveys nearly half of its total discharge at this location. The discharge is relatively
well-balanced over the seasons compared with
other rivers. With an average rainfall of 900 mm,
the catchment of the River Rhine is considered a
water rich area in Europe. With a yearly average
discharge of about 2,300 m³/s (measured at the
German-Dutch border), the river is favourable for
shipping.
The River Rhine is one of the most navigated
large rivers in Europe. In the year 2008, 207.5
million tons of goods were transported on this
river. Near Emmerich, 278 ships per day were
counted as an average (Statistisches Bundesamt,
2009).
As a technical and scientific consultant of the
Federal Waterways and Shipping Administration,
the BAW is involved in all main navigational and
nautical projects on the River Rhine. One focus is

2 HYDRAULIC AND SHIP DYNAMIC
MODEL
The HSD-model of the River Rhein consists of
four basic components: The first comprises a hydrodynamic discharge model, which computes
water depths and flow velocities and their distribution over the navigable reach of the waterway
for the respective discharges, based on the geometry of the waterway. The second component describes the dynamics of an inland vessel, considering the local flow velocities. The third component
is a virtual navigation system, which generates the
navigation course lines in the waterway, considering the local hydraulic and nautical boundary
conditions as well as the regulations of the river
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taken for granted, which means that the ship is on
a stationary circle trip (Figure 2). Additionally a
2D-model exists, in which this limitation is cancelled and the ship moves in a stationary 2D
depths averaged flow field.

navigation. The fourth component is a tracking
routing, which allows a track management and an
evaluation of the traffic.
2.1 Hydrodynamic numerical 1D/2D river
modelling
Since 2007 the BAW has operated a onedimensional (1D) model of the free flowing River
Rhine between Iffezheim (km 334) and the Dutch
border (km 865) (Figure 1).

Figure 2: Dynamics of upstream travelling vessels

Both model procedures are based on the dynamic equations of Kirchhoff (Table 1). Professor
Gustav Kirchhoff is known for his discoveries in
the area of electro-technology and spectroscopy.
He developed the general motion equations for a
ship during his professorship at the University of
Berlin, in the context of his work on mathematical
physics (Lamb, H., 1932).

Figure 1: Model of the River Rhine between Iffezheim and
the German-Dutch border

Table 1: Equations of Kirchhoff for the movement of a rigid
body in a fluid

The model has been developed and operated by
the BAW using the in-house software CasCade, a
one-dimensional, hydro-numeric modelling system for unsteady, unconfined flow conditions in
branched or meshed networks of rivers, canals and
flood fields (Blenninger, T. et al, 2006). CasCade
models can easily be connected to the River Rhine
water gauge online-database, which is continuously updated with real-time data. Unsteady
model runs include the previous flow history and
use the actual water level time-series as boundary
conditions at open boundaries. Additional water
gauge data furthermore allows for a real-time
model accuracy check. The model computes all
parameters which are necessary for an evaluation
of the ship dynamics, such as water depths and
flow velocities for each flowrate and crosssection.
To be able to model reaches which have a
strong two-dimensional flow field, such as river
confluences or complex flood plain flows, twodimensional (2D) numerical hydraulic models are
applied and coupled to the 1D ship model.

∂V X
+ m ⋅ ωY ⋅ VZ − m ⋅ ω Z ⋅ VY
∂t
∂V
FY = m Y + m ⋅ ω Z ⋅ V X − m ⋅ ω X ⋅ VZ
∂t
∂V Z
+ m ⋅ ω X ⋅ VY − m ⋅ ω Y ⋅ V X
FZ = m
∂t
∂ω X
+ I Z ⋅ ω Z ⋅ ωY − I Y ⋅ ω Y ⋅ ω Z + m ⋅ VZ ⋅ VY − m ⋅ VY ⋅ VZ
M X = IX ⋅
∂t
∂ω
M Y = I Y ⋅ Y + I X ⋅ ω X ⋅ ω Z − I Z ⋅ ω Z ⋅ ω X + m ⋅ V X ⋅ VZ − m ⋅ VZ ⋅ V X
∂t
∂ω Z
+ I Y ⋅ ω Y ⋅ ω X − I X ⋅ ω X ⋅ ωY + m ⋅ VY ⋅ V X − m ⋅ V X ⋅ VY
M Z = IZ ⋅
∂t
FX = m

where Fx,Fy,Fz – external longitudinal forces, external transversal forces, external vertical forces,
Ix,Iy,Iz – moment of inertia about the x-axis, the yaxis, the z-axis (including the added Moments of
inertia), m – ship mass (including added mass),
Mx,My.Mz – external momentum about the x-axis,
the y-axis, the z-axis, Vx,Vy,Vz – longitudinal
speed, transversal speed, vertical speed, ωx, ωy, ωz
– rolling, pitching, yawing (Table 1).
These six equations are strictly derived for a
submarine, that moves in all-side unlimited water.
For the 1D-model, the movement equation transverse to the shipping direction was solved. The
flow velocity of the waterway is considered to be

2.2 Modelling ship dynamics
The ship dynamic model is a 1D-procedure, in
which the calculation of the navigational width is
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the ship can be placed tangentially to the course
line.
In the 2D procedure the ship is navigated by a
virtual navigator along a given course. The position of the following ship symbol is given by
evaluating the forces from the local field of currents and the movements of the steering wheel.

averaged in the profiles. In the longitudinal direction of the ship a fixed velocity against the water
is given per section. This procedure can be calculated very quickly on a customary PC and is suitable for large-scale investigations. Additionally it
is used as a tool to calculate navigational tracks in
rivers depending on the water level.
For the description of the movement within the
2D depth-averaged velocity distribution, the
Kirchhoff-equations, which take into account all
forces transverse to the ship’s movement and the
torque-equation around the high axis, were calculated; contrary to the one-dimensional model the
unsteady parts were derived. In longitudinal direction the 1D-approach was chosen, which considers besides the efficiency of the propulsion, parts
of the ship parameter as the proportion of the part
of hull in the water, cross-section of the river, water level slope, etc.

2.3 Navigation course line generator
As described above, course lines are required for
the ship dynamic model to generate a phase image. In a broad river with heterogeneous bed geometry, like the River Rhine, position and shape
of the course line depend on numerous boundary
conditions. Besides the regulations of the river
navigation, passages of bridges, distributions of
the flow velocities and water depths play an important role regarding the position of the course
line. A ship going upstream will always try to
navigate within the reaches of the profile with the
smallest flow velocity; a ship going downstream,
however, will navigate in reaches with the largest
flow velocity. Additionally, both ships are looking
for deep water, because there they can navigate
with the highest load and consequently with highest profit. These boundary conditions are modelled for each cross-section. The cross-section interval usually has a distance of 100 m. The
composition of the boundary conditions manages
the individual course line.

Figure 3: The track of a ship (phase images)

In the Kirchhoff equations the inertia effects of
the fluid are modelled as hydrodynamic mass,
which are determined potential-theoretically in
both procedures. The determination of the lateral
forces caused by a velocity distribution oblique to
the hull is based on the theory of fine bodies, in
which the forces are calculated by means of a local pulse analyzer in the control room near the
hull. The resulting shape of the lateral forces,
which will not change anymore during the investigation, is calculated and integrated in a preprocessor within the 1D-model. Within the 2Dmodel this is performed unsteadily during the operating time. For both procedures phase images
are generated (Figure 3). In the 1D procedure the
ship’s positions are calculated at regular distances
along a given course line. The local drift angle
and the position of the pivot point will be calculate by solving the movement equations. The pivot
point marks the position, where the cross flow direction along the ship changes its sign (Figure 2).
This point has the specific feature, that the drift
angle has the value zero. If the course line describes the way of the pivot point, the symbol for

Figure 4: Measured track of a push-tow-unit compared with
a calculated potential of navigability

For example, the water depth is much more
important for a tanker heavily loaded with hazardous material than for a container ship, which in
most cases drives with low draught.
From these boundary conditions and considering all weightings, a potential of the navigability
of the river is calculated for each cross-section
and from this the passage gates for this profile is
determined. Afterwards a course line is designed
from the sequence of the passage gates. Algo1657

rithms were developed for the calculation and the
evaluation of the navigational potential as well as
for the design of the course line, which allow a
full automatically running of these processes
(Figure 4).

strated and interpreted on the platform of Electronic Chart Display and Information System
(ECDIS). Additionally, the water levels during the
periods were evaluated with the hydraulic numerical model. With these conditions for flow depth
and flow velocity, computed course lines could be
calibrated and verified.

2.4 Ship simulation tracking routine
All calculations for a single ship were performed
assuming the condition of an undisturbed trip.
This means that the ship can navigate with optimum speed and that there is no influence of other
traffic. By using a time reference it is possible to
calculate the relevant place-time curves for each
ship.
An example is shown in Figure 5. The track
started at 8:00 a.m. At this time, the ship travelling downstream passed the city of Mainz 510 km
and the ship travelling upstream passed the city of
Koblenz 610 km. The time display in Figure 5 is
10:00 a.m. The downstream ship is located at
550 km the upstream ship is located at 586 km.
The passing point will be at 577 km at 10:50 a.m.
Encounter situations with other vessels (oncoming traffic), and overtakings with special traffic situations can be planed and evaluated.

Figure 6: Phase pictures; above: photography, below:
measured ship positions of the push tow-unit.

Additionally, results from ship dynamic investigations were available, which BAW performed
during the past at different discharge conditions in
the reach between Mainz and Koblenz. The results
of the model show a good agreement between the
calculated and the actual driven course line as
well for the calculated lengths of the trips.
In June 2009, a push-tow-unit consisting of
four units was instrumented during a trip between
Emmerich and Mannheim for going upstream as
well as downstream (Figure 6).
In this way the database, which is available for
calibrating and verifying the HSD-models, is
growing continuously.

Figure 5: With HSD-model calculated traffic situation

2.5 Calibration / Verification
Within the pilot project Argo twelve ships were
equipped with advanced navigation installations
between October 2000 and February 2002 (WSD
Südwest, 2003). During this period, the ships recorded 541 trips (314 upstream and 227 downstream) between Iffezheim and Lobith with the
help of GPS-positioning. The data can be demon1658

3.3 Safety aspects

3 CASE STUDIES FOR RIVER RHEIN

Another application of HSD-models are the investigation of worst-case scenarios. How large may a
push-tow-unit system be to ensure safe navigation
in a river section? When should regulations be introduced? The simulation performed with a HSDmodel offer possibilities to develop solution approaches and to analyse sections and case specific
examples. This is illustrated in Figure 8. A phase
picture shows an encounter between a push-towunit loaded with containers travelling downstream
and a pusher tug-barge going upstream. This river
section of navigational risk shortly upstream the
Loreley section is regulated for the traffic. Large
ships need a special allowance for navigating
downstream.

3.1 Route planning / Route monitoring
Ship simulation with time reference is practicable
for route planning and route monitoring. When the
velocity of the ship relative to the water is known,
and the mean velocity of the river within the fairway is calculated, it is easy to combine both velocities to receive the ship velocity above ground.
The integration over the river sections produce the
time of arrival.
In a typical situation in June 2009, the trip of a
push-tow-unit was monitored to verify the ship
dynamic model (Figure 6). The ship passed the
city of Koblenz (590 km) at 11:42 p.m. and the
city of Braubach (580 km) at about 01:15 a.m.
next day. The gauge Kaub showed 255 cm, increasing 0.5 cm per hour. The model calculated
the ship velocity relative to water as 3.3 m/s.
When the vessel passed the city of Mainz
(500 km) at 01:00 p.m., the model forecasted the
arrival time at Mannheim (425 km) at about
10:00 p.m. The push-tow-unit arrived at Mannheim at 09:20 p.m. There is still potential for improvement!

4 ACTUEL DEVELOPMENT
In November 2009 a ship-handling simulator was
installed at BAW in Karlsruhe (Figure 9). The
main components are the ship-handling bridge
characterized by different levels of navigational
equipment, various facilities for enhanced visual
simulation, an instructor console for session exercises with full digital replay and a console to prepare three dimensional models from ships as well
as bathymetry from the Electronic Navigational
Charts (ENC).
The simulator is designed modularly and is controlled via a Linux network. This enables further
development of the hydraulic and ship dynamic
model as well as modular adjustments of the softand hardware. Data for the simulations are mostly
taken from Inland ENC.
The ship-handling simulator is the logical further development of HSD-models for the evaluation of waterways and shipping.
One of the next steps is to implement procedures
which describe the interaction of ship and waterway. This includes the installation of a wave
model to calculate and visualize ship induced
waves as well as ship’s squat. The ship-handling
simulator serves to obtain a better understanding
for the requirements of navigation as well as to
develop solutions which are in accordance with
the hydraulic of the river.

3.2 Nautical bottlenecks

Figure 7: Nautical bottleneck, referenced to a water depth
of 2.10 m and 2.40 m

On the left side at a fairway depth of 2.10 m below GlW (Gleichwertiger Wasserstand means a
low water level reference for the River Rhine) is a
quiet confortable track. Contrary, the right part of
Figure 7 shows the navigational water for a heavily loaded vessel, which makes the most of the
water depth, using 2.40 m below GlW.
By increasing the required water depth step by
step it is easily seen, where bottlenecks within the
navigational track appear first in each reach.
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Figur 8: River Rhine near city of Oberwesel, phase picture of a real situation in summer 2009

Figure 9: Ship handling simulator, ship-bridge with view scene of the River Neckar at Heidelberg
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5 CONCLUSION
The River Rhine is one of the most navigated
large rivers in Europe. As a technical and scientific consultant of the Federal Waterways and
Shipping Administration, the BAW is involved in
all main navigational and nautical projects on the
River Rhine. The coupling of numerical hydraulic
models and ship dynamic models to Hydraulic and
Ship Dynamic models (HSD) has been accomplished and showed a large field of possible applications to improve river navigation. The developed HSD-model for the River Rhine consist of
four basic components:
− Hydrodynamic-numerical 1D/2D river modelling
− Ship dynamic modelling
− Navigation course generator
− Ship tracking simulation with time reference
Some examples for the applicability of the HSDmodels are demonstrated for route planning /
route monitoring, nautical bottlenecks and safety
aspects.
A new ship-handling simulator was installed as
a numerical platform for the amendment and development of the navigational dynamic expertise,
especially for inland navigation.
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Development of a LED-based PIV/PTV system: Characterization of
the flow within a cylinder wall-array in a shallow flow
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ABSTRACT: A Light Emitting Diode (LED)-based PIV system is introduced. The aim of this development is to present a flexible and cost-effective alternative to the laser-based illumination systems normally used for fluid mechanics and hydraulics measurements. Industrial cameras, a computer with raid, software for acquisition and control, a fully programmable digital sequencer and an array of high-power
LEDs, compose the system. The LEDs can be used as a continuous or as a pulsed light source, and in the
latter case can be fully synchronized with a mono or multi-camera system. This enables, in addition to
PIV and PTV, the realtime vectorization of flow fields by particle tracing. A demonstration of the system
capabilities is presented, when the flow structure within an array of emerged cylinders is investigated.
The LED light source was able to illuminate the whole horizontal measurement area, avoiding the generation of shadows, normally induced by the cylinder array when a single light source is used. The results
show a predominant diagonal movement towards the main channel, and almost no difference between the
parameters analyzed at two water depths, an indication of a potentially two-dimensional flow structure.
Keywords: PIV, PTV, LED, Shallow flow, Vegetated flow.
principle of PIV is used by MTV, but instead of
particles, uses a pattern of phosphorescent dye
tagged by a laser light (Gendrich, 1997).
From a technical point of view, one common
characteristic of these techniques is the use of expensive instrumentation to illuminate and record
the tracer motion. Normally, a system designed to
accomplish these measurement consists of a lightsource and optics (normally laser and cylindrical
lens), a mono or multi-camera system, a sequencer
for synchronization, and a storage system. The use
of a laser as illumination, involves many advantages, but also operative disadvantages. One of the
disadvantages is their high price, the necessary
safety-measurements surrounding their operation,
and the difficulties involved when they are used in
field measurements.
In this paper the development and application
of a Light Emitting Diode (LED) PIV/PTV system
at the Institute for Hydromechanics, Karlsruhe Institute of Technology (KIT) is presented. The
main objective of this project is to introduce a
flexible and cost-effective alternative to the laserbased illumination systems normally used in fluid
mechanics and hydraulics. Firstly, a detailed de-

1 INTRODUCTION
Image Velocimetry has become a standard technique for velocity measurements in fluid mechanics and Hydraulics. The idea is to seed the flow
with a tracer, particles or phosphorescent dye, and
to record its movements by one or more cameras.
Once the position of the tracer is detected in two
sequential images, or a single double exposure
image, the displacements at different spatial locations are calculated (Adrian, 2005). Using the
time between frames the velocity field can be determined. Depending on the technique used for the
determination of the velocity field, Image Velocimetry can be mainly classified in Particle Image
Velocimetry (PIV), Particle Tracking Velocimetry
(PTV) or Molecular Tagging Velocimetry (MTV).
The first one uses a Eulerian frame of reference,
and allows the determination of two-dimensional
(2D) or three-dimensional (3D) velocity fields
based on the displacement of groups of tracers.
The second one uses a Lagrangian frame and allows also the determination of a 2D or 3D velocity field, but based on the determination of the displacements of individual tracers. The same
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lightsheet. For larger distance, between lens and
object, and narrower diaphragm -aperture the light
divergence is smaller, however the luminous density decreases. In the experiments described in this
paper, over a distance of 0.7 m, the plane widened
from 3 mm, opening of the slit diaphragm, to 8
mm, i.e. a divergence of the lightsheet of 7 mrad.
While this value is high compared with Lasers,
typical values are 0.5 mrad for gaussian resonators
and 4 mrad for stable resonators, the width of the
non-intrusive light plane is still smaller in this
case than the sample volume of common ADVsensors (Acoustic Doppler Velocimetry).

scription of its components, and a discussion of
their associated technical restrictions, is presented.
Secondly, a demonstration of the system capabilities is presented. For this, the flow structure within a cylinder array attached to a channel-side is
measured at two horizontal positions. The paper
finalizes with some recommendations, and a discussion of future applications for LED based systems.
2 LED ILLUMINATION DESCRIPTION
In order to produce a proper light source, instead
of the ND-YAG-Pulse-Lasers commonly used for
illumination in PIT/PTV, an array of Light Emitting Diodes was built. Each array basically consists of several high-power LEDs, currentcontrollers and a cylindrical lens, used to parallelize the light in its central zone. The LEDs are
aligned in a row and mounted on an aluminum
square pipe. The pipe is internally filled by flowing water and acts as the mechanical framework
of the whole construction and as the heatsink/chiller for the LEDs and the current controllers (See Figure 1 and 2).

Figure 2 Electronic and optic of the LED-array.

Volumetric illumination: When used for volumetric illumination as needed for three dimensional measurements (Pereira et al, 2006), the
whole radiometric flux of the LED-arrays, which
is more than 200W of light at 2,7KW electrical
input, is used, resulting in high luminous density
in the volume of measurement.
Flexibility: Handling the LED-arrays is generally easier than handling a Laser as their weight is
low and they are much more shock-resistant.
Another advantage is the fact that no protections
against reflecting rays of light are necessary. Thus
modifications on the PIV/PTV-setup are done in a
fraction of the time.
Economy: Currently it is not possible to give
reliable information on what the retail price of industrially manufactured systems would be, but it
is very likely that it will be a fraction of a Lasers
price.

Figure 1 Schematic composition of an LED-array

The peak of the emission spectrum of the LEDs
is at 470 nm, and their spectral half-width, which
is the spectral width at 50 % of its peak intensity,
is 33 nm. This wavelength was chosen as it
proved to match the spectral range of the peak
sensitivity of the selected cameras and additionally, is the range where the LEDs of the selected
manufacturer have their highest efficiency.
Compared to Lasers the LEDs have comparative advantages in the following areas:
Safety: The advantage in terms of safety results
from the fact that the light generated by an LEDarray is never concentrated into a thin ray as it is
with a Laser, instead a sheet of light is generated
from the source, resulting in a small peak-power
density.
Divergence of the lightsheet: In order to obtain
a narrow lightsheet a slit diaphragm is placed at
the required starting point of the lightsheet. The
distance from the LED-array to the diaphragm and
the width of the diaphragm-aperture are the main
factors determining the divergence of the

2.1 PIV/PTV system
In this section a brief description of the components of the PIV/PTV system is presented. Several
modes of operation of the system are possible, and
they are defined using a software developed to
configure a digital sequencer that is used to synchronize the operation of the components. The
signals emitted by the sequencer are received by
the mono/multi camera equipment and by the
LED array. The pictures are streamed back to the
computer and stored in a built-in RAID system.
An overview of the system is presented in Figure
3.
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is done in a minute once the principle logic is understood. The sequencer has a timing resolution of
20 ns. Its electrical outputs can drive loads of up
to 50 mA at 5 V, ensuring low signal-lag even
when using long cables. Optionally they can be
switched to operate at 12 V for greater flexibility.
2.1.3 Software
Figure 3 Schematic representation of the PIV/PTV system.

For the chosen cameras there was no software
available that allowed for the continuous acquisition and storage of images. Due to this a software
was developed for this purpose.
The software is written in c++ and features a
multithreaded architecture. The primary design
goals, besides stability and reliability, which are
obligatory, were low CPU-usage, a high responsiveness and a high performance disc-IO.
The software is currently designed to operate
with one or two cameras. It features a zoomable
realtime preview (live-view) for both cameras that
requires little CPU-time. Due to its multithreaded
architecture and low CPU-usage, the live-view
has no influence on the process of recording images and can stay active during the experiment.
This is especially useful for the observation of extended experiments where the probability of errors
(e.g. running out of seeding) is higher.
The ability to record a series of images from
two cameras synchronously was of particular importance. In order to guarantee that a pair of images (frames) acquired from the two cameras really belongs to the same point in time, the software
checks the timestamp of each frame, and automatically re-synchronizes the two image-streams in
case that an image was lost.

2.1.1 Cameras
The system uses two industrial grade cameras for
image acquisition. While the manufacturer of the
cameras offers a variety of models with different
resolutions and maximum frame rates, the ones
chosen for the system described here feature a
one-inch CCD-sensor with 1600x1200 pixel (2
MP) and a greyscale-resolution of 8 or 12 bit. The
sensor has a pixel size of 7,4² μm² and a quantum
efficiency of 55 % at 470 nm.
The cameras connect to a PC via the standardized Gigabit Ethernet Interface and deliver a sustained frame rate of 32 frames per second (FPS),
at full format, and 54 FPS at VGA resolution. Sustained means, that the duration of a continuous recording is only limited by the size of the data storage (~6 hours for the current system using a
single camera).
2.1.2 Sequencer and synchronization
A sequencer generally is found in PIV-Systems
and is needed for precise and uniform (with regards to timing) acquisition of the images and
synchronous operation of the device used for illumination (usually a Laser). Additionally, the acquisition of data from further sensors (e.g. pressure) may be synchronized to the acquisition of
the images in order to have a common time base
and thus to be able to relate measured phenomena.
The sequencer we developed is based on a FPGA
(Field Programmable Gate Array, a programmable
logic-chip). Up to eight signals can be configured
in three different modes of operation: It is possible
to have a signal running independently at a specific frequency, to have it reacting once to another
signal with a certain delay and to have it running
while another signal is in a certain state. Additionally it is possible to combine signals with binary logic. This flexibility in configuring the signals allows using the sequencer for a wide variety
of tasks. Not only the different modes of operation
of the LED-based PIV-System can be controlled
but also all Laser based systems in single-, double-frame and autocorrelation mode. Even curious
things like alternating image acquisition on two or
more cameras are possible and the configuration

2.1.4 Computer / Storage System
A single computer controls the whole system.
This computer, based on a common quad-core
CPU (X86 compatible) running at 2,83 GHz, contains a RAID-array of harddisks with a total capacity of 1.2 TB expandable up to 4 TB. In the
experiments presented here the computer was
used to record the images streamed by two 2 MP
cameras working at full resolution and 32 FPS.
The RAID-array built in the current system allowed the recording of up to ~3 hours with the selected camera configuration.
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by comparing two subsequent images at a time
(Westerweel, 1997). Thus the LEDs need to emit
a single flash of light for each frame. The duration
of the flash must be short and accordingly, the
power of the LEDs (respectively ID) high in order
to keep motion-blur low. The timing-diagram
shown in Figure 4 illustrates this mode where the
LEDs operate in a pulsed fashion synchronous to
the camera(s).

2.2 Modes of operation
The system can be operated in four different modes. The current controllers enable these different
modes of operation. The electrical current driven
through the LEDs, ID, determines their radiometric output power, the relation is roughly linear.
Simply put : the higher the current, the higher the
light-intensity. The current controllers are responsible for regulating ID and thus the brightness of
the LEDs. Depending on the mode of operation,
different temporal patterns of illumination are required. By means of the digital sequencer, that
connects to the current controllers, ID can be
switched between three possible values: off (zero), value1 and value2, where value1 and 2 can be
preselected in the range of 0 to 5000 mA. The current controllers are precise and fast; the time it
takes to switch to a new value is well below 1 μs.
Due to their rapidness it is possible to precisely
generate the illumination-patterns required for
each mode of operation.
The current controllers also allow for overdriving the LEDs for short periods of time. That is,
driving more current through the LEDs than permitted for continuous operation (i.e. more than
1000 mA). This characteristic is useful for stroboscopic illumination where short illumination
times are required. Overdriving is possible because the primary factor limiting ID is the temperature of the LED-die (the “die” is the “chip” inside the LED that actually generates the light). If
the duration of the pulses is kept short enough, the
LED-die will not heat above the maximum permitted temperature.
To protect the LEDs against incorrect operation, there is an overload protection implemented
in the current-controllers, to limit the pulseduration when overdriving the LEDs. The overload protection limits the integral of current over
time to about 3 mAs and thus ensures a safe operation.
The last feature of the current controllers is to
provide feedback to the user regarding the measurement of the real ID when operating the LEDs
in a pulsed fashion. Two analogue sample and
hold stages measure ID during the duty-cycle of
the pulses when value1 respectively value2 is desired and transform the amplitude of the pulses
into a continuous signal. This enables to check the
currents at which the LEDs operate without having to use an oscilloscope.

Figure 4 Timing diagram for the acquisition of images to be
analyzed by cross-correlation

An example obtained by this illuminationpattern is shown in Figure 5. The image simply
shows a snap-shot of the particles.

Figure 5 Example image for cross-correlation. Shown is a
section of 238x244 pixel out of a 1600x1200 pixel image

2.2.2 Auto-correlation-mode
In contrast to cross-correlation, when autocorrelation is used, the displacement of the particles or a group of particles is determined within
a single image (Adrian, 1991). Accordingly the
particles need to be illuminated twice in each image (double-exposure). Again, short illuminationtimes are desired. Figure 6 shows the corresponding timing-diagram. The images obtained by this
illumination-pattern show snap-shots of the particles where each particle is pictured twice (Figure
7).

2.2.1 Cross-correlation-mode
When performing PTV/PIV based on crosscorrelation, the displacement of the particles
(PTV) or a group of particles (PIV) is determined
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hard to accomplish with the devices traditionally
used for illumination (Ruck, 1996).

Figure 6 Timing diagram for the acquisition of images to be
analyzed by auto-correlation

Figure 9 example of particle tracing mode

2.2.4 Continuous illumination-mode
The fourth mode is simply continuous illumination. Continuous illumination will in most cases
not be used for any actual measurement. Instead it
is useful for setting the PIV/PTV-system, e.g. for
the adjustment of the lightsheet or for viewing the
fluid flow by eye as it avoids the disturbing flickering involved with the pulsed operation of the
LEDs.
Of course the operation of the LEDs is not limited to the four modes presented here. Instead,
with a suitable sequencer, any arbitrary pattern
can be generated by switching between the three
possible states ID=0, value1 or value2.

Figure 7 Example image for auto-correlation

2.2.3 Particle tracing-mode
Acquiring an image with a long exposure time
where ID is low and then maximizing ID right before the end of the exposure yields a picture where
the traces of the particles are visible and a brighter
dot marks end of each trace, thus making the
whole flow field -including directional information- instantly visible The timing diagram is
shown in Figure 8, a resulting image is shown in
Figure 9.

3 FLOW WITHIN A CYLINDER WALLARRAY IN A SHALLOW FLOW.
To demonstrate the capabilities of the system, the
flow within an array of cylinder in a shallow flow
was measured. The experiments were conducted
in a 17 m long and B = 1.8 m wide, rectangular
tilting flume at the Institute for Hydromechanics,
Karlsruhe Institute of Technology. The longitudinal slope for the experiments was fixed to approximately S=0.001. The flume bottom consisted
of laminate plastic with small sand elements of diameter less than 0.002 m. The flume inflow was
connected to a constant head tank and the flow
rate controlled by an inductive flow meter together with a computer-controlled gate valve. In order
to avoid the formation of upstream perturbations,
the flow was aligned by using a honeycomb diffuser of about 0.2 m wide. The cylinder array was
modeled by placing single cylinders of d=6.3 cm
of diameter. The array had a total width, W= 37.8
cm and length L=44.1 cm, and it was placed at
one side of the flume. The discharge was constant
and equal to 0.01 m³/s, with a uniform water depth

Figure 8 Timing diagram for the acquisition of images in
particle tracing-mode

Particle tracing provides two advantages and
complements perfectly with PIV/PTV. First, it
shows the flow structures with a unbeaten density
of information and second, the information is
available immediately, no computing-intensive
processing is required. It is an excellent tool for
visualization and for checking/verifying the plausibility of the results obtained by PIV/PTV as it
reveals the structures that were missed or filtered
out by the PIV/PTV- and post-processingalgorithms. Currently it is rarely used, as it was
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The horizontal measurement planes were located at h=2 cm and h=3 cm, i.e. h/H=0.5 and
h/H=0.75, respectively.
Flow visualizations showed that most of the
flow within the cylinder array was deflected towards the main channel and that the velocity flow
downstream the array was significantly reduced.
Similar to the results presented by Zima &
Ackermann (2002), and Naudascher & Rockwell
(1994), a strong water surface oscillation induced
by the vortex shedding phenomena generated by
the cylinder array was observed.

in the measurement area of H=4 cm and a crosssectional bulk velocity of about V=0.14 m/s. A
general view of the experimental geometry is presented in Figure 10. This geometry was selected
due to the complexity associated to similar experiment when a single laser is used. In such cases,
the flow within the array is partially covered by
shadows induced by the cylinders. A similar situation can appear if one LED array is used, however
the illumination system is modular, and can be divided in individual arrays of 100 LEDs. In order
to avoid the shadow formation, 2 of these LEDs
modules were located in such a way that the light
direction was able to enter in the cylinder array
without shadow formation (see Figure 10).

Flow separation

V
Figure 11 Flow separation at the downstream corner of the
cylinder array.

3.1 Mean velocity field

Figure 10 Schematic representation of the experimental setup.

In Figure 12, the mean, two-dimensional, velocity
field, u(x) 2 + v(y) 2 for H/h=0.5 is shown. As
observed in the flow visualization, the mean flow
was characterized by a strong deflection of the upstream flow towards the main channel. All diagonal channels, formed between cylinders,
shown a predominant flow towards the mainchannel, and due to this, several local cylinderwakes are also showing a diagonal structure (see
the mean vorticity field shown in Figure 13). The
comparison of the results between different
depths, showed almost no difference, which is
evidence that the mean flow structure within the
array was essentially two-dimensional. However a
detailed analysis of the image series showed an
important vertical motion in the intersection of the
diagonal channels (see Figure 14). Due to the flow
separation, the velocity at the upstream–main
channel corner of the cylinder array was increased
about a 40 % respect to V, while the maximum
velocity in the dominant diagonal channels,
downstream the third row of cylinder, was approximately 40 % less than V. The larger coherent
structures observed, were generated by vortex
shedding at the downstream cylinder located at

The flow was seeded with polyamide particles
of 100 µm mean diameter (d50). Two synchronized cameras were vertically positioned to record
the particle motion, each one covering about half
of the cylinder array (see Figure 9). The cameras
were operated at full resolution, 2 MP, with an
acquisition frequency of 32 Hz. Two horizontal
planes were measured, each for 5 min, i.e. a total
of 9600 images frames were acquired per measurement position. The acquired images were analyzed using the GNU Particle Image Velocimetry
software GPIV (Van der Graaf, 2010). A multipass image deformation algorithm was used,
where the final interrogation window had a size of
32x32 pix. This interrogation window contained, a
mean value higher than 15 particles.
The resulting velocity fields were filtered using
an iterative Matlab-implementation of the normalized median filter proposed by Westerweel and
Scarano (2005), using an acceptable fluctuation of
the velocity due to cross-correlation of 0.3 and
threshold for the normalized residuals of 3.
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(X=37.8,Y=25.2), their characteristic length scale
was of the order of d.

Figure 14 long-exposure images showing the complex flow
at the channel intersections. The flow is visualized by glowing traces drawn by the particles

Figure 12 Mean velocity field at h/H=0.5

Figure 15 Reynolds stress

u'v' at h/H=0.5

3.3 Pseudo – Turbulent Kinetic Energy
The pseudo turbulent kinetic energy u' 2 + v ' 2 is
presented in Figure 16. As expected, the higher
levels of kinetic energy are located in the diagonal
channels, where the mean velocity is directed towards the main channel. A comparison of this information and the Reynolds stress shown in Figure 15, clearly indicate that most of the turbulent
activity occurs in the region contained in the first
four rows, from upstream to downstream direction, and that the energy dissipation of the freestream flow must occur mainly in that region.
Similar to the mean velocity field, both, Reynolds
stress and pseudo kinetic energy present almost no
variation when the two measured planes were
compared.
Of course, the region where most turbulent activity occurs is a function of the geometry and porosity; as a consequence these preliminary results
must be taken only as particular ones.

Figure 13 Mean vorticity field at h/H=0.5

3.2 Reynolds Stress
In figure 15, the cross-correlation between velocity fluctuation in x and y direction, u(x,t)'v(x,t)' is
presented. Even thought most of the random activity was observed, based on the flow visualizations, at the channel intersection, the results reveal
that most of the momentum fluxes occur at the
channels itself, with negative magnitudes in the
dominant channels, i.e. those with flow from the
wall towards the main channel, and positive magnitude in those with opposite flow direction.
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tive alternative to traditional Laser-based systems.
It is expected that further works on the development of this system will provide a flexible tool not
only for laboratory, but also for field measurements.
The experimental results provided here show
that even though a complex flow structure was
observed in some flow-channel intersections, the
structure at different horizontal positions remained almost unchanged. Based on the latter observation it is possible to state that most of the
flow structure was essentially two-dimensional.
The mean turbulent statistics presented here indicate that the momentum fluxes mainly occur in
the internal flow-channels, and that most of the
turbulent activity is localized within the four first
upstream cylinder–rows.
Figure 16 Pseudo Turbulent Kinetic Energy (TKE) at
h/H=0.5
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4 OTHER APPLICATIONS
Due to the portability, shock resistance, and low
cost, one of the natural applications of the LED
system are field measurements in shallow water
bodies. Another application is the design, not only
of a LED line, but its extension to a full matrix,
that can be used to scan a volume and to perform
quasi-three dimensional PIV/PTV measurements.
All these applications can also involve the visualization of a fluorescent tracer such as Fluorescein, which has an absorption maximum at 494
nm, very close to the 470 nm emitted by the LED
array presented here. The homogeneity of the light
source makes its use particularly adequate for
concentration measurements in small regions,
where the natural divergence of the light could be
neglected.
Finally, it is necessary to point out that any divergence existing in the light source is not longer
important if multi-camera, three-dimensional
measurements are involved. In these cases the
processing of the information allows the recovering of the cross-plane position of the calculated
velocities. In this situation the error induced by
the light divergence is complete avoided.
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5 CONCLUSIONS
In this work a novel LED based PIV/PTV system
was presented. Based on the preliminary tests, and
on the measurements presented here, it is possible
to point out that this system is a real, cost effec-
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ABSTRACT: It is very important for global environment problems to reveal turbulence characteristics
and coherent structure generated by wind-induced water waves. Some previous studies pointed out that
the turbulence generation depended on phases of water waves, in which single-point measurements of a
laser Doppler anemometer (LDA) were conducted intensively. However, there remain uncertainties about
the effects of wave phases on coherent turbulence motion, e.g., ejections & sweeps, and streaky structure.
Simultaneous measurements of velocities and free-surface elevation allow us to conduct reasonably the
phase analysis of the coherent structure in interfacial shear layer. Particularly, multi-point measurements
such as PIV are very powerful to detect the space-time structure of coherent motions. Therefore, in the
present study, we developed a specially designed PIV system which can measure the velocity components
and surface-elevation fluctuations simultaneously by using two sets of high-speed cameras to reveal the
coherent structure in the interfacial shear layer between water and wind.
Keywords: Wind-induced water waves, Coherent structure, Air/water interface, PIV measurements
1 INTRODUCTION

different from each other. Komori et al. (1993) indicated that a surface renewal eddy and down-bursting
are associated with the production of the velocity
shear, water waves and separation / reattachment of the
wind over the free surface.
Many previous studies conducted single-point measurements of a laser Doppler anemometer (LDA) and
acoustic Doppler velocimetry (ADV), and pointed out
that the turbulence generation has a significant relationship with water waves. For example, Cheung &
Street (1988) used a linear filtering technique (LFT), in
which the wave motion is evaluated by cross spectra of
velocity and free surface fluctuations, and they suggested that there exists a significant energy transfer
from the wave to the mean flow. They have also
shown that the turbulence structures at the presence of
wind-waves have similar characteristics to those observed in turbulent boundary layers. In contrast, Jiang
et al. (1990) proposed a stream function method
(SFM), in which the wave motion is assumed to be a
potential flow. They have revealed that the interaction
between wave and turbulence plays a vital role on
energy transfer mechanism between them. These previous studies offered many valuable knowledges and
database to consider statistical properties of turbulence
related to the wind-induced waves. However, there

In ocean and natural lakes, water waves and turbulence
are generated by wind. Particularly, mass / momentum
transport and gas exchanges are promoted significantly
beneath the interface between the air and water. It is,
therefore, very important for many environment problems to investigate turbulence structure and coherent
eddies related to such mass and momentum transport.
It is well known that a large-scale low-pressure system overlying an ocean causes significant water waves.
Toba et al. (1996) revealed that wind-induced water
waves generate “down-bursting”, which is accompanied by strong downflows in the subsurface. The
down-bursting has a lower frequency than the wave
period and has significant effects on the air/water interface, e.g., flow resistance, turbulence generation, and
mass and momentum exchanges. These wind-induced
waves often appear in both natural rivers and artificial
open channels. Early, Rashidi & Banerjee (1990) focused on turbulence structure in open-channel flow,
where the velocity shear was imposed on the freesurface by wind. They revealed that main characteristics of the low-speed streaky structure are similar to
those near the wall, even though the boundary conditions at the wall and at the air/water interface are quite
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Table 1. Hydraulic condition
H (cm)

H s (cm)

U a,max m/s

U s cm/s

U * m/s

4

0.4

6.8

28.1

0.0169

(for detection of air/
water interface)

Control PC

remain uncertainties concerning the effects of wave
phases on coherent turbulence motion. Recently, Oh et
al.(2008) analyzed the time-series of vorticity distributions by using PIV measurements, and found that coherent structure is transported associated with wave
motions. Sanjou et al. (2009) have conducted phase
analysis on the basis of PIV data to reveal turbulence
generation mechanism under water waves. To investigate coherent turbulence structure in more detail, we
need simultaneous measurements of velocities and
free-surface elevation to conduct reasonably the phase
analysis of the coherent structure in interfacial shear
layer. Therefore, in the present study, we developed a
specially designed PIV system which can measure the
velocity components and surface fluctuation simultaneously by using two sets of high-speed cameras.

