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Abstract — The influence of vegetation on flow and sediment 
transport is commonly accounted in 2D, horizontal, depth-
averaged (2DH) models through the parameterization of a friction 
coefficient or by a drag force term in the momentum equations. In 
this study, we propose to implement a novel approach based on the 
work of Armanini and Cavedon (2019) and Bonilla Porras et al. 
(2020) to consider the effects of vegetation on flow and sediment 
transport. Combined with a drag force term implemented in the 
hydrodynamics equations, the initiation of motion parameter 
(Shields) was modified in the brand new sediment transport 
module GAIA to directly incorporate the effects of vegetation on 
sediment transport. A 2DH model is set-up and calibrated based 
on the flume experiments of Armanini & Cavedon (2019). 
Numerical results agree with the experimental data, but with less 
accuracy for high vegetation density. To validate the performance 
of this new approach, more numerical tests should be carried out 
on the basis of an independent set of physical experiments.  

I. INTRODUCTION 
Anthropic activities such as channelization, sediment 

dredging, and dam building have affected many river systems 
worldwide. As a result of anthropogenic activities, channelized 
rivers generally show an increase of their base flow and a 
decrease of their flood frequency and magnitude. Consequently, 
reduced bar submersion and riverbed reworking have been 
observed in numerous regulated rivers worldwide, which might 
favor the expansion of vegetation over bars and inside channels 
(Figure 1). Vegetation increases the local hydraulic roughness as 
well as fine sediment deposition and reinforces the bed cohesion 
by the presence of roots systems [1]. Water levels increase due 
to the higher flow resistance and the smaller channel width, 
leading to an increased flood risk.  

Numerous numerical models have been recently developed 
to consider the effects of vegetation on river morphodynamics. 
The commonly adopted approach to account for vegetation 
effects on flow resistance in two-dimensional, horizontal, depth-
averaged models (2DH) is to define either a friction coefficient 
[2, 3, 4], or a drag force 𝐹𝑑 added as a friction source term in 
the momentum equation [5, 6]. By doing so, the effect of 
vegetation on sediment transport is accounted indirectly by a 
reduced depth-averaged velocity. However, Yager & 
Schmeeckle [7] found that existing formulas commonly adopted 

to parameterize the bedload flux are inaccurate to reproduce 
observed solid discharge values in vegetated reaches. 

 
Figure 1: Examples of channelized gravel bed rivers located in the French 

Alpine region between 1956 and 2016, showing the development of vegetation 
on alternate bars (source: IGN) [5] 

In their recent study, Armanini & Cavedon [8] proposed a 
novel approach that considers the effects of emergent vegetation 
on bedload transport by modifying Einstein’s flow intensity 
parameter Ψ (Equation 5) with a correction factor that includes 
the plant characteristics. As a follow-up to the work of [8], 
Bonilla Porras et al., [9] proposed an extension of this parameter 
to include submerged vegetation effects (Equation 6). 

In this study, a modification of the dimensionless incipient 
grain mobility parameter is implemented in the sediment 
transport and bed evolution module GAIA. A 2DH model is set 
up using the open TELEMAC-MASCARET system. This 
consists of the hydrodynamic module TELEMAC-2D coupled 
with GAIA. The numerical results are compared with the 
experimental observations by Armanini & Cavedon [8] to test 
the implementation. 

II. SEDIMENT TRANSPORT THROUGH VEGETATION 
Two dimensionless parameters are usually proposed to describe 
the fundamental principles of most commonly bed-load 
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transport equations [10], namely the dimensionless sediment 
transport rate, Φ, 

 Φ =  
𝑞𝑠

𝑑√𝑔∆𝑑
  () 

and the flow intensity parameter, Ψ, 

 Ψ =
𝑔∆𝑑

𝑢∗
2     () 

where 𝑞𝑠 is the sediment transport rate per unit width (m2/s);  
d is the representative sediment particle size (m); ∆= (𝜌𝑠 −
𝜌𝑤)/𝜌𝑤 is the submerged relative density of sediment (-), with 
𝜌𝑠  and 𝜌𝑤  respectively the sediment and fluid density; 𝑔  is 
the gravitational acceleration (m/s2); and 𝑢∗  is the shear 
velocity (m/s). 

The dimensionless sediment transport rate Φ  can be 
expressed as a function of the flow intensity parameter: 

 Φ = 𝑓(Ψ) = 𝑓(𝜃−1)  () 

where 𝜃 is the Shields parameter and 𝜃 =
1

Ψ
 . 

