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ANALYSIS OF THE STABILITY OF EXISTING BANK PROTECTIONS FOR INLAND WATERWAYS
Petra Fleischer and Jan Kayser, petra.fleischer@baw.de, jan.kayser@baw.de
Federal Waterways Engineering and Research Institute, Karlsruhe, Germany
Summary
Revetments for bank protection must be selected taking their long-term stability and cost-effectiveness into account.
Design according to the “Principles for the Design of Bank and Bottom Protection for Inland Waterways” (GBB)
(BAW 2004) will ensure long-term stability. This involves conducting hydraulic analyses for individual stones and
geotechnical analyses for the interaction between the revetment and the underlying soil. The selected class of
stones must entirely cover the stone size D50 or stone weight G50 determined in the design calculations, as otherwise displacement of stones can be expected to occur within a relatively short period of time.
This paper has reported on preliminary experience in the assessment of the cost-effectiveness of different types
of bank protection. However, an improved database is required if the assessments are to be more exact. That database is currently being compiled in a research project.
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1. INTRODUCTION
The protection of banks on inland waterways is an important part of waterways engineering. A total of around
€10 billion has been invested in bank protection for navigable waterways in Germany.
A wide variety of methods have been used to protect banks for many decades. The loads to which banks are
exposed are set to increase in future as ship propulsion systems become more powerful and vessels become larger. Experience gained with the different types of bank protection is being collated and analysed systematically so
that allowance can be made for the increased loads. The results of the work are stated in this paper. Experience in
the design of revetments is also covered.
2. REVETMENTS FOR BANK PROTECTION
Banks are usually protected by covering the bed of a waterway with a lining, known as a revetment, which can
be either permeable or impermeable. Permeable revetments allow an unhindered exchange of water between the
ground and the waterway. They usually consist of a cover layer of armourstones placed on a geotextile or mineral
filter which must ensure filter stability between the ground and the cover layer. The latter mostly comprises loose
dumped armourstones which may be partially joined together with grout to increase the stability of the revetment.
Standard types of loose and grouted bank revetments are shown in Figure 1.

Figure 1: Standard types of permeable bank revetments
In impermeable revetments, the filter is placed on an impervious lining (usually a 20 cm thick layer of clay). Revetments may also be fully grouted with an impermeable grouting mortar.
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3. HYDRAULIC ACTIONS ON BANK REVETMENTS
Revetments are exposed to hydraulic actions, which, on canals, are mainly induced by shipping. Loads are
caused by the return current of the water displaced by the ship next to the ship, the propeller wash (due to the propulsion system and bow thrusters), ship-induced waves and water level drawdown (see Figure 2). Water level
drawdown can also be caused by the operation of weirs, locks and power stations or by receding high water levels
or high tides.
The drawdown of the water level in a canal gives rise to excess pore water pressures in the ground and is a key
factor governing the mass per unit area required for geotechnically stable bank revetments.

Figure 2: Ship-induced loads on the banks and bottom of a waterway, BAW (2004)
4. DESIGN OF REVETMENTS
4.1. Hydraulic design
The required size of individual armourstones is determined by hydraulic design. Only loose armourstones need
be dealt with as properly grouted revetments possess adequate stability owing to their structure. The following actions are the most important input parameters for the hydraulic design:
transverse stern wave and slope supply flow of the breaking transverse stern wave
return current
propeller wake induced by the ship propulsion system
The values of the actions and design values of the armourstones are determined as specified in the “Principles for
the Design of Bank and Bottom Protections for Inland Waterways” published by the Federal Waterways Engineering and Research Institute (BAW) in 2004.
The stone size D50 has been determined as the design value for armourstones. D50 corresponds to the diameter
which 50% of loose stones comply with or exceed in sieving operations performed with square-meshed screens. A
class of stones in accordance with DIN EN 13383-1 (2002) must be selected on the basis of the design value D50.
The relevant guidance can be found in Kayser (2005).
4.2. Geotechnical design
The required thickness, dD, of the revetment is specified in the geotechnical design.
A significant action is the excess pore water pressure force ΔU. It is initiated by the water level drawdown, referred to as za [m], in the canal next to the ship (see also Figure 2).
The pore water in the soil contains gas that is either dissolved or takes the form of bubbles, which means that
the groundwater is compressible. Accordingly, the pore water must expand when there is a drop in pressure but it
can only expand if water flows through the pore space in the soil. The flow rate, and thus the decrease in the pore
water pressure, depends on the permeability of the soil (coefficient of permeability k [m/s]). The pressure in the
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pore water can only decrease very slowly, particularly in soils with low permeability. This results in excess pore
water pressure, Δu, in the soil when water level drawdown occurs in the canal.