(for PIV)

Figure 1. Experimental setup
(a)

original image

wind
free-surface

2 EXPERIMENTAL METHOD
2.1 Simultaneous measurement setup of velocity
components and free-surface profile

(b)

wind
brightness distribution

The experimental setup is indicated in Fig.1. The experiments were conducted in a 16m long and 40cm width
× 50cm height glass-made wind-tunnel flume. In this
flume, air-flow is generated over the free-surface flow
by a speed-controlled fun. x and y are the streamwise
and vertical coordinates, respectively. The vertical origin, y = 0, was chosen as the channel bed. The timeaveraged velocity components in each direction are defined as U and V , the corresponding turbulent fluctuations are u and v , respectively. 2W laser light sheet
(LLS) was projected from the flume bottom. The
x − y plane was illuminated with tracer particles and it
was taken by a pair of high-speed CMOS cameras(1000 × 1000 pixels, 500frame/s). To measure the
velocity components and surface elevation simultaneously, two high-speed cameras are used for the PIV
measurements and free-surface capture, respectively.
The hydraulic conditions are shown in Table 1. The
measurement area is 7m downstream of the upstream
entrance. In this study, the water depth was 4cm and
the maximum wind speed U a,max was 6.8m/s in order
to generate gravity waves. H s is the significant wave
height. U s is the velocity at the air-water surface evaluated from the ensemble averages of 30 samples with
3mm float. U * is the friction velocity of water side
evaluated from the logarithmic-law.

54

brightness

y

252

(b)
a
b
c
d
e

x

(c)

free surface

Figure 2. Detection process of air/water interface.
(a) original image and the corresponding brightness distribution, (b) definition of pixel locations and (c) evaluated
distribution of air/water interface
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the case of edge position ( x / L x = 1.0) of the image
compared to the center position ( x / L x = 0) , and this
is because the light power of LLS not strong enough to
obtain good results near the edge of images.

2.2 Detection process of air/water interface
We applied a method proposed by Miyamoto et
al.(2002) to detect the air/water interface. To extract
the air/water interface exactly, the picture images taken
by the present CMOS camera should be in good condition of focus and clearness. We dissolved RhodamineB in the present flume water to rise up clearness near
the boundary between air-water interfaces. Fig.2(a)
shows the original image and brightness distribution,
in which we can see discern the water and air layers by
eyes. Using the brightness data at each analyzing mesh
point, we obtain the brightness gradient in the vertical
direction which is defined as follows;

G c = a + 2b − 2d − e
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in which, the points “a” to “e” are the local brightness
data as shown in Fig.2(b).
After calculation of Gc , considering five points in
the y-direction, the center point Pc is chosen as the
1st-candidate point(1st-C point) of borderline, if Pc is
the largest among them. This process is conducted at
each streamwise location. Then, we sort out the 2ndcandidate points from the 1st-C points using two thresholds (HTV , LTV ) in the following way. First,1st-C
point which is larger than HTV is detected. The modified images composed of such 1st-C points is called as
“Seedmap”. Secondly, we search the 2nd-C points that
meet the following conditions.
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(1)They are one of the1st-C points.
(2)They are located next to already detected 2nd-C
points on the Seedmap.
(3)The brightness gradient is larger than LTV .
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Figure 3. Spectrum of free-surface fluctuations.
Comparison between the present method and wave-gauge
result

The above mentioned calculation was continued, and
finally, all points on the Seedmap could be considered
as air/water interface. Fig.2(c) shows an example of
the free-surface curve plotted in the original image picture. It was found that the calculated interface curve
agreed well with that observed in the original image.

3.2 Streamwise velocity and turbulence profiles
Figs.4(a), (b) and (c) show the vertical profiles of timeaveraged streamwise velocity, turbulence intensities
and Reynolds stress, respectively. A large velocity
gradient ∂U / ∂y is observed near the free surface
( y / H > 0.8) , and in contrast, a return flow (U < 0)
is formed significantly between y / H = 0.6 and 0.85.
This large velocity shear influences turbulence in-

3 RESULTS AND DISCUSSIONS
3.1 Spectrum of free-surface fluctuations
Fig.3 shows the spectra of free-surface fluctuations obtained by the above-mentioned method, in which the
result of capacitance-type wave-gauge was also shown
for comparison. In the present method, the spectra
were calculated at two different points, i.e., the center
of image ( x / L x = 0) and the right-hand-side edge of
image ( x / L x = 1) . L x is the half length of image in
the streamwise direction. It is found that the spectral
peak obtained by the present method agreed with that
obtained by the wave gauge. A lot of noises appear in

tensities, i.e., u ' ≡ u 2 and v' ≡ v 2 . It was found
in all cases that the larger turbulence is generated more
significantly closer to the water surface. Furthermore,
u ' and v' became larger with an increase of wave
height. In 2-D gravity wave conditions, the vertical
component was larger than the streamwise component
near the free surface, i.e. v' > u ' . This property is quite
different from that observed in wall boundary layers,
and thus it is peculiar to turbulent flow under the windinduced water waves. Any influence of water waves
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appears significantly even in the Reynolds stress. That
is to say, there exist negative values of − uv near the
free-surface associated with phase lag of streamwise
and vertical components of velocity. This property has

3.3 Instantaneous properties of velocity
components
Fig.5 shows the time-variations of instantaneous velocity vectors and free-surface boundary at every 0.04
seconds, in which the color contour means the streamwise u~ and vertical v~ components for (a) and (b),
respectively. It should be noticed that the crest and
trough of waves are transported downstream with time.
One can see downflows (V < 0) in the backward side
of crest and upflows (V > 0) in the forward one. In
contrast, the downflow and upflow are observed in the
forward and backward sides of trough, respectively.
Furthermore, these fluid parcels of upflows and downflows are convected downstream together with wave
propagation. It is found from the contours of streamwise velocity that the large velocity zones are located
near the crest, and in contrast, return flow zones are
formed in the trough. These fluid parcels are also
transported downstream. The vertical velocity component becomes almost zero at the crest and trough, and
positive and negative values appear alternatively in the
transition stages between the crest and trough.
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− uv /U *2

1
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U / U y=H

1
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u' / U* v ' / U * − uv /U *2

Figure 4. Profiles of time-averaged streamwise velocity,
turbulence intensities and Reynolds stress

been reported by previous studies, e.g., Cheung &
Street (1988).
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Figure 5. Instantaneous velocity vectors and free-surface distributions, (a) streamwise velocity and (b) vertical velocity

Fig.6 shows the time-series of velocity components
and free-surface fluctuation η~ (t ) at one point of x=0
and y/H=0.5. As mentioned above, there exists a strong
correlation between the velocity components and freesurface fluctuation, that is to say, u~ becomes maximum at the crest, and v~ becomes minimum at the
trough stage. Although, the periodicities of streamwise
and vertical velocity components are almost same,
there exists phase-lag that is about a quarter of wavelength.
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plies that the streamwise velocity varies with same
phase with waves. Whereas, Cηv becomes maximum
at x / λ = 0.5 and minimum at x / λ = −0.5 . This
property is almost same in the whole depth region.
These results suggest that there is a phase lag between
the vertical velocity and waves.
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3.5 Coherent turbulent vortex
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Oh et al.(2008) pointed out an existence of coherent
vortex structure by using the following instantaneous
vorticity. Fig.8 shows the time-variations of the instantaneous vorticity, ω~ (t ) ≡ ∂u~ / ∂y − ∂v~ / ∂x . At t=0(s), a
strong positive parcel exists in the crest zone, and the
vorticity is larger in the forward side of the crest than
in the backward one. This property agrees well with
the results proposed by Okuda (1982). The crest region
is convected downstream accompanied with the strong
vorticity parcel as time passes. In contrast, at t=0.16(s),
the vorticity is smaller in the forward side than the
backward one. This may be because convection velocity of coherent vortex differs from the Stokes drift velocity.
Some researchers have proposed several mathematical methods to detect the vortex core of coherent structure in shear layers and mixing layers. One of them is
the delta method proposed by Chong & Perry (1990).
They considered the eigenvalues σ of the velocity
shear tensor (∂u~i / ∂x j ) in shear layers. The eigenvalue equation in 2-D shear flow is given by

Figure 6. Time-variations of velocity components
(u~, v~ ) and free-surface elevation η~ , (x=0, y/H=0.5)

3.4 Correlation between velocity components and
free-surface fluctuations
Fig.7 shows the correlation between the velocity component and free-surface fluctuation, in which the reference position was chosen by the center of image, i.e.
x 0 = 0 . The correlations between free-surface
fluctuations η~ at x 0 = 0 and velocity components
at movable positions, Cηu ( x, y) and Cηu ( x, y) , are defined as follows:
Cηu ( x, y) =

(η~( x0 , t ) −η ( x0 )) × (u~( x, y, t ) − u ( x, y))
η ' ( x0 ) × u' ( x, y)

(2)

Cηv ( x, y) =

(η~( x0 , t ) −η ( x0 )) × (v~( x, y, t ) − v ( x, y))
η ' ( x0 ) × v' ( x, y)

(3)

σ 2 − Pσ + Q = 0

(a)

in which,

y / H =1

y / H = 0.06
x / Lx = −1

-1

0

x / Lx = 0

1
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x/ Lx-1
=−1
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∂u~i
=0
∂xi

Q≡

1 ⎛⎜ ⎛ ∂u~i
⎜
2 ⎜ ⎜⎝ ∂x i
⎝

x / Lx =1

x/λ

Cηu
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(4)

(5)
2
~
⎞
∂u~ ∂u j ⎞⎟
⎟⎟ − i
∂xi ∂x j ⎟
⎠
⎠

(6)

and

(b)

Δ ≡ P 2 − 4Q

(7).

u~i is the instantaneous velocity component. Complex

x / L0
x =0

eigenvalues occur when the discriminant Δ is negative. It is assumed that Δ < 0 corresponds to an existence of vortex core. Fig.9 shows the distribution of
Δ which corresponds to Fig.8. At t=0(s), a large-scale
vortex zone is observed between the crest and trough.
At t=0.04 to 0.08 (s), a vortex is generated in the
downstream side of the crest. Furthermore, at t=0.08 to
0.16 (s), another vortex is observed at the left-handside of Fig.9, and this location corresponds to the transition zone from the trough to the crest. Of particular
significance is that the coherent vortex is generated

1 x / L x=1/ λ
x

Cηv

Figure 7. Distribution of correlation function, (a) correlation
between streamwise velocity and free-surface fluctuation
and (b) vertical component and free-surface fluctuation

in which, the over bar means time-average operation. It is found that Cηu has maximum value at the
reference position, x / λ = 0 and minimum value
at x / λ = ±1 , in which λ is the wave lenght. This im1677
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Figure 8. Time-variation of vorticity distribution

Figure 9. Time-variation of delta distribution

significantly in the transition stage between the crest
and the trough.

Consequently, the present results revealed that turbulence is generated more significantly in the rising and
falling stages, and it was also suggested that the instantaneous velocity field and coherent structure depend
strongly on the phases of wave motion. These notable
findings that the turbulent kinetic energy is generated
in the transition between the crest and trough the consistent with the time-series of vorticity and delta distributions as shown in Figs.8 and 9.

3.6 Phase analysis of turbulence generation
Phase analysis is very useful to reveal the effects of
free-surface fluctuations on turbulence generation. In
this study, one wave cycle, φ = 0 to 360 , was divided into sequential eight phases as shown in Fig.10,
in which trough and crest stages correspond to Phase-3
and Phase-7, respectively.
Fig.11 shows the distribution of the phase-averaged
turbulence generation term < −uv∂U / ∂y > , which
appears in turbulent kinetic energy (TKE) equation.
< > indicates the phase-average operation. One recognizes negative values in the crest (Phase-3) and the
trough (Phase-7). In contrast, in the falling stage of
free-surface elevation (Phase-4) and the rising stage
(Phase-8), positive values appear significantly. This
tendency is more remarkable closer to the free-surface.

3.7 Decomposition of instantaneous velocity
components
Hussain & Reynolds (1970) have developed a “phase
averaging technique” to decompose the instantaneous
velocity component into mean, turbulence and wave
motions. There exist several useful methods to decompose the instantaneous velocity components into the
wave and background turbulence. Recently, the wavelet analysis is often used to compare time-series of
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η

When a negative sign is operated to the first term at
the right hand side of Eq.(10), we get − u w v w ∂U / ∂y
which is the production term in wave kinetic energy
equation (see Jiang et al. 1990). The second term becomes − u t v t ∂U / ∂y , which is the production term in
turbulent kinetic energy equation.
Fig.12 shows the vertical distributions of Reynolds
stress evaluated by wave components, and background turbulence components. − u w v w < 0 and
− u t v t > 0 are observed near the free-surface.
Since ∂U / ∂y is positive in the free-surface region,
the wave fluctuations supply kinetic energy to turbulence via mean flow. It is found that the contribution
of interaction stress ( − u t v w − u w vt ) to the energy
transfer is smaller than that of wave stress, and thus
both of the wave stress − u w v w and turbulence
stress − u t vt dominant energy transfer to the turbulence significantly.
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Figure 10. Phase definition using free-surface elevation
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Figure 11. Phase variation of generation term of turbulent
kinetic energy

0

measured data in different frequency bands. This
enables us to conduct frequency analysis without lack
of information of time variation, which is not possible
with standard spectral analysis. Furthermore, wavelet
analysis does not require any assumptions that other
decomposition methods should consider. For example,
LFT needs the condition that correlation between wave
motion and turbulence should be zero. Therefore, in
this study, we have used discrete wavelet analysis
which yields several time-series data in lower frequency bands than the sampling rate. Applying the present
technique to our measured data with sampling frequency of 50Hz, we get time-variations of velocity
components in following frequency bands, i.e.,
25~50Hz, 12.5~25Hz, 6.25~12.5Hz, 3.125~6.25Hz…
Peak frequency of the present waves was about
f p = 2.5Hz. So, we defined wave motion as low frequency motion which is smaller than 3.125Hz.
Instantaneous velocity u~ can be decomposed into
time-averaged velocity U , velocity associated with
wave motion u w , and turbulence u t in the following
form.
u~ = U + u + u (∵ u ≡ u + u )
(8)
w

t

w

− u w vw

★

− u t vt

air/water interface

bottom
-1

0

0.2

0.4

0.6

0.8

y/ H

1

Fig.12 Vertical distributions of Reynolds stress evaluated by
wave components and background turbulence components

4 CONCLUSIONS
In this study, an innovative PIV system for simultaneous measurements of velocity components and freesurface distribution was developed to examine the relation between the wave flow and turbulence near the
air/water interface. The main findings obtained in this
study are as follows:
1) Time variations of velocity components and freesurface elevation were evaluated simultaneously, and it
was found that the streamwise velocity has the same
phase as free-surface fluctuations, and in contrast,
there exists a phase difference between the vertical velocity and free-surface fluctuations.
2) It was found from the present PIV that the coherent vortices appear near the air/water interface. The
delta method could detect the vortex structure even in
such a complex flow field. It seems that these vortices
are generated associated with the reattachment of wind

The Reynolds stress was also decomposed into three
components as presented in Eq. (9).
(9)

Therefore, the energy loss E = uv∂U / ∂y in the energy
transport equation can be written as shown in Eq. (10).
E = (u w v w + u t v t + u w v t + u t v w ) × ∂U / ∂y

− uv

▲

■ − u t v w − u w vt

t

− uv = −u w v w − u t v t − u w v t − u t v w

○

(10)
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flow on the wave trough as pointed out by previous
studies.
3) Time variations of vorticity and delta distributions enable us to consider the transport property the
coherent vortices. In particular, it was suggested that
large vorticity zone exists near the crest of water
waves. Furthermore, coherent vortices detected by the
delta method appear in the transitional zone between
the trough and crest.
4) By decomposing the instantaneous data using
wavelet analysis, it was found that there exist significant energy transfers among the mean flow, turbulence
and wave motion. Of particular significance is that turbulence generation is more significant at the trough
than at the crest.
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ABSTRACT: Recent studies on the dynamics of sediment transport have progressively highlighted the
need to explain the link between the turbulent near-bed boundary layer and the processes of particle entrainment and transport. As a result, a proper way to recognize and measure the entrainment and motion
of individual particles is necessary for joint analysis with water flow field data. In this work we show the
results obtained from the application of Particle Tracking Velocimetry (PTV) to bed-load plastic grains in
a “natural” bed. Here “natural” means that the particles, though plastic, were not artificially coloured and
moved over a background of similar loose ones, with no significant difference from the case of natural
sand. Recognition of the moving grains was achieved by means of image subtraction and filtering, while
particle tracking was made using the Fluid Stream software. The manuscript documents the results obtained from the application to a bed load experiment, as well as the measurement validation. The present
limitations of the measurement are acknowledged and some strategies to improve its quality are proposed.
Keywords: Bed load movement; Particle Tracking Velocimetry
al., 2006) providing several results on sediment
dynamics (e.g., Radice & Ballio, 2008; Radice,
2009; Radice et al., 2009). Yet it has been recognized that an Eulerian analysis does not yield information about entrainment, motion and distrainment of a single particle. To obtain these
pieces of information, which are most needed for
correlation with the turbulent dynamics of the
near-bed boundary layer, a Lagrangian analysis of
the single particle motion is needed.
Some examples of such analyses have recently
appeared in the literature. Particle identification is
the crucial aspect of similar works. In some cases,
this has been achieved using very large target
stones (as done, for example, by Booij & Hofland,
2004, or Hofland & Booij, 2004). In other cases,
an artificial contrast was created releasing particles over a smooth surface (e.g., Sechet & Le
Guennec, 1999; Frey et al., 2003 ) or using
painted particles moving over still ones with different colour (e.g., Papanicolaou et al., 1999;
Schuyler & Papanicolaou, 2000).
In this manuscript, an attempt is made to follow the motion of individual particles in a “natural-like” bed. With this definition we mean that a
bed of loose particles is considered, with no artifi-

1 INTRODUCTION
Recent studies on the dynamics of sediment transport over a plane bed have demonstrated a growing interest for the link between the near-bed turbulent structure and the resulting particle motion.
As known, the near-bed velocity fluctuations are
organized as a succession of events with a certain
degree of coherence (burst cycle, first documented
for rough beds by Grass, 1971). At larger scale,
the presence of macroturbulent structures has been
recognized (e.g., Shvidchenko & Pender, 2001).
Some evidence on the turbulence-sediment interaction has been produced (e.g., Drake et al., 1988;
Nelson et al., 1995; Sechet & Le Guennec, 1999),
yet the results are far from being synthesized in
comprehensive conceptual frameworks.
Process visualization and following image
processing have proved to be useful for the smallscale investigation of bed load transport (e.g.,
Fernandez Luque & Van Beek, 1976; Drake et al.,
1988; Lee & Hsu, 1994; Nikora et al., 2002,
among others). For example, in recent years the
authors of the present manuscript have developed
a methodology for the Eulerian measurement of
sediment transport at intermediate scale (Radice et
1681

cial contrast but with a grain chromatic distribution similar to that of natural sand beds. Such configuration obviously complicates the particle identification, but is of larger generality compared to
those previously described. In the following, the
measuring method is described; some preliminary
results are presented, together with the strategies
used for measurement validation; potentialities
and limitations of the approach are discussed; finally, possible future developments are outlined.

positive values in the difference image. After obtaining the difference image, the latter can be
processed eliminating image noise, in order to obtain a clearer representation of the moving particles. In this work, two different types of refined
images have been used. In the first case, greyscale
images have been obtained where the pixels with
an intensity lower than a certain threshold have
been filtered to zero. In the second case, the filtering procedure by Radice et al. (2006) has been
used, which is based on image binarization and on
a subsequent selection of the particle blobs exceeding a certain threshold for blob size. Figure 2
presents sample difference and blob images for
the movie analyzed in this work.
The second stage of the measurement is the
Particle Tracking Velocimetry of the images of
particles, either for the greyscale or for the white
blobs. The particle tracking has been performed
using the Fluid Stream software, developed by the
second author (Nokes, 2005). The software has
been successfully used for application of Particle
Tracking Velocimetry to fluid flows (Nikora et
al., 2007; Maxworthy & Nokes, 2007; Taylor et
al., 2010). Application to bed-load sediments
represents a novel frontier for the package. Fluid
Stream identifies the centre of mass of each particle in the image and then enables a variety of PTV
analyses to be made, with different algorithms for
the process of particle matching. State-based
tracking and velocity-based tracking are possible.
For the images of the present bed-load experiment, which are characterized by low density of
the moving particles, the strategy (distance cost in
the suite) was chosen that evaluates the most
probable particle match as that with minimum distance between the particle positions in two successive images (that is, in two successive instants). Figure 3 depicts some sample trajectories
obtained with Fluid Stream for the greyscale images.

2 EXPERIMENTAL DATA USED
The findings presented here have been obtained
using a sample visualization that refers to a bedload experiment performed by Radice & Ballio
(2008). The experiment was conducted in a pressurized duct with transparent walls and lid. The
cross section of the duct was 0.40 m wide and
0.16 m deep. The sediments were uniform PVC
grains with a specific density of 1.43 and a representative size d = 3.6 mm. Additional details are
provided in the referenced paper.
The experiment considered was made with a
bulk water velocity of 0.35 m/s, corresponding to
1.14 times the threshold velocity of beginning of
motion. The experiment was filmed using a black
and white CCD with a resolution of 576×763
pixel at a rate of 50 fps. A picture from the movie
of the experiment is presented in Figure 1.
3 MEASUREMENT
3.1 Particle identification and tracking
The bed-load particles move over a layer of similar loose ones. Therefore, a crucial step, preliminary to particle tracking, is a proper distinction
between the moving grains and those remaining
still at the instant of observation.
In this work, the identification of individual
moving particles has been performed using the
subtraction between consecutive frames. The subtraction produces a third image, which is black
(zero difference) for the still particles and different from zero where motion has occurred in the
time interval separating the two original frames of
the film. More specifically, the image of a moving
particle corresponds to a couple of regions, the
first of which assumes negative values while the
other assumes positive values. The negativevalued region corresponds to the start position of
the particle if the latter is lighter than the local
background and vice-versa. The opposite holds
for the positive-valued region. Grain duplication
is eliminated, for example, considering only the

Figure 1. Picture of the sediment bed taken during the bedload experiment. The metal plate and the black lines are discussed in sub-section 3.2.
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counted. The resulting number has been compared
with the number of crossings obtained through the
PTV analysis. The first line used is at the upstream edge of a metal plate placed at the sediment level, while the second one is an imaginary
sediment-embedded line.
For the trajectory-based validation, a set of particle trajectories has been randomly selected and
the corresponding successive particle positions
have been manually extracted from the movie.
The ability of the PTV analysis to detect these trajectories has been used as a qualitative indicator
of measurement reliability.
4 RESULTS OF PTV VALIDATION
The outcome of the integral validation of the
measurements is depicted in Figure 4. In general,
the PTV measurement underestimates the number
of particle crossings. A better behaviour of the
greyscale images is evident compared to that of
the blob ones. Furthermore, the number of particles crossing the sediment-embedded line is better
reproduced than that of the particles crossing the
line at the edge of the plate. It is believed that this
difference is caused by the colour of the plate,
which corresponds to a grey intensity similar to
that of many of the moving particles. The number
of particles crossing the sediment-embedded line
is correctly reproduced if the grey difference images are used for the PTV analysis.

Figure 2. Difference image (top) and blob image (bottom)
obtained from two frames of the experiment film.

manual count, plate line
PTV plate line, blob images
PTV plate line, difference images
manual count, sediment line
PTV sediment line, blob images
PTV sediment line, difference images
160

cumulative particle crossings

140

Figure 3. Example of particle trajectories obtained with
Fluid Stream (grayscale images). The isolated points correspond to unmatched particles.

3.2 Methods for validation
A proper methodology for measurement validation has been sought, to check the reliability of the
obtained results. In the following, two strategies
will be shown, namely (i) an integral validation
and (ii) a trajectory-based validation.
For the integral validation, the particles that,
during the experiment, progressively cross the two
black lines in Figure 1 have been manually

120
100
80
60
40
20
0
0

200

400
600
frame number

800

Figure 4. Integral validation of PTV measurements.
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1000

caught by the automatic measurement, but paths
are often split and merged incorrectly, due to interception between the motion of couples of particles. Figure 5 presents only the particle trajectories with a duration larger than 0.2 s. Particle
density is larger for the greyscale images than for
the blob ones. Indeed, in the former case, a larger
number of particles has been detected, with typically larger durations.
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The application of PTV to bed-load particles
yields a variety of results. For example, Figure 6
depicts the cumulative frequency distribution of
the duration of particle trajectories. According to
the plot, the most frequent durations are the shortest, and the distribution presents a long tail on the
right-hand side. Similarly, Figure 7 shows the frequency distribution of the average particle velocity during a motion event. The distribution is not
symmetrical, with the modal velocity being
around 50 mm/s while the mean velocity equals
90 mm/s. The last value is consistent with the
Eulerian measurement of velocity made by Radice
& Ballio (2008) for the same experiment. The
right tails of both distributions reflect the nature of
path duration and particle velocity as intrinsically
positive quantities being bounded below by the
zero value and virtually unbounded above. Finally, Figure 8 presents the temporal evolution of
the particle velocity within some of the measured
trajectories. Such pieces of information may be
useful in development and verification of probabilistic (e.g., Einstein-like) theories of sediment
transport.
On the other hand, at the present stage of development the measurement is still affected by too
much uncertainty. In this respect, it may be
pointed out that bed-load particles represent a
tougher challenge for PTV compared to particle
tracers in a fluid flow. For example, as seen, the
motion is not continuous, with frequent starts and
stops. Furthermore, the particle trajectories are often not smooth, due to collisions between the
moving and the still grains. Finally, a technique
like that presented here suffers from another problem, which is related to the temporal resolution of
the measurement: since the identification of the
moving particles is made by means of a subtraction between consecutive frames, a single matching process requires two difference images and
thus three frames of the original movie. Wang et
al. (2009) proposed to apply the PTV to two difference images, with the first difference image being the first frame minus the second (1-2) while
the second difference image is the second frame
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Figure 5. Sample trajectories used for the trajectory-based
validation of the PTV measurements (top). Sub-sample of
the obtained trajectories (only those with duration larger
than 0.2 s) with the blob (middle) and grey images (bottom).

The particle trajectories from Fluid Stream
have been compared to the sample trajectories obtained from the manual analysis. The sample trajectories are shown in Figure 5, highlighting the
peculiar features of sediment transport: the particles frequently move and stop (as a result, no trajectory spans the entire focus area); the trajectories present highly variable length; even though
most paths are directed downstream, several
transverse movements are present (see, for example, trajectory number 8). The validation is set out
in Figure 5. Parts of the sample trajectories are
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minus the first (2-1). In this case, this procedure
could not be applied since the particles used were
variable in colour. In some cases the moving particles were lighter than the local background and
in other cases they were darker. As a result, there
was no systematic correspondence between the (12) difference and the particle start positions and
between the (2-1) difference and the particle stop
positions.
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Figure 6. Cumulative frequency distribution of travel times
(in seconds) for the grey images.

6 STRATEGIES FOR DEVELOPMENT

0.010

The Lagrangian measurement of particle motion
described here is a combination of two steps,
namely the particle identification and the matching process. Both these phases can be improved to
obtain a more reliable measurement. In this section some strategies are outlined.
Particle identification is a crucial step in the
measurement. The choice to work releasing particles over a smooth bed or releasing coloured particles over a fixed bed of non-coloured ones may
surely help this step. Yet, at the same time, it
seems undesirable, since in this way the motion of
the released particles would be measured, instead
of that of the grains that are entrained by the flow
field (with all particles eligible for motion). It
should be possible to avoid the image subtraction
working with colour images. In this way, the particles (still or moving) may be identified based on
their colour and afterwards the moving particles
may be tracked. In such a way, the use of the
original movie frames would also avoid the need
for three frames for a single measurement of particle velocities.
The particle matching algorithm may be also
improved. In this respect, for example, the second
author is presently developing a method to consider the shape of the particles as a further criterion to choose the best matches.
Of course, proper validation strategies will be
devised. In this respect, the integral validation
used here had a satisfactory outcome even if the
trajectory-based validation had evident faults.
This likely indicates that the integral validation
may be quite insensitive to the correctness of the
matching process in PTV.
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Figure 7. Frequency distribution of average velocity in a trajectory (in mm/s) for the grey images.

Velocity (mm/s)

200
150
100
50
0
0

0.1

0.2
Time (s)

0.3

0.4

160
140
120

y (mm)

100
80
60
40
20
0

0

50

100
x (mm)

150

200
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jumps for the grey images. Symbols in the temporal plot and
in the plan view correspond.

7 CONCLUSIONS

The PTV analysis has been applied to a bedload experiment conducted during earlier work.
The moving particles have been identified by image subtraction and the match between the particles in subsequent difference images has been
made using the Fluid Stream software.

The present manuscript has presented a tentative
application of Particle Tracking Velocimetry to
bed-load particles, as a step towards obtaining Lagrangian measurements of particle motion to support the development of probabilistic models for
bed load.
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The sample results have shown the unquestionable potentialities of a Lagrangian analysis of particle motion. On the other hand, some flaws of the
measurement as it presently is have been highlighted. Even if the results are encouraging, reliability of the measurement is still not enough for
robust conclusions to be drawn. Proper strategies
for improvement of the measurement have been
sketched.
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ABSTRACT: To overcome difficulty of bed-load discharge measurement, Yorozuya et al. (2009, 2010b)
developed a bed-load discharge measurement system based on Acoustic Doppler Current Profiler (ADCP)
and conducted it in an experimental flume. The authors applied the system in the actual river during medium flooding as well normal flow. The output of the system was compared with the conventional formula, which is commonly employed by Japanese engineers, as well as a sediment sampler. To compare the
bed-load discharges from different methods, authors employed the bed-load velocity as agency for justification. As a result, authors indicated difficulty of conventional formula, since estimation of shear velocity
is not easy. From this point of view, authors can concluded that the method presented in this paper has advantage, since most of the properties for estimation can be obtained by ADCP. Finally, the authors concluded the applicability of the current method as up to flat bed condition.
Keywords: Bed-load discharge, ADCP, Field measurements
sampler (TR-2). He discussed about variances of
obtained values with different parameters. He also
presented different results with an order of 103 in
similar hydraulic conditions.
Estimation of bed-load discharge rate was
started by Du Boy in 1879; thereafter, many researchers have dedicated themselves to rate estimation studies (e.g., Howard Chang 1988). Since
most prediction estimators are a function of shear
stress, appropriate estimation of shear stress is
considered to improve accuracy of estimating equations. Though shear stress can be easily defined
in the experimental flume, that is not the case in
actual rivers. In fact, Sime et al. (2007) conducted
field measurements to compare shear velocities
estimated based on water surface slopes and vertical velocity distributions obtained by acoustic
Doppler current profilers (ADCP). Yorozuya et al.
(2010a) also conducted an experimental study to
make comparisons between shear velocities measured with ADCP and those based on water-surface
slopes in unsteady flow conditions.

1 INTRODUCTION
National institutes of Japan in hydraulics and hydrology have been engaged in the development of
sediment-discharge measurement systems. Fixedtype systems have demonstrated their functions
successfully. At the same time, they have shown
some serious disadvantages, such as susceptibility
to specific site conditions, immobility, and high
cost. Mobile-type sediment samplers were used
nationwide in the 1970s to measure bed-load discharge. However, observed results, especially
those during large-scale flooding, were not accepted as appropriate (Yamamoto, K., and Nishio
H., 1991) assumingly because of the landing condition of a sampler on a river bed or the heterogeneity of a river-bed form. In fact, field engineers
have experienced different bed-load discharges by
three or four orders of magnitude under similar
hydraulic conditions. On the other hand, Dallas
(1999) conducted field measurements with different sediment samplers, such as a Helley-Smith
bed-load sampler and a Toutle-River-2 bed-load
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In any case, bed-load discharge, as well as
shear velocity, cannot be easily defined in actual
rivers. To overcome this difficulty, Yorozuya et al.
(2009, 2010b) conducted experimental studies to
examine the possibility of determination of bedload discharge with ADCP. They developed an algorism for determining appropriate shear velocity
while they indicated that bed-load discharge can
change with an order of 102 in similar hydraulic
conditions because of unsteady river-bed conditions. Based on this study, the authors confirmed
the ambiguousness of traditional bed-load discharge values might be prevailed due to the authors’ method. Thereafter, the authors conducted
bed-load discharge measurements in actual rivers
employing the exactly same system as the one
tested in the experimental studies. The present paper introduces a brief explanation about the bedload discharge measurement system, as well as
one of the outputs from the field measurements.

Additionally, Ashida and Michiue (1972) proposed the following equation for estimating effective shear velocity u*e, which indicates that the
equation is effective in terms of movement of sediment particle as follows:
U
R
= 6.0 + 5.75 log10
u*e
d (1 + 2τ * )

where U = vertical averaged velocity, u*e = effective shear velocity, R = hydraulic radius. In this
study, value τ* is derived from u*(1), while U is
obtained from ADCP, and d is employed from the
observed value by the sediment sampler.
2.2 Estimation of sediment discharge
ADCP has a bottom trucking function to trace the
movement of ADCP itself mainly for the navigation purposes. Conversely, it can measure the
movement of river beds when ADCP is stationary.
Rennie et al. (2002) was the first to apply this fun
ction to measurement of bed-load discharge. Later, Yorozuya et al. (2009,2010b) introduced u*(3)
and implemented the equation to determine thickness of bed-load layers, as proposed by Egashira
et al. (2005). In this paper, the authors briefly describe the method as follows.

2 METHOD
2.1 Estimation of shear velocity
Several different methods can be considered for
determination of shear velocity (u*). In this section, four types of shear velocity estimators are introduced.
The most traditional method is:
u* (1) = ghI

(3)

(1)

where g = gravitational acceleration, h = water
depth, and I = water surface slope.
To estimate shear velocities based on ADCPcollected data, log-law with the entire data set is
usually applied (Rennie, 2002; Sime et al, 2007).
The equation is as follows:
u ( z) =

u*

κ

ln ( z ) +

⎛ 30 ⎞
ln ⎜ ⎟
κ ⎝ ks ⎠

u*

(2)

Figure 1 Conceptual figure of ADCP measurements and sediment sampler

where u(z) = velocity at the point of z, z = vertical elevation from the river bed, κ= von Karman
constant, which is about 0.4, ks = bed roughness.
To obtain the values of shear velocity in Eq. (2),
the authors selected curve fitting with natural log
to determine a and b in the equation of
u ( z ) = a ln ( z ) + b . Then, a can be converted to u*,
which is namely u*(2).
On the other hand, Yorozuya et al. (2010a)
pointed out the difficulty in the application of Eq.
(2) from the entire data set when a bed form exists. Instead, they applied Eq. (2) from the river
bed to the point where the local maximum exists,
which is namely u*(3).

The Bagnold type, a bed-load discharge estimator, translates bed-load into multiplication of sediment movement, thickness of bed-load layer,
and sediment concentration of bed-load. Therefore, as Egashira et al. (2005) shows, it is defined
as:
hs

qB = ∫ c ⋅ u ⋅ dz ≅ vs ⋅ hs ⋅ cs
0

(4)

where qB = unit bed-load rate, c = sediment
concentration, u = velocity of sediment, hs =
sediment layer. Also vs = vertical averaged velocity of sediment, and cs = vertical averaged sediment concentration. For taking advantage of
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hours in each, thereafter, total 80 measurements
were obtained.
A sediment sampler, TR-2β, modified by the
River Division of the National Institute for Land
and Infrastructure Management (NILIM), the
Ministry of Land, Infrastructure, Transport and
Tourism of Japan, was employed for this study
(For details, refer to Dallas, 1999). Major modifications by NILIM on the sampler are change of
the nozzle expansion ratio from 1.4 to 1.0 for simple assembling and addition of weight on the nozzle to increase the angle of approach to the water
surface. The authors also used a bag with a mesh
size of 1 mm, since a sampler with a bag of 0.1
mm mesh caused clogging. Samplings with TR-2β
were conducted two times within one ADCP measurement. Therefore, 160 points were obtained.
For measuring water-surface slopes, the authors employed six Cera Divers water gauges, as
well as one for an atmospheric correction with an
error range of 2 cm. They measured the water surface elevation at 5 minutes interval. In addition,
six water gauges, three each in the left and right
banks, were installed at 500 m intervals.

ADCP measurement, the authors assumed and applied the bed-load velocity as vs ; even though
velocity of sediment distributed. Additionally, the
following equation for hs from Egahisra et al
(2005) was applied.
hs
1
=
τ*
d cs ⋅ cos θ ⋅ {tan φs (1 + α ) − tan θ }

(5)

where d = size of bed material, θ = bed slope, φs
= internal friction angle, α = ratio of static and
dynamic pressure, τ* = non-dimensional shear
stress. Based on Eq. (4) combined with Eq. (5),
bed-load can be obtained. Note that most of the
properties listed in the Eq. (4) and (5) can be obta
ined by ADCP, which is the strongest part of this
study, though Eq. (5) is an equation determined
from for example Egahisra et al (2005).
Table
1. Setup of ADCP measurement
___________________________________________

Measurement mode
WM1
Depth cell size
0.25 m
Number of Depth cell
59
Number of Water ping
5
Number
of bottom ping
5
____________________________________________

1 km

2.3 Instruments

Observational section

Figure 1 shows a conceptual diagram of observation conducted by the authors. The figure illustrates two instruments, an ADCP on the boat and
a sediment sampler on the river bed. Those instruments were tied with a wire or a rope to persons (or a carriage) on a bridge. Theoretically, the
ADCP and the sediment sampler should observe
the exactly same location. However, the ADCP
measured the location about 10 m downstream
from that of the sediment sampler for safety purposes. Detailed explanation about those two key
instruments will be discussed in the following paragraphs.
The authors employed the Work Horse (WH)ADCP with 1200 kHz manufactured by Teledyne
RDI Instruments. Detailed setup information of
the ADCP measurements are listed in Table 1. In
addition, the Real Time Kinematic Global Positioning System (RTK-GPS) was employed, while
Vector track an Speed over the Ground (VTG) information was also applied when the quality of
RTK-GPS information was poor. Keeping the
ADCP-mounted boat as stationary as possible
(though movement of boat was kept tracking), the
observation was conducted, especially for sediment movement. Actually, three daytime observations at a normal stage, as well as two 24-hours
observations during flooding were conducted as
one measurement (about 30 minutes) in a two

Flow

Figure 2 Aerial photo of the observatory ((c) RESTEC/included (C) JAXA)

2.4 Site condition and experienced flooding
Figure 2 shows the measurement site of this study.
It is located near a bridge along the Tone River in
Japan with a bed slope of about 1/4000, bed material of about 1 mm with d50, and a maximum
flow capacity of 20,000 m3/s. This section had a
compound channel with a 300 m long floodplain
on the left side and a 300 m long main channel on
the right side. Point bars were located upstream,
downstream and at the center of the observational
section. During the daytime observations, water
discharges were about 300 m3/s (a normal stage)
while about 1,000 m3/s and 2,000 m3/s during the
two 24-hour observations.
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2.5 Application of conventional equation

The results from the sediment sampler scatter
in great extents from 2 to 4 orders of magnitude.
Several reasons might be considered for this dispersion. The first major reason is difficulties related to landing the sediment sampler on the river
bed. The mesh size is also considered to have
some influence on the results as well. Particularly,
in the case of a smaller shear stress, only smallsized sediment particles move and flow into the
sampler; therefore, particles smaller than the mesh
size may pass through instead of remaining in the
sampler. Actually, the results indicate a wider
range of values with a smaller shear stress while a
relatively narrower range with a higher shear
stress. Though many adverse conditions for application of sediment sampling can be listed, overestimation may be the least considered. Therefore,
instead of averaging similar shear velocities, an
envelope curve may be suitable to assist engineer
ing judgments to the results from the sediment sampler.
Figure 3 shows the relationship between the
non-dimensional shear stress (τ*) from u*(1) in the
horizontal axis and the non-dimensional bed-load
discharge (qb*) in the vertical axis. As it indicates,
the results of those three proportionally increase
with the non-dimensional shear stress. The differences between the AMF and the ADCP measurements are in the range of the power of 10 though
the results from the sediment sampler show a
somewhat different trend.