A. Bedload through emergent vegetation 
Derived from momentum balance analysis, a modification of 

Equations (1) and (2) is proposed by Armanini & Cavedon [8] 
to include the effects of emergent vegetation. 

The dimensionless sediment transport rate in vegetated beds 
is defined as follows: 

 Φ𝑣 =
𝑞𝑠

𝑑√𝑔Δ𝑑
(1 − 𝛼ΩΩ𝑣)   () 

where Ω𝑣   is the areal density of plant (-) and 𝛼Ω  is a 
calibration factor (-). This modification takes account of the 
reduction of the active exchange surface between the bed and 
the flow [8]. 

The flow intensity parameter in vegetated beds is computed 
as follows: 

 Ψ𝑣 = Ψ (1 + 𝛽𝑣Ω𝑣
ℎ

𝐷𝑣
(

ℎ

𝑑
)

𝑏𝑣
)   ()  

where ℎ is the water depth (m), 𝐷𝑣  is the plant stem diameter 
(m), and 𝛽𝑣 and 𝑏𝑣 are calibration parameters (-). 

B. Bedload through submerged vegetation 
Bonilla Porras et al., [9] reworked the momentum balance 

analysis with submerged vegetation and proposed an updated 
version of the flow intensity parameter that adapts both to 
emergent and submerged vegetation, as follows: 

 Ψ𝑣 = Ψ (1 + 𝛽𝑣Ω𝑣
ℎ𝑣

𝐷𝑣
(

ℎ

𝑑
)

𝑏𝑣
(

ℎ𝑣

ℎ
)

𝛾𝑣
)   ()  

where ℎ𝑣  (m) is the effective plant height (equals to water 
depth for emergent vegetation), 𝛾𝑣 is calibration factor (-). 

The calibration of parameters 𝛽𝑣 , 𝑏𝑣 and 𝛾𝑣 is based on a 
series of flume tests carried out at the Hydraulics Laboratory at 
the University of Trento (Italy). The line of best fit equation is: 

 Ψ𝑣 = Ψ(1 + 𝐾𝑣Ω𝑣
ℎ𝑣

𝐷𝑣
)   ()  

in which 𝐾𝑣 = 49.38 (
ℎ𝑣

ℎ
)

−0.92

− 10.97 (
ℎ𝑣

ℎ
)

−1.92

 . 

III. NUMERICAL IMPLEMENTATION 
In this study, we implemented the approach of Armanini & 

Cavedon’s [8] and Bonilla Porras et al. [9] into GAIA to 
consider the direct effect of vegetation on sediment transport. As 
shown in Figure 2, the implementation can be achieved by 
adding a drag force in shallow water equations to account for the 
effect of vegetation on hydrodynamics and by modifying the 
Shields parameter θ to incorporate the effect of vegetation on 
morphodynamics. 

 
Figure 2: Schematization of the way we account for the interactions between 

vegetation, water flow and sediment transport for the morphodynamic modeling, 
𝜏𝑏 is the bed shear stress, 𝜏𝑏

′  is the shear stress due to skin friction, 𝑍𝑏 is the 
bed elevation.  

Both the drag force and the modified Shields parameter are 
functions of the flow parameters and the vegetation parameters 
(i.e., plant diameter, height, and density). 

A. Drag force in TELEMAC-2D 
The effects of vegetation on hydrodynamics can be 

represented by a friction coefficient. However, Hervouet [11] 
indicated that by simply giving a specific friction coefficient to 
simulate the effect of vertical structures like vegetation, the last 
is not applied correctly. Hence, to represent the effect of 
vegetation, a drag force is added to the momentum equations 
according to [5], as follows: 

𝐹𝑑 = −
1

2
𝐶𝑑𝜌𝑤𝛼𝑣𝑚𝐷𝑣min(ℎ𝑣 , ℎ)|𝑈𝑣|𝑈𝑣      (8) 

where 𝐹𝑑 is the drag force (N), 𝐶𝑑 is the drag coefficient (-), 
𝜌𝑤 is the water density (kg/m3), 𝛼𝑣 is a shape factor equal to 1 
for rigid cylinders (-), 𝑈𝑣  is the flow velocity acting on 
vegetation (m/s), m is the number of stems per unit area (-), 𝐷𝑣  
is the stem diameter (m), and ℎ𝑣 is the plant height (m). 