Figure 3: Sliding wedge close to the surface and the forces acting on it
The excess pore water pressure is calculated by equation (1) (Köhler).

(

Δu(z ) = γ W ⋅ za ⋅ 1 − e −b ⋅z

)

(1)

z = depth ordinate in the soil
b = pore water pressure parameter [1/m]
za = drawdown [m]

The pore water pressure parameter b depends on the drawdown rate and the permeability of the soil. Detailed
information on the geotechnical design of revetments can be found in Holfelder and Kayser (2005).Two analyses
have to be performed for the geotechnical design.
In the first analysis, the failure of the slope near the surface must be investigated. A sliding wedge and the
forces acting on it are shown in Figure 3. The toe support force F results from the revetment being anchored in the
bottom of the waterway. The embedded toe (which acts as an extension of the revetment) can be designed as a
toe blanket or a toe sheet pile wall.
The uplift of the revetment is checked in the second analysis. The equilibrium of the forces must be verified in
accordance with Figure 4. Hydrodynamic soil displacement will occur below the revetment if the safety against uplift
is insufficient.

Figure 4: Block for the analysis of the hydrodynamic displacement of soil
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Both analyses deal with local failure of the sloping canal bank. Local failure will not cause a disaster and damage
can be repaired during maintenance work. A safety factor, γ, of 1.0 can therefore be selected for both actions and
resistances.
Only the second analysis (hydrodynamic displacement of soil) need be performed for grouted revetments.
4.3. Comparison of design and experience in the field
The approaches to designing revetments are based on field tests and theoretical considerations. They have
been checked by investigating existing revetments.
A section of the Dortmund-Ems Canal was examined. The section was upgraded to a class Vb European waterway (width at water level, B: 55 m; depth of water: 4.0 m; slope inclination, 1:n: 1:3), with the work being completed in 1999. Displacements of stones exceeding those usually observed in loose revetments occurred soon after
work on the section had finished (Figure 5). The stones have a density, ρs, of 2.6 t/m³. They comply with stone
class II specified in the previous version of the Technical Supply Conditions for Armourstone (TLW) published by
the Federal Ministry for Transport, Construction and Housing (1997) which were still in force when the upgrading
work was carried out. The grain size, D50, is 12 cm. The thickness of the revetment, dD, is 50 cm and the revetment
was placed on a granular filter with a thickness, dF, of 40 cm.

Figure 5: Displacement of stones on the canal bank
In order to determine the causes of the high level of stone displacement, the ship-induced waves acting on the
revetment were measured with the aid of pressure cells. At the same time, the position, speed and dimensions of
the ships were determined. The measurements were conducted around the clock for one week.
The dimensions of the ships (length/breadth/depth) that were measured are characteristic of the ships currently
using the Dortmund-Ems Canal. They are shown in Figure 6. The ships to be seen most frequently on the canal
are “Johan Welker” and “Gustav Koenigs” type vessels. The ships mostly have maximum draughts of between 2.2
m and 2.5 m, corresponding to a deadweight capacity of between 800 t and 1250 t. The propulsion power of these
types of ship is usually between 300 kW and 600 kW.
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Figure 6: Dimensions of ships on the Dortmund-Ems Canal in 2002
The results of the measurements can be summarised as follows:
Data on a total of 396 ships was obtained. Of those, 278 ships induced waves whose size is of relevance.
More than 50% of the ships were moving faster than permitted in the shipping regulations.
The speed of the ships was within the economically optimum range, i.e. between 80% and 100% of the critical ship speed (that is, the speed that is hydraulically possible).
The maximum wave height was 65 cm.
Based on the measurements of the wave heights, H, and drawdown, za, it was checked whether the design of the
revetment complies with the “Principles for the Design of Bank and Bottom Protection for Inland Waterways” (GBB)
published by the Federal Waterway Engineering and Research Institute
(BAW) (2004).
As regards the geotechnical design, the thickness, dD, of the revetment was shown to be adequate at 50 cm.
The required size of the stones was determined for each wave action that had been measured by means of
equation (2) of the “Principles for the Design of Bank and Bottom Protection for Inland Waterways”:

D50 =

HWelle
⎛ ρ − ρw
1,5⎜⎜ s
⎝ ρw

⎞ 1/ 3
⎟⎟m
⎠

(2 )

D50 = characteristic stone size [m]
HWelle = measured height of waves [m]
ρs, ρw = density of the stones and water [t/m³]
m = slope inclination

The stone sizes required for a stable revetment according to the calculations performed with the measured wave
sizes are shown in Figure 7. The existing stone size, D50, is 12 cm.