For verification purposes, the Ashida-Michiue
formula (Ashida and Michiue, 1972), which is
widely used by Japanese engineers, was selected:

⎛ τ
q B* = 17τ *3e 2 ⎜⎜1 − *c
⎝ τ*

⎞⎛ u*c
⎟⎟⎜⎜1 −
u*
⎠⎝

⎞
⎟⎟
⎠

(6)

where q B* = q B (σ ρ − 1)gd 3 , qB = bed-load discharge, σ = mass density of sediment, ρ = mass
density of water, g = gravitational acceleration, d
= median size of bed sediment, τ*e = dimensionless effective shear stress computed by u*e, τ*c =
dimensionless critical shear stress, τ* = dimensionless shear stress determined as u*(1), u* =
shear velocity computed by u*(1), u*c = critical
shear velocity. Values calculated by Eq. (6) were
named as AMF in the following discussion.
3 RESULTS
The sequence of the figures from 3 to 4 indicate
the results obtained by the field measurements, as
well as the results from the estimation formula
based on the observed values. In those figures, the
filled circles indicate the values obtained by the
ADCP measurements; the filled squares by the sediment sampler; the open triangles by the AMF.
The following paragraphs will explain about each
figure.
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Figure 4 Relationship between the bed-load velocity and
bed-load discharge (several dots of the sediment sampler
highlighted as larger dots)

nondimensional shear stress, τ*

Figure 3 Relationship between non-dimensional shear stress
and non-dimensional bed-load discharge
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For further discussion, the authors re-plotted
Figure 3 to Figure 4, which indicates the relationship between the bed-load velocity and bed-load
discharge.
As Eq. (4) indicates, the bed-load velocity and
the bed-load discharge have a directly proportional relation, so does the relationship between bedload velocity and shear velocity. Therefore, the
bed-load velocity should have a positively increasing function in respect to the bed-load discharge. From that point of view, as shown in Figure 4, the ADCP measurements and AMF show
appropriate trends even though those two draw
different slopes. Additionally, the ADCP measurements scatter only when the bed-load velocity
is less than 0.05 m/s. Reasons for this tendency
cannot be clearly explained at this moment though
understandable because in general bed-load velocity is more difficult to measure when it is low than
high. Otherwise, those two curves would have no
discrepancy as seen in Eq. (4).

Shear velocity, m/s

0.30

u*(1)
u*(3)
u*e

0.20

0.10

0.00
0.00

0.20
0.40
bed-load velocity, m/s

0.60

0.80

Figure 5 Relationship between the bed-load velocity and the
shear velocities.

Associated with the sediment sampler, the authors intentionally plotted 6 large squares to show
the envelope curve. The first 3 squares (less than
0.15 m/s) show a similar trend with the ADCP
measurements. The trend of the remaining three
squares appears similar to that of the AMF. However, the last 4 squares do not show an upward
trend in line with the bed-load velocity, which indicates that they have somehow reached to the
ceiling though qB is supposed to show larger values.
Figure 5 shows the relationship between the
bed-load velocity and the shear velocity. In this
figure, the filled circles stand for u*(3); the filled
triangles for u*(1); the open triangles for u*e. The
horizontal axis is a measured property while the

vertical axis is an estimated one by several different equations as explained in section 2.1, i.e.,
u*(1), u*(3), and u*e. From a river engineering
point of view, shear velocity is supposed to increase along with bed-load velocity since it
represents a hydraulic force while bed-load velocity is a consequence from the action of the
force. Therefore, the relationship should be an increasing function. Actually the three estimated
properties all satisfy this assumption though the
increasing rates are different. In the case of u*(1)
and u*e, the increasing rates are very small especially when the bed-load velocity is more than
0.20 m/s. For example, when shear velocity u*e is
0.06 m/s, the bed-load velocity is between 0.2 and
0.6 m/s. Shear velocity u*(1) exhibits a similar
trend. From this point of view, u*(1) and u*e appear open to question. In other words, the authors
could consider that estimation of shear velocity by
the water surface is not appropriate, especially
when the bed-load velocity is higher than 0.20
m/s. Since Eq. (6) is a function of u*(1) and u*e,
AMF in Figures 3 and 4 is also inappropriate.
The primary reason for applying AMF is verification of the ADCP-based method, currently
proposed by the authors. However, the application
of AMF in actual rivers is not easy unless an appropriate shear velocity is estimated from the water surface. The estimation of shear velocity has
not been well discussed yet, e.g., in terms of relative distance of water gauges and sampling time.
It may also depend on characteristics of river
channels. Therefore, bed-load estimators (in this
discussion, referring to not only AMF; Eq.(6), but
another estimator whichever bed-load discharge is
derived from) cannot be easily applied unless
shear velocity is determined appropriately. On the
other hand, the current method with Eq. (4) and
(5) can be determined by flow properties obtained
from actual ADCP measurements. From this reason, the current method has strong advantages for
measuring bed-load discharge, compared with any
other conventional estimators.
4 DISCUSSION: LIMITATION OF PRESENT
STUDY
Concerning the limitation of this method, a few
points need to be discussed; 1) determination of
shear velocity, as well as 2) determination of hs,
and 3) practical points of view. Each discussion
will be as follows.
Firstly, u*(3) already can take care about velocity distribution when dunes exist. When plane bed
appears, velocity distribution is most likely better
fit to the log law. Therefore, u*(3) can be applied.
However, u*(3) cannot be applied to the case of
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anti-dunes with standing waves, since velocity
distribution has not been well described yet.
Secondary, the applicability of Eq. (5) needs to
be considered. This relation is well examined in
the range between 0.1 and about 4 in terms of
non-dimensional shear velocity, e.g., Egashira
(2005).
A practical aspect is the most restrictive. Actually, the authors have successfully conducted the
ADCP measurements with a tethered ADCP platform where standing waves existed (Yorozuya et
al., 2010c). The tethered ADCP platform was 1.5
m long and 1.2 m wide. This size of the platform
was selected since portability and operationality
were prioritized in conducting the measurements.
Additionally, the height of the standing waves was
about 0.5 m with a wave length of about 2.0 m.
The authors have confidence about executing such
measurements when the wave length is almost the
same size as the platform. However, if standing
waves are much longer than the platform during
flooding, the authors will hesitate to execute measurements. Therefore, the limitation of the method
is the flow condition with larger standing wave.
Finally, based on the theoretical as well as
practical aspects, the authors can conclude that the
method is applicable up to the dune as well as flatbed conditions, but not the anti-dune condition.

the properties for estimation can be obtained by
ADCP,
7) the authors concluded the applicability of
the current method as up to flat bed condition, in
terms of theoretical as well as practical points of
view.
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5 CONCLUSION
The following conclusion can be derived from this
paper:
1) the bed-load discharge measurements have
conducted with TR-2β as well as the method developed by Yorozuya et al. (2009,2010b). Also,
the obtained values from the field measurements
were compared with the conventional formulas,
2) The differences between the AMF and the
ADCP measurements are in the range of the power of 10,
3) the bed-load discharge obtained by sediment
sampler scatter from 2 to 4 orders of magnitude,
4) the bed-load velocity from the bottom tracking function provides valuable information for
consulting applicability of bed-load discharge estimator, as well as shear velocity,
5) only u*(3) was recognized appropriate estimator of shear velocity,
6) this study cannot deriver the conclusion
about whether the author’s method is better estimator compared with AMF. However, authors indicate difficulty of application of AMF in actual
flooding, because of difficulty of estimating shear
velocity. From this point of view, the method presented in this paper has advantage, since most of
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ABSTRACT: Horizontal Acoustic Doppler Current Profilers (HADCPs) are a relatively new instrument
that can be used to measure cross-river profiles of streamwise velocity and may also provide a relative
measure of particle concentration. A number of these instruments are currently installed along three
French rivers at locations intermediate to power plants and gauging stations. Unfortunately, during the
first year of operation it was found that during low flow conditions at some sites, the horizontal ADCPs
often underestimated velocity relative to measurements from gauging with a portable, vertically-oriented
ADCP. In an attempt to understand the velocity underestimation that has been observed, studies of velocity and echo intensity profiles have been carried out under a range of flow conditions at various sites.
This paper presents an analysis of the echo intensity profiles measured by a 300 kHz horizontal ADCP at
the Romans-sur-Isère study site over a ten-day period during November 2009. Time series of intensity
data are compared to measurements from two other horizontal ADCPs operating at 600 kHz and 1200
kHz, as well as measurements of optical turbidity. The cross-river intensity profiles are compared to
theoretical predictions and it is found that instead of decreasing with range as expected, the echo intensity
often diverges from theory, ballooning with distance from the receiver. This increase in signal intensity
with distance appears to be a result of acoustic reflection from either the river bottom or roughness at the
water surface.
Keywords: Underwater acoustics, measuring river flow, ADCPs, hydrometry
along-beam component of the relative scatterer
velocity is calculated using the Doppler principle,
which relates the observed frequency shift to the
relative scatterer velocity. Alternatively, particle
velocities can be obtained from the phase shift of
the scattered waves from two successive pusles, as
is the case with the RD Instruments Broadband
ADCPs used in this study (RD Instruments, 1996).
The signal is then divided into bins of a set width,
and in this way we obtain a profile of velocities
that have been spatially averaged over the dimensions of each acoustic bin.
Five study sites in east-central France are
equipped with RD Instruments fixed side-looking
Acoustic Doppler Current Profilers, however in
this paper we shall focus on only one of these
sites. These instruments, which operate at either
300, 600, or 1200 kHz, can be used to provide
continuous measurements of river flow. Each instrument measures a horizontal profile of the
along-stream velocity, with a maximum measure-

1 INTRODUCTION
In recent years, the field of underwater acoustics
has advanced greatly, such that a wide range of
acoustic instruments are now commercially available for the measurement of water currents.
Amongst them, the Acoustic Doppler Current Profiler (ADCP) is the most commonly used instrument for obtaining velocity measurements over a
range of distances. This instrument is composed
of one or more circular piezoelectric transducer
which generally function as both emitter and receiver of acoustic waves. To begin with, an
acoustic pulse or burst of pulses is transmitted.
When these waves encounter particles suspended
in the water column, they are scattered in a manner dictated by the shape, size, composition and
concentration of the particles; a portion of this
scattered energy is directed towards the ADCP.
The intensity and frequency of these scattered
waves are recorded by each transducer and the
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2 MOTIVATION FOR THE STUDY

ment range determined by its operating frequency.
Using a calibration method such as the index velocity or the velocity profile method, discharge
values can be calculated from the horizontal velocity profile (e.g. Hoitink et al., 2009, Le Coz et
al., 2008, Nihei et al., 2008).
In order to verify the HADCP velocity measurements, one can make simultaneous measurements using a downward-facing ADCP that is attached to a motor boat. With the ADCP
transmitting and recording, the motor boat performs multiple crossings along the line-of-sight of
the HADCP and after a series of vector projections, we obtain one average ADCP velocity measurement for each “cell” of HADCP data. A detailed description of this procedure can be found
in Moore et al. (2009). ADCP-HADCP velocity
comparisons at a variety of study sites revealed
that although there is good agreement between the
velocity measurements the majority of the time,
under low-flow conditions the horizontal ADCP
tended to underestimate velocity at some sites.
The mean velocity at which this underestimation
occurs depends on the study site.
At the Romans-sur-Isère study site, it was
found that often times when the horizontal ADCP
underestimates velocity, the intensity profile
measured by the HADCP does not correspond to
the profile predicted by theory. Instead, the intensity profiles have a range of unusual forms that
cannot be the result of inhomogeneities in either
particle size, composition or concentration. This
implies that there must be acoustic scattering by
something other than the suspended particles in
the water column. Thus, in an attempt to understand the velocity underestimation that has been
observed under certain hydraulic conditions, an
investigation of the signal intensity profiles was
initiated. This was done because the echo intensities should provide information on the objects
from which the sound is being scattered. The
hope is that in understanding the source of the
deviations between the observed and expected
theoretical HADCP intensity profiles, we will find
the source of the discrepancies between the
HADCP and ADCP velocity measurements. This
paper shall focus on ten days of data from the
most problematic site, that of Romans-sur-Isère.

2.1 Study site

Figure 1. View of the right river bank at the Romans-surIsère study site.

The Romans-sur-Isère study site (see Figure 1) is
located on the right bank of the Isère river, in the
town of Romans-sur-Isère in east-central France.
At this location, the river is 90 m wide and the
maximum depth is ~4 m. A horizontal cross section of the bathymetry obtained with the bottom
tracking function of a 600 kHz RD Instruments
Workhorse Rio Grande ADCP during one river
crossing is shown in Figure 2. Depth is given
with respect to the zero of the staff gauge at this
site. The water level that is indicated, 0.14 m, was
the observed level at the time of installation of the
1200 kHz and 600 kHz HADCPs; it is plotted as a
horizontal gray line in Figure 2. Since the site is
located in the backwater of a hydropower dam, the
water level changes minimally, ranging from 0.06
m to 0.21 m during our study period.

Figure 2. Side view of the instruments at Romans-sur-Isère.
The horizontal ADCPs are represented by squares. The projection of the “central” beam of each instrument is shown as
a solid line. Dashed lines represent the axes of the –3dB intensity levels, for a given instrument, this is the same for all
transducers.
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2.2 Velocity measurements by the 300 kHz
HADCP at Romans-sur-Isère: motivation for
the acoustic intensity study

wards the surface at a pitch angle of 1.8 deg as illustrated in Figure 2. This was done in order to
avoid the beams encountering the central rise in
the river bottom, which appeared to act as a strong
reflector at the time of installation. Two further
side-looking ADCPs, a 600 kHz Workhorse, and a
1200 kHz Channel Master are installed along the
right channel wall, approximately 6 m and 13 m
upstream of the 300 kHz instrument, respectively.
The 600 kHz instrument has three transducers in
the same horizontal plane, each separated by 25
degrees, while the 1200 kHz instrument has two
transducers that are separated by 40 degrees.
Both instruments have a pitch angle close to zero,
and thus face directly across stream. Since the
1200 kHz instrument has two, not three transducers, the “central” beam traced in Figure 2 refers to
the projection of either one of the two beams.

According to the manufacturer’s specifications,
the cross-sectional aspect ratio limitation of a 300
kHz HADCP is 19/1. Thus, taking the mean
depth at Romans-sur-Isère to be 4 m, it was expected that this instrument should provide reliable
measures of velocity up to 76 meters from the
right bank. However, it was found that when the
mean velocity of the horizontal profile at Romanssur-Isère was less than ~1 m/s, the velocity measurements were erroneous, particularly in the
middle of the river. In order to illustrate this phenomenon, data collected on two different days are
shown in Figure 3. The horizontal profiles of
stream-wise velocity as measured by the vertical,
mobile ADCP are plotted in black and the results
from the fixed side-looking ADCP are plotted in
grey. These profiles represent the average of 30
minutes of data.
It can be seen that on both 2009-01-09 and
2009-03-05, the HADCP underestimated velocity
significantly between about 20 meters and 75 meters from the right bank. Observations of this sort
spurred an in-depth study at this site. This has included the installation of both an optical turbidity
meter and an automatic sampler, as well as a study
of HADCP echo intensity profiles. In the remainder of this paper, we shall focus on an analysis of the intensity profiles recorded by the sidelooking ADCPs, with specific emphasis on the
300 kHz instrument.

Figure 4. Top view of the horizontal ADCPs at Romanssur-Isère. The acoustic axes of each transducer of each instrument are indicated with arrows. Dashed arrows are used
when the maximum range of a transducer is larger than the
extent of the figure. The dashed vertical lines between 10
and 15 m delineate the observed range that is common to all
instruments.

Figure 3. The horizontal profiles of streamwise velocity
measured by a vertically-oriented, mobile 600 kHz ADCP
(black) and the fixed 300 kHz HADCP (grey) at Romanssur-Isère.

A top view of the installation is shown in Figure
4. Note that although the axes of the different
transducers appear to interfere, the instruments are
synchronized so that each one transmits and receives in turn, avoiding any acoustical interference.
The depth, pitch, and maximum range of the horizontal ADCPs are summarized in Table 1

2.3 Instrumentation
The site is equipped with three side-looking
ADCPs manufactured by RD Instruments, a limnimeter, an optical turbidity meter, and an automatic sampler. The main instrument is a 300 kHz
Workhorse HADCP which is mounted on a 6meter long arm protruding from the right bank.
The 300 kHz instrument has three transducers,
each separated by 20 degrees. It is directed to1695

the 1200 kHz signal increases two-fold. Looking
at the zoom on the 300 kHz data in Figure 5(b), it
can be seen that this high signal amplitude event
began at around 23:00 November 29, and lasted
nearly twelve hours.

Table
1. Table of HADCP characteristics
______________________________________________
HADCP
beams depth
pitch
max range
[#]
[m]
[deg]
[m]
______________________________________________
300 kHz
3
-2.16
1.8
250
600 kHz
3
-0.36
0.1
85
1200 kHz
2
-0.76
0.1
15
* Note: a positive pitch corresponds to an upwards tilt, and
depths are given with respect to the zero of the staff gauge.

The maximum range at which each instrument
provides a reliable measure of velocity is highly
frequency dependent. The waves emitted by the
1200 kHz instrument are very quickly attenuated,
and its maximum range is roughly 15 meters. As
a result, the measured range common to all three
instruments is limited to the area between 10 and
15 m from the right bank; this range is delineated
with dashed lines in Figure 4.
An optical turbidity meter was also installed on
the right bank of the river, 8 m upstream of the
300 kHz HADCP at a depth of 0.5 m. This instrument was used to provide an indirect measure
of the evolution of suspended particle concentration. The turbidity meter is a ts-line Solitax sc,
manufactured by Hach Lange.

Figure 5. (a) Time series of the beam-averaged intensity
recorded by each side-looking ADCP at the measurement
cell nearest to 10 m from the right bank. Data are smoothed
over 30 min using a running mean average and the 1200
kHz signal is doubled for ease of viewing. (b) zoomed portion of the 300 kHz HADCP data showing saturation event.

Optical turbidity was measured using the Solitax
sc turbidity meter throughout the duration of this
study. Although the turbidity meter was not calibrated prior to installation, samples of surface water collected near the instrument enable a rough
calibration of the instrument. The calibration
curve of recorded turbidity (arbitrary units) versus
particle concentration (mg/L) is shown in Figure
6. As can be seen, all the water samples were collected when the turbidity was either ~100 or ~300,
which makes a linear regression based on this data
precarious. However, at sites where the size range
of particles is roughly constant, it is safe to assume a linear relationship between turbidity and
particle concentration (Hicks and Gomez, 2003).
This is the case at Romans-sur-Isère, especially
for this period of observation during which there
was neither snow melt, dam flushing, nor floods.
The R2 value of the linear fit is 0.84.
The data of Figure 5(a) are reproduced with the
signal recorded by the turbidity meter overlayed
as a thick red line in Figure 7. It can be seen that
although an intense and short-lasting optical event
is observed at the start of the HADCP saturation, a
much longer-lasting turbidity event occurred one
day prior during which the turbidity increased
from ~100 arbitrary units (equivalent to ~ 4 mg/L)
to ~220 arbitrary units (equivalent to ~7 mg/L). It
is not alarming that the optical turbidity event
went unnoticed by the acoustic transducers, since
optical and acoustical instruments can respond
differently to the same particles. What is more,

3 RESULTS
3.1 Times series of echo intensity
For this study we have chosen to analyze the data
collected between 2009-11-20 and 2009-11-30 inclusive, a period during which we had simultaneous measurements from both the turbidity meter
and the three HADCPs. A time series of the average intensity recorded by each HADCP in the cell
located at 10 m from the right bank is provided in
Figure 5(a), and a zoom on the last two days of
300 kHz data is provided in Figure 5(b). The data
have been smoothed using a 30 minute running
average. These beam-averaged intensities are expressed in units of counts, as output by each instrument. Counts can be related to the relative
echo intensity in decibels, where the reference
value is a pressure of one micropascal at a distance of one meter. Since the intensities recorded
by the 1200 kHz instrument are much smaller than
those of the other two instruments, they have been
multiplied by two in Figure 5(a) in order to facilitate a visual comparison of the temporal evolution
of all signals.
From Figure 5(a), we see that the signals recorded by all three instruments evolve in essentially the same manner in terms of trends and relative
changes in amplitude. This is true for all but the
last day of measurements when the 300 and 600
kHz instruments appear to be saturated, whereas
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directly across the river. The choice to present
only the central beam data was purely arbitrary as
the measurements by the other two transducers
reveal the same results in terms of trends and relative signal amplitude. The strong peak in echo intensity seen at ~90 m in each profile is the acoustic reflection from the left river bank.
In Figure 8, the concentration of suspended
particles is denoted beside each profile; these values are calculated from the turbidity data previously presented in Figure 7, using the calibration relation of Figure 6. These profiles are
assigned letters by which they shall be referred
from now on. During this ten-day experiment, the
measured intensity profiles most often resembled
profiles B and D of Figure 8.
In theory, if the sound speed of the medium is
constant, then the root mean square pressure, P, at
a distance R within the far field of the transducer
can be expressed in terms of a reference pressure,
P0, at distance R0 in the following manner (Clay
and Medwin, 1977):

the optical event corresponded to a relatively insignificant change in concentration for this site,
where concentrations can reach 1 g/L during the
spring melt. Thus, in the following analysis, turbidity values shall be used to determine particle
concentration when no water samples are available.

Figure 6. Linear regression between the optical turbidity at
0.5 m depth and the concentration of suspended sediment
measured in surface water samples collected along the right
river bank. The best-fit line to the six data points is traced
and the correlation coefficient, R2, is displayed.

P=

P0 R0
exp[−α (R − R0 )] ,
R

(1)

where α is the attenuation in the medium in m-1.
According to the American National Standards Institute (Clay and Medwin, 1977), the far field begins at the critical range of π a2/λ for a circular
piston transducer, where a is the radius of the active element of the transducer and λ is the wavelength of the transmitted signal. For a 300 kHz
transducer, this corresponds to 14 m. Therefore,
since the echo intensity is proportional to the
square of the pressure amplitude in the far field, it
should be a continuously decreasing function of
range beyond 14 m, barring any contamination
due to scattering from obstacles. Looking at Figure 8, this is only the case for profile B, and even
then we see some roughness half-way across the
river.
The results of Figure 8 are puzzling due to the
wide range of forms we see for very similar concentrations. What is more, although the profile
with the highest intensity values corresponds to
the highest scatterer concentration (5.8 mg/L),
there appears to be no direct link between concentration and either profile form or mean amplitude.
We also observed that the profiles can have very
different forms from one hour to the next, even
though the optical turbidity may change very little.

Figure 7. Time series of the beam-averaged intensity recorded by each side-looking ADCP at the measurement cell
corresponding to 10 m from the right bank, as in Figure 5,
plus optical turbidity measured at 0.5 m depth, 8 m upstream
of the 300 kHz HADCP. Data are smoothed using a 30-min
running average.

3.2 Measured intensity profiles
An examination of the time-averaged intensity
profiles measured by the 300 kHz HADCP
throughout this ten-day experiment unexpectedly
revealed profiles with a wide range of forms. A
selection of the across-river profiles that were encountered are plotted in Figure 8. In both this figure and the subsequent analysis, the intensities in
question are those recorded by the instrument’s
central transducer that is the transducer that faces
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ter column are homogeneous throughout the
measured cross-section (we believe this to be a
fair assumption), then the far field equation relating echo intensity in the instrument units of
counts, Ic, to the distance from the source, R, is the
following,
10 log(10 kc I c / 10 − 10 k c I c

noise

/ 10

) = A − 20 log R − 2αR (2)

where α is now the attenuation in decibels. This
equation is based on Gostiaux and van Haren’s
(2010) modified version of the commonly used
sonar equation of Deines (1999). The parameter A
is a constant that includes all range-independent
parameters such as the system sensitivity and the
transmitted power. Since the scatterer concentration and characteristics are assumed constant
throughout the river cross-section, the backscattering strength of the particles is also included in
this term. Based on water samples collected at
this study site throughout the year, the assumption
of homogeneity of scatterer concentration appears
to be valid. The constant kc is an instrumentspecific conversion factor relating counts to dB,
where the reference values are one micropascal at
one meter. For the instrument in question, kc is
0.43 (RD Instruments 2009, personal communication). The parameter Icnoise is the noise level in
counts, which can be obtained if the profiling
range is sufficiently large and free of obstacles.
This parameter will only have a significant impact
on the theoretical profile if the signal amplitudes
are close to the noise level (~60 counts for an RD
Instruments 300 kHz ADCP, (Tessier et al,
2006)). This is not the case in the present study,
as the echo intensities always exceeded 150
counts.
Theoretical intensity profiles are fit to the data
by assuming Icnoise = 60 counts and finding the
value of A that minimizes the root mean square error between the theoretical curve and the selected
data points. In order to illustrate a situation in
which Eq. (2) provides a good fit to the data, a
typical profile obtained at the Montélimar study
site on September 14, 2007 is presented in Figure
9. The Montélimar study site is located on the
Rhône river in France. The geometrical crosssection is trapezoidal, with a total width of 170 m
and a maximum depth of 13 m. A 300 kHz
HADCP is installed at a depth of 5 m, inclined
towards the bottom at an angle of 0.4 deg. The
profile is the average of 15 minutes of data, and
the points used for the fit are circled. Unlike at
Romans-sur-Isère, we do not see the echo from
the opposing river bank because the HADCP was
only programmed to record values within a range
of 122 m of the instrument. As can be seen from
Figure 9, the measured intensity profile is quite

Figure 8. Typical examples of the intensity profiles measured by the central transducer of the 300 kHz side-looking
ADCP at Romans-sur-Isère. The profiles represent the average of 15 min of data. The mean values of suspended particle concentration as calculated from the turbidity measurements are indicated. They were calculated using the
turbidity-concentration relationship of Figure 6.

The form of profile A can be explained as the
result of signal saturation. This has been concluded because the intensity recorded for ranges
up to 70 m, ~222 counts, is the same as the intensity of the echo from the left bank. From previous
grain size analysis at this study site, the median
particle diameter from laser diffraction analysis
was found to be roughly 20 microns. For an incident acoustic frequency of 300 kHz, this corresponds to ka = 0.013, which yields a backscatter
far-field form factor of 1.7×10-4 for quartz particles, based on Eq. (10) of Thorne and Hanes
(2002). The form factor is a function which describes the scattering properties of the particles,
and the backscatter echo intensity is proportional
to the square of this term. In addition, the echo
intensity also depends on scatterer concentration.
However, the gain of the HADCP would have to
be set alarmingly high in order for signal saturation to occur when particle concentrations are less
than 10 mg/L. Nonetheless, this appears to be the
case.
The ballooning form of profile C is more difficult to explain. Even a theoretical change in local
concentration and/or grain size on the order of 100
could not cause the echo intensity to increase with
range in the manner with which it does beyond 25
m from the right bank. What is more, it is highly
unlikely that the particle composition across the
river would be heterogeneous.
3.3 Intensity profile analysis
As a more quantitative analysis, we can compare
theoretical intensity profiles to the measured values. If we assume that the size, concentration, and
composition of the particles suspended in the wa1698

well modeled by Equation (2). This is often the
case at Montélimar. However, when we apply the
theoretical equation to the Romans-sur-Isère results, i.e. the data previously presented in Figure
8, we see that of the four different profiles, the
theory only qualitatively represents intensity profile B. The best-fit theoretical curves to all but
profile A are shown in Figure 10, since it is clear
that the saturated profile cannot be fit by a decreasing curve. For all profiles, the theoretical
curve was fit to the six circled points.

likely candidate, since we are searching for something with time-varying characteristics. If the interference we are seeing is scattering from surface
roughness, this could explain the variable nature
of it’s impact on the intensity profiles.
4 DISCUSSION
Since the majority of the profiles measured at
Romans-sur-Isère resemble profiles B and D of
Figure 8, it is important to understand the physical
phenomenon behind the divergence from theory
that is observed with increasing distance from the
right bank. Although the possibility remains that
we have neglected a term in Equation (2), we do
not believe this to be the case. Thus, as previously mentioned, we suspect that there are other
physical processes at play besides simple propagation and scattering from the suspended particles.
Romans-sur-Isère is the most problematic of the
study sites at which we have operating sidelooking ADCPs. It is also the shallowest and
most irregular in terms of river geometry. Since it
was anticipated that strong bottom reflections by
the acoustic side-lobes of the transducers might
interfere with backscattering of the main beam,
the 300 kHz HADCP was positioned at an angle
towards the surface, as previously mentioned (see
Figure 2). However, based on our observations,
we suspect that these efforts may have worsened
the situation. One interpretation is that the observed intensity profiles often begin to diverge
from theory at the distance at which the angle of
the river bottom changes, ~25 m from the right
bank, and then regain the expected form beyond
60 m, where the bottom is once again sloped
downwards. A second possibility is that we may
be seeing scatter from the surface. This may be
more likely, as the 300 kHz instrument is inclined
upwards and fluctuations in surface roughness
could lead to the time-varying response that has
been observed in the intensity profiles.
In order to investigate the possible effects of
surface and bottom reflections on the intensity
profiles, we propose to carry out some basic
acoustic modeling using the BELLHOP ray tracing program (Porter and Bucker, 1987, Rodriguez,
2008). This program is designed as a tool to perform two dimensional acoustic ray tracing in an
environment where both the sound speed profile
as well as the geometry and properties of the
boundaries can change. Although the former option is not of interest in a riverine setting, the ability to model the acoustic pressure or transmission
loss in an environment with irregular geometry is.
The hope is to successfully model the acoustic
pressure field created by a given transducer when

Figure 9. Experimental (solid line with points) and theoretical (dashed line) intensity profiles recorded by a 300 kHz
side-looking ADCP at the Montélimar study site on the
Rhône river. The theoretical profile is obtained by least
squares fitting Eq. (2) to the circled data points. Experimental data are the 15-min average of the intensity recorded by
the central transducer.

Figure 10. Experimental (solid line with points) and theoretical (dashed line) intensity profiles recorded by the 300
kHz side-looking ADCP at Romans-sur-Isère. The theoretical profile is obtained by least squares fitting Eq. (2) to the
circled data points. Experimental data are the 15-min average of the intensities recorded by the central transducer.

In Figure 10, it can be seen that beyond about 25
meters from the right bank (~40 m for profile B),
the observed profiles diverge from theory. This
divergence could be explained by reflection from
either the river bottom or the free surface. We
currently suspect that the free-surface is the more
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installed in theoretical rivers with a range of simplified and real geometries. In this way, we hope
to identify any features of the observed intensity
profiles which may result from surface or bottom
reflections of either the main beam or side lobes
of the transducers.
In addition, we intend to investigate the link between the form of the intensity profiles and surface roughness. To do this, we intend to use wind
data as a proxy for surface roughness.
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In this paper we have presented velocity and echo
intensity measurements from side-looking acoustic Doppler current profilers. The project began
with the objective of measuring river discharge
and sediment load in real time, but was redirected
towards an analysis of the echo intensities recorded by the HADCPs when it was found that at the
Romans-sur-Isère study site in east-central France,
for relatively high mean velocities (>1m/s), the
velocities were underestimated. In this paper we
focused on echo intensity measurements during a
ten-day period in November 2009.
Data were available from three HADCPs and
one optical turbidity meter. It was found that, a
large part of the time, the intensity profiles measured by the 300 kHz HADCP diverged significantly from theoretical predictions. Four typical
intensity profiles observed at Romans-sur-Isère
were presented and discussed. The forms of these
profiles were difficult to explain based on the simultaneous measurements of optical turbidity
which showed that concentrations changed very
little throughout the experiment. There also appeared to be no direct link between the temporal
evolution of the intensity profiles and the optical
turbidity measurements. It was concluded that
there must be scattering from other sources, such
as the bottom or the free surface.
As a continuation of this study, we propose the
use of a ray tracing program in order to investigate the possible effects of side-lobe reflections
from both the river bottom and the air-water interface. As well, an investigation of the effect of
surface roughness on the intensity profiles could
prove interesting.
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Experimental investigation on the sediment movement in the vicinity
of a cylindrical bridge pier
F. Pfleger & Ch. Rapp & M. Manhart

Fachgebiet Hydromechanik, Technische Universität München, Germany

ABSTRACT: An experimental investigation on sediment movement pattern in a developing scour hole in
the vicinity of a cylindrical pier by image processing techniques is presented. A new algorithm based on
investigations by Papanicolaou et al. (1999) and Radice et al. (2006b) has been implemented. A sediment-embedded cylindrical pier (D=0.10 m) was placed 16 m downstream from the inlet of a 1.2 m wide
laboratory flume. The sediment is considered to be uniform (σg=1.14) and its mean diameter is
d50=1.9 mm. 20% of the sediment grains were coloured black to assure a significant contrast. The pictures
of the sediment surface were captured by a CMOS-camera at 1.3x106 pixels from above through a plexiglass plate which was slightly submerged onto the water surface. The scour hole was therefor lighted continuously. For the evaluation of the image sequences a combination of difference images and a particle
identification algorithm is used to find moving black grains. The corresponding particle in the consecutive frame is found via a correlation coefficient containing grayscale similarity, deviation from the most
probable moving direction and exclusion of white grains moving on black background. The presented experiment was conducted for 20 hours at 80% of the critical section averaged velocity at 0.15 m flowdepth.
For several times during the experiment a sequence of 10,000 frames was captured. Time-averaged moving directions and histograms of the moving directions in the pier vicinity and their evolution in time at a
high spatial resolution will be provided and discussed.
Keywords: pier scour, sediment movement, particle tracking
process has been described qualitatively in several
works (e.g. Melville (1975), Zanke (1982)). For a
more detailed analysis of the sediment transport
measurements of the particle movement providing
a high spatial resolution are necessary. The application of image processing techniques is a suitable
way to gain these data.
During the last years measurement systems using image processing techniques had a growing
impact on experimental investigations in fluid
mechanics. The most mature ones are Particle Image Velocimetry (PIV) and Particle Tracking Velocimetry (PTV) which allow the measurement of
particle movements representing fluid velocities.
Furthermore in some works these principles were
used to measure the sediment movement.
These works can be split up in two groups: one
recording the sediment surface from above and
one capturing the sediment bed from besides. For
the analysis of the pier scour process a method belonging to the first group has to be used. Several

1 INTRODUCTION
The scouring process in the vicinity of a cylindrical pier has been intensively studied during the
last decades. The main goal of the research in this
field is to provide tools to predict the maximum
scour depth and its evolution in time for certain
flow and sediment conditions. Many, mainly experimental, investigations on the flow field and
the influence of different parameters on the scouring process have been conducted. However, the
formulas for the assessment of the scour depth
yielding from these different works still differ
considerably in certain applications (Link (2006)).
Further investigations leading to a deeper understanding of the scouring process are therefore essential.
For the description of the temporal evolution of
the scour depth it is important to know the main
scouring agents, their impact on the erosion
process and their evolution in time. The erosion
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2.2 Sediment

researchers developed measurement systems for
this method. Pilotti et al. (1997) tracked sediment
grains on the flume bottom using a software algorithm for the analysis. Sechet and Le Guennec
(1999) developed a system to detect grain movements on transparent flume bottoms. Keshavarzy
and Ball (1999) located particle movements on a
natural sediment bed counting the moving grains
manually and Papanicolaou et al. (1999) conducted a software based analysis of the movement
of coloured glass spheres on transparent ones. Radice et al. (2006a), (2006b) and (2008) developed
a system for a software based analysis of the sediment kinematics in the vicinity of an abutment
using PIV methods.
In this paper a new measurement system for the
detection of grain movements on natural sediment
surfaces is presented. It has been utilised to map
the movement pattern in the vicinity of a cylindrical pier at different stages of the scouring
process.

Natural coarse sand is used as sediment. The representative diameter is d50 = 1.9 mm. Since
σ g = d 84.1 d 15.9 = 1.14 the sediment can be considered to be uniform. The angle of repose is approximately 30°. To provide a significant contrast
20% of the sediment grains were coloured black
(see Chapter 3.1).
2.3 Flow conditions
All experiments in this study were conducted at a
flow depth of 0.15 m. Preliminary experiments
were conducted in the flume to assess the critical
conditions for the sediment movement in an undisturbed channel flow. Thereby the critical bed
shear stress was found to be τcr = 0.59 N/m² corresponding to a section averaged velocity of
0.42 m/s under the assumption of a fully developed logarithmic velocity profile. The final investigations were made at 80% of the critical velocity.

2 EXPERIMENTAL SETUP

2.4 Camera and lightening
The images of the sediment surface were captured
by a monochrome CMOS-camera with maximum
1.3 ⋅ 106 pixel at a variable frame rate. Due to the
limited data transfer rate the maximum frame rate
depends on the image size. In the actual study the
frame rate was 27 fps. The pixel values were
saved at 8-bit precision (ranging from 0 to 255).
To ensure a defined optical access to the sediment surface a plexiglass plate was slightly submerged onto the water surface. Accoring to Radice et al. (2008) the effect of the pressurized flow
introduced by the plate on the characteristics of
the scouring process is negligible.
The mapped sediment area was lighted continuously with two spotlights from above and an
additional light source inside the transparent pier.
This arrangement ensured an equal distribution of
the light intensity in the whole frame also for a
developing scour hole. The measurement section
was shaded to avoid influences from the lightening in the proximity on the light intensity at the
sediment bed.
The vicinity of the pier was recorded in two
frames due to the relation of grain size to pixel
size (see Chapter 3.2 for detailed description).
These frames covered one side of the axissymmetric scour hole. The borders of the images lay
about 0.21 m upstream, 0.14 m downstream and
0.23 m besides the pier axis. These dimensions include the complete scour hole for all scouring
stages in the upstream half and the most interesting part in the downstream half.

2.1 Flume
The experiments were conducted in the Hydromechanics Laboratory of Technische Universität
München. The flume was 1.20 m wide and 1 m
deep. In the downstream part of the flume an elevated bottom is mounted and a working section is
placed 16 m downstream from the inlet. In the
center of this section a cylindrical pier (diameter
D = 0.10 m) is embedded in a 0.3 m deep sand
bed. 6.5 m upstream of the pier the elevated bottom is covered by a sediment layer to ensure the
development of an adequate boundary layer. The
discharge was adjusted by a gate in the inflow
pipe and the flow depth by a sluice at the end of
the flume. Close to the inlet and at the beginning
of the elevated bottom two flow straighteners of
different mesh size were mounted. A sketch of the
flume is shown in Figure 1. A detailed description
of the measurement section is given in chapter
2.4.

Figure 1. Sketch of the flume setup.
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In Figures 2 and 3 sketches of the measurement
section are shown.