For emergent vegetation, 𝑈𝑣  is equal to the depth-averaged 
velocity. For submerged vegetation, 𝑈𝑣  is determined by the 
formula of Stone and Shen [12] as follows: 

  𝑈𝑣 = 𝜂𝑣𝑈 (
ℎ𝑣

ℎ
)

1

2                (9) 

where 𝜂𝑣 is a coefficient and 𝜂𝑣 =
(1−𝐷𝑚0.5)

(1−
ℎ𝑣
ℎ

𝐷𝑚0.5)
 

A sketch of the Fortran code implemented to compute the 
drag force is presented in Figure 3. 
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Figure 3: Sketch of Fortran code used to calculate the drag force (dragfo.f)  

B. Modification of the Shields parameter 𝜃 in GAIA 
The implementation of equation (7) is accomplished through 

the modification of the Shields parameter θ. Figure 4 presents a 
conceptual diagram with the procedure followed to compute the 
modified Shields parameter 𝜃𝑣. 

 
Figure 4: Chronological steps for the calculation of 𝜃𝑣 

For each symbol, the subscripts 𝑏, 𝑣, 𝑡  stand for “bed”, 
“vegetation” and “total”, respectively. From the momentum 
balance analysis, the total shear stress 𝜏𝑡  is equal to the sum of 
the bed shear stress 𝜏𝑏 and the drag stress of vegetation exerted 
on the fluid 𝜏𝑣 , which is calculated from the drag force 
(Equation 8). The total flow intensity parameter Ψ𝑡  is then 
computed from the total shear velocity 𝑢∗𝑡 , which is in turn a 
function of 𝜏𝑡 . By using equation (7), the modified flow 
intensity parameter for vegetated beds Ψ𝑣 is obtained. 

A sketch of the Fortran code implemented to compute the 
modified Shields parameter is presented in Figure 5. 

 

 
Figure 5: Sketch of Fortran code used to compute the modified Shields 

parameter 

IV. NUMERICAL MODEL TESTING 
To verify the numerical implementations in GAIA, a 2D 

morphodynamic model is set-up and run to reproduce the flume 
experiments by Armanini & Cavedon [8]. 

A. Flume experiment of Armanini & Cavedon [8] 
Physical experiments were carried out in a 15 m long and 

0.50 m wide rectangular flume. Two types of cylindrical 
elements were used to represent vegetation: aluminium 
cylinders with an average diameter of 1 cm; and rigid plastic 
cylinders with an average diameter of 3 cm, set in staggered 
configurations. Four distinct zones divide the channel 
longitudinally, as shown in Figure 6. The first three zones A, B 
and C are associated with three different vegetation densities of 
200, 100 and 50 plants/𝑚2  respectively, and the downstream 
zone D corresponds to a plant-free area. Complementary 
scenarios with a single vegetation partition (200 plants/𝑚2) and 
totally plant-free area were also carried out. 
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Figure 6: Flume vegetation areas: (A) reach with dense configuration (200 
plants/𝑚2), (B) reach with intermediate density (100 plants/𝑚2), (C) reach 

with sparse configuration (50 plants/𝑚2), D) vegetation-free reach. 
(reproduced from Armanini & Cavedon (2019) [8]) 

The experiments were run under stationary conditions 
(constant water discharge and constant sediment discharge). 
Two types of sediments were used: fine uniform sand (𝜌𝑠 = 
2591 𝑘𝑔/𝑚3  and 𝑑50 = 0.5 𝑚𝑚)  and artificial spherical 
plastic particles (𝜌𝑠 =  1050 𝑘𝑔/𝑚3  and 𝑑50 = 0.55 𝑚𝑚) . 
The water discharge Q, the sediment transport rate 𝑄𝑠, the water 
surface and the bed level were measured during the experiment. 
All the experiments were carried out under steady and uniform 
flow conditions, in which the morphodynamic equilibrium was 
guaranteed at the end of the experimental runs. 

In this work, only experimental runs with subcritical flows 
regime (Fr < 1) and uniform sediment (sand) were selected, as 
shown in Tables 1 and 2. 