Figure 7: Result of the calculation of the required stone sizes
5

The calculations show that the selected stone size, D50, of 12 cm or less is sufficient to withstand 95% of the wave
actions. However, stones with a size, D50, greater than 12 cm are required for 5% of the wave actions, i.e. displacements of stones can be expected to occur in such cases. Based on the 278 ships observed, this means that
around 15 ships a week cause stones to be displaced. Observations of the actual behaviour of the revetment (see
Figure 5) show that displacements on such a scale should not be tolerated. When designing revetments in accordance with the “Principles for the Design of Bank and Bottom Protection for Inland Waterways”, the selected stone
class should therefore cover nearly 100% of the required stone sizes. A high level of stone displacement can otherwise be expected to occur.
Measurements and calculations have also verified the correlation between a high level of stone displacement
and high ship speeds.
5. EXPERIENCE WITH EXISTING REVETMENTS
5.1. Recording data on revetments in Germany
The aim of further investigations is to gather data on the stability of revetments and the cost and effort required
to maintain them. Such data enables the different methods of construction to be assessed both technically and
economically and forward-looking recommendations for the construction of revetments to be drawn up.
The first step in the investigations was to conduct a survey at the Federal Waterways and Shipping Administration (WSV) on the structure of revetments and the cost and effort that goes into maintaining them. A total of 158
stretches were listed. The mean length of the stretches was around 5 km. Data on around 800 kilometres of waterway are available. Useful data on the cost and effort of maintaining waterways is only available for 30 stretches.
The results of the survey based on those 30 stretches are shown in Figure 8, in which the maintenance costs are
plotted against the year of construction. It should be noted that there are only relatively few data (n = 3) available
on old revetments.

Figure 8: Annual maintenance costs per kilometre of bank for loose revetments
It was possible to identify three generations of revetments on the basis of the costs. The oldest generation was
constructed between 1890 and 1930. The cost of maintaining those revetments is relatively high. The second generation was installed in the development phase after World War II, for the most part between 1950 and 1970. The
annual cost of maintaining such revetments is around €1,000 per kilometre of bank, or around €0.07 per square
metre of revetment per annum. The third generation comprises revetments up to 25 years old constructed when
waterways were upgraded to class Vb. Those revetments have hitherto required little in the way of maintenance.
Twelve reference stretches were selected for further examination from those included in the survey. The investigations include:
determining the structure of the revetment (geometries, size and density of stones),
conducting measurements of the waves acting on the revetment by means of pressure cells over a two-week
period,
recording shipping (number and type of ships) at the same time as carrying out the wave measurements,
recording the annual maintenance costs for the reference stretches.
The stretches were selected according to the loads to which they are exposed. On “fully utilised” stretches, the
permissible ship size corresponds to the cross-section of the canal. This is the case for large inland waterway
freight vessels on class Vb waterways where the ratio of the cross-section of the waterway to that of the ship, n, is
6