To avoid these problems 20% of the grains
used in this experiment were coloured black. The
coloured grains were dried carefully to avoid clustering and to assure that the black grains have the
same grain size distribution as the original sediment. These black grains move for almost all cases above a brighter background. The algorithm
developed for this study is adapted to this fact and
detects only the movement of black grains. The
fraction of black grains in the sediment is the result of preliminary tests. It is a compromise between the positive effects of a higher fraction of
black grains (higher number of moving black
grains in the scour and thereby more samples) and
its negative impacts (more movement above black
background, leads to worse contrasts, less distinct
correlation of detected grains in consecutive
frames).
In the following the single steps of the image
processing are explained. Their results can be seen
in Figure 4.
For each time step one pair of consecutive images is analysed. The pixel matrix of image 1 shall
be A, the matrix of image 2 B (Figure 4a). First a
threshold is substracted from A and B as also proposed in Papanicolaou et al. (1999). This threshold has to be adapted in a way that after the subtraction all black-coloured grains have a negative
value. In the resulting matrix all negative values
are set to zero, all positive to 255. Thereby Figure
4b is produced, where all black grains appear
black and the natural grains white. With these matrices A(b)) and B(b)) two difference images are
produced. The first image A(c)) equals A(b)) minus B(b)) and the second image B(c)) equals B(b))
minus A(b)). Both matrices are multiplied by minus one and subsequently negative values are
again set to zero. Thereby all moving black grains
can be seen in their first position in A(c)) and in
their second position in B(c)). All non-moving
black grains are zero.

Figure 2. Measuring section, top view.

Figure 3. Measuring section, side view.

3 IMAGE PROCESSING
The image sequences captured in this setup are
subsequently analysed by digital image processing
techniques to detect the movement of sediment
grains. In this chapter the algorithm which has
been developed for this task and the guidelines for
the image recording resulting from this method
are explained.
3.1 Algorithm
The algorithm is based on the comparison of two
consecutive images. Therefore difference images
of these frames are calculated by subtraction of
the intensity matrices. Assuming that the light intensities in both frames are exactly the same only
the regions where grains were displaced are unequal to zero.
For natural sediment problems can appear if a
moving grain has only a slight contrast to the
background. Additionaly, if it moves from a
brighter region (with respect to its color) to a
darker region the values in the difference images
have the opposite sign. Thus the grain can disappear in the following difference image depending
on the subtraction method.

Figure 4. Consecutive steps in image processing

After that a median filter is applied to A(c)) and
B(c)) to remove the non-zero values produced by
electronical noise as mentioned before (see Papanicolaou et al. (1999)). The result is shown in
Figure 4d.
The remaining non-zero spots are analysed. As
proposed by Radice et al. (2006b) only clusters of
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a certain number of connected non-zero pixels are
considered to be grains. The centeroids of these
pixel clusters are assumed to be their position.
To find corresponding grains in the two frames
first a maximum movement distance is defined.
This value has to be adjusted to the maximum sediment velocities, the frame rate and the reproduction scale. Unlike in the experiment of Papanicolaou et al. (1999) the movement direction of the
grain can not be predetermined in a scour hole.
Hence for all grains in frame B within this distance to one grain in frame A a correlation coefficient is set up to determine the probability that
one is the corresponding grain. Three criteria are
contributing to this coefficiant. All these criteria
are represented by a factor which varies between 0
(no correlation) and 1 (perfect correlation).

black grain was moving on the same path just in
the opposite direction. To avoid the detection of
this virtual movement the image preceeding frame
A and the image following frame B are included
in the analysis. Figure 5 shows cases of particle
movements on brighter or darker background between position 1 and position 2 in a series of four
pictures which all result in the same difference
images A-B and B-A shown on the right hand
side. For all these cases a movement from position
1 to 2 will be detected which is only right for the
events a)-d). To exclude e)-h) the mean grayscale
values of the pixels where the moving particle is
located in A-B and B-A are compared. For a)-d)
there is always a difference for these pixels between A and B+1 at position 1 and between A-1
and B at position 2. By contrast, in the cases e)-g)
at least one of these two differences becomes zero.
Therefore the second factor FWOB is zero if one
of the two differences turns to zero and is one if
not. Case h) is an exception of this rule. Hence for
all movements which pass the first check the difference of A-1 and A at position 1 and of B and
B+1 at position 2 are calculated. If both values
become zero FWOB is set to zero, if not the factor
stays one. Thus also case d) is excluded which can
not be avoided by this method.
3. Additionally a statistical criterion is introduced. Therefore a preliminary evaluation of the
image sequence is conducted using the correlation
criteria one and two. The resulting vector field is
separated in interrogation areas and for these areas
the mean vectors and the standard deviation are
calculated. In a second iteration for all grains
within the maximum movement radius the discrepancies of their two displacement components to
the most probable displacement (mean vector of
first iteration step) are evaluated. These discrepancies are weighted by the standard deviation.
Thereby this criterion is weakened in regions
where many different movement directions can
appear like e.g. in the wake of the cylinder. One
factor for each component is calculated by Formula (2)

Figure 5. Second correlation criterion

1. The first criterion is the difference of the
mean grayscale values of the grains in the original
pictures. Its factor FGSV is calculated as
⎛ ΔGSV
FGSV = 1 − ⎜⎜
⎝ ΔGSVmax

⎞
⎟⎟
⎠

(1)

⎛ u avg − u grain
FSTAT(u ) = 1 − WSTAT ⋅ abs⎜⎜
⎝ STD (u )

where ΔGSV is the mean grayscale-value difference and ΔGSVmax is the user defined maximum
difference. If ΔGSV is greater than ΔGSVmax
FGSV is set to zero.
2. The second criterion is necessary since
movements of natural coloured grains on a background of black grains can appear.
If a bright grain moves away from a black
background to another position which also has a
black background the grayscale value information
in the difference images will be the same as if a

⎞
⎟⎟
⎠

(2)

where WSTAT is a user defined weighting factor,
uavg is the mean movement in x-direction, ugrain is
the movement component in x-direction of the inspected grain and STD(u) is the standard deviation of the u-component in the interrogation area.
The factor FSTAT is calculated by averaging
FSTAT(u) and FSTAT(v).
The correlation criterion COR is finally calculated by multiplication of the three factors.
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COR = FGSV ⋅ FWOB ⋅ FSTAT

through the plexiglass plate in a 0.005 m cartesian
grid. As stated by many researchers (e.g. Dargahi
(1987), Dey (1999), Link (2006)) the slopes of the
scour hole are stabilised by the horseshoe vortex
(HV) and can thus be steeper than the angle of repose. These stabilising forces diminish when the
flow is stopped for the geometry measurements.
Tests for this scouring configuration showed that
the steep slopes at the scour bottom occur only
temporarily since the stabilising HV-system
seems to be very instable (e.g. Kirkil et al. (2008),
Link et al. (2008a)). Therefore the error that is
made by stopping the flow is very small compared
to the temporarily averaged slope. Geometry measurements of scour slope profiles before and after
stopping the process have been made and the results showed only minor differences.
The geomerty data Δz(x,y) are used to make a
coordinate transformation from the pixel coordinates in the image plane to real horizontal coordinates. As reference point the center of the image
plane is chosen (see Figure 6). All heights Δz(x,y)
are expressed relative to the height z at the reference point. Knowing the height of the lens above
the reference point the coordinates of the geometry measurement grid can be transformed to the
image plane by intersept theorems. For each moving grain the four closest grid points in the image
plane to the grains centeroid are taken to interpolate the height Δz at the grain position. This height
is then used to find the real horizontal position of
the grain on the sediment surface again via intersept theorems.
One-dimensionally this method is shown in
Figure 6, where dx is the real position of one grid
point, dpx its position in the image plane, dgrain
is the real position of the moving grain and
dpgrain its position in the image plane.

(3)

The highest COR value of all particles in the maximum movement radius is chosen to belong to the
corresponding particle in the second difference
image if the value is higher than a user defined
minimum. Additionally a minimum amplitude ratio of the highest and the second highest COR
value can be defined.
Finally the movement distance and thereby a
velocity can be calculated with the positions of
two corresponding particles.
3.2 Consequences for image capturing
The characteristics of this method of image
processing defines certain requirements for the
image capturing.
The frame rate of the image sequence has to be
adjusted to the grain velocities. At a certain velocity a low frame rate leads to large movement distances and thereby to an increasing number of
possibly corresponding grains. Increasing the
frame rate the displacements can even get smaller
than the grain size. The overlapping part of the
grains is then not visible in the difference images.
That leads to very small pixel clusters which do
not fulfill the size criterion of a grain.
The size of the sediment grains in terms of
numbers of pixels representing the grain is also
very important. Since the black coloured grain
must be clearly distinguished from the background their grayscale value must be as low as
possible. Pixels lying at the edge of a grain
represent partly the grain and partly the brighter
background. Thereby they always have a higher
value than pixels in the center of a grain. Hence,
to ensure a significant contrast, the picture of a
grain must be large enough to consist not only of
edge pixels.
These two parameters determine the reproduction scale and the frame rate via the camera characteristics.
3.3 Perspective calibration
During the scouring process the sediment surface
moves away from the camera. Therefore the horizontal coordinate on the sediment surface that is
represented by a certain pixel is changing. To find
the real position of a grain the geometry of the
scour hole has to be mapped for the recorded
stage.
For each scouring stage that has been analysed
the scouring process has been started from a flat
sediment bed and stopped at the relevant time. Afterwards the scour surface has been mapped by a
laser distance sensor vertically from above

Figure 6. Coordinate transformation in image plane

3.4 Postprocessing
As a result of the image analysis the temporarily
and spatially averaged movement direction in the
interrogation areas are calculated. In Figure 8 the
1705

raw vector field after 0.5 h of scouring is shown
exemplarily. Due to low movement intensities in
some regions of the scour, the number of samples
is not high enough to provide a smooth vector
field. Thus a median filter including eight neighbours of one interrogation area is applied to both
velocity components. The raw vector field of averaged grain movements is shown in Figure 7 and
the result of this operation in Figure 8. It can be
seen that the filter is smoothing the field and not
changing the tendencies of the raw result.

van Rijn (1984) for the mean particle velocity this
value is exeeded by all transport events where approximately τ τ c ≥ 1.02 .
The scour experiment has been conducted several times since the recording of 40,000 frames
takes approximately 18 minutes. Especially in the
initial stage the changes of the scour hole geometry are significant during this time periode. Hence
at most 10,000 frames were captured at the early
stages in one experiment. This high number of
images is necessary since only the movement of
20% of the grains can be detected and some regions in the scour hole have very low movement
intensities. Since in a developed scour the intensities decrease even longer image sequences are
needed to provide a satisfactory statistic.
The development of the scour hole shows the
typical logarithmic shape. The two presented
times of the scouring process belong to the initial
stage (0.5 h) and the final stage (12 h)
(Link (2006)). The differences of the sediment
movement will be discussed in the following
chapter.

Figure 7. Raw averaged vector field after 0.5 h

4.1 Averaged movement directions and sediment
velocities
Figure 9 and Figure 10 show the averaged sediment movement directions and velocities in the
scour hole after 0.5 h and 12 h respectively.

Figure 8. Median filtered averaged vector field after 0.5 h
Figure 9. Averaged vector field after 0.5 h

4 RESULTS
In the following chapter the results of the sediment movement measurements 0.5 h and 12 h after the start of the scouring process are shown.
Thereby a comparison between the movements in
a rapidly growing and in a developed scour hole is
provided. For both stages between 40,000 and
50,000 pictures have been captured at a frame rate
of 27 Hz and analysed. According to chapter 3.2
in this setup histograms of the movement velocities show that for high velocities the detection
range of the algorithm is wide enough to allow the
identification of all movements. For the lower end
of the spectrum velocitiy magnitudes below 0.025
m/s are not detected. Assessing equation (13) of

Figure 10. Averaged vector field after 12 h

Only one half of the symmetric scour hole is
represented. The axis of symmetry of the scour
and the channel is at y = 0. The water flows from
the left to the right. A reference for the vector
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region where grain velocities are low this also appears in regions were the grains are moving in
many different directions. Therefore Figure 11
and Figure 12 show the histograms of the movement direction in the interrogation areas after
0.5 h and 12 h respectively. The angle histograms
are conventional histograms of all occuring
movement directions of all grains moving in the
corresponding interrogation area. They are plotted
in polar coordinates to clarify the kinematics. The
width of the histogram classes is 20°. The length
of the bars corresponds to the number of grains
transported in the according direction weighted by
their velocity. Thereby besides the kinematics also
information about the transport rate is provided.
Figure 11 and Figure 12 show an overview of the
complete scour hole.

scale is shown in the upper left corner. The scour
hole contour is shown in the background.
The topography of the scour hole in the initial
stage shows the deepest point at the pier side as
stated by many researcher (e.g. Link et al.
(2008b)). In the downstream part the displaced
grains are deposited and form a small hill above
the original level of the sediment bed. In the developed scour hole the deepest point is located at
the pier front and the deposition hill has been
transported downstream. Therefore the scour hole
is streched to the end of the captured area.
At the early stage with a high deepening rate of
the scour high grain velocities appear close to the
pier at about 45° to 80° from the plane of symmetry on the upstream side of the pier. This is the
area where the scouring process starts and where
the highest shear stresses occur during the initial
stage (Hjorth (1975)). The tangential component
of these vectors is dominant in the initial stage.
The HV-system is not completely developed.
Outside this region in the upstream part radial
movement caused by grains sliding down the
scour slope occurs. Downstream the pier the
streamwise flow component controls the transport.
The slope of the deposition hill behind the pier
leads to a sightly diverging vector field. The
grains are transported downstream and due to the
spanwise inclined surface they are at the same
time sliding down the slope. In the detachement
zone in the wake of the cylinder the mean velocities are very small since the movements in this
area do not have a main direction. The instantaneous velocities are significantly higher.
In the developed scour hole the grain velocities
in general are lower than in the inital stage. Between 0° and 90° from the plane of symmetry only
the vectors close to the pier have a dominant tangential component. Further away from the pier the
HV-system mainly controls the transport. In this
area the mean directions point radially away from
the cylinder axis. The grains are transported uphill
to a certain height. Above this level the movement
is dominated by grains sliding down the slope
which is represented by radial vectors towards the
pier. Following this area around the pier the vectors contain more and more streamwise components. In this region the velocity field of the HVsystem and the avalanches in the upper part of the
slope are superposed by the main flow. The grains
transported out of the scour in the downstream
part move almost directly in the streamwise direction.

Figure 11. Weighted angle histograms after 0.5 h

Figure 12. Weighted angle histograms after 12 h

Both scouring stages show a circular region in a
radial distance of approximately 0.09 m from the
cylinder axis where the main transport is taking
place. After 0.5 h this transport is mainly directed
tangentially. The main flow dominates the grain
movement but its erosive capacity is acting a few
centimeters away from the pier. This fact points to
a flow situation with a weak HV-system already
established and stretched around the pier foot.
This vortex covers the sediment surface close to

4.2 Angle histograms of movement directions
In some areas of the scour hole the averaged
movement components are very small. Despite the
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the pier and keeps the main flow away from this
area.
In the developed scour hole most of the grains
in the high transport region move in radial direction uphill driven by the now fully established
HV-system. There are also movements in tangential direction but especially between 0° and 30°
from the plane of symmetry these point into both
azimuthal directions. Following this
region around the pier the tangential component is more and more directed downstream. In
this sector high turbulent shear stresses produced
by the HV-system are acting. Above this ring the
movement is dominated by sliding grains and below the absolute number of transported grains is
very low and their direction mainly tangential.
Especially after 0.5 h in the wake of the pier
the detachement zone can be localised where the
grains move in almost all directions at a high
movement intensity. As noted in Chapter 4.1 the
resulting mean value is very small in this area and
therefore the effective transport is very low. The
movement intensities in the wake of the pier are
also decreasing during the scouring process.
The total transport intensities represented by
the histograms are significantly smaller in a developed scour hole.

scouring agents in a small, rapidly growing and in
a developed scour hole. Also the regions with the
highest numbers of transported grains are detected.
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5 CONCLUSION
In this work a new algorithm for the image
processing based measurement of sediment
movement is presented. The method uses difference images to detect grain movements and a correlation factor to find the corresponding grains in
successive frames. The algorithm identifies the
movement of dark grains which were coloured
black and mixed with the natural sediment. This
ensures a significant contrast and explicit correlations between grains in different images.
A pier scour experiment with a cylindrical pier
was conducted in a laboratory flume with a uniform sediment (coarse sand) at 80% of the section
averaged critical flow velocity.
The image sequences were captured from vertically above through a plexiglass plate which was
slightly submerged onto the water surface. The
sediment surface was lightened continuously.
The distortions that appear in the images because of the three–dimensional scour surface have
been corrected with geometrical data of the sediment bed.
As first results the averaged movement directions and the histograms of the movements in certain areas have been presented for the scouring
stages after 0.5 h and 12 h at a high spatial resolution. The figures show the different dominant
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Airborne hydromapping area-wide surveying of shallow water areas
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ABSTRACT: Reservoir sedimentation and river degradation, water flow and water level dynamics, structure and zone variations of rivers and riparian areas – in order to measure, evaluate and study all these
subjects, the continuous or at least repetitive monitoring of inshore waters is essential. The new European
Water Framework Directive requires regular and repeated monitoring for surveillance, operation, investigation and reference. Hydrographic profile measurements are the basis for every close-to-reality study
and task. Conventional methods like mechanical or sonic systems require major labor input and time.
With the intention to provide area-wide surveying of shallow water areas (reservoir beds, river beds, lake
beds) LIDAR (LIght Detection And Ranging) has been adopted and is further explored to extend its capabilities to shallow waters. The distance to an object is determined by measuring the time of flight of laser pulses from the sensor to the objects and back. To capture targets below the water surface, a green laser wavelength has to be selected matching the transmittance window of water. Supplementary
information about intensity and waveform of the laser echo pulses are necessary to find a correct interpretation of the recorded signals.
Keywords: Bathymetry, Airborne Laser Altimetry, Shallow Water Areas, Full Waveform Analysis, European Water Framework Directive
1 MOTIVATION

ble by the technology of airborne laser altimetry,
contains great potentials for scientists and the
economy. For hydrologic, hydrographic, hydrodynamic, morphologic, water quality-specific, economic, and political research of shallow water
areas a full geometrical and realistic bathymetric
mapping is required. Potential fields of interest are
operation and management of inland water bodies
and waterways, sustenance or preservation of
close to nature water bodies.
In addition to the use of the data for different
kinds of numerical models and their calibration
(hydrodynamic models, water quality models, sediment transport models, groundwater models,
climate change models) a large field of application
is conceivable:

The aim of the European Water Framework Directive is the sustainable and ecological utilization of
water. It describes strategies which are to be used
for realization of each EU member country.
Among other things, a main part is the development and implementation of extensive river basin
management plans as well as a comprehensive
risk assessment of the different river basin units.
The hydraulic morphology, i.e., the actual description of the shape of a water body (process, water
body structure, water body ground substrate),
represents the most important evaluation factor in
this context.
A technical system for the fast and area-wide
collection of the bathymetric shape of surface water bodies meets the demands of managing the interests of the European Water Framework Directive.
The possibility to capture shallow water areas
in a similarly fast and economic procedure compared to topographic measurements, made availa1709

laser scanning system dedicatedly designed for the
survey of shallow water areas represents a
technical innovation.

riverbed changes due to sediment transport
- continuous and close to reality modeling of
river structures and riparian areas
- water body management and habitat mapping
- documentation of renaturation and technical
measures on water bodies
- data basis for civil authorities
- flood management and planning

2.1 Bathymetric Laser Range Finding
The development of lasers delivering short laser
pulses with high pulse energy at the favorable
green wavelength (see below) has made a tremendous progress in the past few years. Employing such lasers makes possible to achieve the spatial resolution aimed at while at the same time
allowing for reasonable measurement depths.
Hydrographic laser scanners carried by airplanes
or helicopters make possible measuring of river
and lake bed elevation or riparian areas with high
resolution at a measurement rate not to be
achieved with any other method. Such instruments
typically make use of time-of-flight distance measurement of infrared and/or green laser pulses
with pulse durations in the range of nanoseconds
(figure 2). Whereas the infrared signal is used for
topographic measurements and also to determine
the water surface, the green pulses have the ability
to penetrate into the water and hit the bottom. An
acceptable transparency of the water for the laser
beam, a basic condition for capturing a water
body, is given only a wavelength range between
blue and green (400 nm -600 nm).

The Unit of Hydraulic Engineering of the
University of Innsbruck together with RIEGL
Laser Measurement Systems investigate the
potential performance of a world-wide first
airborne laser scanning system, particularly
designed for hydrographic surveying of shallow
water areas. The concept of “Airborne Hydromapping” has the potential to meet the present and
future requirements with respect to collecting upto-date, high-quality, and high-resolution survey
data in a fast and economic way (figure 1).

Figure 1. Airborne Hydromapping – shallow water bathymetry in a fast and economic way

2 BATHYMETRIC AIRBORNE LASER
SCANNING
Common laser scanning systems are used for the
area-wide survey of topographic surfaces. Waterpenetrating bathymetric laser scanner systems
have been successfully used since more than 20
years for military purposes (submarine detection)
and refined to collect terrain data of the sea
bottom (offshore systems). The accuracy of
systems designed for capturing the sea bottom
(depths between 2 m – 50 m) is sufficient for
certain application but there clearly are limitations
in using such systems for the depth-range of
shallow water areas (depths between 0 m – 10 m).
Low water depths, more unfavorable
propagation characteristics, and the wish for a
larger density of survey information ask for
different technological approaches. An airborne

Figure 2. Schematic of the infrared and green laser pulses
and their echo signal caused by the influences of terrain surface, water surface and the water bottom

Fast opto-mechanical beam scanning provides
the coverage of a certain swath range along the
platform’s flight path. The reflected signals from
water surface and water bottom are captured by
high-sensitive receivers. The received echo
signals hold information about influences that
affected the signal on its way (e.g. surface waves,
1710

turbidity, obstacles). In order to be able to
interpret the resulting echo pulse shape and
consequently also to discern targets very close to
each other within each laser shot, it is mandatory
to digitize the signals and apply full waveform
analysis.

-

2.2 Airborne Hydromapping
Similar to existing laser scanning systems, a multiplicity of points is captured by determining the
range and direction (covered by recording the scan
mirror’s angular position) of targets identified
within the recorded echo signals and is stored in
the coordinate system of the sensor itself. For determining the dynamically changing orientation of
the airborne system the trajectory data is required.
By using Global Navigation Satellite Systems
(GNSS, e.g. GPS) and an Inertial Measurement
Unit (IMU) the data can be recorded and used to
realize a strip adjustment (strip-wise scanning).
The adjusted scans can be transformed into a superior, georeferenced coordinate system. After data acquisition and transformation the point cloud
may be used to generate a digital surface model
(DSM) trough triangulation. Even the point cloud
itself can be regarded as a kind of basic model for
measuring distances, angles or discern objects or
shapes beneath the water. By applying filtering
algorithms still to be developed, drifting groves,
fish, sediment in motion, or water plants which
are also captured may be removed. Extracting first
and last echoes from the recorded echo signals alleviates the determination of the actual bed of the
water body.
A research project, funded by the Austrian Research Promotion Agency (FFG), determines the
authoritative factors for using the technology in
mapping shallow water areas.

Figure 3. Lifting platform with attached breadboard system,
laser and sensor orientated down to basin

Preliminary tests contained the gathering of information about the effects on pulses on their way
through water. The key components of the measuring unit were a pulsed laser with an emission at
532 nm (green wavelength), a highly sensitive receiver for the reception of the echo signals, a
trans-impedance amplifier and a digital oscilloscope for signal recording. Further processing and
analysis took place on a PC. The equipment was
mounted on a lifting platform up to 25 m above a
water basin (figure3, figure 4). Employing a water
basin and a lifting platform made it possible to determine the characteristics of the laser and the opto-mechanical components. The water depth (up
to 2 m), water properties (transmission), and the
height of the laser platform (up to 25 m) were varied and the corresponding results were documented.

2.3 Series of experiments
Within more than 2 years the requirements of a laser scanning system capable of scanning shallow
water areas has been investigated theoretically and
by means of a breadboard system comprising a
green laser and a corresponding receiver (figure
3). The main focus was directed at identifying and
eliminating factors which result in inaccuracy during an airborne bathymetric laser scan. The research concept included the factors:
-

depth of water layer
angle of incidence
character, kind and size of target
orientation of target
surface waves
maximum and minimum measuring depth
turbidity
laser technology and quality
opto-mechanical sensor technology

wavelength
eye safety
refraction
reflection
attenuation
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bottom surface
water surface
sediment particle

Figure 5. Recorded echo representing the different targets
water surface, sediment particle and bottom surface

Figure 4. Different targets in water basin (assorted sizes of
gravel, reflective materials), the basin offered a stepwise
adaption of water depth and turbidity

While echo waveforms resulting from reduced
transmittance of a uniform suspension (organic or
inorganic particles, organisms) are well understood and can be thoroughly interpreted, echo
waveforms resulting from moving sediments are
far more complex. Coincidental, strong, and discrete echoes of a sediment particle may be not
definitely separated from the bottom echo or misinterpreted as bottom echo. Besides, if sediment
transport form
s a kind of solid interlayer measurement of the
actual ground is not possible.
A hydraulic metering channel (figure 6) was
used to gain more technical expertise on the maximum measuring depth, the way of propagation,
and the characteristics of optical reflection of different materials compared to those in air. Measurements up to a maximum depth of 16 m were
performed. The metering channel gave the possibility to investigate the effects on widening of the
laser beam in water. Already a relevant enlargement is given in clear water and the effect grows
with increasing turbidity. Turbidity is a factor
which limits the system’s spatial resolution, i.e.
the minimum size of objects to be differentiated
from their surrounding terrain (footprint size).

The intent of the research project is to design
and develop an airborne bathymetric laser scanning breadboard, optimized for shallow water
areas, optimized to be able to segregate the recorded signal even at a minimum water depth,
which at the moment is estimated to be around 20
cm. The possibility to use the same laser source to
capture water surface and bottom was investigated. Water waves lead to a different strength of
the surface echo signals and could eventually
cause it to even disappear completely. Further on,
waves lead to variable impact angles. The refraction of the laser light consequently leads to a variation of propagation directions of the laser beam
under water. In the experiments, this caused the
laser footprint to roam around the bottom surface.
This effect can be mitigated by using laser beams
broad compared to the surface wave dimensions,
and measuring only at comparatively still water
conditions.
The research data confirms the necessity of
specific signal processing techniques to handle
recorded echo signals. The complex measuring
situation of bathymetric scans with its different
targets on the pulse’s way through water (floating
matter, sediment, fish or bottom) requires highly
sophisticated analysis algorithms. New methods to
separate different targets within one laser shot
have to be employed.
The effects of turbidity can be mentioned as
one of the main tasks of the project. The kind of
turbidity has major influence on signal shape and
amplitude. It was differentiated between turbidity
caused by suspended particles or moving sediment
(figure 5).

Figure 6. Hydraulic metering channel, green laser pulse hits
Secchi disk, maximum measuring depth of 16 m
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On the basis of the described series of experiments, a better understanding of the problematic
areas of a hydrographic laser scanner for shallowwater scenarios could be developed. Turbidity is a
main influencing factor. Signal shape and amplitude of echo pulses are highly influenced by water
sediments. Measurement of the water bottom may
eventually be impossible due to shielding effects
of sediment or high suspension loads. The Secchi
disk was determined to be a first evaluation criterion on survey effects caused by turbidity (“What
can be seen can be measured.”). Further research
investigates the Secchi depth of different Austrian
and German water bodies on a regular basis. Seasonal and water body specific water characteristics will cause an optimum time slot of surveying
(e.g. low tide, minimum of sediment transport,
minimum of organic suspension). Otherwise, water quality is closely related to turbidity. The interrelationship between the influences on signal
shape and amplitude could be used as indicator for
water quality.
The roaming of the laser point on the bottom
surface caused by waves, the widening effect (size
of footprint) on the pulse’s way through water or
the drops of signals affects the optical, electrical,
and mechanical setup of any system to be developed. To permit the desired spatial resolution
(point density) a high laser pulse repetition rate
and an adjusted scanning mechanism is required.
The components of the next breadboard system
will be installed in a compact unit (scanner unit
approx. 360 x 230 x 279 mm, in addition three 19inch equipment racks) weighing approx. 40 kg in
total. This enables the easy and economic mounting of the unit to an existing flight platform.

To estimate the possibilities and future quality
of surveys an easy way was need to determine the
applicability of the system within water. For correlation of the measuring conditions a so-called
Secchi disk was adopted.
The results of the first measurement series suggested an operation of the breadboard system at a
natural river structure (figure 7). A cross section at
the river Inn was selected, due to the possibility to
mount the experimental setup on a bridge.
In addition, a modular cell concept was build to
simulate a natural river. The 30 m x 2.5 m x 2.5 m
basin is fitted with an artificial surface structure
(made of Styrofoam cubes). The test field will be
the basis for further research work during 2010
and the reference surface for calibration and validation of the system (figure 8).

Figure 7. Experimental setup of breadboard system at river
Inn
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Figure 8. Modular cell concept, formed Styrofoam cubes
build a natural river surface structure

3 CONCLUSION
Airborne laser scanning is unrivaled as the basic
concept for fast and economic mapping of large or
recurring areas and collecting up-to-date, highquality, and high-resolution survey data.
Airborne Hydromapping has the potential to
meets these requirements for shallow water areas.
Provided sufficient transmittance, the accuracy of
the measurement lies in the range of centimeters.
The effective maximum range can be specified between a few centimeters (floodplains, riparian
areas) and several meters.
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ABSTRACT: Characterizing streambed morphology is crucial to better understand fluvial systems, since
the streambed is an important control on stream dynamics, particle motion and bed stability. There is a
lack of data characterizing bed roughness, especially for steep mountain streams. Measurement apparatus
like terrestrial laser scanners or airborne Lidar systems are difficult to successfully apply in such environments, because they need free sight, elevated positions and good aerial or road access, which is generally not the case in mountain streams. Moreover, such streams are typically complex in shape and have a
wide grain size distribution which complicates measuring with a single method. We present recently
available Range Imaging cameras as a novel tool to obtain three-dimensional coordinates of rough surfaces. Mounted on a lightweight crane above the streambed, the cameras generate distance images without significant shadowing effects of large boulders. This experimental study evaluates the precision and
the range of applicability of this method. We carried out laboratory and field measurements to get 3D data
of artificial and natural surfaces. In the field we realized mean spatial resolution of ~1 cm with distance
standard deviations of 7 mm (1σ). Measurement precision degrades with low reflective surfaces or strong
illumination contrast at direct sunlight exposure. However, Range Imaging has the potential to generate
high resolution data of streambed topography, which is suitable for developing roughness measures.
Keywords: Bed roughness, Streambed morphology, Range Imaging, 3D measurements, Mountain streams
2003, Bathurst 1985, Hodge et al. 2009a, Nikora
et al. 1998, Smart et al. 2004).
In steep streams, however, the hydraulic
roughness of the streambed cannot be sufficiently
described by a single grain size (Aberle and Smart
2003). The reason for this is the irregular nature of
steep mountain streams, i.e. large and varying
bedforms, steep slopes and wide grain size distributions, which result in a significant contribution
of form roughness to total roughness (Canovaro et
al. 2007, Pagliara and Chiavaccini 2006, Rickenmann et al. 2006, Yager et al. 2007). Difficulties
of measuring such complex morphologies have
hindered advances in predicting mountain stream
hydraulics and sediment transport. Particularly in
torrential streams measurements are complicated
by vegetation cover, uneven and steep terrain, and
difficult access. Characterizing the streambed
morphology in the field therefore remains challenging.
Despite these problems, various techniques
have been used to characterize fluvial structures.

1 INTRODUCTION
Streambed morphology is an important control on
stream hydraulics, particle motion and bed stability. Streambeds are rough surfaces that disturb the
free flow and offer resistance to it. The characterization of bed roughness is therefore a key to understand fluvial processes. Traditionally total
roughness is divided into grain roughness and
form roughness. Each distinguishes different
scales of roughness, where grain roughness is due
to resistance of sand and gravel grains, and form
roughness is due to large boulders and bedforms
(e.g. Chanson 2004). It is common to describe the
grain roughness of the streambed by a single characteristic grain size (Ackers and White 1973,
Clifford et al. 1992, Gomez 1993, Whiting and
Dietrich 1990). Meaningful physical measures to
analyze total streambed roughness, such as the
standard deviation of surface elevation, have been
explored in several studies (Aberle and Smart
1715

shift φ of the modulation with an autocorrelation
function (Möller et al. 2005).
Since φ is proportional to the target range, it is
possible to calculate an absolute target distance by

These include for example physical profilers (e.g.
De Jong 1995, Smart et al. 2004), photogrammetry (Butler et al. 1998, Giménez et al. 2009) as
well as terrestrial and airborne laser scanning
(Cavalli et al. 2008, Heritage and Milan 2009,
Hodge et al. 2009b, Lamarre and Roy 2008, Smart
et al. 2004). Terrestrial laser scanning (TLS) has
proved to be a rapid and precise survey technique
feasible to characterize open gravel surfaces (Heritage and Milan 2009, Hodge et al. 2009a). However, TLS and other techniques come to their limits if applied in rough terrain. Large boulders in
steep mountain streams may obscure a significant
portion of streambed surface, even when scanning
from different vantage points. Such shadowing effects are smaller when scanning from a bird’s eye
perspective, which requires lightweight and mobile equipment.
The aim of this study is to develop a mobile,
versatile and – compared to TLS – inexpensive
survey methodology of total roughness in steep
fluvial environments. For this purpose we evaluate the feasibility of recently available Range
Imaging (RIM) cameras, which were designed to
acquire distance images of close range objects and
scenes. We quantify measurement errors under
controlled conditions in the field and laboratory.
Furthermore, we provide an overview of operating
the RIM camera in the field to generate detailed
morphological data of a streambed surface.

D =

cϕ ,
4π f mod

(1)

where c is the speed of light.
In addition to the signal phase shift, the amplitude and the offset can be measured. Here the amplitude indicates the strength of the modulated
signal, which is an indication for the measurement
accuracy. While the offset represents the local
brightness of the scene, i.e. a gray scale value similar to gray scale images.
The maximal non-ambiguity distance range
Dmax is limited to the half of the modulation wavelength mod. At a modulation frequency of 20 MHz
for the CamCube camera, the modulated wavelength is 15 m. Thus Dmax is 7.5 m (5.0 m for the
SR4000). Distances larger than Dmax are folded
back to the non-ambiguity range. Camera specifications for both devices are listed in Table 1.
Table 1: RIM camera specifications
Model
SR4000
Modulation frequency (MHz)
29-31
Measurement range (m)
0.8-5
Sensor pixels
176x148
43.6x34.6
Field of view (degree)
Mean resolution at 3 meter (mm) 13.6
4.48
Footprint area at 3 meter (m2)
470
Camera weight (g)
Camera dimensions (mm)
65x65x68
54
Frame rate (f s-1)
Illumination wavelength (nm) 850
Price (€)
~5500

2 RANGE IMAGING (RIM)
Common methods to measure 3D objects include
stereo triangulation, sheet of light triangulation,
structured light projection and interferometry. Recently, RIM cameras that capture high resolution
distance images at video rate, have been developed. Such cameras measure the distance to an
object for each pixel independently, based upon
the time-of-flight principle. Time-of-flight can be
measured by detecting the time of arrival of a
short light pulse which is reflected from an object
and received by a sensor, or by measuring the
phase shift between the light emitted from a light
source and the light received at a sensor.
In this study we used the camera models
SR4000 by Mesa Imaging, Switzerland and CamCube by PMDTech, Germany (Table 1), both of
which utilize the latter principle.
The RIM cameras use infrared light to illuminate the scene and measure the reflections with a
sensor using Complementary Metal Oxide Semiconductor technology (CMOS/CCD) (Lange and
Seitz 2001). The emitted light is pulsed at the
modulation frequency fmod. The sensor samples the
reflected light regularly and calculates the phase

CamCube
18-21
0.3-7.5
204x204
40x40
10.7
4.77
1370
180x194x180
25
870
~7500

3 EXPERIMENTS TO ESTIMATE ERRORS IN
THE DISTANCE DATA
3.1 Error sources
So far, there is little experience using RIM to
measure complex surfaces in the field. Errors occurring in outdoor use in particular have not been
quantified systematically. In this chapter the general constraints of the RIM method and the main
sources of errors are investigated to evaluate its
scope of application. As with other surveying
techniques, random and systematic errors and
those originating from maloperation can occur.
The error estimation in this section generally refers to raw data, i.e. data have not been processed
to enhance quality of the images. The effect of averaging repeated measurements on the data quality
is demonstrated below. However, a full treatment
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distance image each pixel may represent a different footprint area.
Kahlmann and Ingensand (2005) and Kahlmann et al. (2006) give further insights to specific
errors of a RIM camera. The authors specify the
overall accuracy of distance measurements to be
in the range of 1 cm for good conditions, i.e. high
target reflectivity and little external light.

of image processing is not within the scope of this
study.
Camera design: Cameras based on phase shift
measurements are susceptible to several parameters which produce systematic errors. Some of
these parameters are intrinsic to the optical system
and to the semiconductor technology. The distance measurement system is affected by the angle
of incidence of light, the internal temperature due
to self-induced heating, the external temperature,
the intensity of reflected beam and the time integration of the light signal (Kahlmann and Ingensand 2005, Kahlmann et al. 2006).
Reflectivity, sunlight and water: Since RIM
cameras are active optical systems, the accuracy
of a distance measurement is directly influenced
by the amount of active light which reaches the
sensor. Hence, the amplitude of the reflected signal gives a good measure of the accuracy of a distance measurement. Dark and wet surfaces typically have low reflectivity and thus yield poor
results. In outdoor application sunlight is much
brighter than the active illumination of the camera. This may lead to sensor saturation and increased noise in the distance images and finally to
false distance values. Measuring on or through
water may be a source for a range of additional errors. The lower velocity of light in water results in
an overestimation of distances. Turbulent water
may grossly distort the distance image, due to its
rapidly changing reflectivity, reflection angle and
a possible superposition of solid and fluid surface
reflections.
Integration time of the camera: The amount
of light that reaches the camera sensor is critical
for good data quality. Signal strength depends on
the integration time setting of the camera, the reflectivity of the observed object, the strength of the
camera’s light sources and the amount of background light. Practically, the signal-to-noise-ratio
can only be enhanced by adjusting the integration
time. If the integration time is too short, the amplitudes, i.e. the signal strength, may be low and
the distance values will be noisy. Too long integration times lead to saturation of the sensor and
thus to false values.
Pixel footprint: The footprint of each pixel
and therefore the image resolution is defined by
the distance from the camera to the surface. The
side length of each RIM pixel footprint can vary
between 4 and 26 mm for the CamCube camera at
1 and 7.5 m distance (divergence angle: 0.1°). For
comparison, the beam diameter of typical medium
range laser scanners grows little with distance,
e.g. from 3 mm at 1 m to 3.3 mm at 7.5 m (divergence angle: 0.013°) for the “Imager 5006i” by
Zoller + Fröhlich). This implies that in a single

3.2 Laboratory Experiments
In the experiments described below major types of
measurement errors and their magnitudes were investigated under controlled conditions. Tests were
conducted in the geodetic calibration laboratory of
ETH Zurich with the camera CamCube (Table 1).
The camera was fixed facing an even wooden
board, which could be moved on a rail to adjust
the measuring distance. An interferometer verified
the adjusted distance. The board’s surface was
painted either black or white to achieve two very
different levels of reflectivity. External light was
reduced to a minimum.
Distance precision at one point of an image:
We investigated the precision of distance measurements at the central point of the image for
ranges from 1 to 7 meters on both the white and
the black board. For each setting the measurement
was repeated 250 times. The median of these measurements has shown to equate the independently
adjusted camera-target distance and was used as
the reference distance. Generally, the variability
of measured distances increased with the distance
between object and camera. While 90 % of the
measurements on the white board deviated less
than 0.6 % from the median distance, the measurements on the black board deviated up to 6 %
from the median (Fig. 1). For the white board this
gives a mean deviation of 3 ± 2 mm (variability
gives one standard deviation σ) at 1 m range and
32 ± 25 mm for the 7 m range. Errors for the black
board range from 11 ± 8 mm for the 1 m range to
167 ± 124 mm at 5 m.
Variability of distance precision within an
image: In another experiment we set up a white
and a black board, respectively, at 1 meter range
to the camera. Comparing 250 single measurements, the standard deviation of the distance measurements improved towards the center of the image (Fig. 2). For the black board, standard
deviation varies from 4 mm at the image center to
142 mm at the outermost edge pixels (image mean
27 mm). Whereas the values for the white board
range from 2 to 8 mm (4 mm). These effects can
be explained with light scattering within the lens
and on the target; this scattering increases with the
angle of incidence (Kahlmann and Ingensand
2005). By turning a target in defined angles, a
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similar effect has been demonstrated by Kahlmann et al. (2006), who showed that the measured
distance precision decreases with an increasing
angle of incidence.

Precision of distance measurements
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Fig. 2: Distribution of measurement precision across the
camera sensor. Shown are standard deviations of 250 repeated distance measurements against a plane board, positioned normal to the camera at 1 m range. Columns and
rows represent values for each pixel of the camera sensor.
Captured area is ~0.7 m x 0.7 m. Top: High reflectivity target (white board). Bottom: low reflectivity target (black
board). Note the difference in scale in top and bottom of the
figure. Measurements were carried out with the CamCube
camera using an integration time of 2500 μs.
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Fig. 1: Measurement precision as a function of distance.
Deviation of 250 single measurements from median measured distance per range is shown. The median equates the
independently adjusted camera-target distance. Top: High
reflectivity target (white board). Bottom: Low reflectivity
target (black board). Box defines 25- and 75-percentile and
median. Whiskers are 5- and 95-percentile of the data. Measurements were carried out with the camera model CamCube at an integration time of 2500 μs.
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Geometric representation of a plane: To investigate the representation of an even plane by
the distance images, the white board was set up at
3 m distance from the camera. For a single unprocessed distance image, the standard deviation of
the distance data is 14 mm (Fig. 3, dashed lines
and grey points). A plane was fitted to the measured points using the least-squares method, giving
an absolute mean distance deviation from the
plane of 11 ± 9 mm (variability gives one standard
deviation σ). By taking the median of 250 repeated measurements for each pixel, the standard
deviation of the distance data can be reduced to 7
mm (Fig. 3, straight lines and dark points), leading to a mean distance deviation from the plane of
5 ± 4 mm. Data towards the edges of the image
scattered more and appeared to be further away
from the camera. Reasons for this overestimation
of distances at the edges might be: (i) vignetting,

σ
σ

raw data
processed data

Deviation from plane (mm)
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20
0
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Fig. 3: Distance measurements of a planar surface. The
measured plane was an even white board, positioned normal
to the camera at 3 m range. A measurement of perfect accuracy would give a value of zero for all points. Grey points
show the vertical distance of the measured point from the
plane. Black points show the median vertical distance of
250 repeated measurements. Lines give variability as one
standard deviation σ. Measurements were carried out with
the CamCube camera using an integration time of 2500 μs.
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which is the reduction of the image’s brightness or
saturation at the periphery compared to the image
center, and (ii) spherical aberration, which is the
increased refraction of light near the lens edge.
3.3 Field experiments with varying light
conditions
We also tested RIM cameras under natural conditions outdoors in a mountain river streambed. The
aim was to qualitatively evaluate the camera performance under different natural lighting conditions and to investigate the effects of water and
wet rock surfaces on the measurements. The camera was mounted on a crane looking vertically
down to the ground (Fig. 4). The same footprint
area was repeatedly measured, with light conditions ranging from direct sunlight exposure at mid
day to almost no natural light at night.
The quality of single distance measurements
clearly varied with lighting conditions. Measurements at night revealed the greatest details of the
surface, whereas the image became obscured by
noise under direct sunlight exposure (Fig. 5). The
increase in noise with increased light exposure
can be illustrated by comparing the standard deviations of measured distances from the mean surface height. While the standard deviation evaluates to 36.63 cm for direct sunlight conditions
(Fig. 5, d), it reduces to 17.13 cm for shady conditions and to 10.7 cm at night (Fig. 5, c, b). The
noise within a single measurement under direct
sunlight is thus of a similar magnitude as the total
surface relief (92 cm), precluding the distinction
of single cobbles or rocks.
On one hand, turbulent water scattered the
light, which led to large variations in the distance
image (Fig. 5, a-d, left part, respectively.). Flat
water surfaces on the other hand allowed the
modulated light to penetrate and measure approximately the sub water surface of the riverbed (Fig.
5, a-d, mid bottom). However, the influence of
water on image quality cannot currently be quantified. Water surfaces should thus be omitted from
further surface analysis.

Fig. 4: Crane with mounted camera over streambed. The
footprint is the area in the cameras field of view; r is the
measured spherical distance of one pixel of the camera sensor; z is the calculated orthogonal distance to the camera; θ
is the aperture angle of the camera, which is 40° for the
shown camera. Crane arm length is 5.2 m. Coordinates of
the control points (steel targets) are measured with a total
station, enabling a camera data transformation to the global
coordinate system. Inset: CamCube camera (Table 1).

Fig. 5: Top view image and point clouds of a gravel bed surface. The mapped area is ~1.6 m x 1.2 m with a point density of 1 point cm-2 near the image center. a) Image showing
one large boulder sitting on gravel and rocks. White polygons display water surfaces. b-d) point clouds measured at
different light conditions: b) no light at night, c) shaded daylight, d) direct sunlight. The designated heights refer to a local reference (the minimum local height of b). Measurements were carried out with the SR4000 camera using an
integration time of 2000 μs.

To identify errors under natural lighting, we
repeated the measurement of an even plane in the
outdoors. Instead of a white board, as used to generate the data shown in Fig. 3, a cardboard box
was used. Since the geometry was known independently, spatial variations of measurement precision could be calculated. Here we present the
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distance data of one planar side of the cardboard
box (Fig. 6).
For a single unprocessed distance image, the
standard deviation of the distances equals 20 mm
(Fig. 6, dashed lines, grey points). A plane was
fitted to the measured points using the leastsquares method. The absolute mean distance deviation from this plane is 16 ± 12 mm (variability
gives one standard deviation σ). As shown in Fig.
3, the data precision can be considerably improved by taking the median of a number of repeated measurements pixel by pixel. In this example, 134 replicate measurements resulted in a
reduced standard deviation of 7 mm (Fig. 6,
straight lines, black points). The processed distances have then a mean deviation from the plane
of 5 ± 5 mm. The precision of the processed data
is hence in the same range as results from a similar experiment in the laboratory (Fig. 3).
60

raw data
processed data

Fig. 7: Greyscale image of the CamCube camera footprint,
simultaneously taken with the distance image. Displayed are
boulders, flowing water (dark shading), and control points
with labels (white rectangles). The captured area is 2.7 m x
2.7 m. Largest boulders are 50 cm in diameter (b-axis). See
also Fig. 8.

σ
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Deviation from plane (mm)
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0

To realize a top view of the surface, the camera
was mounted on a commercial lightweight camera
crane (Fig. 4). Turning and moving the crane allowed capturing larger areas, such as a streambed
reach of interest. In this case, overlapping the
camera footprints by 30-50 % simplified data assembly during post-processing.
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Fig. 6: Distance measurements of a planar surface in daylight conditions. The measured plane was one side of a grey
cardboard box facing the camera at 2 m distance with an angle of 40°. Sunlight was bright but the scene was shaded. A
measurement of perfect accuracy would give the result “0”
for all points. Grey points show the vertical distance of the
measured point from the plane. Black points show the median vertical distance of 134 repeated measurements. Lines
give variability as one standard deviation σ. Measurements
were carried out with the CamCube camera using an integration time of 2500 μs.

4 OUTLOOK TO FIELD APPLICATION
In this section an example is given of how to apply RIM in the field to generate a high resolution
Digital Terrain Model (DTM) of a small streambed section, which in future can be developed and
applied to an entire stream reach.
Fig. 8: DTM derived from CamCube camera footprint. The
area is same as shown in Fig. 7. Height is relative to the
lowest point of the footprint. The point density near the center of the image is 0.6 point cm-2. The integration time of the
CamCube camera was 2500 μs.
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Fig. 7 and Fig. 8 show an example greyscale
image and the calculated DTM of a footprint. The
quality of the distance data was enhanced by averaging 30 repeated distance measurements and filtering the resulting distance image with a 3x3 matrix median filter to remove outliers and implausible values.
To merge multiple footprints to a single point
cloud of the scanned section, four control points
were placed in each footprint and their global
coordinates were measured with a total station.
This allowed the transformation of the local camera coordinates to global coordinates. Instead of
using control points, it is also possible to merge
the footprints via a best fit iterative closest point
algorithm (e.g. Besl and McKay 1992). The
merged point cloud can then be used to derive a
DTM with standard interpolation techniques.

could also be reduced to 7 mm by taking the median values of multiple images (here we used 134
images). The mean absolute distance deviation
from the reference object was 5 ± 5 mm. Since
RIM cameras can operate in a video mode at 25
frames per second, a large number of images can
be obtained easily and quickly. It took a mere 5 s
to capture the data used for averaging in this
study, and a larger number of pictures would lead
to further improved precision. In addition, data
quality might be further optimized by more sophisticated data processing algorithms. This potential has to be evaluated in further studies.
The spatial resolution of RIM distance data depends solely on the camera-to-target distance. In
our examples of field measurements (sections 3.3
and 4) point densities of 1 point cm-2 and
0.6 point cm-2 could be realized. At this resolution, grains with sizes larger than 5 cm can be
clearly and unambiguously identified. At smaller
grain sizes the signal-to-noise ratio is too small to
reliably differentiate structures. This limit, however, appears to be appropriate for developing
roughness measures in steep streams, which are
dominated by gravel, large boulders, and bedforms.
To avoid shadowing effects of large grains,
which may hide portions of the streambed, a vertical view of the streambed is highly desirable.
Due to the small size and weight of RIM cameras
it is easy to mount the camera on a crane or an
overhead gantry system (Fig. 4). This is a major
advantage compared to TLS. Moreover, the
weight and dimension of the camera also allows to
measure in remote and steep terrain without road
access.
For some applications it might be interesting to
repeat capturing a scene to assess detailed surface
changes or to study measurement accuracy. While
with TLS repeated measurements never hit the
same point, fixed RIM cameras always produce
distance data for exactly the same footprint, because ray angles do not change due to a static optical lens.
In addition, the video mode of RIM cameras allows the measurement of rapidly moving surfaces,
a task TLS cannot currently achieve.

5 DISCUSSION
The experiments carried out in the laboratory and
in the field aimed to investigate the potential of
RIM to acquire surface data of steep riverbeds and
to quantify the main measurement errors. The
dominant error sources appear to be random errors
due to the sensitivity of the camera to early and
multiple reflections of the emitted light. This leads
to a large variability in repeated distance measurements. The reflectivity of the surveyed surface also has an impact on data precision. The latter problem can be mitigated by adjusting the
integration time of the sensor, which also allows
to get a strong signal from dark low reflective surfaces.
Errors can generally be reduced by an order of
magnitude by measuring the same scene repeatedly and averaging the distance data (cf. sections
3.2, 3.3; Fig. 3; Fig. 6). The median of repeated
distance measurements has shown to be closest to
the actual independently measured distance. This
enables the use of the median for final coordinate
calculation.
Compared to ~2 mm distance precision observed for TLS (Hodge et al. 2009b) and 2-10 mm
for photogrammetry methods (Butler et al. 1998,
Carbonneau et al. 2003, Chandler et al. 2001), the
distance data of the tested RIM cameras gave a
precision of 7 mm for averaged data generated in
the laboratory, with mean absolute distance deviations of 5 ± 4 mm. The precision of the tested
RIM cameras has thus shown to be similar to other instruments for high resolution surface measurements.
RIM measurements showed generally larger
variability in the field (20 mm) than in the laboratory (7 mm). However, the standard deviation

6 CONCLUSION
In this study a new method to acquire 3D coordinates of rough streambed surfaces is presented.
While for plane gravel surfaces (and referred
grain roughness) TLS appears to be a feasible
technique (Heritage and Milan 2009, Hodge et al.
2009a, Hodge et al. 2009b), RIM provides an alternative method that can be applied also on
1721

rough, bouldery surfaces. RIM cameras are
lightweight, relatively inexpensive and can produce high resolution distance and greyscale images. It is important to post-process the distance
data to reduce a variety of measurement errors.
Finally, DTMs of stationary and moving surfaces
can be derived from the RIM data, which are useful to investigate streambed roughness in steep
mountain channels.
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Studying sediment transport in mountain rivers by mobile and
stationary RFID antennas
J. Schneider, R. Hegglin, S. Meier, J. M. Turowski, M. Nitsche, & D. Rickenmann

Mountain Hydrology and Torrents Unit, Swiss Federal Research Institute WSL, Birmensdorf, Switzerland

ABSTRACT: Sediment transport is an important factor in the assessment of natural hazards, but due to
the complexity of the systems the predictability is very restricted, especially in mountain rivers. Thus, accurate data from natural streams are essential to assess and develop current approaches. Tracing techniques are widely used to study the processes in sediment transport. Recently, the Radio Frequency Identification (RFID) method was successfully employed in various streams using mobile antennas to
determine the displacement of single transponders-tagged particles. We have developed an antenna system that can be permanently installed in the channel bed to continuously record the tagged pebbles passing over it. In this study, we discuss the advantages and limitations of using such tracer systems for monitoring bedload transport in steep channels. We illustrate the application of the mobile antenna system
using data from the mountain stream Erlenbach and the stationary antenna system using data from field
and laboratory experiments. Both methods complement other methods used to investigate the mechanics
of sediment transport in steep mountain rivers.
Keywords: Sediment transport, Bedload transport, Tracer, Radio frequency identification, RFID, Mountain streams
1 INTRODUCTION

load transport equations may over-estimate sediment fluxes by several orders of magnitudes when
applied to steep streams (Recking et al., 2008;
Rickenmann, 2001; Yager et al., 2007).
Tracer methods have successfully been applied
in sediment transport research and can provide
field data of sufficiently high quality for model
development and validation (Sear et al., 2000).
Tracer studies can yield information about the
fluvial transport rates of sediment, transport distances and pathways, the thresholds of particle entrainment, sediment sorting by particle size or
shape, the depth of the active layer, and sediment
sources and deposition areas (e.g. Hassan & Ergenzinger, 2005; Lamarre et al., 2005; Sear et al.,
2000). The RFID tracer method in bedload transport monitoring with mobile antenna systems has
been successfully applied by several research
groups with particle recovery rates of 60 % to 100
% (Lamarre et al., 2005; Lamarre & Roy, 2008;
Liébault et al., 2009; Nichols, 2004). Stationary
RFID antenna systems installed in river beds have
previously been used for tracking the movements
of fish populations (Armstrong et al., 1996; Johns-

Sediment transport can cause considerable damage to infrastructure and human lives during large
flood events. With a better understanding and assessment of these natural hazards the risks and potential consequences can be reduced significantly.
Steep mountain streams differ from lowergradient rivers in several ways. They are characterized by a wide range of sediment sizes and temporally and spatially variable sediment sources. In
addition, the channel bed morphology is influenced by large boulders, woody debris and bedrock constrictions (e.g. Church & Zimmermann,
2007; Montgomery & Buffington, 1997). The
complex and heterogeneous conditions result in
large variations in channel geometry, roughness
and stream flow velocity, and thus in highly fluctuating bedload transport rates (Hassan et al.,
2005). Field measurements of bedload transport
rates are rare, especially for alpine regions, and
the controlling processes are poorly understood.
These circumstances make the prediction of sediment transport rates difficult. Conventional bed1723

ton et al., 2009). An advantage of the RFID system is its ability to uniquely identify individual
objects without having to physically inspect them.
Thus, buried particles can be identified without
disturbing the channel bed surface. In addition,
the markers are independent of an internal power
supply, which makes long-term studies possible.
The objective of this paper is to discuss the advantages and limitations of the RFID tracer technique for bedload transport. Recovery rates with
mobile and stationary antennas in two mountain
streams have so far been low in the field. We describe the systematic development and performance testing of stationary antennas in the laboratory, as well as the preliminary results of a mobile
particle tracking survey in a mountain stream.
2 METHODS & FIELD SITES

2.1 The Radio Frequency Identification System
(RFID)
The radio frequency identification system was developed as a wireless automatic identification system and has already been employed in a broad
range of industrial and consumer applications
(Shepard, 2004). The operating frequency of the
system used in this study is 134.2 kHz, which is
the Low-Frequency (LF) category. Compared to
High-Frequency or Ultra-High-Frequency systems, the LF signal can pass through most nonmetallic materials, including water, rock, con-

crete, wood and mud.
The RFID system consists of three main components (Figure 1): (i) the reader and control unit for
reading out information, (ii) the antenna and (iii)
the transponder (tag) used for tagging the object
of interest. Typical reading distances are of the
order of 50 cm, but can vary strongly depending
on the technical configuration of the system and
the specifics of the operating site.
The reader components used in this study were
manufactured by Texas Instruments (TI-RFID,
2002) and consist of a reader (RI-RFM-008B), a
control module (RI-CTL-MB2B), and a tuning
board (RI-ACC-008B). In half duplex type
(HDX), the RFID reader generates short magnetic
impulses at the antenna and waits for the response
of the transponder. Such a system has a larger
reading distance than a full duplex type, which
can send and receive simultaneously. In HDX,
each reading cycle includes a charge-up and a listening time of 50 ms each in default settings, resulting in a scan rate of 10 scans per second. Enlarging the charge-up/listening time results in
lower detection ranges, while lowering the scan
rate may enlarge the reading distance and may be
helpful where transport velocities are low.
The antenna is made either from twisted fine
wire or a few turns of stranded wire, which is
suitable for large antennas. In this study, a 2 x 2.5
mm2 double winding cable of stranded wire was
used for antenna design. To enlarge the reading
field, several synchronized antennas in close succession can be used.
The transponders available may be active or
passive. Passive transponders are cheaper and

Figure 1: RFID System: (i) Reader & control unit, (ii) Mobile, ‘pass-over’ and ‘pass-through’ RFID antenna, and (iii) 23 mm
transponder in pebble
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nel bed has a mean slope of ≈17 % and the runoff
regime is dominated by snowmelt in spring and

have a longer lifetime because they are independent of an internal power supply. Their main disadvantage is the shorter reading distance. Inside
the transponder is a resonant circuit which is
energized by the electromagnetic field of the antenna and thus charges a capacitor. The capacitor
delivers the energy to the transmitter that sends
the return signal. The transponders used in this
study are 23.1 or 31.2 mm long and 3.85 mm in
diameter (Tiris, 2000, RI-TRP-WR3P/RI-TRPWR2B). The size and shape of the 23/32 mm
transponder allow them to be inserted into natural
clasts with a minimum b-axis of ≈30/50 mm and a
weight of ≈50/200 g.
The maximum reading distance, i.e. the maximum distance from the transponder to the antenna
where detection is still possible, depends on the
antenna type as well as the transponder size and
its orientation and location relative to the antenna.
In cases with two or more transponders in the antenna field, interferences may preclude the registration of some or all of the transponders.
The mobile RFID system used is the commercially available Léoni system (Aquartis, 2010). It
consists of a reader unit, power supply, display, a
long range (0.84 m diameter) and a short range
(0.53 m diameter) antenna. The maximum reading
distance of the mobile system was investigated in
a series of laboratory experiments (Table 1). The
reading distance refers to a perpendicular transponder orientation to the antenna in the centre of
the antenna circuit. Antenna performance was
tested with air, dry and wet sediment and water

a)

Figure 2: a) Erlenbach, Slope: 0.17, D50: 8 cm; b) Riedbach,
Slope: 0.4, D50: 21 cm

convective storms in summer, with the storms
having more impact on sediment transport (Rickenmann & McArdell, 2007). In June 2009, 298
tagged and painted natural pebbles in six equal
weight classes from 50 to 1600 g were inserted into the Erlenbach, followed by an additional 127
pebbles after the first flood event. Particles were
relocated after each of the eight flood events from
15.06.2009 to 10.08.2009.
The recovery rate of the mobile particle tracking in the Erlenbach was ≈30 % which is not as
high as that found in comparable studies (Lamarre
et al., 2005; Lamarre & Roy, 2008; Liébault et al,
2009; Nichols, 2004). The reasons for this low recovery rate might be that (i) coarse boulder, large
woody debris, channel steps and a generally rough
surface prevented easy antenna access to all bed
locations, (ii) the tagged pebbles were often buried at a depth greater than the detection range of
the antenna, (iii) the pebbles were deposited too
close together so that individual detection of each
pebble was not possible, and (iv) some of the
tagged pebbles were probably flushed out of the
study reach during two high discharge events at
the beginning of the field campaign.

Table 1: Reading distance with 0.53/0.84 m loop antenna
and two transponder types (23/32 mm)
Antenna Type:
0.53 Antenna
0.84 Antenna
Transponder Type: 23 mm 32 mm 23 mm 32 mm
Reading distance:
Dist[m] Dist[m] Dist[m] Dist[m]
Air
0.33
0.41
0.49
0.61
Buried dry (0.2 m)

0.30

0.40

0.46

0.60

Buried dry (0.3 m)

0.30

0.41

0.45

0.60

Buried wet (0.3 m)

0.31

0.41

0.46

0.61

Submerged (0.5m)
0.31*
0.38*
Buried (0.4 m)/
0.40*
Water table (0.5m)
* Antenna below the water table

0.49*

0.61

0.49*

0.61

b)

Preliminary results
Despite the low recovery rates, some preliminary
results can still be reported, in particular with respect to particle entrainment and transport distances. The critical Shields stress (Shields, 1936)
is commonly used to describe the initiation of motion for uniform bed material. The entrainment of
fluvially deposited pebbles during flood events
follows an increasing function of the critical
Shields stress (Figure 3a). This suggests that
smaller pebbles are more easily entrained than
larger particles. Nearly all of the pebbles that were

filling the space between the antenna and the
transponder.
2.2 Field experiences: Erlenbach
The mobile particle tracking system was used in
the Erlenbach stream (Alptal, Canton Schwyz,
Switzerland) in summer 2009 (Figure 2a). The Erlenbach drains a catchment area of ≈0.74 km2 and
its mean annual runoff is around 43 l/s. The chan1725

Figure 3: Results from the Erlenbach stream observations. a) Fraction of transported pebbles (displaced pebbles divided by total recovered pebbles as a function of maximum dimensionless shear stress for different flood events, *) transported fraction
of arbitrary deposited pebbles; b) Transport distance as a function of bedload volume for different flood events; c) & d) Frequency distribution of transport distance for the flood event of (c) 10th August 2009 with a peak discharge (Qp) of 1.2 m3/s
and (d) 4th July 2009 with Qp of 5.0 m3/s. Absolute Frequency = number of particles.

were carried out with a stationary horizontal ‘pass
over’ RFID antenna in the summer of 2009 (Figure 2b). The Riedbach catchment area is around
18 km2. The study reach has a mean slope of
≈40%, and the glacially dominated runoff regime
shows typical peak flows in the late afternoon
with up to ≈3 m3/s in July and August. The stationary antenna was rectangular with a streamwise
length of 0.6 m and a width of 3.4 m. It was installed downstream of a tyrolean weir with a grid
spacing of 25 mm. Due to the steep gradient of the
channel and the local geometry of the weir, the
sediment reaches high velocities and is sometimes
far from the antenna when passing over it.
The RFID application in the Riedbach differs
from the Erlenbach site because mobile particle
tracking is not possible due to the steep channel
gradient, difficult terrain, and high flow rates.
Thus, a total of 270 tagged pebbles were inserted

manually placed on the stream bed, however, were
entrained during the subsequent flood regardless
of peak discharge and particle diameter (Figure
3a), probably due to higher particle exposure.
The transport distances of particles during
flood events are correlated with the total transported bedload volume (Figure 3b), and are dependent on the maximum peak discharge (Figure
3c & 3d). Furthermore, the distribution of travel
distances for the event of 4th July with a peak discharge of ≈ 5 m3/s (Figure 3d) suggests that during this flood an unknown number of tagged
grains were flushed out of the 350 m study reach
into the sediment retention basin.
2.3 Field experiences: Riedbach
In the Riedbach stream in Switzerland (Matterhorn Valley, Canton Valais) the first experiments
1726

≈40 m upstream of the antenna to obtain observations on short transport distances and frequent
registrations. In the one month test phase at least
58 of the 278 inserted pebbles were found below
the water intake, only 23 of which were registered
by the antenna. The small number of data points
does not currently allow further analysis.
The low registration rate in the Riedbach might
be due to a combination of: (i) Very high velocities of transported pebbles, (ii) the transported
pebbles out of the detection range of the antenna
when flying through the air, and (iii) unfavorable
transponder orientations while passing through the
antenna field.

tion depends on the transponder orientation and its
location relative to the antenna (Figure 4).
The detection of the smaller 23 mm transponders is less efficient than the detection of the 32
mm transponders. In general, when enlarging the
streamwise length of the antenna circuit, the deTable 2: Averaged reading distance (Dist.) with rectangle
RFID antennas of perpendicular-oriented transponders
(23/32 mm) on half streamwise antenna length.
Length [m] Dist. Dist. Length [m] Dist Dist.
Width 3.5m 23mm 32mm Width 4m 23mm 32mm

3 TESTING STATIONARY RFID ANTENNAS
To be able to optimize the configuration of the
stationary antenna for different field applications,
laboratory tests were carried out. First, several antenna geometries were investigated for installation
in the cross-sections of the Erlenbach and the
Riedbach, with the aim to maximize the reading
field and reading distance. Second, registration
rates of the antenna were evaluated in free fall
tests and flume experiments, investigating the effect of (i) transport velocities, (ii) transport distances from the antenna, (iii) transponder types
used, (iv) transponder orientation to the antenna
field, and (v) the rock material enveloping the
transponder when using tagged pebbles.
In general, the following antenna configurations are possible: (i) horizontal: the particles
‘pass over’ the antenna; and (ii) vertical: the particles ‘pass through’ the antenna (Figure 1). To
enlarge the reading field, a ‘double pass through’
configuration with two synchronized antennas 0.6
m apart from each other was tested as well.

1.00

0.34

0.66

1.00

0.34

0.61

1.25

0.20

0.54

1.20

0.21

0.54

1.40

0.28
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0.16

0.61
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-

0.42
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0.61

2.00

-
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Figure 4: Reading distance profile (relative) of a rectangle
RFID antenna in “pass over” configuration (antenna length
in streamwise direction for parallel- and perpendicularoriented transponders. *) refers to the reading distance
listed in Table 2.

tection efficiency of a 23 mm tag declines towards
the middle of the antenna, or even goes to zero.
Finally, the reading distance depends on the
environment of the antenna, since nearby metallic
objects or other electromagnetic fields can influence the antenna field. In this study, such potential
disturbances could not be quantified systematically, but they were avoided as far as possible.

3.1 Antenna geometry
The width of the antenna was selected according
to the width of the cross-sections at the field sites
(3.5 m for Riedbach and 4.0 m for Erlenbach).
Within the laboratory experiments the streamwise
antenna length (respectively the height in the
‘pass through’ configuration) of the antenna circuit was varied from 1.0 to 2.0 m. The reading
distance shown in Table 2 refers to the maximum
reading distance of a transponder placed perpendicularly to the antenna on a perpendicular axis at
half the streamwise antenna length (see arrow in
Figure 4). The difference in the width of the antenna did not have a noticeable effect on detection
range and efficiency, but the reading distance of a
rectangular RFID antenna in a streamwise direc-

3.2 Identification of moving particles
To identify the registration rate with moving particles, free fall tests with an antenna geometry of
3.5 x 1.5 m in ‘pass over’, ‘pass through’ (Figure
5) and ‘double pass through’ configurations were
performed. In the latter case, the distance between
the two synchronized antennas was 0.6 m. The 23
and 32 mm transponders in perpendicular (TPE)
and parallel (TPA) orientation to the antenna as
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well as tagged pebbles (P) in random orientation
were dropped from changing heights (hPO/hPT) and
distances (dPO) to the stationary antenna. In ‘passthrough’ configuration, no significant differences
in the registration rates could be observed regardless whether the transponders passed in the center
of the antenna circuit or near the edges. Therefore,
the transponders were always dropped in the center of the ‘pass through’ antenna circuit. The
transponder velocity of the free fall tests was calculated as the mean velocity inside the detection
range, not taking aerodynamic resistance into account.
In addition, the 3.5 x 1.5 m rectangular antenna
was tested in ‘pass over’, ‘pass through’ and
‘double pass through’ configurations in a laboratory flume, to better simulate natural transport
conditions. The flume had a length of 5.0 m, a
cross-sectional area of 0.3 x 0.3 m and a gradient

Figure 5: Antenna setup of free fall and flume experiments.
hPO = drop height ‘pass over’ antenna; hPT = drop height ‘pass
through’ antenna; dPO = distance from ‘pass over’ antenna;
TPA = parallel oriented transponder; TPE = perpendicular
oriented transponder; P = tagged pebble with random orientation of the inserted transponder.

‘Double pass’ ‘Pass through’ Antenna
through Antenna

‘Pass over’ Antenna

Table 3: Registration rates by one/two 3.5 x 1.5 m RFID antennas in the free fall and flume experiments with tags in perpendicular and parallel orientation to the antenna as well as with tagged pebbles with a random orientation of the inserted tags.
Tag
Tag orient.
Tag orient.
Tagged Pebble
Drop
Velocity* Time Tag
Dist. to
perpend.
parallel
height
in detect.
Antenna
[m]
[m/s]
Range [s]
[m]
n % reg. n
% reg.
n
% reg.
23
0.8
3.8
0.46
0.25
20
85
0
24
42
23
1.5
5.4
0.28
0.15
20
55
20
60
24
63
23
1.5
5.4
0.28
0.25
21
62
29
60
8
13
23
1.5
5.4
0.28
0.40
10
0
10
0
8
0
23
3
7.7
0.19
0.15
20
50
20
55
24
46
23
3
7.7
0.19
0.25
10
20
10
10
24
17
Free
Fall
32
1.5
5.4
0.28
0.15
10
100
20
80
44
77.5
32
1.5
5.4
0.28
0.40
10
100
20
85
20
65
32
1.5
5.4
0.28
0.60
5
0
7
14
20
20
32
3
7.7
0.19
0.15
20
95
20
85
30
82.5
32
3
7.7
0.19
0.25
24
96
27
93
32
77.5
32
3
7.7
0.19
0.40
26
69
26
73
45
52
23
2.2
0.68
0.15
88
26
23
2.2
0.68
0.25
98
12
32
2.0
0.75
0.15
99
92
Flume
32
2.0
0.75
0.25
111
85
32
2.0
0.75
0.40
55
89
32
2.0
0.75
0.60
54
74
23
0.5
3
0.28
centre
20
45
22
45
23
1
4.3
0.18
centre
10
0
Free
32
1
4.3
0.28
centre
20
95
20
40
32
83
Fall
32
2
6.2
0.19
centre
20
100
20
60
50
56
32
3
7.7
0.15
centre
20
100
20
65
40
53
23
2.2
0.54
centre
160
45
Flume
32
2.0
0.60
centre
200
72
23
2
6.2
0.29
centre
10
0
32
2
6.2
0.29
centre
10
100
10
90
30
75
Free
Fall
32
3
7.6
0.23
centre
10
100
10
90
30
67
32
5
9.8
0.18
centre
10
100
10
80
30
46
23
2.2
0.81
centre
24
0
Flume
32
2.0
0.90
centre
103
90
*Free Fall: Calculated velocity without taking aerodynamic resistances into account; Flume: Velocity determined by a highspeed camera.
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tion, the temporal resolution for monitoring transported pebbles increases with permanent antennas.
The laboratory experiments indicate that the
registration rate depends mainly on the signal
strength received back from the transponder,
which is strongly correlated with the distance of
the transponder from the antenna. What also influences the registration rate is the stone material
enveloping the transponder. The particle velocity
of naturally transported sediment plays a minor
role, but in general, the larger the number of reading cycles, the larger the registration rate. Therefore, with a suitable configuration of the stationary antennas, high detection efficiency should be
feasible. In the Erlenbach, in which sediment is
transported naturally in water close to the bed surface, a ‘pass over’ antenna should give the best results because the reading field in the flow direction is longer. To cover the vertical extension as
well, an additional synchronized ‘pass through’
antenna would be useful. Because of the geometry
of the water intake in the Riedbach, the sediment
moves at high velocities and is sometimes far
from the antenna when passing over it (i.e., mostly
flying through the air). Here, a ‘pass through’ configuration with two synchronized antennas would
be favorable. However, the installation of a ‘pass
through’ antenna is more vulnerable as it is much
more difficult to protect the upper cable from
flowing water, transported sediment and floating
wood.
The laboratory experiments have shown the
RFID antennas are very sensitive to the environment and disturbances. Extensive antenna tests in
the field would help to choose the optimum antenna configuration.
In future, additional RFID tagged particles will
be inserted in the streams and both ‘pass over’ and
‘pass through’ RFID antennas will be installed in
the Erlenbach and the Riedbach. Future data analysis will focus on the initiation of motion, transport velocities and distances, and particle pathways as a function of hydraulic and morphologic
conditions. The findings of this research are complementary to other sediment transport surveys
that are currently being carried out in the Riedbach and Erlenbach.

of 50 %. The flume floor was rough to ensure that
particles were rolling. The velocity of the flumetests is a mean velocity of the transported particles
derived from high-speed camera images.
From the free fall and flume experiments, it
was apparent that the registration rate is influenced by the transponder type used, the transponder orientation and distance to the antenna, but
also by the particle velocity, the antenna configuration and whether the transponder is inside a
pebble or not (Table 3).
Compared to the 32 mm transponder, the
smaller 23 mm tag is less detectable in all configurations. In ‘pass over’ configuration (flume)
0.15 m away only a rate of 26 % could be observed, unlike the 92 % with the 32 mm tag (Table
3). In addition, the registration rate depends on the
transponder orientation with respect to the antenna
field and whether the transponder is encased by
rock material or not. For example, the registration
rate of the perpendicularly dropped 32 mm transponders is 100 %, of the parallel transponders 80
% and of the tagged pebbles 77.5 % from a 1.5 m
drop down height (Table 3).
Comparing the ‘pass over’ with the ‘pass
through’ antenna, the results of both the free fall
and the flume tests show that the ‘pass over’ antenna yields better registration rates when the
pebbles pass close to the antenna. Increasing distances result in rapidly declining registration rates
(Table 3). With the ‘pass through’ antenna the
registration rates over the whole antenna height
were relatively homogenous, although they were
somewhat lower than for the ‘pass over’ antenna.
The tag/particle velocity also affects the registration, but to a lesser extent than the distance
from the antenna. The higher the fall velocity, the
lower the registration rate (Table 3). During natural transport conditions in the Erlenbach, maximum particle velocities of around 3 m/s can be
expected. Therefore the setting should be sufficient for several reading cycles. In general however, the larger the number of scans, the greater
the probability of receiving a signal back.
4 CONCLUSIONS
Particle tracking by RFID systems can be a useful
tool for monitoring sediment transport in mountain streams. Our experiences in field in summer
2009 highlight the limitations of the mobile antenna system in boulder bed channels, as well as
in steep streams with high discharges. A permanently installed antenna adapted to the stream and
transport characteristics of the investigation reach
can be used to complement the mobile particle
tracking and improve the recovery rate. In addi-
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first trials of signal analyses
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ABSTRACT: A description is given of preliminary efforts in using passive acoustic detection of bedload
transport in gravel bed channels. A hydrophone cell placed near the river bed records surrounding noise
resulting from both flow and bedload transport. Several methods for detecting sediment components of
the record are explored by signal analysis. Time-frequency analysis is suitable for the detection of pebble
collisions of highest energy. The relationship between frequency of the noise of the shock and the grain
size is analyzed. This relationship is associated with spectral analysis of the recordings for determining
the coarsest particles under transport in given conditions.
Keywords: Bedload transport, Hydrophone, Time-frequency analysis.
the noise made by the shock of bedload when rolling and jumping over the river bed.
For indirect recording methods, a metallic
plate or pipe is installed onto the bed or near the
bed to act as a resonator. The noise of vibration of
the plate or pipe when impacted by moving grains
is recorded. The frequency and intensity of the
impacts are conditioned by the shape and the material of the resonator. Frequency of particle collision is well identified and intensity can be related
for example to the particle energy, the number of
strikes and distance to the microphone. The “pioneers” of acoustic technology used such an indirect method. Mullhoffer (1933) describes what
appears to be the first attempt at acoustic detection
of bedload transport in rivers. The microphone
was placed in a metallic box laid onto the riverbed and connected to earphones, which allow the
audible detection of the presence of strikes of bed
particles on the box. Mulhoffer investigated solid
transport from a bridge at different locations
across a section of the Inn River. His experiments
were “calibrated” by sampling of bedload transport and the total flux was derived from crosssection exploration. Mulhoffer’s ideas were applied in France by the Laboratoire de Beauvert in
1942 (apparently unpublished but a report is made
by Labaye, 1948) and further reproduced with the
same technology by Bradeau (1951) for detection
of the critical discharge for the onset of bed transport. A metallic plate served as a support for the

The goal of this paper is the investigation and development of a simple method for bedload transport monitoring in gravel-bed rivers based on the
recording and the analysis of the noise emitted by
movement of bedload particles. The intent of this
effort is not to quantify sediment flux, but to assess the onset of bed transport at a given crosssection of the river under different flow conditions. After a discussion on arguments for direct
passive noise recording, the paper will address the
detection of bedload transport monitored by
hydrophone recording. It is based on original recordings and analyses, from detection of individual shock noise to the deformation of the power
spectral density in the case of significant bedload
flux.
1 INDIRECT OR DIRECT PASSIVE NOISE? A
SHORT REVIEW OF EXISTING
LITERATURE
Two different techniques are common in the use
of acoustical devices for detecting the movement
of coarse sediment in gravel bed channels: (i)
geophones or hydrophones are used for indirect
recording of the noise generated by the impact of
gravel on an artificial object implanted into the
river bed; (ii) hydrophones are used for passive
audition and recording of self-generated noise, or
1731

recorded hydrophone signals in a flume and in a
torrent and performed spectral analysis. From
flume recordings, Barton et al. (2010) correlated
acoustic energy with bed movement intensity recorded by a video camera. Acoustic energy has
been obtained from time integration, typically 2 to
3 minutes of the signal filtered in a 125 - 1600 Hz
band.
This paper is concerned with passive recording
of self-generated noise. This method has been preferred to an indirect recording for the following
reasons: (i) The method can be implemented directly rather than require the installation of any
obstacle on the bed prior to observation. (ii) It
avoids perturbations from introduction of an artificial object spurious such as scour or modification of the transport. (iii) The method allows continuous measurements in the case of important
aggradation or degradation of the river bottom.
The risk with an obstacle is of burial in the case of
aggradation of the river bed. (iv) The method can
be developed and tested in various bed configurations, particularly in large rivers without the requirement for heavy installations. (v) The method
can be tested, or at least easily removed, during
challenging flood conditions.
It is obvious that early studies were limited by
available recording and data processing possibilities; it is amazing to realize that more recent experiments do not exploit the methods of modern
signal analysis. Among the most advanced is the
use by Krein et al. (2008) of the Fast Fourier
Transform for analysing indirect recordings of bed
movement in a flume. The present work aims at
exploring different paths for signal analysis.

hydrophone but it is uncertain whether the plate
acted as a resonator. The original idea of a couple
of hydrophones for locating the shocks would
suggest audition of self-generated noise by
Bradeau. Mulhoffer (1933) and Bradeau (1951)
had direct audition from a hydrophone but did not
record the signal.
More recent investigations of indirect recording analyze the intensity of the impacts on the
resonators. With an installation developed for indirect recording by Bänziger & Burch (1990),
Rickenmann (1997) correlated the number of
shocks with solid transport rate measured from the
volume of sediment accumulated in a retention
basin. In small Norwegian rivers, Bogen & Moen
(2003) investigated ultrasonic frequencies from a
metallic plate laid onto the river bed. Froelich
(2003) analyzed the noise from strikes of bed
transport against a metallic pipe in a river. In both
cases a correlation was made between acoustic intensity and liquid discharge and hysteretic effects
were observed. Shock counting on a pipe imbedded in a Japanese creek resulted in the similar
identification (Mizuyama et al., 2001).
The main advantages of indirect recording
methods are the possibility for localization of bed
transport (obviously where it strikes the plate or
the pipe) and an easy discrimination of the corresponding noise. Only bed particles coming into
contact with the resonator are detected. However,
as Labaye (1948) suggested, there are possible
hydrodynamic perturbation resulting from the
presence of an artificial device on the bed and the
possibility for spurious scouring around the obstacle. In the case of a fixed resonator, an additional
problem is that the resonator can become buried
during bed aggradation. In order to overcome such
problems, the resonator may be placed in a contracted section of the river (e.g. Rickemann, 1997)
or at the edge of a weir crest (Taniguchi et al.,
1992). Scouring and burying could be the reason
for the limitation of the use of indirect methods
mainly in smaller mountain creeks where the device is often included in a weir. Burying is not reported by Krein et al. (2008) when using a 0.3 m x
0.3 m square steel plate in small creeks or in the
bed of the large Mosele River at a flood discharge
which is nearly 3000 m3s-1. On an apparently neat
surface, they noticed a different signal from angular rolling stones and flat sliding cobbles.
Passive recording of self-generated noise does
not require a resonator, and bedload noise is directly recorded with a hydrophone cell in the water column.
The literature mainly describes experiments
made in controlled conditions: in flumes or even
in a drum (Thorne, 1985, Thorne, 1986). Few experiments took place in real rivers. Fouli (1999)

2 CONDITIONS OF THE
EXPERIMENTATION
A hydrophone cell was placed within the flow in
the vicinity of the bank, at some distance from the
river bed (approx. 0.10 to 0.20m, not too close in
order to avoid direct impacts, not too far in order
to detect the less energetic strikes). In first attempts, the hydrophone was manually held by the
operator with a rod. For later experiments, it was
supported by a fixed frame (Fig. 1a, 1b).
The typical duration of a recording is
30 seconds, digitised as a 16 bits / 44 100 Hz signal. The pass-band of the recording system is
checked through laboratory experiments and covers the range [320 - 22 000 Hz]. This range is sufficient, as noises treated in this paper are within
the range [500 - 15 000 Hz].
A first series of recordings was performed in
the Isère River, a piedmont river with a narrow
system of levees. The main characteristics of the
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duration of a shock which has been estimated
from our recordings to be of the order of 3.10-3 s.
The choice made was Δt =10-3 s.

river and its morphology are described elsewhere
(Vautier, 2000; Allain-Jégou, 2002). At Lancey
where recordings were made, the river width between levees is 80 m and the slope is S0=0.001.
Bed material consists of elongated pebbles with
[d16=20 mm, d50=35 mm, d84=45 mm].