5.5. “Over-utilised” stretches are those on which the permitted ship size is larger than appropriate for the crosssection (n < 5). These are stretches that are due to be upgraded and are deliberately being “worn out”. “Underutilised” stretches have already been widened to take larger ships (n > 7) although such vessels are not yet using
them as the connecting stretches have not yet been upgraded.
Investigations on the first two stretches have already been completed. The results are given below.
5.2. Investigations on the Mittelland Canal
A 5 km long stretch of the Mittelland Canal, which has been upgraded to a class Vb waterway, was examined.
The current permitted draught of 2.5 m does not make full use of the possible draught of 2.8 m. This stretch of the
canal is therefore “under-utilised”.
Three different types of revetment were installed:
1. Loose, class III armourstones with a stone density of 2.3 t/m³; thickness of the armourstone layer: 60 cm; either
a geotextile filter or two- or one-stage granular mineral filter
2. Partially grouted class II armourstones with a stone density of 2.3 t/m³; thickness of the armourstone layer: 40
cm; geotextile filter; partial grouting with 80 l/m² colloidal mortar.
3. Fully grouted class II armourstones with a stone density of 2.3 t/cm³; thickness of armourstone layer: 40 cm.
The results can be summarised as follows:
The first revetment with loose armourstones withstands the loads well. Isolated displacements of stones occurred but did not exceed those usually observed for loose revetments. Major maintenance work is not required.
The second, partially grouted revetment is of high quality above water level. However, mistakes were detected
in the revetment below the waterline. These are probably due to errors during installation. The same applies to the
third, fully grouted revetment. Stones were dislodged from this revetment as grouting had not been carried out
properly in this case either. The full grouting no longer provides the required sealing effect.
Both grouted revetments demonstrate the importance of performing grouting work with proper care and to the
required standard. Partially grouted revetments installed on other sections of waterways have been shown to be
stable for many years.
Detailed information on the investigations carried out on the Mittelland Canal can be found in Fleischer et al.
(2003).
5.3. Investigations on the Main-Danube Canal
The stretch of the Main-Danube Canal that was investigated has been upgraded to a class Vb waterway. The
width at water level is 55 m, and the slope inclination, 1:n, is 1:3. In contrast to the normal water depth of around 4
m, the depth of the canal in the area under investigation is around 6 m at normal water levels. The enlarged crosssection can also absorb high water levels in the River Regnitz which flows along the bed of the canal. However, the
flow rate at high water levels is relatively low so that these do not affect the revetment. The permitted ship sizes are
large inland waterway freight vessels and 190 m long push-tow units with draughts of 2.7 m.
The stretch of the canal, including the revetment, was completed in 1966. However, the stretch has only been
fully used since the entire length of the Main-Danube was opened in 1992.
The revetment comprises a 55-60 cm thick layer of loose armourstones. The stones comply with class IV of the
Technical Supply Conditions published by the Federal Ministry for Transport, Construction and Housing (1997),
which were valid until May 2004, although they were at the lower end of the class range. The average bulk density,
ρs, is 2.3 t/m³. The stones belong to class LMB5/40 according to DIN EN 13383 (2002). The revetment lies on a layer
of crushed stone that is several centimetres thick and has the same particle size as gravel.
A total of 272 passing ships were recorded in 14 days. The shipping could be divided into roughly one third
large inland waterway freight vessels, one third Europe ships and one third ships belonging to the “Gustav Koenigs” class. Approximately one quarter were sailing empty while the other ships were sailing at either partial or full
draught.
The waves recorded are shown in Figure 9. They are relatively flat; only 2% of the ships induced waves higher
than 50 cm.
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Figure 9: Frequency of waves as a function of wave height
The maintenance costs for the section of canal are still being determined. A provisional assessment indicates that
the annual maintenance costs are around €370 per kilometre of bank, which corresponds to around €0.02 per
square metre of revetment per annum. This is a very low figure for a revetment which is nearly 40 years old and is
due to the low level of wave action and the large stones used.
5.4. Economic considerations
When evaluating the construction of bank protections, their cost effectiveness must also be considered. For
waterways in Germany this is usually done by assessing the present value. The total cost of a revetment (construction costs I, maintenance costs h) are discounted at an imputed interest rate i (currently 3% in the public sector in
Germany) over a lifespan of n years to the cash value C at the time of the investment decision. The cost per square
metre of revetment is generally taken as the reference quantity. The calculation is performed using equation (3)
according to Fleischer et al. (2003).
n
(
1 + i) − 1
(3)
C =I +h
n
i(1 + i )

The lifespan n and the maintenance costs h depend on the actions on the revetment and thus on the operation of
the waterway. It is the cost of maintenance that has the greatest effect on the present value.
According to previous investigations and experience, the cost of maintaining revetments comprising loose
stones is generally between €0.02 and €0.11 per square metre per annum. The lower figure applies to adequately
dimensioned revetments, the higher one to revetments that are old and are subjected to severe loading conditions.
Estimated mean maintenance costs of €0.04 per square metre per annum for newly constructed revetments are
proposed as a mean value for the entire lifespan of those revetments of between 25 and 40 years.
The capital cost of grouted revetments is higher but such revetments are generally more durable and require
less maintenance than revetments comprising loose stones if they are constructed properly. However, grouted
revetments are uneconomical if defects occur owing to poor workmanship as maintenance is then generally very
costly.
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