Signal intensity
(scale is arbitrary)

0-

Time (seconds)
0.14

a

0.15

0.16

Fig.2 – Recorded sound intensity wave from hydrophone.
Vertical arrows point to audibly detected shocks which presumably arise due to collision with moving bed grains. Dotted lines give an indication of the duration of the perturbation induced by each shock.

b

Fig.1a – The hydrophone held by a fixed frame in a mountain creek. Fig.1b – The hydrophone on the frame before
immersion. In this experiment, an electromagnetic flow sensor is also used (above). During recordings, the set is oriented upstream.

P0 is the average value of I2. Hence P is proportional to the noise power recorded by the
hydrophone.
During a shock, sound energy is produced during a very short time interval and the ‘instant
power’ should show a peak value. The same wave
sample shown in Figure 2 is represented by the
‘instant power’ in Figure 3. ‘Instant power’ displays peak values at the occurrence of shocks as
identified audibly, thus confirming the presence of
moving grains. However, on other recordings the
method does not allow identification of every audibly detected shock. A more refined analysis is
required to overcome such a limitation.

The first recording used for the analysis was made
during a flood. The discharge at the time of the
recording was 805 m3s-1 and is the order of magnitude for peak discharge during a ten-year return
flood. Intense bedload transport was recognized
audibly from the surrounding flow noise. It was
composed of clear shocks as well as a more confused bottom noise similar to the one that could be
made by a continuous sheet of rolling sediment.
Although subjective, ear detection served in this
demonstration as the reference for comparison
with automatic detection of the presence of bedload transport. Our subsequent efforts were oriented towards an automatic treatment of the signal
with various analysis techniques.

Instant power P
(scale is arbitrary)

3 TIME-FREQUENCY ANALYSIS FOR
INDIVIDUAL SHOCK DETECTION

standard deviation
0-

Figure 2 displays a sample of the recorded wave
(signal intensity, I vs. Time). I is the signal delivered by the electronic chain and is proportional
to the sound intensity). In this example, the listener recognized three characteristic shocks during
this period.
The timing of these shocks is indicated in Figure 2
by vertical arrows. There was minimal change in
the signal at these recorded times. Hence the representation by intensity is not very well-suited
for shock counting and analysis.
A second representation is built where we
define P, the ‘instant power’ of the signal as
P=I2-P0, where I2 is the square value of the
average signal intensity during time interval Δt. A
good discrimination of shocks requires that time
interval Δt be shorter than the characteristic

0.14

0.15

0.16

Time (seconds)

Fig.3 – ‘Instant power’ of recorded sound P=I2-P0 ,
I2 = square value of the average noise intensity during time
interval Δt=10-3 s , P0 is the average value of I2.
The horizontal dotted line indicates standard deviation.

The time-frequency analysis (Flandrin, 1998,
Flandrin, 1999), or windowed Fourier transform,
which performs a Fourier transform on limited
portions of the original wave signal was applied.
In comparison with the basic Fourier transform,
the time frequency analysis allows the treatment
of non-stationary signals. The time-frequency
analysis produces a decomposition of the signal
intensity as a function of time and frequency. A
typical representation of the analysis is the spectrogram or time-frequency representation (TFR).
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Figure 4 displays TFR of the same portion of the
acoustic signal as in Figure 2 and Figure 3.
The three shocks which had been previously
identified appear as three clear areas on the TFR.
For example, the central clear dot between times
0.148 s and 0.152 s shows that a high energy was
released with a noise frequency in the interval
1000 - 3000 Hz.

shown in Figure 5. Several peaks of ‘instant
power’ value are indicated but discrimination between these minor bedload shocks and other noise
of short duration is not possible by listening nor
by TFR examination. The energy of bedload
shocks is insufficient at such mild flow conditions.
Instant power
(scale is arbitrary)

detectable shocks

unknown noises

1.8σ
standard deviation
0
0.2

0.4

0.6

0.8

1.0

1.2

Time (seconds)

Fig.5 – ‘instant power’ (356 m3s-1). For intermediate discharges, shock energy from bed particles shocks is not significantly different from energy from other noises in the
same frequency range [1000-3000 Hz]. ‘Detectable shocks’
are energy peaks identified without doubt by listening. The
dotted line at 1.8σ indicates the discrimination chosen for
the counting of the shocks.

Fig.4 – Spectrogram or TFR – dark : low sound intensity /
clear: high intensity. Black circles point out shocks of bedload material

As the calculation of ‘instant power’ (Fig. 3) took
the entire spectral range of the noise into account,
this time-frequency analysis permits a similar calculation of the ‘instant power’ (amount of energy
which is released in a given period of time Δt) on
discrete frequency ranges [ν, ν+Δ ν]. It is then
possible to discriminate the ‘instant power’ produced on a selected range of frequencies.
Individual shock detection was attempted from
filtering ‘instant power’ Pν1, ν2 within the frequency range of audible shocks [ν1=1000 Hz;
ν2=3000 Hz]. A criterion was devised for the selection of a ‘power’ peak as characteristic of a
shock. After optimization on a sample of the
original recording, using audible detection as well
as TFR examination, it was determined that a
shock is detected only when Pν1, ν2 becomes larger
than 1.8 times its standard deviation.
This finding is useful because it allows the
counting of shocks from a hydrophone recording.
Counting has been tested on several samples of
the original recording; the average value was
153 shocks per second. The counting of shocks
seems to be a suitable method for the investigation
of the flux and rhythm of bedload movement. In
its present development, it does not allow the
quantification of bedload transport because the
domain where sediment movement is detected has
not been determined.
Another limitation of the method occurs at
lower discharges, when bedload transport is less
intense and shocks have less energy. Therefore,
individual shocks are more difficult to identify by
listening or by ‘instant power’ detection. An example of the hydrophone recordings at the same
cross-section on the Isère River (discharge
Q=356 m3s-1, only twice its mean annual value) is

4 GRAIN SIZE AND SHOCK NOISE
FREQUENCY
An experiment was carried out to determine
whether the grain size characteristics of bedload
can be identified from our hydrophone recordings.
For assessment of the potentialities of the method,
controlled conditions were preferred in order to
minimize uncertainties. The study was conducted
in a rectangular basin which had been dug in soil.
The cavity shape was a 1m deep cube. It was lined
with a plastic cover and filled with water. The bottom was covered with pebbles and same material
was poured from underwater onto the bottom. The
hydrophone was hung in the centre of the cavity
and recorded the ambient noise of shocks during
the pouring. Several runs were made with well
sorted and regularly shaped granite pebbles.
gain (dB)

60-80 mm
10-20 mm
a

b
frequency
Fig.6 – Power spectral densities or PSD from basin experiments, (a-black) : 60mm-80mm pebbles, (b-grey) : 10mm20mm pebbles. Arrows point characteristic shock frequencies.
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5 INTERPRETATION

From the recordings, samples were selected,
each of them corresponding to a single
shock/collision, thus artificially increasing shock
occurrence and allowing a simple spectral analysis. A graphic representation of the power spectral
density (PSD) of one such recording is plotted in
Fig. 6.
The sediment in this experiment had diameters
d within the range [60 - 80 mm] and a characteristic hump on the PSD curve has been identified
within the range [1100 - 1800 Hz]. Two small
peaks can be identified on the hump, probably due
to some difference in the pebbles involved in this
particular shock.
The experiment was repeated with other available collections of the same granite pebbles.
Characteristic signatures were identified and the
corresponding frequencies were plotted (Fig. 7).
140

As discussed previously, time-frequency analysis
performed on the Isère River recording made during the flood at discharge Q=805 m3s-1 .identified
individual shocks the frequency of which has been
evaluated by progressive filtering within the interval [1000 - 3000 Hz] where we are still able to
recognize the shock noise that is characteristic of
bedload transport audibly but is not clearly identified by time-frequency analysis.
Our interpretation is that time-frequency analysis, as determined using the described analysis, is
only suitable for the detection of the most energetic shocks generated during transport of the
coarser sediment (d95=60 mm measured by Vautier, 2000). Finer material is transported as bedload at such flow conditions but with a very high
intensity, thus rendering the application of timefrequency analysis unsuitable for the detection of
the frequent shocks.
A graphic representation of this interpretation
is made on the sketch of Figure 8. The representation uses a Qs (bedload sediment discharge) vs θ
relationship (where θ is the dimensionless shear
stress, assuming a critical value θc for initiation of
transport as in the formulation of Meyer-Peter &
Müller (1948). The Qs vs. θ relationships are
sketched for dmin and dmax, the respective the
minimum and maximum grain sizes of the bedmaterial.

particle diameter
(mm)

120
100
80
60
40
20
0
0

500

1000

1500

2000

2500

3000

shock
frequency 4000
(Hz)
3500

Fig.7 – Characteristic frequencies of shocks of individual
granite pebbles. Vertical bars indicate the grain size range of
each experiment and horizontal bars indicate the characteristic frequency range.

Similar results were obtained by others
(e.g. Thorne, 1985, Thorne, 1986, Fouli, 1999).
Indeed, basic dimensional analysis leads to a proportionality of noise frequency with 1/d. However, the theoretical value of the frequency of pulsation of a spherical homogeneous solid body (ν
in eq. 1, from Dahlen & Tromp, 1998), leads to
frequency values about 400 times the measured
frequency (ν=456 kHz for d=70mm)

C
ν = 0.82π
r

R egion 1 : N o transport

bedload discharge Qs
Qs for dmin
Region 2 :
Individual shocks with low
energy

θc

Region 4 :
Intense bedload
transport

Qs for dmax

Region 3:
Few shocks with high energy
θ2

θ3

θ4

Shear stress θ

Fig.8 – Different regions for shock detection

(1)

Several likely progressive regions can be identified on this sketch:
Region 1: the shear stress is lower than the
critical shear for the finest sediment: there is no
transport.
Region 2: for shear stress θ2, only the finest
grain-size sedimentary particles are transported.
Shock energy is low and the discrimination from
other noises is difficult
Region 3: for higher shear stresses θ3, the
coarsest bed material is transported. Corresponding bedload is low but with relative high energy.
Corresponding shocks can be discriminated from
the surrounding noise by time-frequency analysis.

where C is the celerity of compression waves in
the solid (C=6200 m.s-1 in granite) and r=d/2 is
the radius of the sphere. A similar comparison is
presented in Thorne (1985) with theoretical vibration frequencies larger by several orders of magnitude than recorded frequencies.
Bed material in real rivers, and especially in
the Isère River bed often are flat shaped. Hence,
automatic determination of the grain size of transported sediment is more complex; Fouli (1999)
has warned of the influence of shape characteristics on noise frequency.
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Region 4 corresponds to the same shear stress
θ3 but considering finest bed material. For higher
stresses it could concern the whole range of bedmaterial. Intense bedload transport and discrimination of individual shocks is not possible by
time-frequency analysis.
Region 2 could be identified with Phase I of
bedload transport as it was described by Jackson
& Beschta (1982). A typical recording was performed at Lancey at a discharge Q=356 m3s-1
(Figure 5). The recording was undertaken at the
upstream extremity of a transverse riffle bar. It is
assumed that, apart from suspended material, only
the finest gravel particles were moving on the
coarser, armoured cobble bed of the bar
[d16=20 mm, d50=35 mm, d84=45 mm]. It is worth
noticing that the discharge Q=356 m3s-1 is exceeded 20 days a year on average. Such a discharge is significantly below the discharge with
1.5-year return period which has served for a reference discharge by Ryan et al. (2002) for assessing the different phases of bedload transport. For
shear stress θ3, regions 3 and 4 can be identified
with Phase II intense bedload transport as described by Jackson & Beschta (1982). The recording at Lancey for Q=805 m3s-1, nearly the 10year return period discharge, can be considered as
characteristic of Phase II. Its audition presents at
the same time the clear energetic shocks from the
coarsest particles and a more confused roll from
finer particles in movement above the river bed.

spectral density (PSD) of each of these two recordings is plotted in Fig. 9.
gain (dB) 0
a

-48

b
2

frequency (kHz)
6
10

-96
14

Fig.9 - Power spectral densities from Isère Campus section
(a-upper curve) : 355 m3s-1, (b-lower curve) : 217 m3s-1

The two recordings show similar spectral characteristics. The PSD representations are nearly parallel curves, with different energies (dB) but with
the same frequency distribution. The higher of the
two discharges in shown on the upper curve,
representing a higher energy level relative to the
lower discharge. At low discharge (curve b), the
discharge is so low that the recording is from flow
noise alone. For medium discharge (curve a), few
audible shocks may be recognized by a trained listener but the bed transport is low and likely derives from fine gravel in Region 2 (see Fig. 8). In
either case, the spectral signature is mainly issued
from flow noise in this cross-section. Such a signature appears to be characteristic of a given
cross-section as recordings made at other sections
do not have the same frequency distribution.
A case where bedload noise can be identified
from the PSD. Two other PSD representations
from a couple of recordings at low and high discharges show the deformation of the curve due to
bedload transport (Fig. 10). These were obtained
from recordings presented at another cross-section
(see Figs. 1-5). The bedmaterial consists of elongated
pebbles
[d16=20 mm,
d50=35 mm,
d84=45 mm]. The lower curve plot was obtained
with the same recording as in Fig. 5. The discharge (Q=356 m3s-1) is twice the mean annual
value and rare bedload shocks of the gravel produce low energy responses. The upper curve plot
was obtained in the same section with the recording made during the decennial flood discharge (Q=805 m3s-1). The spectral distribution of
energy is similar for frequencies in the range
5000 Hz < ν < 15000 Hz (the comparison is limited because the gain of the DAT recorder was not
controlled during the recording and the relative
position of curves in the vertical direction is uncontrolled). The damping of high frequencies during the flood may be related to high suspended
sediment concentrations in such flood conditions.
For frequencies ν < 5000 Hz, important bedload
transport of the coarsest bed material in flood
conditions produces a noticeable increase in energy, visible in Fig.10 by a higher spectral energy
on curve (a). Filtering of the signal and elimina-

6 ADDITIONAL SPECTRAL ANALYSIS
Due to the relative scarcity of shocks in region 3
(Figure 8), the signal from the recording can be
considered non-stationary. The time-frequency
analysis is adapted for such non-stationary signals. The density of shocks is larger in region 4
and the shock noise makes a stationary signal.
Therefore, a basic Fourier analysis on the entire
recording is adapted and is more convenient as it
allows a better discrimination of the different frequencies because the Heisenberg-Gabor inequality
(Flandrin, 1998, Flandrin, 1999) is no more a constraint. The purpose of this section is the discrimination on the power spectral distribution of characteristic shock energies from the surrounding
flow noise. In what follows, developments are devised from a limited number of experiments. As a
result, they lead to hypotheses rather than to real
conclusions.
Flow noise spectrum seems to be a constant
for a given cross-section. Two recordings were
performed at low and medium discharges at the
same cross section of the Isere River. The power
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tion of high frequencies in noise recording makes
a clearer audition of shocks.
low frequencies :
bedload transport

a

gain (dB)

b
high frequencies : turbulent damping
due to suspended load ?

2

6

10

14

b
a

0
-30
-60

18 frequency (kHz)

Fig.10 - Power spectral densities from Isère Lancey section
at (a) 805 m3s-1 and (b) 356 m3s-1 .On (a) the deformation of
PSD for low frequencies is due to bed-load transport. As the
gain is uncontrolled, the relative position of the curves cannot be compared.

In the case of this recording, it can be estimated from the comparison with the PSD representation obtained for the smaller discharge (curve
b) that the coarsest moving particles produce energy at about 800 Hz. Because the conditions in
the river differ from those in the ‘basin experiment’, the grain size/frequency relationship presented in Fig. 7 cannot be used to determine the
characteristic diameter of the coarsest particles on
movement based on signal frequency. When
available, this determination of the grain size distribution of bedload using acoustic techniques will
be helpful to geomorphologists and engineers in
their analysis of the behaviour of gravel beds during floods.
Spectral analysis was also performed on many
other recordings. Among them, in many instances
shear conditions were likely (schematized) like
those of region 2 (Fig. 8), and listening by ear
gives no doubt about the occurrence of bedload.
Nevertheless, shock energy generated by small
particles is low and the number of recorded
shocks is insufficient to modify the power spectral
distribution which is mainly constructed of noise
generated by the moving water (e.g. in Fig. 9).
7 CONCLUSIONS AND PERSPECTIVES
The objective of the paper has been evaluation of
the potential of passive sound recording in determining critical conditions for the initiation of bedload transport for different size fractions of the
bed material. Different techniques were used for
analyzing the signal obtained by in situ hydrophone recording of the sound of flow and coarse
grain transport.
Calculation of instant power improved our listening-alone ability to identify shocks with high
energy. Improved precision was further obtained
with time-frequency spectral analysis which allows quantification of shocks generated by intense
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bedload transport. However, the method is unsuitable where the shock energy is too low or when
the shocks are too numerous. Spectral analysis
may give a good qualitative estimation of the
presence of bedload transport of the coarsest particles within bed-material. Each of these methods
may deliver its part of information about the bedload from hydrophone recordings. Further refinements of the methods are needed in determining
the flux of bedload from spectral analysis.
Future efforts in this area include:
(i) Additional data collection. The exploration
and hypotheses presented in this paper are derived
from a small number of recordings and were seldom confirmed by repetitive experiments. The
priority is collection of a range of recordings in
controlled conditions.
Bedload transport shocks can be detected, but
there is no possibility to determine whether they
take place a few centimetres from the hydrophone
or in a larger zone. This certainly depends on the
one hand on flow conditions and intensity of the
turbulence and on the other hand on the sensitivity
of the recording system. In mountain streams,
whirls, cascades and hydraulic jumps produce
very noisy environments and bedload movement
is sometimes difficult to detect even with a trained
ear. In milder conditions the surrounding noise is
less important and the hydrophone used in these
experiments has proved to be highly sensitive
(e.g. by detection of oars of passing rowing boats
more than 50 m away or even the noise of a passing truck on a nearby bridge).
In most of the recordings, the hydrophone was
hung in a vertical position by its connecting cable.
A more stable and controlled position is performed in present recordings (Fig. 1) but it has not
been investigated whether it is a better configuration in terms of sensitivity. The support rod certainly induces significant additional flow noise at
frequencies different from those of bedload, but
which must be minimized nevertheless. The necessity of additional devices for improving the directivity of noise detection should also be tested,
preferably under controlled conditions in a flume.
(ii) Refine methods. The authors do not claim
to be specialists in signal analysis. The investigations which have been performed are basic and
would benefit from additional assessment by those
further trained with this method. It is hoped that
the investigations have demonstrated the potential
of the method. We have identified several limitations and questions which suggest that further refining of the method is needed:
Can an efficient filtering eliminate other perturbing noises, or at least improve bedload transport detection?

Optimization of time-frequency analysis is
needed for a better discrimination of frequencies,
and to allow counting in the case of intense transport.
Quantification of signal energy: (i) improvement of methods for counting; (ii) could it be related to bedload energy and the velocity of particles, as suggested by Taniguchi et al. (1992) ?
Following an idea from Bradeau (1951), location of shocks by correlation of simultaneous recordings of shocks with several hydrophones.
(iii) Assess sound properties with direct
measurement of bedload. Systematic measurements of bedmaterial properties and velocity will
be performed for the next experiments for the assessment of shear conditions in relation to signal
properties. A simple installation is shown in
Fig. 1c with an electromagnetic flow sensor associated with the hydrophone on the support rod.
Ryan et al. (2005) mentioned the difficulty as “to
make progress toward development and validation of surrogate technologies until there is a way
to adequately quantify the rates of bedload transport”. Despite limitations and sometimes low confidence in some of the classical methods, field
comparisons are necessary with direct measurement of the bedload such as physical samplers or
particle tracking.
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ABSTRACT: Long-term variations of stream flow and salinity in a tidal river were measured by an innovative technology, called the Fluvial Acoustic Tomography (FAT). The reciprocal sound transmission
was performed between two acoustic stations located on both sides of the river. The FAT system makes a
breakthrough with the following aspects: (a) accurate time with GPS clock signals, (b) high signal-tonoise ratio with 10th order M-sequence modulation, (c) low power consumption, small and lightweight.
Even for the tidal rivers with periodic intrusion of salt wedge, streamwise cross-sectional average velocity estimated from the travel time difference data were in good agreement with the average velocity observed by an array of moored downward-looking ADCPs. The measurement of flow rate was carried out
successfully even in flood events with high SSC and large ambient noise levels of sound. The flow rate of
FAT system also agreed well with the results of ADCPs and float observations during the flood events.
As well, cross-sectional average salinity was estimated using the sound speed determined from the reciprocal sound transmission and the mean temperature measured by temperature sensors.
Keywords: Acoustic tomography, Discharge, Saltwater intrusion, Flood flow, Tidal estuary
of velocity in a range with sufficient strength of
acoustical backscatter. However, H-ADCPs do
not provide any information about vertical velocity profiles. Moreover, their profile range decreases with increasing SSC (Suspended Sediment
Concentration). In addition, the H-ADCPs do not
work properly in estuaries because of sound inflection.
Although several methods are proposed to estimate velocity distribution (e.g. Chiu & Hsu,
2006; Maghrebi & Ball, 2006), results are disputable in complicated flow fields such as stratified
tidal flows or unsteady flows. Thus, an innovative
method and or equipment are required for continuous measurement of river discharge.
In the present study, Fluvial Acoustic Tomography (FAT) system is developed and utilized to
measure flow rates in a tidal estuary. The FAT
system have advantages in comparison to the
competing techniques, namely accurate measurement of travel time by GPS clock, high signal-tonoise ratio due to 10th order M-sequence modulation (Simon et al., 1985; Zheng et al., 1998). As a
result, the FAT system works accurately even during flood events when SSC and sound noises are

1 INTRODUCTION
River discharge is an important hydrological factor in river and coastal planning/management,
control of water resources, and environment conservation. Therefore, it is a key issue to establish a
reliable measurement method and associated technology for measuring stream flow with high accuracy. However, it is very difficult to measure the
cross-sectional average velocity in unsteady flows
or during extreme hydrological events like floods.
Often, river discharge is estimated indirectly
from water level or velocity near water surface.
However, these methods have only limited applications.
For continuous measurement of water discharge, just a few different equipments are available, e.g., acoustic velocity meters (AVMs), horizontal acoustic Doppler current profilers (HADCPs), etc. (Catherine & DeRose, 2004; Wang
& Huang, 2005). The main drawback of previous
methods is that the number of velocity sample
points in cross-section of stream is often insufficient to estimate the cross-sectional average velocity. H-ADCPs can measure horizontal profile
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very large. Moreover, the FAT system was tested
successfully even in estuaries with frequent saltwater intrusions (Kawanisi et al., 2010).
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where um is mean velocity component along the
ray paths, and the angle between the ray path
and streamline.
In order to estimate the cross-sectional averaged velocity vm , the ray pattern is preferable to
cover the cross-section as much as possible. The
ray paths of FAT system probably cover the crosssection in freshwater environment. However, developing a salt wedge under the transducer causes
the ray paths to be reflected, so these ray paths
won’t be able to penetrate more into the bottom
layers (Kawanisi et al., 2010).
By taking the total differentiation of Eqs. (5)
and (6), the relative errors of cm and um are estimated as Eqs. (7) and (8), respectively:
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The average travel time errors δ tm and
δ (Δt ) are negligible when both systems are syn-

chronized precisely with GPS clock. As a result,
the relative error of the average sound speed
δ cm / cm and the relative error of the average velocity δ um / um are equated to the relative error
of the horizontal distance δ L / L . Concerning Eq.
(8), the most right term is negligible only if the
time accuracy is radiant, i.e. δ (Δtm ) / Δt is insignificant.

2

(2)

where umi and cmi are the range averaged water
velocity and the sound speed along the ray path,
respectively:

um i =

c ds

The velocity component in the direction of flow
vm is given by

where +/− represent the positive/negative direction from one transducer to another.
c = the sound speed , ds = the increment of arc
length measured along the ray, u = the water velocity, n = the unit vector along the ray and M =
the number of rays. The path integrals are taken
along rays. We assume that the two-way path
geometry is reciprocal and Γi± ≈ Γi . The two-way
travel time difference may be expressed as:

Δti = ti− − ti+ = ∫
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1 − +
c
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ds
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Γ= i c − (u ⋅ n ) 2
2
L
1
≈ ∫ ds = i
Γi c
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The applied basic principle is similar to what is
used in an acoustic velocimeter (AVM), in other
words the cross-sectional averaged velocity is calculated by “time of travel method” (Sloat & Gain,
1995). The AVM measures an average velocity
along a transverse line. Therefore, the AVM needs
several strategies (index velocity method and velocity profile method) for computing discharge. In
fact, the FAT system is able of estimating crosssectional average velocity using multiple ray paths
that cover whole section unlike the old-fashioned
type of AVM. If measuring only one component
of velocity field is supposed to be enough for a reliable flow rate calculation, the FAT system
should be operated with only a couple of transducers. Otherwise a four-station system with two
crossing transmission lines is required (e.g. for
meandering rivers).
Let us consider two acoustic stations in a fluid
medium moving with velocity u . The travel time
along the reciprocal ray path Γ ± between a couple
of transducers in the flowing medium is formulated as:
Γi±

∫

where Li = the length of ray path. The cm i is calculated from

2 MEASUREMENT PRINCIPLES AND
ERROR ANALYSIS

ti ± = ∫

1
Li

(3)
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ment in the Ota River estuary is located about 13
km upstream far from the mouth. The observation site was located 246 m downstream from the
Gion sluice gates near the branched region (Fig.
1). The Ota diversion channel at the observation
site is 120 m wide with a bed slope of about 0.04
%, and the water depth varies in a range from 0.3
m to 3 m depending on tidal phases.
The freshwater runoff into the diversion
channel is usually controlled by the array of
Gion sluice gates, located near the bifurcation

3 EXPERIMENTAL SITE AND
METHODOLOGY
3.1 Study Area
A FAT experiment was carried out during June
through August 2009 in the Ota River, Japan.
Figure 1 shows the aerial photograph of experimental site. The Ota River bifurcates into two
main branches in about 9 km upstream from the
mouth. The upstream border of tidal compart1743

is measured by the successive CTD casts from
the Gion Bridge. Transverse spacing of CTD
casts is set to 20 m and it takes about 10 minutes
to complete the traverse.
The channel bathymetry along the transmission line was surveyed (with an accuracy of 0.01
m) on 17 March 2008. The result can be found in
Fig. 3 as the river cross-sections.

place. Usually only one sluice gate is opened
slightly in order to make the stream cross-section
of 32 m × 0.3m for spilling water. The inflow
discharge is vaguely 10 ~ 20 % of the total flow
rate of the Ota River in normal days. However,
the accurate discharge at the Gion sluice gates is
indefinite because the flow is influenced by tidal
oscillation and saltwater intrusion. During flood
events, all sluice gates are completely opened
and the freshwater runoff from the Gion sluice
gates is designed to be about half of the total river discharge. Since the flow at the Yaguchi
gauging station that is located in 14 km upstream
from the mouth, is not tidally modulated, the Ota
River discharge before the bifurcation can be estimated from rating curves.

3.3 Ray tracing simulation

Altitude (m a.s.l)

−25

3.2 Methodology
A couple of broad-band transducers were installed diagonally across the channel as shown in
Fig. 2. The FAT system simultaneously transmitted sound pulses from the omni-directional
transducers every minute triggered by a GPS
clock.
The streamwise velocity component v is estimated from the velocity component along the
ray path u as v = u / cos θ . Other characteristics of the FAT system are listed as: (a) the central frequency of broad-band transducers is 30
kHz, (b) the angle between the ray path and
stream direction θ is 30 degrees, (c) as shown
in Fig. 3, the transducers were mounted at 0.2 m
heigh above the bottom, the altitudes of upstream and downstream transducers are
−0.46 ± 0.01 m a.s.l (above the mean sea level)
and −0.7 ± 0.01 m a.s.l, respectively.
Three moored ADCPs (Aquadopp profiler,
Nortek AS) are employed to validate the discharge data obtained from the FAT system. As
shown in Fig. 2, the ADCPs are arranged at 30 m
transverse intervals with the central ADCP put at
the river centerline.
The bin length is set to 0.1 m, the interval of
ensemble average to 120 s, and the profiling interval to 300 s. The accuracy of horizontal velocity is as small as 0.028 m/s. The blank zone of
ADCP measurement near the water surface is
0.22 m in thickness while that near the bottom is
estimated by d (1 − cos 25 ) + 0.1m , where d is
the distance from the ADCP transducer level to
the river bed.
Water level and vertical distribution of temperature and salinity are measured every 10 minutes by the conductivity-temperature (C-T) sensors, attached to the pier of the Gion Bridge at
40 m from the left bank (Fig. 2). The crosssectional distribution of temperature and salinity
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Figure 3. Example of river cross-section, contour plots of
sound speed distribution and the result of ray simulation
(ray pattern).

In order to estimate the cross-sectional average
velocity, sound paths are expected to traverse a
larger stream section between the bottom and
surface. If the sound speed has an inhomogeneous distribution in the section, sound rays draw
curves obeying Snell’s law of refraction. In this
paper, ray simulation is implemented by solving
the following differential equations (Dushaw &
Colosi, 1998):
dϕ ∂c 1
∂c 1
=
tan ϕ −
dr ∂r c
∂z c
dz
= tan ϕ
dr
dt sec ϕ
=
dr
c

(9)

where ϕ is the angle of ray measured from the
horizontal axis r , z = vertical coordinate, and
t = time. Here, the sound speed c is estimated
by Medwin’s formula (Eq. 10) that is a function
of temperature T (°C ), salinity S , and depth
D (m) (Medwin, 1975):
c = 1449.2 + 4.6T − 0.055T 2 + 2.9 × 10−4 T 3
+ (1.34 − 0.01T )( S − 35) + 0.016 D

(10)

Notice that we do not need to notify [psu] as the
salinity unit, since the practical salinity adopted
by the UNESCO/ICES/SCOR/IAPSO Joint Panel on Oceanographic Tables and Standards have
any dimensions. In the ray simulation, effect of
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Figure 4. Time plots of water level at Yaguchi (a) and Gion (b), and cross-sectional average velocity (c) for three months.

Figure 5. (a) Sand sedimentation on the left transducer induced by the flood event, (b) the left transducer after removing the
sand.

nately, in a short period (before and after LWS)
of near-bed salt wedge intrusion, the sound rays
emitted in the upper layer were reflected at the
underlying interface and prevented from penetration into lower layers (Kawanisi et al., 2010).
In this case, the cross- sectional average velocity
is overestimated by the FAT system since it cannot cover all the cross sections. The water discharge is roughly overestimated by 10 % on average in the particular period of limited
freshwater discharge (Kawanisi et al., 2010).
Since there is not a salt wedge during flood
events, the rays can cover all the cross sections.
Accordingly no correction for the cross-sectional
average velocity is needed

velocity is negligible compared to that of sound
speed.
4 RESULTS AND DISCUSSION
4.1 Ray pattern
In general, the cross-section of a river can be
deemed as a wave guide. Fig. 3 shows the typical
ray pattern in the cross-section of low-water
channel, drawn on the grey color map of sound
speed. The rays with bottom reflection numbers
greater than five are not shown in Fig. 3. They
correspond to rays released at larger angles from
the horizontal at the source position.
Mostly, the ray paths can cross approximately
all the section as illustrated in Fig. 3. Unfortu1745
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Water discharge is calculated by the following formula:
Q = A( H )vm sin θ = A( H )um tan θ
(12)
where A( H ) = cross-sectional area, spanned
by ray paths. The three-month variations of the
Yaguchi discharge estimated by rating curves
and flow discharge by FAT system are shown in
Figs. 6 (a) and (b). Figure 6 (c) indicates the discharge at the Gion during the largest flood event
for comparing the FAT and the float data. The
discharge measured by the FAT system is compared with the arrayed ADCP and floats results
in this figure as well.
Three methods of measuring discharge show
almost the same results. Thus, Fig. 6 supports
that the discharge obtained from the FAT system
is close to the actual river discharge.
As illustrated above, FAT system measurement was unsuccessful because the left transducer was covered with sand. However, the discharge estimated by the FAT system is
meaningless when the water surface is over the
flood plain ( H > 3m) because FAT system
measures only the discharge across the lowwater channel compartment. All the presented
data are in H < 3m . Therefore, the comparisons
between the FAT and float data in Fig. 6 (c)
have a meaningful aspect. It is found that the
both flow rates are concurrent while the FAT
system works properly.

4.2 Temporal variation of cross-sectional
average velocity and water discharge
The cross-sectional average velocity vm is calculated by the following formula:
vm = um / cos θ

(11)

where θ = the angle between the ray path
projection to the horizontal plane and streamlines. The cross-sectional average velocity
measured by the FAT system is compared to that
of arrayed ADCPs and the floats observations in
Fig. 4 (c). Fig. 4 (a) and (b) show water level
variations at the Yaguchi and Gion gauging stations,respectively. The upper solid bars in Fig.4
(b) and (c) indicate that the Gion sluices are in
regular position The ADCP data fall over the
cross-sectional average velocity measured by the
FAT system. Unfortunately, FAT system did not
work well around the flood event peak on July
21, because of sand sedimentation over the left
transducer as shown in Fig. 5. However, the
floats data serve to interpolate the period of data
lacking in the FAT data.
The velocity variation in the observation site
is usually dominated by semi-diurnal and diurnal
tidal components and also disturbed significantly
by unknown factors, caused by discharge control
of the Gion sluice gates to reduce inflow into the
observation site.
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Figure 7. Time plots of discharge at Yaguchi (a), water level at Gion (b), and cross-sectional average salinity (c)
for three months.

It is no wonder that the Gion discharge Q correlates with the Yaguchi discharge QY . However, the discharge ratio Q / QY changes significantly even when all sluice gates are completely
opened: Q / QY ≈ 0.4 ∼ 0.9 .
From the results in Figs. 4 and 6, the longterm measurement of cross-sectional average velocity and river discharge is successfully fulfilled
by the FAT system even in an estuary with salt
wedge intrusion and flood events. It is, thus,
suggested that the present FAT system is a prospective method for the continuous measurement
of river discharge.

Obviously, there are tidal driven salinity variations while the freshwater inflow is limited by
the Gion sluice gates. It is found that the mean
salinity is sensitive to the Yaguchi discharge
even when the Gion gates are in their regular position.
The salinity drastically decreases by the first
flood event (the first opening of the Gion gates)
and the saltwater intrusion cannot be found until
the middle of August. Moreover, it is remarkable
that the saltwater intrusion is strengthened during the neap tide and the re-intrusion of saltwater
to the experimental site is sparked by the small
tidal range. Conversely, the spring tides depress
the saltwater intrusions.

4.3 Temporal variation of cross-sectional
average salinity

5 CONCLUSIONS

The cross-sectional average salinity measured by
the FAT system is presented together with the
Yaguchi discharge and the Gion water level in
Fig. 7. It is noticeable that the salinity dominantly changes during the observation period. The
cross-sectional average salinity is deduced from
the sound speed data of FAT system and the water temperature at the Gion Bridge, using Eq.
(10). It is should be noted that using temperature
may cause certain quantity of error in salinity estimations because the Gion Bridge temperature
can be different from the average temperature
along the cross-section of the FAT system.
However, the error is probably insignificant for
the following qualitative discussion.

The fluvial acoustic tomography (FAT) system,
characterized by the GPS precise clock system
and the M-sequence modulation of transmission
signals was developed and applied to a shallow
tidal river with saltwater intrusion. The FAT system is composed of a couple of acoustic transducers, located on both sides of a channel and
sound transmission line between them is arranged at an angle of about 30 degrees to the
channel axis in order to make the measurement
of the cross-sectional average velocity efficient.
The signal-to-noise ratio of the received signals was remarkably improved by the signal
transmission, phase-modulated by the 10th order
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M-sequence. The FAT system is asserted as a
powerful tool to measure river discharge even
under flood events with high turbidity concentration and large ambient noise levels of sound.
The long-term measurement of the crosssectional average velocity and river discharge
were carried out successfully in spite of the periodic intrusion of a salt wedge into the river and a
large amount of suspended/bed load. It is concluded that the fluvial acoustic tomography
(FAT) is a prospective method for the continuous monitoring of tidal river discharge.
The cross-sectional average velocity of the
river stream was estimated from the travel time
difference data (obtained along the sound paths)
acquired in the low-water channel cross-section.
Moreover, the cross-sectional average salinity is
able to be estimated using the FAT data such as
sound speed data, ray simulation results and the
temperature data by the C-T sensors. This suggests that the freshwater discharge in tidal rivers
can also be determined by the FAT system after
separating the salt water component.
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Local boundary shear stress estimates from velocity profiles measured
with an ADCP
J. Petrie, P. Diplas & S. Nam
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ABSTRACT: The acoustic Doppler current profiler (ADCP) has become an important tool in the study of
river processes. When measurements are obtained at a fixed location within the river channel, timeaveraged velocity profiles can be calculated. These profiles have the potential to quantify flow properties
such as secondary currents and boundary shear stress. Velocity profiles from ADCP measurements obtained on the lower Roanoke River in the USA are used to estimate local mean boundary shear stress. The
procedure combines the well known log-law with visually establishing the region within the flow depth
where this law is valid. Additionally, methods are presented to (i) determine if movement of the ADCP
adversely affects the measured velocity profile, (ii) test whether the recorded data is stationary, and (iii)
calculate the depth-averaged velocity.
Keywords: Acoustic techniques, Boundary shear, Field tests, Stationary processes, Velocity profile
Velocity profiles are often used as an indirect
method to determine mean boundary shear stress
in natural rivers (Wilcock 1996). While several
methods are available to determine the timeaveraged local boundary shear stress (e.g. Biron et
al. 2004, Dietrich & Whiting 1989), this study
employs the theoretical log-law, given as:

1 INTRODUCTION
Field measurements of river velocity can provide
a valuable contribution to understanding morphological processes, contaminant transport, and
stream ecology. The acoustic Doppler current profiler (ADCP) is used increasingly in river-related
studies to measure velocity and determine flow
rate (Simpson 2001), turbulence characteristics
(e.g. Stacey et al. 1999, Nystrom et al. 2007),
boundary shear stress (Sime et al. 2007), and sediment transport (Rennie & Millar 2004). Additionally, the high spatial resolution data from
ADCPs may provide a useful tool for calibrating
and validating computational fluid dynamics
models. This study presents ADCP measurements
from the lower Roanoke River, a regulated river
in eastern North Carolina, USA and describes a
procedure for determining local boundary shear
stress. Fixed-vessel measurements (Muste et al.
2004) were obtained at a location within a meander bend for two flow rates, one close to the mean
annual flow (flow rate, Q = 220 m3 s-1) and the
other at near bankfull conditions (Q = 565 m3 s-1).
Maintaining a fixed location within the river for
the entire measurement duration presented a challenge. The effect of the ADCP motion on the
measured velocity profiles is assessed.

u 1 ⎛ z ⎞
= ln⎜ ⎟
u* κ ⎜⎝ zo ⎟⎠

(1)

where u = velocity, u* = shear velocity ( u* =
(τo/ρ)0.5, where τo = boundary shear stress and ρ
= fluid density), κ = von Karman’s constant (κ =
0.40), z = position perpendicular to the channel
bed, and zo = roughness height. Following the approach of Raupach et al. (1991), the perpendicular
position above the bed is defined as z = Z + d,
where Z = position above the origin as defined by
the top of the roughness elements and d = zero
displacement plane. When a measured velocity
profile is available, a least squares error approach
can be used to fit a linear equation to the profile of
u vs. ln(z). This approach has two primary advantages: (i) no knowledge of the roughness height is
required to determine the shear velocity and (ii) a
measure of the goodness of fit for the data is
available through the coefficient of determination,
also known as the R2-value. The least square er1749

ror approach has been used both in the laboratory
(e.g. Dancey & Diplas 2008) and the field (e.g.
Papanicolaou & Hilldale 2002, Stone & Hotchkiss
2007).

water and the motion of the boat. To isolate the
river velocity, the ADCP software can subtract the
boat velocity from the total measured velocity using a velocity reference which defines the boat
motion. This velocity reference can be found using GPS data or bottom-tracking. Bottom-tracking
is a feature available with many ADCP models
that determines the boat velocity relative to the
channel bottom. Additionally, the velocity reference may be set to none, which retains the original
measured velocities.

2 STUDY SITE
The lower Roanoke River is a regulated river located on the coastal plain of eastern North Carolina, USA. The study site, shown in Figure 1, is approximately 77 river kilometers downstream of
the Roanoke Rapids Dam. Due to a lack of major
tributaries, the flow rate is largely controlled by
dam releases. The ADCP measurements were obtained near the channel centerline at the bend apex
(Fig. 1b) on May 28 and June 14, 2009. The dam
releases were constant for at least a week prior to
each measurement date as necessitated by different operational modes. The field work in May occurred during spawning operations, which require
steady flow releases for a duration of at least one
week. This operational mode resulted in a flow
rate close to the mean annual flow (Q = 220 m3 s1
) for several weeks. The June field work followed
a period of heavy rainfall in the watershed surrounding the reservoir resulting in flood control
operations which produced a sustained release of
Q = 565 m3 s-1. The flood control releases generated bankfull conditions at the measurement site.
These flow rates resulted in flow depths at the
measurement location of 5.84 m (Q = 220 m3 s-1)
and 9.21 m (Q = 565 m3 s-1) as determined by the
ADCP.
3 BACKGROUND
A brief review of relevant ADCP operational
principles is provided here, while more complete
coverage can be found in Simpson (2001). Velocity is measured in each of four beams emitted from
the ADCP and the results are averaged at discrete
intervals throughout the flow depth known as either bins or depth cells. For the current measurements, a bin size of 0.25 m was used. Near-bed
and near-surface measurements are not possible
with an ADCP. A variety of settings are available
for the ADCP depending on flow characteristics
such as depth and velocity. For the measurements
reported here, water mode 12, a high ping rate
mode, was used with 20 sub-pings sent 50 milliseconds apart, then averaged together to create a
single measurement. Further details on the water
modes available for RDI ADCPs can be found in
Simpson (2001). The resulting sampling frequency was approximately 10 Hz. Measured velocities
include contributions from both the flowing river

Figure 1. (a) The Roanoke River watershed below the Roanoke Rapids Dam. (b) The measurement locations on the
lower Roanoke River.

The ADCP velocity output is defined in an
earth coordinate system with components in the
north, east, and vertical directions. These components can be transformed using the average flow
direction determined by an internal compass to a
curvilinear river coordinate system with components in the streamwise (tangential), spanwise
(normal), and vertical directions, shown in Figure
2. The streamwise component represents the primary flow direction, while the spanwise component represents the flow across the channel, such
as secondary circulation.
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The sample record length of 20 minutes was
selected to be conservative. Measurement durations as small as 6 minutes have been shown to be
sufficient for determining mean quantities in larger rivers than the lower Roanoke River (Muste et
al. 2004). To demonstrate that 20 minutes is a sufficient sample record length, Taylor’s hypothesis
may be used to convert between length and time
scales (Soulsby 1980):

Figure 2. Curvilinear river coordinate system showing
streamwise (tangential) and spanwise (normal) directions.
The vertical axis is directed outward from the page.

Τ=

H
U

(2)

where Τ = integral time scale, H = flow depth, and
U = depth-averaged velocity. While this approximation is not strictly correct for all flows, it provides a useful tool prior to performing ADCP
measurements. Applying Taylor’s hypothesis results in integral time scales of 8.52 s (Q = 220 m3
s-1) and 9.30 s (Q = 565 m3 s-1) for the conditions
encountered on the lower Roanoke River. The
sample record length is then at least 130 times the
integral time scale, which is judged to be sufficient.

4 MEASUREMENT PROCEDURE
A 1200 kHz Workhorse Rio Grande ADCP manufactured by Teledyne RD Instruments (Poway,
CA) and a Trimble DSM 232 GPS (Sunnyvale,
CA) were mounted to a Riverboat tethered boat
(Oceanscience, Oceanside, CA). The tethered boat
was attached using rope to a motor boat (length =
6 m) for all measurements. The ADCP and GPS
data were recorded with WinRiver II software
(Teledyne RD Instruments). The GPS data is used
to determine the boat position only and has no
bearing on the velocity measured by the ADCP.
The horizontal accuracy of the GPS is approximately 1.0 m. The measurement locations were
recorded using HYPACK LITE (HYPACK, Inc,
Middletown, CT) so that the locations from May
could be revisited in June.
The boat was secured within the river channel
using anchors at the bow (front) and port-side
stern (left-side rear) similar to the approach of
Stacey et al. (1999). The typical procedure to secure the boat involved driving upstream some distance of the desired measurement point and releasing the bow anchor. The boat was then slowly
steered to the measurement location where the
stern anchor was released and both anchor lines
were secured. The bow anchor required a rope
with a length approximately three times the flow
depth. The total set up time ranged from 10 minutes to one hour depending on flow conditions
and the desired location within the channel. The
tethered boat was placed near the middle of the
motor boat which prevented the anchor lines from
intersecting with the ADCP beams. Once the boat
was stabilized in the measurement location,
ADCP velocity measurements were recorded for
approximately 20 minutes. During the measurement period, the boat motor was turned off and
movement by the technicians was minimized. This
approach to fixing the boat within the channel is
preferred to mooring, due to the excessive wear
on the motor that mooring may cause.

Figure 3. Times series of velocities in earth coordinates for
bin 10 (z/H = 0.49) from May 28, 2009 (Q = 220 m3 s-1).
The mean of each component is shown with a white line.

5 RESULTS
The data output from WinRiver II was analyzed
using codes developed in MATLAB© at the Baker Environmental Hydraulics Laboratory. All velocity, location, and depth measurements marked
as “bad” by WinRiver II were removed. No additional smoothing or filtering of the data was performed. The preliminary data analysis involves
establishing that the boat motion during each
measurement was not significant so that the results may be considered a fixed-vessel measurement and that the measured velocity time series
are stationary.
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5.1 Establishing Stationarity

where R1 and u1(z) correspond to Region 1 and
the streamwise velocity profile in Region 1, respectively.
The integral for Region 2 is calculated by numerically integrating the velocity measurements
from the ADCP. Separate logarithmic profiles
were then fit to Regions 1 and 3 using several velocities measured by the ADCP adjacent to each
region. The logarithmic equations were then integrated over the appropriate region of the flow
depth. For example, the near-surface logarithmic
equation is integrated from the height of the top of
the bin closest to the free surface to the free surface height above the channel bed.

A time series may be considered stationary when
the mean value and autocorrelation function are
constant (Bendat & Piersol 1986). As many analysis techniques for turbulent flow data are limited
to stationary data (Tennekes & Lumley 1972),
whether or not the data is stationary should be established at the outset. The approach used here
follows the previous work presented in Soulsby
(1980) which employs the run test, a nonparametric test of statistical independence (Bendat &
Piersol 1986). In summary, the 20 minute sample
record is divided into subsamples, each with a duration of 30 seconds, and the run test is performed
on the mean and variance of the subsamples. This
procedure is performed on each velocity time series, i.e. north, east, and vertical components, for
all bins in the profile. The run tests failed to reject
the hypothesis of stationarity for all velocity
records in both profiles at the α = 0.05 level of
significance, indicating that the data is stationary.
Visual confirmation of stationarity can be seen in
the sample velocity record provided in Figure 3.

H

5.2 Depth-averaged Velocity
The depth-averaged velocity, U, is used to scale
the velocity profile measurements in the following
sections. If the velocity profile can be described as
a function of the height above the channel bottom,
then:

U=

1
H

H

∫ u(z )dz
d

(3)

where U = depth-averaged velocity, u(z) =
streamwise velocity profile as a function of height
above the channel bed, and H = flow depth. The
flow depth is determined by averaging the sample
records for depth measured by the four ADCP
beams. Stone & Hotchkiss (2007) applied this approach by fitting a logarithmic profile to velocity
profiles measured with an ADCP. However, if the
entire flow region cannot be described by a single
function, determining U from ADCP profiles is
not straightforward due to the lack of velocity
measurements in the near-bed and near-surface
regions of the flow depth.
To overcome this issue, the flow depth is divided into the three regions illustrated in Figure 4:
(1) the near-bed region, (2) the middle region containing velocity measurements, and (3) the nearsurface region. Equation (3) then becomes:
U=

⎤
1 ⎡
⎢ ∫ u1 ( z )dz + ∫ u 2 (z )dz + ∫ u 3 ( z )dz ⎥
H ⎣ R1
R2
R3
⎦

elevation, z

Region 3

Region 2

d

Region 1

0

velocity, u

Figure 4. Demonstration sketch for depth-averaged velocity
calculations with measured ADCP velocities shown with
open circles (not to scale).

5.3 Effect of ADCP Motion on Velocity Profiles
During the duration of each measurement, some
ADCP movement is unavoidable as demonstrated
by the GPS measurements provided in Figure 5.
As one would expect, the bankfull conditions
(Fig. 5b) produce increased ADCP motion resulting in a range of 4.28 m in the east direction and
6.51 m in the north direction. The range for the
mean annual flow rate (Fig. 5a) is 1.25 m in the
east direction and 1.42 m in the north direction.
As noted previously, the measurement location in
May was recorded in HYPACK so that the same
location could be revisited. In June, it was not

(4)
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possible to return to the exact location due to the
strong current within the river at the bankfull flow
rate. The mean locations of the two different measurements are separated by 5.9 m.

UTM Northing (m)

3999562.5

which is well below the reliable range for the
ADCP. The mean percent difference for the entire
spanwise profile is less than 2%. The results from
May demonstrate similar agreement and the profiles are not shown here. Based on the comparison
of the two velocity references it can be concluded
that the measurements represent fixed-velocity
measurements where the ADCP motion did not affect the measured velocities. The remainder of the
reported velocities will use GPS for the velocity
reference.

(a)

3999562.0

3999561.5

3999561.0

5.4 Boundary Shear Stress

3999560.5
298480.5

298481.0

298481.5

The log-law is likely only valid for the bottom
20% of the flow depth (Nezu & Nakagawa 1993),
however a logarithmic distribution is often assumed to approximate the velocity profile for the
entire flow depth (Bathurst 1997). Figure 7 shows
plots of the velocity and the natural logarithm of
the height above the channel bed and clearly demonstrates that the log-law is not valid for the entire flow depth at this measurement location for
either flow rate. One possible explanation for the
deviation from the log-law is the presence of secondary currents as demonstrated by Figure 6b.
The empirical evidence supporting a logarithmic
velocity profile was obtained under twodimensional flow conditions (Nezu & Nakagawa
1993).

298482.0

UTM Easting (m)

UTM Northing (m)

3999560.0

(b)

3999558.0
3999556.0
3999554.0
3999552.0
3999550.0

UTM Easting (m)

Figure 5. ADCP locations recorded with GPS during velocity measurements for (a) May 28, 2009 (Q = m3 s-1) and (b)
June 14, 2009 (Q = 565 m3 s-1).

To determine if the boat motion had an impact
on the measured mean velocity profiles, the velocity profiles were compared using different velocity references. As discussed above, when the GPS
velocity reference is used, the boat motion as determined by the GPS is removed from the total velocities measured by the ADCP, leaving only the
river water velocity. When no velocity reference
is used, the ADCP velocities are not corrected for
boat motion. Therefore if the velocity profiles using none and GPS as the velocity references are in
agreement, the measurement may be consider a
true fixed-vessel measurement. The maximum
pitch and roll measured by the ADCP system was
1.46° which has an insignificant effect on horizontal velocities (Simpson 2001). Figure 6 provides
the streamwise and spanwise velocity profiles
measured in June with the mean velocity for each
bin, u, normalized by the depth-averaged velocity,
U, and the bin depth, d, normalized by the total
flow depth, H. It can be seen that the streamwise
profiles are in good agreement with a maximum
percent difference at any bin of 0.56%. The spanwise component also show good visual agreement
but result in a maximum percent difference of
14%. However, this maximum difference occurs
for measured velocities on the order of 0.005 m s-1

Figure 6. Velocity profiles using both none and GPS for the
velocity reference for (a) streamwise and (b) spanwise velocity components from June 14, 2009 (Q = 565 m3 s-1).
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size, ds, of 1.0 mm was selected based on visual
evidence near the measurement site. When the resulting dimensionless variables, R∗ and τ∗ (provided in Table 1), were plotted on the Shield’s diagram, both points were located above the
threshold for sediment motion. The dimensionless
shear stress for the May measurement fell just
above the critical shear stress value, τ∗c ≈ 0.032,
while the June measurement value was significantly larger than the critical value, τ∗c ≈ 0.038.
This finding is in agreement with observed sediment motion documented by the ADCP bottom
tracking feature.
6 DISCUSSION
Two issues regarding the ADCP velocity profiles
and the implications for the calculated shear stress
require further discussion. First, near-bed velocity
measurements are not possible due to side lobe interference (Simpson 2001). While it has been
thought that near-bed measurements are required
for an accurate determination of shear stress (e.g.
Biron et al. 2004), Yu and Tan (2006) demonstrate that using points from the upper portion of
the logarithmic region for the regression analysis
yield improved estimates of boundary shear stress.
The other issue arises from the fact that the
ADCP beams diverge from each, resulting in a
large measurement volume for the profile. For the
conditions encountered on the lower Roanoke
River, the maximum distance between two beams
is about 4.2 m (Q = 220 m3 s-1) and 6.7 m (Q =
565 m3 s-1). Despite this large sample volume,
good agreement has been found between mean velocity profiles from an ADCP and acoustic Doppler velocimeter in both the laboratory (Nystrom et
al. 2007) and field (Stone & Hotchkiss 2007).
When the least square error method is used to determine the boundary shear stress, the velocity
profile is the only required input.

Figure 7. Velocity measurements (open circles) plotted
along with regression equations (dashed lines) for profiles
measured on (a) May 28, 2009 (Q = 220 m3 s-1) and (b) June
14, 2009 (Q = 565 m3 s-1).

While a logarithmic profile is not seen for the
entire flow depth, a linear region is observed for
both profiles within the bottom half of the flow
depth. While measurements were not obtained
within the bottom 20% of the flow depth in May,
velocity was measured at two locations within this
range for the higher flow rate in June. Both of
these measurements are contained in the linear region described above. While near-bed measurements are not available with the ADCP, these profiles suggest that a logarithmic velocity profile
may be appropriate through a region between approximately 20 and 50% of the flow depth.
Using the least square errors approach, an equation was fit to the linear portion of each profile.
The shear velocity and boundary shear stress determined from the regression equation as well as
the coefficients of determination are provided in
Table 1. One difficulty encountered when presenting boundary shear stresses is that the results have
been shown to be dependent on the method of calculation (e.g. Biron et al. 2004). To gauge if the
results presented here are reasonable, the boundary Reynolds number (R∗ = u* ds/ν, where ds =
representative grain size, ν = fluid kinematic viscosity) and dimensionless shear stress (τ∗ = τo/(γs γ)ds, where γs = specific weight of sediment, γ =
specific weight of water) were calculated. To perform these calculations, a representative grain

Table
1. Summary of Velocity Profiles
______________________________________________
Date
May 28, 2009
June 14, 2009
______________________________________________
3 -1
Q (m s )
220
565
0.68
0.99
U (m s-1)
0.98
0.99
R2
u* (m s-1)
0.025
0.042
0.61
1.80
τo (Pa)
25
42
R∗
0.037
0.111
τ∗

7 CONCLUSIONS
Techniques have been presented to: (1) establish
that measured velocity time series data are statio1754

nary, (2) determine the depth-averaged velocity,
(3) confirm that ADCP motion during the measurement does not adversely affect the mean velocity profile, and (4) calculate the local mean
boundary shear stress. These techniques have
been tested at a location on the lower Roanoke
River for two different flow rates. The procedures
proposed for both the depth-averaged velocity and
boundary shear stress do not require the velocity
profile to follow the log-law for the entire flow
depth. Rather, these techniques benefit from the
visual determination of the region where the loglaw is valid. It was found that for conditions up to
bankfull, the boat could be secured within the river channel so that the ADCP motion during sampling did not adversely affect the mean velocity
profiles. It should be noted that during the higher
flow rate, significantly more time and effort was
required to secure the boat.
While no direct method to measure boundary
shear stress in a natural river channel is currently
available, the technique presented here offers a
relatively simple technique to indirectly estimate
the local boundary shear stress for flows where
the log-law does not apply over the entire flow
depth. Verification of boundary shear stress estimates remains a difficult issue in both the laboratory and field. However, comparing the observed
bed load motion with the calculated R∗ and τ∗ values provides some confidence in the results. Finally, it should be noted that the results presented
here are limited to the conditions encountered on
the lower Roanoke River and may not be directly
applicable to different field conditions.
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Uncertainty study of data-based models of pollutant transport in rivers
Adam P. Piotrowski, Pawel M. Rowinski & Jarosław J. Napiorkowski

Institute of Geophysics, Polish Academy of Sciences, Ks. Janusza 64, 01-452 Warsaw, Poland

ABSTRACT: This study concerns the problem of pollution transport in rivers in situations when data is
scarce and no results from tracer tests are available. In such case approaches pertaining to numerous empirical formulae or data-based methods allowing estimation of the longitudinal dispersion coefficient
based on hydraulic and morphometric characteristics are used. Different methods were proposed so far
depending on number of available river characteristics like nonlinear regression, neural networks or transfer function. However, they are usually lacking the uncertainty analyzes. Moreover, the impact of the
used optimization method on the results has not been studied in detail. In the present paper we investigate
the uncertainty of the well-known regression based equation and neural networks models and assess performance of neural networks trained with different techniques. We restrict our considerations to well studied river reaches when most important river characteristics, including water velocity, shear velocity, bed
slope, depth, width and sinuosity are available for each river reach of interest.

Keywords: Pollutant transport, Longitudinal dispersion, Uncertainty, Neural networks, Differential evolution
1 INTRODUCTION

and Deng et al. (2001)

The simplest and most popular approach of one
dimensional pollutant transport modelling in
engineering practice is that based on the
advection–dispersion equation (Taylor, 1953;
Fischer et al., 1979):

EL P = HU *

1 ∂ ⎛
∂C
∂C
∂C ⎞
⎜ AEL
⎟
+U
=
A ∂x ⎜
∂t
∂x
∂x ⎟
⎝
⎠

1.428

EL

⎛U ⎞
= HU 5.915 ⎜ ⎟
⎝ U* ⎠
*

⎛ B ⎞
⎜
⎟
⎝H ⎠

0.62

5/3

⎛U ⎞
⎜ *⎟
⎝U ⎠

2

1.38

⎛ 1 ⎞⎛ U ⎞⎛ B ⎞
k = 0.145 + ⎜
⎟
⎟⎜ ⎟⎜
⎝ 3520 ⎠ ⎝ U * ⎠ ⎝ H ⎠

(3)

In both equations B is the channel width, H is
the mean depth of flow, U* is the shear velocity
and ELP is predicted dispersion coefficient. More
detailed overview of the proposed equations may
be found in Wallis and Manson (2004). Over the
last 5 years neural networks have been given
much attention for this task (Kashefipour et al.
2002; Rowinski et al., 2005; Tayfur and Singh,
2005; Piotrowski et al. 2006; Toprak and Cigizoglu, 2008; Riahi-Madvar et al. 2009). However,
neural networks are usually applied somehow automatically as a predictive tool – without performing an uncertainty analysis, discussion on the
proper optimization criteria or verification of the
optimization algorithms used to find the proper
weights of the network. These issues cannot be
considered as technical details only (Rimer and
Martinez, 2006). In the present paper three Evolu-

(1)

where x is the longitudinal axis, t denotes time,
C is the admixture concentration averaged over
the cross-section A, EL is the longitudinal dispersion coefficient and U is cross-sectional averaged
velocity. Great effort has been performed to develop empirical methods allowing practitioners to
estimate longitudinal dispersion EL at particular
river reach without performing time consuming
and expensive tracer tests. Initially, mostly the regression equations were considered as a predictive
tool – probably the most efficient ones were proposed by Seo and Cheong (1998)
P

0.15 ⎛ B ⎞
⎜ ⎟
8k ⎝ H ⎠

(2)
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supervised multi-layer perceptron feed-forward
network (Haykin, 1999) is probably the most
extensively applied to variety of problems. They
approximate the values of output variable (y)
based on the set of input variables x1, x2, ..., xK.
Usually all input and output variables are
standardized to the [0,1] interval. To avoid the
possibility of obtaining negative values of
predicted dispersion, we set y = ln(EL) before
standardization (see Kashefipour et al., 2002 and
Rowinski et al., 2005). Artificial neural networks
are comprised of nodes arranged usually in three
layers – input, hidden and output one. The
example of neural network topology is presented
in Fig. 1. The number of input nodes is the same
as the number of input variables, the number of
hidden neurons should be found empirically for a

tionary Computation optimization methods belonging to so called Differential Evolution family
are applied in order to optimize the simple multilayer perceptron neural network with objective
function designed specially to allow fitting the
model to data which differ by a few orders of
magnitude and consider input variables uncertainty into optimization process. This study concentrates on the impact of the optimization method on
the results and shows the significant uncertainty
connected with longitudinal dispersion estimation.
2 DATA
The data set used in the present study is composed
of 81 experiments, 70 of them were collected by
Deng et al. (2002) and 11 by Sukhodolov et al.
(1997). Experiments were performed by various
researchers, mostly in moderate climatic conditions of USA and Moldova. More detailed description of most of experiments performed in
USA may be found in Nordin and Sabol (1974)
and Godfrey and Frederick (1970).
It was verified that for almost every experiment
the distance to the location where complete horizontal mixing over the river cross-section takes
place (Jirka and Weitbrecht, 2005) is shorter than
the distance to the first cross-sections where the
measurements were taken.
To estimate the value of longitudinal dispersion, the five independent variables were used in
this paper, namely B, H, U, U* and river sinuosity
(sin), hence ELP = f(B,H,U,U*,sin). All these variables were available for the considered river
reaches. 50 out of 81 experiments were used as a
training set to optimize neural networks and the
remaining 31 were considered as testing set.
Testing examples were experiments number 3,
4, 6, 11, 13-15, 19, 20, 24, 26, 30, 37, 40, 41, 44,
46, 50, 51, 53, 54, 60-63, 67, 70 from Deng et al.
(2002) and reach numbers 2, 3, 6 (with Q = 0.465
only) and 9 from Sukhodolov et al. (1997). Note
that although there were 15 experiments in total
mentioned in Sukhodolov et al. (1997), 4 of them
were excluded from considerations in the present
paper since they were performed in almost identical conditions at the same cross-sections. Sinuosity of river reaches were not reported in Sukhodolov et al. (1997) – these were measured by
authors of the present paper based on available
maps (see Rowinski et al. (2005).

input layer
x1

wij

hidden layer

vj
output layer

x2

y
x3

x4

Figure. 1 Scheme of multi-layer perceptron neural network
scheme.

given problem. The nodes are linked via weighted
connections w and v. The values of these
connections are adaptively modified during the
process of training the network. Each node
performs a weighted sum of its inputs and filters it
through a given, so-called activation function.
Following a number of other authors, a sigmoidal
function was used for this purpose in the hidden
layer, i.e.:
f ( z) =

1
1 + e− z

(4)

where z is the weighted sum
⎛ K
⎞
z j = f ⎜ ∑ w ji xi ⎟
⎝ i =1
⎠

(5)

Afterwards the weighted signals zj (multiplied
by proper weights vj), are transferred to the neuron
of the third layer, where the new weighted sum is
computed:
⎛ L
⎛ K
⎞⎞
y P = ⎜ ∑ v j f ⎜ ∑ w ji xi ⎟ ⎟
⎝ i =1
⎠⎠
⎝ j =1

3 MULTI-LAYER PERCEPTRON
ARTIFICIAL NEURAL NETWORKS

(6)

when L is the number of hidden nodes. Finally,
after re-standardization of yP, the predicted longitudinal dispersion value may be obtained as
ELP(w,v) = exp(yP).

From a number of types of neural networks, the
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predictions 10 and 0.1 when true value is 1, as
well as 3000 and 30 when true value is 300 are
similarly wrong. The second power is taken in order to increase the significance of over- or underestimation.

Because of small number of training data (50
experiments only) and 5 input variables we were
forced to reduce the number of hidden nodes to 2.
It resulted in neural network structure of 5 inputs,
2 hidden units and 1 output (5-2-1) – leaving 15
parameters for optimization process.

5 INCLUDING UNCERTAINTY INTO
OPTIMIZATION PROCESS

4 SELECTION OF OBJECTIVE FUNCTION
The parameters v and w have to be optimized
based on the knowledge gained from training
examples according to the assumed criterion. It is
popular to use the objective function to be
minimized such as the mean square error
m

J1 (w, v ) = min ∑ ( ELP i (w, v) − ELi ) 2
w, v

Although a series of papers have dealt with the
application of neural networks to estimate the
longitudinal dispersion coefficients, to the best of
our knowledge, none of them considered
uncertainty analysis. Simple analysis of the
sensitivity of the model results in 10% increase of
each of independent input variables were
performed for equation (3) in Deng et al (2001).
Helton et al (2006) suggests to perform
uncertainty analysis by generating a sample of
input variables and propagating it through a model
to estimate the model uncertainty. The sample
generation should be, if possible, based on expert
suggestions. Another options is the generation
from an assumed distribution either randomly or
by means of Latin Hypercube method. The second
method is suggested for computationally
demanding models to limit the number of the
generated samples, which is not important in the
case of simple neural networks.
It is difficult to define the uncertainty of EL, B,
H, U and sin – as it depends mostly on a quality of
on site measurements, performed by different researchers in various conditions. Hence, in this paper it is assumed that these 5 variables are realizations from the normal distribution with μij = uij
and σij = 0.1uij, where ui1 = yi, ui2 = xi1,…, ui5 = xi4;
i = 1, N represent each training example and j = 1,
5 represent input or output variables: EL, B, H, U
or sin. The coefficient of 0.1 used to define the variance was estimated empirically. The smaller σij
indicates that the variable is less uncertain. If this
value was set as too small it would result in limiting the neural network robustness, whereas too
high would make prediction very poor. Note that
the true distribution of a particular variable at
each experiment may differ from the Gaussian one
and the observed uij may even be an outlier far
from the true μij. However, we cannot find proper
distributions since the only information we have is
single realization. Note that shear velocity U* not
considered above may be approximated by
U * = gHs
(11)
where s is the bed slope. It seems reasonable to
assume that the bed slope – which is usually
measured rather than U* – is a realization from
normal distribution with μij = sij and σij = 0.1sij.

(7)

i =1

which is differentiable and has good statistical
properties. Unfortunately it has a major drawback
– the weights w and v would be fitted to properly
reproduce the highest values of longitudinal
dispersion in the training set. When dealing with
dispersion coefficients which frequently differ by
4 orders of magnitude (see database in Deng et al.
2001) – it is very unfortunate behaviour. One may
see that sometimes the models are really fitted to
the highest examples only, what results in
outstandingly poor estimation of all lower
dispersion values (as in Tayfur, 2006). The
objective function in the form of
N

J 2 (w, v ) = min ∑ ELP i (w , v ) − ELi
w, v

(8)

i =1

only partly mitigates this effect. One may of
course set a criterion of
N

J 3 (w , v) = min ∑ ( y P i − yi ) 2
w,v

(9)

i =1

as for example in Kashefipour et al. (2002) and
Rowinski et al. (2005), what makes the impact of
different examples more even, but unfortunately,
due to nonlinear relation between y and EL, frequently min J3 (w,v) ≠ min J1 (w,v) which means
that we perform optimization of neural network
not exactly to the task we are really interested in.
This is why we propose yet another objective
function J4 which is defined as:
⎛
⎛ E P (w , v ) ⎞ ⎞
J 4 (w, v ) = ∑ ⎜ exp ln ⎜ L i
⎟ ⎟⎟
⎜
ELi
i =1 ⎝
⎝
⎠⎠
ELi > 0
N

2

(10)

which was especially designed for cases when
all examples are of similar importance, no matter
how many orders of magnitude they span. This
expression takes into account the degree of overor underestimation of the measured values – the
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ing for the optimum in the M-dimensional space.
There are different opinions about the relation between P and M. Storn and Price (1995) suggested
P = 10M, but later various researchers, including
Weber et al. (2009) suggested smaller populations. Since the number of parameters in 5-2-1
neural network is 15, we set P to 60 for all 3 algorithms (DE, SaDE and GMS). Usually EC techniques need some stopping criteria – it may be the
maximum number of the objective function calls,
lack of sufficient improvement during the predefined period or more complex stopping criteria
(used in GMS). In this paper maximum number of
function calls was used and set to a relatively high
value of 600000. In GMS, apart from maximum
number of iterations, the stopping technique proposed by Piotrowski and Napiorkowski (2010)
was used to cease the algorithm when the population structure does not justify further search.
In basic DE, at each iteration, for each of i = 1,
…, P individuals (pi), three other distinct points
(pa, pb, and pc) are randomly chosen. The new
point (pnew) is generated, according to the strategy
described as a weighted (w) perturbation of the location of point pc:

In the present paper at each iteration, any variable for each individual (see section 6) and for
every experiment was generated 100 times from
pre-defined distributions. Together with the measured values it gave 101*50 training examples. All
of them were used for the determination of value
of objective function (Eq. (10)) of a particular individual at the given iteration. This process is similar to the approach that is called noise injection
(jitter) in neural network literature (Bishop 1995;
Reed et al. 1995; Zhang 2007) and allows for including the uncertainty of the measured training
examples into optimization process improving the
neural network robustness.
6 OPTIMIZATION ALGORITHMS BASED
ON DIFFERENTIAL EVOLUTION
In most of the applications the gradient-based
methods are used to train the neural network –
probably the most popular are simple gradients,
conjugant gradients (Haykinn, 1999) and the
Levenberg-Marquardt algorithms (Press et al.
1990). Such methods were also used in previous
papers applying neural networks to dispersion
assessment. However, they are only local search
methods which require many independent runs.
Different runs usually provide very different
results depending on the initial parameter values –
many of them are outstandingly poor when the
algorithm sticks in a shallow local optimum. They
also require a differentiable objective function,
what is very restrictive in many cases. Most
evolutionary computation (EC) techniques do not
suffer from such drawbacks and, as long as the
dimensionality of the problem is not too high,
almost always provide reasonable results.
Examples of EC methods recently used for neural
network training may be found in Sedeki et al.
(2009), Lin et al. (2009) and Aliev et al. (2009).
Among a variety of methods we chose three
algorithms belonging to Differential Evolution
(DE) family – the basic DE method (Storn and
Price, 1995), Self Adaptive DE (SaDE, Qin et al.,
2009) and Grouped Multi-Strategy DE (GMS,
Piotrowski and Napiorkowski, 2010). The basic
DE method has been applied to neural network
training several times, for example by Illonen et
al. (2003), Yu and He (2006), Jordanov and
Georgieva (2007), Rowinski and Piotrowski
(2008). The remaining two algorithms are recent
modifications which, until now have been tested
only on artificial test functions.
In all DE-based methods (in fact – most EC
ones) to find the optimal solution, the population
of P individuals pi (represented by vectors of M
parameters which are to be optimized) is search-

pnew = pc + F (pa − p b )

(12)

The value of F is the parameter of the algorithm, suggested by Storn and Price (1995) to be
0.8. Then, in the basic DE, for each of j = 1, …, M
elements separately, the crossover of vectors pi
and pnew is performed, yielding the final offspring
poff. The probability of crossover (CR) – in other
words probability of adopting the location for
element j from pnew point – may vary depending
on the problem, but 0.5 is an average, usually successful choice. In DE terminology the strategy
(12) with such binominal crossover is called
DE/rand/1/bin. The objective function value of
poff is compared with the objective function value
of pi. Only the better one is moved to the next iteration.
In SaDE, instead of only one strategy, four different strategies are used together, each one with
adaptively changed probability. They include:
1. the basic strategy DE/rand/1/bin,
2. DE/target-to-best/2/bin, where pBEST is the best
individual in population
pnew = p i + F ⋅ ( p BEST - p i ) +
F ⋅ ( pa - pb ) + F ⋅ ( pc - pd )

(13)

3. DE/rand/2/bin, where pd, and pe are two another
distinct individuals from population
pnew = pa + F ⋅ ( pb - p c ) +
F ⋅ ( pd - pe )

(14)

4. and DE/current-to-rand/1/none (no crossover),
where F2 is an additional scaling factor, each time
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generated anew
distribution

from

standardized

poff = p new = p i + F 2 ⋅ ( pa - p i ) + F ⋅ ( p b - p c )

proposed a solution outside the bound constrains
(Piotrowski and Napiorkowski, 2010).

normal
(15)

7 RESULTS

SaDE allows for adaptation of probability of
choosing each strategy by particular individual at
the given iteration according to the success rates
obtained during a number of previous generations.
Similarly, also CR parameter is adapted according
to the developed procedure and F values are generated from normal distribution with 0.5 mean and
0.3 standard deviation. For more details we refer
the reader to Qui et al. (2009). In our application
we followed the parameter setting and adaptation
methods developed in that paper.
An outline of GMS algorithm is as follows. It
also uses three strategies:
1. basic DE/rand/1/bin,
2. DE/rand/1/exponential – which is basic DE
strategy but with exponential crossover (for detailed definition see Price et al., 2005 and
Piotrowski and Napiorkowski, 2010) and
3. DE/rand/1/Mod-either-or:
j
⎧⎪ pnew
from Eq.(1.12) if rand [0,1] j ≤ CR
poffj = ⎨ j
j
j
j
j
⎪⎩ pnew = pi + ( pb + p c − 2 ⋅ pi ) ⋅ RN (0,1) otherwise

The best (MIN), average (AVE) and worst (MAX)
values of objective function (10) obtained from 20
neural networks trained by each algorithm are
presented in Table 1. One may easily conclude
that networks are better trained by GMS and
SaDE algorithms than by the basic DE method.
Difference between GMS and SaDE algorithm is
rather small, especially comparing to the average
results. However, GMS is slightly better and faster. While SaDE always performed 600000 iterations, GMS stopped after 150000-575000 iterations, with average of 285500.
Table 1. The performance of neural networks trained by
each algorithm: TR – training set, TE – testing set.
Obj
DE
SaDE
GMS
funct
TR
TE
TR
TE
TR
TE
MIN
377.7 828.6 298.7 757.0 293.3 672.7
AVE
425.7 1138.9 314.1 867.9 309.1 837.2
MAX 515.1 1719.4 390.6 1148.2 332.1 1063.5

(16)

where RN(0,1) is random value generated from
standardized normal distribution and rand[0,1]j is
random number from uniform [0,1] distribution
generated for each parameter j (j = 1, M) separately. In this strategy the parent pi does not take part
in the creation of an offspring. The parameters F
and CR are both equal 0.5, independent of the
strategy.
In GMS algorithm population is divided into 4
groups, 3 of them are most of the computing time
searching for the optimum separately (what means
that the individuals pa, pb, and pc are chosen only
from individuals belonging to the same group as a
parent pi) when the fourth one gains the knowledge from the entire population. The specific
conditions are defined when individuals from one
of 3 separate groups may learn from the whole
population, and the idea of “freezing” some of the
best individuals is introduced (“frozen” individuals are not considered as parents – hence they
cannot be lost from population but may be chosen
as pa, pb, and pc). For the detailed description and
pseudocode of the algorithm, see Piotrowski and
Napiorkowski (2010).
To perform a fair comparison, 20 neural networks were optimized by each algorithm, starting
from the randomly selected weight values within
the [-1,1] interval. The bound constrains for optimized weights were set to [-1000,1000], rebounding procedure was applied when an algorithm

It is clear that the criterion values for testing set
are about 3 times higher than those obtained for
training examples. The reason may be seen in
Fig 2, which presents uncertain longitudinal coefficient values predicted (101 black cases) and
measured (101 grey cases) for 31 testing data by
the example of moderately performed (objective
function value J4 for: training set – 304, testing set
– 792) network trained by GMS algorithm. These
plots would differ for different neural networks
trained by GMS or SaDE algorithms and the relation between the uncertain predicted and the
measured dispersion values would be poorer for
basic DE method, but general appearance would
remain the same.
It seems that 5 major issues may be noted from
the plots 1) predicted uncertain values are almost
always more scattered than the measured ones, 2)
in most cases substantial part of the measured values are within an interval covered by the predicted
ones but 3) for 6 cases all the predicted values are
over- or underestimated, 4) in 2 cases (number 9
and 11) the under- or over estimation is very significant, and finally 5) the quality of longitudinal
dispersion estimation does not depend on the order of magnitude of longitudinal dispersion.
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Figure 2. Uncertain longitudinal dispersion coefficient values predicted by neural network (black cases) and measured
(grey cases) for testing data collected in 31 rivers.
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Comparing the neural network results with the
one obtained from the regression equations (2)
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28
27
longitudinal dispersion

26
0

50

100

150

200

Figure 3. Uncertain longitudinal dispersion coefficient values predicted from Deng et al (2001) equation (black cases)
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(3) shown in Table 2, one may see some improvement. Both equations make constant error of
overestimation of the longitudinal dispersion. Figure 2 presents the uncertain longitudinal disper1764

sion coefficients estimated from Deng et al.
(2001) equation. The significant difference with
the neural network prediction trained for uncertain
data is obvious.

Jordanov, I., Georgieva, A. 2007. Neural network learning
with global heuristic search. IEEE Transactions on
Neural Networks 18(3), 937-942.
Kashefipour Kashefipour, S. M., Falconer, R. A., Lin, B.
2002. Modeling longitudinal dispersion in natural channel flows using ANNs. In: River Flow 2002 (ed. By D.
Bousmar & Y. Zech), 111–116. A.A. Balkema/Swets &
Zeitlinger, Lisse, The Netherlands.
Lin, S.W., Chen, S.S., Wu, W.J., Chen, C.H. 2009. Parameter determination and feature selection for backpropagation network by particle swarm optimization.
Knowl. Inf. Syst. 21, 249-266.
Nordin, C.F., Sabol, G.V. 1974. Empirical data on longitudinal dispersion. US Geol. Survey Water Resour. Investigations 20–74.
Piotrowski, A., Rowiński, P.M., Napiórkowski, J.J. 2006.
Assessment of longitudinal dispersion coefficient by
means of different neural networks. In: 7th Int. Conf. on
Hydroinformatics, HIC 2006, Nice, France, (ed by P.
Gourbesville, J. Cunge, V. Guinot & S. Y. Liong), Research Publishing.
Piotrowski, A.P. Napiorkowski, J.J. 2010. Grouping differential evolution algorithm for multi-dimensional optimization problems. Control and Cybernetics – accepted
for publication.
Press, W.H., Flannery, B.P., Teukolsky, S.A., Vetterling,
W.T. 1990. Numerical Recipes in C. The Art of Scientific Computing. Cambridge University Press, Cambridge,
UK.
Qin, A.K. Huang, V.L., Suganthan, P.N. 2009. Differential
Evolution Algorithm With Strategy Adaptation for
Global Numerical Optimization. IEEE Transactions on
Evolutionary Computation 13(2), 398-417.
Reed, R., Marks, R.J. and Oh, S. 1995. Similarities of Error
Regularization, Sigmoid Gain Scaling, Target Smoothing and Training with Jitter. IEEE Transactions on
Neural Networks 6(3), 529-538.
Riahi-Madvar, H., Ayyoubzadeh, S.A., Khadangi, E., Ebadzadeh, M.M. 2009. An expert system for predicting longitudinal dispersion coefficient in natural streams by using ANFIS. Expert Ststems with Applications 36(4),
8589-8596.
Rimer, M. Martinez, T. 2006. Classification based objective
functions. Machine learning 63(2), 183-2005.
Rowinski, P.M., Piotrowski, A., Napiórkowski, J.J. 2005.
Are artificial neural network techniques relevant for the
estimation of longitudinal dispersion coefficient in rivers?. Hydrol. Sci. J., 50(1), 175–187.
Rowinski, P.M., Piotrowski, A. 2008. Estimation of parameters of transient storage model by means of multi-layer
perceptron neural networks. Hydrol. Sci. J., 53(1), 165178.
Sedeki, A., Ouazar, D., El Mazoudi, E. 2009. Evolving
neural network using real coded genetic algorithm for
daily rainfall-runoff forecasting. Expert systems with
Applications 36, 4523-4527.
Seo, I.W., Cheong, T.S. 1998. Predicting longitudinal dispersion coefficient in natural streams. J. Hydraul. Engng.
ASCE, 124(1), 25-32.
Storn, R. Price, K.V. 1995. Differential Evolution – a simple and efficient adaptive scheme for global optimization
over continuous spaces. Tech. Report TR-95-012, International Computer Sciences Institute, Berkeley, California, USA.
Sukhodolov, A. N., Nikora, V. I., Rowiński, P. M.,
Czernuszenko, W. 1997. A case study of longitudinal
dispersion in small lowland rivers. Water Environ. Res.
69(7), 1246–1253.
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8 CONCLUDING REMARKS
The final results seem to restrained optimistic. Although properly trained neural networks may significantly outperform the well known regression
equations from the literature, the confidence in
their results remains limited. It is an open question
if it is due to very limited number of hidden
nodes. We performed the experiments with 3 hidden nodes and they did not provide reduction of
error for testing data.
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Determining surface and hyporheic retention in the Yarqon River,
Israel
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ABSTRACT: Solute transport in rivers is controlled by surface hydrodynamics and by mass exchanges
with distinct retention zones. The downstream propagation of transported substances such as nutrients and
contaminants is affected by the transient storage in surface dead zones (e.g., eddies, vegetated pockets)
and in the permeable subsurface in the so called hyporheic zones. General residence time models allow to
represent surface and hyporheic retention processes via specific modeling closures, yet current stream
tracer tests do not allow a clear separation of the different storage components. A conceptual distinction
can be given by associating in-channel transient storage to relatively short time scales and hyporheic retention to longer time scales. Based on this conceptual separation, we apply the STIR (Solute Transport In
Rivers) model to interpret tracer test data from four different reaches of the Yarqon river, in Israel. In the
model we use an exponential residence time distribution (RTD) to represent surface storage processes and
we experiment with two distinct modeling closures to simulate hyporheic retention: an exponential RTD
and a distribution approximating Elliott and Brooks’ (1997) solution for bedform-induced hyporheic exchange which is asymptotically a power law. Both modeling closures lead to acceptable approximations
of the observed breakthrough curves, but better fits are obtained using an exponential distribution to
represent hyporheic (long timescale) retention. The timescales of both modeling closures appear to be increasing with the length of the study reaches which might indicate a scale-dependent behavior of the
model exchange parameters. This suggests that a comparison between different reaches of different
streams should take into account of this scale-dependence in order to properly characterize solute retention processes.
Keywords: STIR, Transient Storage, Hyporheic Layer, Dead Zones, Vegetated Zones
to both large and small rivers. In the TSM, the net
mass exchange between the main channel and the
storage zones is assumed to be proportional to the
difference of concentration in the main channel
and a storage domain of constant cross-sectional
area. The oversimplification of physical processes
adopted in the TSM is often cause of uncertainty
in the interpretation of the model parameters
(Harvey et al., 1996; Marion et al., 2003; Zaramella et al., 2003; Marion & Zaramella, 2005a).
This weakness of the TSM has led to the development of more complex mathematical formulations for the mass exchanges with the hyporheic
zone. Haggerty et al. (2000) suggested an advection-dispersion mass transfer equation in which
the transient storage is expressed through a convolution integral of the in-stream concentration and a
residence time distribution. A similar mathemati-

1 INTRODUCTION
Water quality assessment and environmental monitoring operations often require predictions of the
concentration of solutes in water bodies. The fate
of transported substances in streams, such as nutrients and contaminants, is usually controlled by
mass exchanges between different compartments.
A distinction is typically drawn between a main
channel and different retention domains, such as
vegetated zones, side pockets of recirculating or
stagnant water and the porous medium. The increasing interest in mass exchanges with storage
zones, in particular with the hyporheic zone, has
led to the formulation of different mathematical
models. One of the most commonly used models
is the Transient Storage Model (TSM), presented
by Bencala & Walters (1983), and widely applied
1767

cal formulation was used by Wörman et al. (2002)
who developed a model (ASP, advective-storage
path) based on Elliot & Brooks’ (1997a,b) theory
of bedform-induced hyporheic exchange. Recently
the application of a fractional advectiondispersion equation (Deng et al. 2006) and of the
Continuous Time Random Walk (Boano et al.,
2007) has also been suggested. In this paper, the
general residence time approach of the STIR (Solute Transport In Rivers) model (Marion and Zaramella, 2005b; Marion et al., 2008) is used.
An important distinction often needed when
charactering transient storage in rivers is between
the exchange with surface dead zones, such as vegetated side pools or zones of recirculating water,
and the exchange with the subsurface, with the so
called hyporheic zone. Since in-channel and hyporheic storage processes act simultaneously, traditional tracer tests cannot provide a distinction
between these two types of storage mechanisms.
Choi et al. (2000) experimented with a two storage zone model with exponential residence time
distributions (RTDs) and showed that, unless the
timescales of the two storage processes are sensibly different, a multiple storage zone model is unable to discern between the two retention components. Nevertheless, it should be noted that in the
work of Choi et al. (2000) the breakthrough
curves were analyzed in linear scale, thus neglecting important information related to the tail behavior of the BTCs. Haggerty and Wondzell (2002)
showed that tracer breakthrough curves of a 2nd
order mountain stream showed a power-law tailing over a wide range of times. Subsequent works
by Gooseff et al. (2005) and Gooseff et al. (2007)
provided further experimental evidence of powerlaw behavior, although part of the data presented
in these studies were better described by an exponential RTD model rather than power-law.
In this work the STIR model is applied to experimental data from tracer tests carried out in the
Yarqon river, in Israel, using two distinct modeling closures to represent transient storage. Both
modeling closures assume an exponential RTD to
represent exchange with surface dead zones. For
hyporheic retention, one of them assumes that
transient storage is represented by the residence
time distribution derived by Elliott and Brooks
(1997a,b) for bedform-induced pumping exchange, whereas the other one assumes an exponential RTD. This can be seen as a two-storage
zone extension of the TSM in which hyporheic retention is represented by introducing a second storage domain with a physically based RTD.

2 SITE DESCRIPTION
The basin of the Yarqon River spreads out along a
wide area of the Israeli territory, from the West
Bank down to the plain of Tel Aviv. The total extension of the basin is approximately 1805 km2.
The most important affluent of the Yarqon River
is the Ayalon River, which drains all the southern
area, including Jerusalem region, and flows into
the Yarqon River 2 km upstream of its estuary. A
planimetric map of the river is shown in Figure 1.
It flows entirely along the coastal strip: the total
length is 28 km, the sources altitude is about 50 m
above sea level, and its average bed-slope is
1.8‰. These characteristics of the river profile involve the formation of many meanders, which are
typical of mild bed-slopes.
The population of the entire river basin counts
approximately 750,000 inhabitants. Agricultural
and industrial activities are present in this area, as
well as trading and urban development, leading to
one of the highest population density in Israel.
The growth of the population, associated to the
industrial and agricultural development since
1948, made water quality of the Yarqon River increasingly polluted. Contamination is mainly due
to the drawing of the river sources and the drainage of the industrial effluents into the main river.
3 METHODS
3.1 Stream Tracer Tests
Tracer tests were carried out in the Yarqon river in
April 2005. The experiments consisted in both instantaneous (slug) and continuous (step) injections
of rhodamine-WT (RWT) fluorescent dye. For
step injections, a peristaltic pump was used to ensure a constant continuous rate of input throughout the injection period. In each test RWT concentrations were measured at downstream sections
with a sampling period of 10 s using portable field
fluorometers (Turner Design SCUFA). In addition
to tracer concentrations, the fluorometers measured water turbidity, which was then used in the
detrend procedure of the tracer BTCs to remove
artifact generated by variations of water turbidity.
Flow discharges during the tracer tests were
obtained from data provided by local consortia
equipped with their own meters. The flow crosssectional area was inferred from technical cartography of the channel sections and partly from direct measurements along the study reaches. The
location of the measurement stations is shown in
Figure 1.
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Figure 1. Map of Yarqon River and location of the measurement stations.
Table 1. Summary of experimental conditions.
Test no.
1
2
3
Injection station
1
8
14
Type of injection
slug
slug
plateau + slug*
21
21
63 + 53
Injected mass, Minj (g)
0
0
3600 + 0
Duration of injection, Δtinj (s)
Measurement station
5
7
9
16
Distance from injection (m)
1084
1900
657
1887
*In Test 3 a mass of 63 g of rhodamine-WT was injected with a constant rate of injection for a period of 60 min at the end
of which (at time t = 60 min) a concentrated mass of 53 g of RWT was injected instantaneously.

corporating specific modeling closures for the additional fluxes expressed by Φ S ( x, t ) . In the following paragraphs a different approach will be
used to derive an expression for the solute concentration in the main channel based on the concept
of residence time of a solute particle (or molecule), which is considered here as a stochastic variable.

3.2 STIR Model
A stream is described here as a one-dimensional
system where the x is the longitudinal coordinate,
A is the stream cross-sectional area and U is the
average flow velocity. In the following derivations, the flow parameters are assumed to be constant along the stream. Nevertheless, the model
can still be applied to natural streams by considering a sequence of reaches in which the uniformity
condition applies with reasonable approximation.
The transport of a solute in a stream can be
modeled by a one-dimensional advectiondispersion equation with an additional source/sink
term accounting for the mass exchanges between
the main channel and the retention domains. This
can be written as:

∂C ( x, t )
∂C ( x, t )
∂ 2 C ( x, t )
+U
= DL
∂t
∂x
∂x 2
P
− Φ S ( x, t )
A

3.2.1 Residence Times and Solute Concentration
A particle moving in the main channel follows an
irregular path due to turbulence and can be temporarily trapped in different storage zones. The total
path travelled by a particle can be considered as a
sum of displacements partially in the main stream
channel and partially in the retention domains. It
is assumed that the distance traveled in the retention domains is negligible compared to the distance traveled in the main channel. This assumption is usually reasonable in practical applications
especially for hyporheic exchange produced by
bedforms. The total displacements in the hyporheic zones are indeed smaller than the bedform wavelength and are directed both downstream and
upstream.
The time spent by a particle in a retention zone
is described by a probability density function
(PDF) indicated by r1(t) [T–1]. The residence time
of a particle in a storage zone can be assumed to
be independent of its previous storage history, so

(1)

where C ( x, t ) is the average solute concentration
over the stream cross-section [M L–3], DL is the
longitudinal dispersion coefficient [L2 T–1], P is
the wetted perimeter [L], and Φ S ( x, t ) is the
mass flux at the interface between the main channel and the storage domains [M L–2 T–1]. Transient
storage processes can be modeled using (1) by in1769

the residence time PDF of a particle entering m
times in a storage domain is given by a multiple
convolution of the distribution r1(t):
rm (t ) = r1 (t ) ∗... ∗ r1 (t ) = r1 (t )∗m

r ( x, t ) = rW ( x, t ) ∗ rS1 ( x, t ) ∗ ... ∗ rS N ( x, t )

It is possible, for example, to distinguish between
storage in superficial dead zones and in the sediment bed.
Far from the injection point, where the condition (5) holds, the concentration of solute in the
main channel is linked to the overall residence
time PDF in the study reach by the following relation:

(2)

m times

where the symbol (∗) denotes temporal convolut

tion, i.e. r (t ) ∗ r (t ) = ∫ r (τ )r (t − τ ) dτ .
0

The probability of a particle to be stored in a
retention domain depends on the time spent in the
main channel and so the probability that a particle
enters m times the retention domains, denoted by
pm, is conditioned by the residence time in the
main channel. Alternatively, this probability can
be assumed to be dependent on the distance travelled which, for a stream reach of length x, is
linked to the mean residence time in the main
channel, t , by the relation t = x / U . Although a
mathematical derivation considering both spatial
and temporal dependence is possible, only the
spatial one is here considered. The PDF of the total storage time is given by:
∞

rS ( x, t ) = ∑ pm ( x)rm (t )

C ( x, t ) =

3.2.2 Storage Probability for Uniformly Distributed Retention Zones
In most practical situations it is reasonable and
convenient to assume that the storage zones are
uniformly distributed along the study reach. Under
this assumption, the probability of a particle to enter a storage zone in a stream reach of length δx
can be taken to be proportional to δx. The factor
of proportionality, indicated by η, represents the
storage probability per unit stream length [L–1],
and it is related to the probability per unit time α
[T–1] by the expression η = α/U. The constant α
represents a transfer rate in the storage zones.
Since the probability of a particle to be stored in a
retention domain is independent of its previous
history, the probability that a storage event occurs
m times in a stream segment of length x is given
by a Poisson distribution with parameter ηx:

(3)

It must be noted that rS(x,t) is a probability distribution only for the time variable. This implies
that the time integral of rS from 0 to ∞ is 1 regardless of the value of the spatial variable x.
If retention processes are absent or negligible,
the time needed by a particle to travel a distance x
has probability density distribution
(4)

Equation (4) can be derived from the advection-dispersion equation in the spatial domain
−∞ < x < +∞ with homogeneous boundary conditions C ( x, t ) = 0 for x → ±∞ and initial condition
C ( x, t = 0) = M δ ( x) / A , and it is valid far from
the injection point where the following condition
holds:

x
U

D
U2

pm ( x) =

0

(9)

Transient storage in superficial dead zones can be
expressed by an exponential residence time PDF
as implicitly assumed in the TSM (Hart, 1995).
The residence time distribution in the superficial
storage domains for a single storage event is:

The distribution of the total residence time in a
stream segment of length x is linked to rW(x,t) and
rS(x,t) by the relation
r ( x, t ) = ∫ rW ( x,τ ) rS ( x, t − τ ) dτ

(α x / U ) m
⎛ αx ⎞
exp ⎜ −
⎟.
m!
⎝ U ⎠

3.2.3 Residence Time Distributions for Superficial Dead Zones and Hyporheic Zones

(5)

t

∞
M
M
r ( x, t ) =
rW ( x, t ) ∗ ∑ pm ( x) r1 (t )∗m
A
A
m =0
(8)

This expression is based on the assumption of an
instantaneous mass injection in x0 = 0 at time t0 =
0. For a time-varying injection characterized by
the injection rate M (t ) [M T–1], the relevant concentration can easily be obtained by time convolution.

m=0

⎡ ( x − Ut ) 2 ⎤
U
rW ( x, t ) =
exp ⎢ −
⎥
4 DLt ⎦
2 π DLt
⎣

(7)

r1D (t ) = T1D e − t /TD

(6)

(10)

where TD is the timescale of the process, proportional to the average residence time. For the mass
exchange with the hyporheic layer, the Advective
Pumping Model (APM) developed by Elliott &

Equation (6) can be easily modified to account
for exchanges with N types of retention domains,
Si, i = 1,..,N:
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Brooks (1997a,b) can be used. An excellent approximation of that theoretical PDF, given by Elliott and Brooks in implicit form, is the following
(Marion & Zaramella, 2005b):
r1B (t ) =

π / TB

β TB t + ( t TB + 2 )

2

⎡
2
⎢ 1 ∑ (Csim ,i − Cobs ,i )
i∈IU
RMSE = ⎢⎢
2
⎢ N max Cobs ,i − min Cobs ,i
⎢⎣
i∈ I
i∈ I

(

⎤
⎥
log
log
C
C
−
(
)
∑
,
,
sim
i
obs
i
i∈ I L
⎥
+
2⎥
max(log Cobs ,i ) − min(log Cobs ,i ) ⎥⎥
i∈ I
i∈ I
⎦

(11)

2

(

where β = 10.66 is a numerical constant and TB is
a residence time scale. For t → ∞ the distribution
(11) decreases as a power law, r1B (t ) ∼ π TB t −2 . In
this work we also experimented with an exponential RTD to represent hyporheic exchange,
r1B (t ) = T1B e − t /TB

(12)

3.3 Model Parameter Estimation
The parameters that need to be estimated in order
to fully characterize the transport in the study
reach are: the average stream cross-sectional area
A [L2], the average flow velocity U [L T–1], the
longitudinal dispersion coefficient DL [L2 T–1] and
the exchange parameters characterizing the exchange with the retention domains, that is the
transfer rate into the surface dead zones αD [T–1]
and in the hyporheic zones αB [T–1] and the relevant timescales of retention TD and TB [T]. Using
the average channel width b and flow depth h
based on technical cartography and partly on direct in-situ measurements, the average crosssectional area is calculated as A = bh, and the average velocity as U = Q/A. The longitudinal dispersion coefficient is calculated using Fischer’s
(1974) formula:
U 2b 2
U ∗h

1/2

(14)

)

where Cobs and Csim are the observed and simulated concentration values, respectively, IU and IL
are the sets of the observed values higher and
lower than a given threshold concentration, respectively, and I = IU ∪ I L is the total set. The
threshold value is set equal to 20% of the peak
concentration. The concentration values closer to
zero are neglected in calculating min(log Cobs ,i ) ,
generally by excluding from the computation 5%
of the total set corresponding to the lowest values.
The optimization is performed using the differential evolution method for global optimization by
Storn and Price (1997).

This implies that the overall modeling closure for
the retention time statistics in the storage zones is
given by a weighted average of 2 exponential distributions.

DL = 0.011

)

4 RESULTS
Results of model calibration are presented in Table 2 and the resulting simulated breakthrough
curves are presented in Figure 2. The dispersion
coefficients predicted by Fischer’s formula increase from upstream to downstream, ranging
from 0.24 to 2.8 m2s–1, consistently with the widening of the channel cross-section. It is noted
here that the assumption of geometrical uniformity of the study reach is not well satisfied for the
Yarqon river. This means that hydraulic parameters are estimated for each reach as average reference values.
The results show that, for the modeling closure
combining the pumping RTD with an exponential
RTD, the timescales of retention for the pumping
RTD are higher than those found for the exponential one for all the study reaches. In the model
with 2 exponential RTDs the timescales of the
second retention component are much higher than
the first component, with ratios TB/TD ranging
from about 11 to 15.
In the reach 8-9, examined in Test 2, the exchange rate of hyporheic retention, αB, returned by
the optimization procedure is substantially zero
( α B ∼ 10−14 s –1 ). This result applies to both modeling closures due to the tail behavior of the breakthrough curve which decreases rapidly relative to
the other reaches. Although it is difficult to provide a thorough explanation of this parameter behavior, we argue that it might be due to a rapid

(13)

Where U ∗ = gRH S is the shear velocity, related
to the hydraulic radius RH [L] and the average bed
slope, S.
Following Bottacin-Busolin et al. (2009), model calibration is performed in mixed scale using a
linear scale to fit the bulk of the curve and logscale to fit the tail. In particular, in the optimization procedure the following root mean square error is minimized:
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Table 2. Geometric and hydraulic parameters of the study reaches and retention parameters derived from calibration of the
STIR model using two distinct modeling closures.
Reach
1–5
5–7
8–9
14–16
Test no.
1
1
2
3
Geometric parameters
Length (m)
b (m)
h (m)
A (m2)
S (‰)

1084
3.13
0.34
1.06
1.1

816
6.09
0.36
2.18
0.6

657
6.10
0.44
2.71
0.6

1887
8.14
0.26
2.15
0.5

Hydraulic parameters
Q (m3 s–1)
U (m s–1)
U* (m s–1)
DL (m2 s–1)

0.21
0.20
0.05
0.24

0.21
0.10
0.04
0.25

0.43
0.16
0.05
0.49

0.41
0.19
0.04
2.80

7.3×10–4
0
436
―
10.29

9.6×10–4
5.8×10–5
255
530
7.86

Exchange parameters of model with exponential plus pumping RTD
αD (s–1)
7.7×10–4
1.5×10–3
–1
–5
2.9×10
1.1×10–4
αB (s )
153
63
TD (s)
485
297
TB (s)
RMSE (×10–2)
1.71
5.29
Exchange parameters of model with 2 exponential RTDs
αD (s–1)

7.4×10–4

9.4×10–3

7.3×10–4

7.3×10–4

αB (s–1)

2.5×10–5

9.3×10–5

0

5.4×10–5

TD (s)

163

109

436

340

2382

1720

―

3780

1.36

4.36

10.29

5.85

TB (s)
–2

RMSE (×10 )

processes acting on a wide range of timescales. In
the STIR model the mass exchange with distinct
retention domains is taken into account via a specific storage probability and a given residence
time distribution. In this work the STIR model has
been applied to a case study using two distinct
modeling closured for the storage time statistics.
Retention in superficial dead zones was assumed
to be described by an exponential PDF whereas,
for the hyporheic exchange produced by natural
irregularities of the river bed, both the pumping
theory (APM) and an exponential distribution
were used. Since storage in superficial dead zones
is characterized by residence time scales smaller
than hyporheic exchange, it is reasonable to expect that a separate representation of each retention process would provide more meaningful parameters. Results show that the modeling closure
combining two exponential distributions provide a
better fit of the observed breakthrough curves.
Nevertheless, the timescales of both modeling closures appear to be increasing with the length of
the study reaches which might indicate a scaledependent behavior of the model exchange parameters. This suggests that a comparison between
different reaches or different streams should take
into account of this scale-dependence in order to
properly characterize solute retention in rivers.

decrease of the size of the substrate material limiting hyporheic exchange.
It should be noted that for both modeling closures the timescales of retention appears to be increasing with the length of the study reach, thus
indicating a possible scale-dependent behavior. A
scale-dependent behavior of the storage parameters for a single exponential RTD closure has also
been pointed out by Haggerty and Wondzell
(2002).
Overall the model with 2 exponential RTDs
provide better fits of the observed breakthrough
curves for all the study reaches. This modeling
closure also allows a direct comparison of the
time scale of retention, since the functional form
used to represent fast and slow exchange
processes is the same, thus providing a useful
conceptual separation of the timescales involved.
5 CONCLUSIONS
Transport of solutes in streams is affected by
complex interactions between the main channel
and different types of storage domains. A distinction is typically drawn between superficial dead
zones and the sediment stream bed. Transient storage of solutes produces a superposition of
1772

Figure 2. Experimental and simulated breakthrough curves.
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Retention of dye tracer in side basins exchanging with subcritical and
supercritical flows
Tao Wang, Shooka Karimpour Ghannadi & Vincent H. Chu

Department of Civil Engineering, McGill University, Montreal, Quebec H3A 2K6, Canada

ABSTRACT: The transverse exchanges of mass between an open-channel main flow and an array of side
basins were studied in the laboratory using dye as the tracer. A video imaging method was employed to
measure the dye concentration. The accumulation and retention times of the dye in the side basins are determined as the parameters to characterize the exchanges. The energetic radiation of the gravity waves in
the supercritical flow does not lead to vigorous exchanges. On the contrary, the dimensionless retention
time for the supercritical flow at a high Froude number was three to four times greater than the retention
time for the subcritical flow.
Keywords: Lateral exchanges, Shallow shear flow, Coherent eddies, Shocklets, Supercritical flow.
flow of different velocities. At low convective
Froude number when Frc = 0.4, the mass and
momentum exchanges as shown in Fig. 1(a) are
characterized by the formation of the turbulent
eddies. At high convective Froude number when
Frc = 1.2 as shown in Fig. 1(c), the exchanges
are characterized by the radiation of gravity
wave and the less energetic sliding shocklets.
Radiation of gravity waves from the shocklets
has reduced the instability and suppressed the
mass exchanges across the shear layer.
Similar dependence of the shear instability on
the convective Froude number is obtained from
the linear stability analysis using the normal
mode approach as shown in Fig. 2. For the
hyperbolic-tangent base velocity profile, the exponential growth rate αmax decreases with the
convective Froude number Frc. This dependence
on the convective Froude number for the shear
flow in open channels is analogous to the shear
instability of compressible gas dynamics. The
lines for Mach number Ma = 0.01, 0.4, 0.8 and
1.2 in Fig. 2 are instability calculations obtained
for ideal gas by Sandham & Reynolds (1990).
The gravity-wave radiation from the shear flows
in open channels has the similar effect on instability as the radiation of the sound from the shear
layer in compressible gas.
Figure 3 shows another shear-flow exchange
between an open-channel flow with an array of
side basins for two different Froude numbers: Frc

1 INTRODUCTION
The transverse exchanges of mass across the
subcritical shear flows in rivers are relatively
understood. Many previous experimental investigations have been conducted. Almost all are
concerned with the subcritical flow. The study of
the subcritical flow exchanges include the works
of Alavian & Chu (1985), Tamai et al. (1986),
Booij (1989), Knight & Shiono (1990), Lambert
and Sellin (1996), Altai & Chu (1997), Uijttewaal and Booij (2000) and van Prooijen et al.
(2005). Flow exchanges in subcritical flow are
primarily due to the rollup of fluid by the turbulent eddies. On the other hand, the process in supercritical flow is different. The radiation and
reflection of gravity waves are the predominant
process in supercritical shear flow.
Pinilla & Chu (2008, 2009a,b) and Chu (2010)
have studied numerically the role of gravitywave radiation on the development of shear flow
in shallow open channel. Figure 1 shows their
simulations of the shear instabilities of a hyperbolic tangent velocity profile for three different
convective Froude numbers: (a) Frc = 0.4, (b) Frc
= 0.8 and (c) Frc = 1.2. The columns on the lefthand side of the figure show the velocity vectors
and the columns on the right-hand side show the
dilation. The evolution of a small disturbance
with time eventually leads to large scale lateral
exchanges between the two sides of the shear
1775

= 0.35 and 1.6. The subcritical-flow exchanges
with Frc = 0.35 are characterized by the development of eddies while the supercritical flow

with Fr = 1.6 is predominated by the radiation of
the gravity waves.

Figure 1 Development of shallow shear flow of hyperbolic-tangent velocity profile for three convective Froude numbers; (a)
Fr = 0.4, (b) Fr = 0.8 and (c) Fr = 1.2. The three left-hand columns show the velocity vectors and the rollup of a thin layer of
dye between the shear flows moving in opposite directions. The three right-hand columns show the dilation of the depthaveraged velocity. Radiation of gravity waves characterizes the shear flow of large convective Froude number Fr = 1.2 in (c).

dye concentration was correlated with light absorption by the dye. The accumulation and the
retention of the dye in the basins are determined
for the flows of a range of Froude numbers from

2 EXPERIMENT
To study the role of the gravity waves on the
shear instability, laboratory experiments were
carried out for the mass exchanges between an
open-channel main flow and an array of side basins. Figure 4 shows the arrangement of the experiment in the laboratory. An array of basins is
attached along the side of the main open-channel
flow in a 8.84-m long and 1.41-m wide tilting
flume. The side basins are open to the main
channel flow to allow the flow exchanges with
the main flow. The basins are square in shape.
The dimensions of the basins are K =15 cm in
one series of experiment K = 45 cm in the other.
The basins along side of the open channel are the
macro roughness in a conceptual model of the
river flow.
During the experiments, red dye of concentration co was introduced to the upstream edge of
the first basin as the tracer at a rate qo for a period of time until the dye concentration in the
basin reached a quasi-steady state. The measurement of the dye concentration in the basin
was based on a video imaging method developed
by Zhang & Chu (2003). Since the green light
was reduced by the presence of the red dye, the

Figure 2 Exponential growth rate α of the unstable shear
flow of the classical hyperbolic tangent velocity profile. Its
dependence on the convective Froude number Frc is analogous to the dependence of the rate α on the Mach number Ma in the compressible shear flow.
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Fr = 0.26 to 3.5. Overall parameters such as
the accumulation time τa and the retention time
τr are determined from the measurements to cha-

racterize the lateral exchanges of the dye tracer
between the side basins and the main flow in the
open channel.

Figure 3 Numerical simulation of the flow exchanges between a main open-channel flow and an array of square basins for two
Froude numbers; (a) subcritical flow with Fr = 0.35 and (b) supercritical flow with Fr = 1.6. These numerical computations
were carried using a numerical scheme developed by Pinilla et al. (2010).

Figure 4 Side view and top view of the tilting flume. An array of 12 square basins is installed along side of the main openchannel flow on a tilting flume.

1777

The tests were conducted for supercritical flow of
Froude number Fr = 1.51, 1.52, 1.92, 3.5 and a
subcritical flow of Froude number Fr = 0.26 on
the channel slopes of So = 0.05 and 0.008, respectively. The test conditions including water depth h
and velocity U in the main channel were summarized in Table 1.

3 EXPERIMENTAL RESULTS
The dye in the basins increased with time. The
supply of the dye from the leading edge of the
first basin was maintained until the dye concentration in the basins reached a quasi-steady state. The
source of the dye supply was then shutoff to allow
the dye concentration in the basin to reduce with
time. Figure 8 shows the dye-concentration images in the re-circulating region inside the basin
after the supply of the dye had been turned on
from the upstream source while Fig. 7 shows the
retention images after the dye had been shutoff.
The images for the subcritical main flow in Fig. 7
are different from the images in Fig. 8 for the supercritical main flow. The entrainment of fresh
water from the main flow in the channel is observed by the bright area in the basin where the
dye concentration has been reduced. The process
of the entrainment was intermittent as the blobs of
fluid entered the basin from the main stream and
then circulated around the edges of the basin. In
subcritical flow (Fig. 7), the entrained fluid blobs

Table
1. Laboratory experiments conditions
______________________________________________
Test
channel
basin size depth
velocity
Fr
no.
slope
S
K
(cm)
h
(cm)
U
(m/s)
o
______________________________________________
1
0.05
15
1.0
1.09
3.50
2
0.008
15
5.0
0.185
0.26
3
0.008
15
1.9
0.651
1.51
4
0.008
15
0.9
0.571
1.92
5
0.008
45
2.1
0.691
1.52
______________________________________________

The presence of the red dye in the basin of depth h
reduced the intensity of the green light. As shown
in Fig. 5, both incident light and reflected light
were reduced. The percentage of the green-light
intensity reduction p was used to determine the
dye concentration. Figure 6 shows the calibration
curves for the dye concentration. The concentration c/co is related to p by three curves for three
different water depths h = 1.5 cm, 3.0 cm and 6.0
cm.

Figure 5 Absorption of green (and blue) light due to the
presence of red dye in the open-channel flow of depth h.

Figure 7 Subcritical flow images of the dye retention in basin no. 1; Fr = 0.26, K=15cm, h =5cm.

were in the shape of eddies. In supercritical flow
(Fig. 8), the entrained fluid was not as well defined. Gravity waves were generated as the supercritical main flow interacted with the water in the
basin. The radiation of the gravity waves away
from the basins was intense but had not produced
any positive effects on the entrainment. In comparison with the case of the subcritical main flow,

Figure 6 Calibration curves correlating the percentage of the
green-light absorption p with the dye concentration c/co.
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The accumulation time scale τa and the retention time scale τr are the dimensionless parameters
that are introduced to characterize the overall exchanges of fluids in the basins with the main flow
in the open-channel. A large value of the dimensionless time scales would suggest a slow exchange process and vice versa. Booij (1989) has
used the retention time τr to define the exchanges
of subcritical flow in harbours. Altai & Chu
(1997) determined the retention time τr for a wider
range of the subcrtical Froude numbers, and found
the retention time to have comparable values as
those obtained by Booij (1989).
The functions defined by Eqs. 1 and 2 fit quite
well with the concentration data obtained in the
present series of experiments. Table 2 summarizes
the values of the dimensionless accumulation and
retention time scales from the experimental data
obtained in the first basin no.1 and the third basin
no.3.

the shear layer between the supercritical main
flow and the flow in the basin was less energetic.

Table 2. Accumulation and retention time scales for different
experiments
______________________________________________
Test Fr
Basin
Accumulation
Retention
(s)
time
scale τr (s)
no.
no.
time
scale
τ
a
______________________________________________

Figure 8 Supercritical flow images of the dye accumulation
in basin no. 1; Fr = 1.52, K = 45cm, h = 2.1cm.

The concentrations in the center of basins are plotted in Figs. 9 and 10 versus time. The plots are
dimensionless. The dimensionless dye concentration is c* = (cUhK)/(coqo), which is obtained by
the normalization of the source dye mass flux coqo. The dimensionless time is t* = tU/K, where U
is averaged flow velocity in the main channel and
K is the dimension of the square basins. The concentration of the dye in the basins c* first increased with time t*. It reaches a quasi-steady
state after a period of time. The decay of the dye
concentration in the basin is subsequent to the quasi-steady state after the dye supply is shutoff
from the upstream source. A curve of the following functional form is fitted through the experimental data for the period during the accumulation phase:

c* = c*qs [1 − exp( −

t

τa

)]

1

1
31
150
3
120
145
2
0.26
1
40
32
3
50
40
3
1.51
1
125
100
3
75
85
4
1.92
1
125
150
3
105
120
5
1.52
1
175
150
3
75
85
______________________________________________

The value of the dimensionless accumulation time
is different from one basin to the other basin. The
first basin no. 1 tends to have smaller dimensionless accumulation time than the accumulation
time scale of the downstream basin no. 3. However, the retention time is more uniform. The dimensionless retention time of the first basin is almost the same as the third basin. It appears that
the retention time is a better measure of the mass
exchange process between the basin and the main
open-channel flow.
The values of the retention time for the subcritical main flow are rather reasonable. It is comparable in magnitude to the previous results obtained
by Booij (1989) and Altai & Chu (1997) for similar shear flows. However, the dimensionless retention time for the case of the supercritical main
flow is three to four times greater than the value
for the subcritical flow case.

(1)

where τa = is the dimensionless accumulation time
and c*qs = is the dimensionless quasi-steady concentration. The reduction of the dye concentration
with time for the period during the decaying phase
is fitted with the follow function:

c* = c*qs exp( −

t

τr

)

3.50

(2)

where τr = is the dimensionless retention time.
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Figure 9 Accumulation and retention of the dye in basin 1 and the basin 3 for a subcritical main flow. The circle symbol denotes the experimental data. The lines are Eqs. 1 and 2 that best fit the data.

Figure 10 Accumulation and retention of the dye in basin 1 and the basin 3 for a supercritical main flow. The circle symbol
denotes the experimental data. The lines are Eqs. 1 and 2 that best fit the data.
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less energetic for the exchanges of mass across the
shear layer.
The transverse exchanges of the mass in the
subcritical open-channel flow are relatively understood. Much is still to be studied of the process
in the supercritical shear flow. The retention and
accumulation time are the parameters only for the
overall exchanges. Turbulence measurements in
the supercritical shear flow are to be conducted
for better understanding of the process.
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Figure 11 plots the retention time τr versus the
Froude number Fr obtained from the present series
of experiments. The retention time is about τr =
40 for subcritical flow of small Froude number
and is as high as τr = 150 for supercritical flow
of large Froude number. It is clear that the mass
exchange processes in the supercritical flow are
different from the processes in subcritical flow.
The exchanges in the subcritical flow are characterized by the rollup of the fluid in the coherent
eddies and the excitation of the shear layer by the
gravity-wave feedback as evident in the dyed flow
images shown in Fig. 7. On the other hand, the
exchanges in the supercritical flow are due to
gravity-waves radiation from the shear layer in a
manner analogous to the development of supersonic shear layers in compressible fluid (Bogdanoff 1983, Papamoschou & Roshko 1986, Kim
1990). There were no evidence that can be found
in Fig. 8 to suggest that the coherent eddies had
formed in the supercritical shear layer. Although
significant flow oscillations were produced by the
radiation of the gravity waves, the presence of the
gravity waves did not seem to have any direct effect on the mass exchanges of the dye between the
basins and the supercritical main flow. The indirect effect of wave radiation on the shear instability is however expected.
4 CONCLUSION
The retention and accumulation times are overall
parameters that characterize the mass exchanges
across the flow between the main channel and its
side basins. The measurement of these parameters
using the video imaging technique has supported
the conclusion obtained from hydrodynamic stability analysis that the supercritical shear layer is
more stable to disturbance and as a consequence
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