 

TABLE 1: EXPERIMENTAL CONDITIONS OF THE SCENARIOS WITH 4 DISTINCT 
VEGETATION AREAS RETAINED FOR THE NUMERICAL SIMULATIONS (ADAPTED 

FROM ARMANINI & CAVEDON [8]) 

 

TABLE 2: EXPERIMENTAL CONDITIONS OF THE SCENARIOS WITH A SINGLE 
VEGETATION AREA RETAINED FOR THE NUMERICAL SIMULATIONS (ADAPTED 

FROM ARMANINI & CAVEDON [8]) 

B. Model set-up and testing 
The numerical model scales 1:1 the prototype. An 

unstructured triangular numerical mesh of 0.05 m is used, 
consisting of 3360 nodes and 6072 elements. A vegetation-free 
zone was assigned from 0 to 0.825 m along the x-axis. The 
upstream boundary conditions correspond to the experimental 
constant flow and solid discharges, and the imposed downstream 
water level is estimated from the measured water surface slope. 
The drag coefficient is set equal to 1 according the shape and 
rigidity of the cylinders. Only the bedload sediment transport 
mechanism is considered in this study. The van Rijn [13] 
sediment transport formula is adopted here as it is valid for finer 
material in the range 𝑑 = (0.2 − 2) 𝑚𝑚. The critical Shields 
parameter is calculated according to Brownlie [14], as: 

𝜃𝑐𝑟 = 0.22 ∗ 𝐷∗
−0.9 + 0.06𝑒−7.73𝐷∗

−0.9       (9) 

where 𝐷∗ =  𝑑(𝑔∆/𝜈2)1/3  is dimensionless particle 
diameter (-), with 𝜈 the kinematic viscosity (m2/s). 

The Strickler coefficient is used as friction coefficient to 
account for the bottom roughness. The adopted value is based 
on three no-vegetated scenarios shown in Table 3, where the 
average value of 61 𝑚1/3/𝑠  is retained from the calibration 
procedure. 

 

TABLE 3: STRICKLER COEFFICIENT CALIBRATION BASED ON THREE NO-
VEGETATION SCENARIOS 

C. Numerical results  
Figure 7 shows an example of bed elevation obtained at the 

end of the numerical simulation of scenario 1.R20 without and 
with the implementation of the modified Shields parameter 𝜃𝑣. 

The abrupt changes of bed elevation observed in the Armanini 
& Cavedon’s experiences are well reproduced by the newly 
implemented model (Figure 8). This behaviour observed in the 
transition zones between three vegetated areas and one 
vegetation-free area were unable to be captured by the original 
model.  
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Figure 7: Bed elevation obtained at the end of simulation 1.R20: (a) original model without implementation of 𝜃𝑣 , (b) modified model with implementation of 

𝜃𝑣 (arrow indicates flow direction). 

 

 

Figure 8: Measured longitudinal profiles of bed elevation and free surface of scenario NP1 (source: Armanini & Cavedon [8]) 

 

 

Figure 9: Numerical longitudinal profiles of bed elevation and free surface of scenario NP1 (extracted along y=0.25 m) 

 

Figures 8 and 9 present the measurements and numerical 
results of the longitudinal profile of free surface and bed 
elevation at steady-state conditions, respectively. The free 
surface profile and bed level slope being parallel in each 
vegetated area indicates that the numerical model is under steady 

and uniform conditions, same than the experiment [15]. For high 
vegetation density, Ω𝑣 , the numerical results show an increase in 
water depth, h, and an increase in the free surface and bed slopes, 
i, which is consistent with observations.  
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TABLE 4: COMPARISON OF MEASURED AND SIMULATED WATER DEPTH OF THE 
SCENARIOS WITH 4 DISTINCT VEGETATION AREAS 

However, the distinction between dense (200 plant/𝑚2) and 
intermediate vegetation (100 plant/𝑚2 ) are not as evident as 
observed in experiments. Table 4 shows the experimental data 
and the numerical results of water depth for all the scenarios 
with 4 distinct vegetation areas. The average difference in water 
depth between dense and intermediate vegetation areas is 0.017 
m in the experiments, but only 0.001 m in the model, which 
barely show distinction. 

 
Figure 10: Comparison of the water depths obtained in the numerical model 

vs. in the experiment at morphodynamical equilibrium 

 

Figure 11: Comparison of the free surface slope (same as bed slope) obtained 
in the numerical model vs. in the experiment at morphodynamics equilibrium 

Figures 10 and 11 show the comparison of numerical results 
and experimental observations in terms of water depth and free 
surface (bed) slope, for all scenarios (Tables 1 and 2). The model 
is able to reproduce correctly the experimental observations, 
which is represented by a high correlation coefficient R2 of 0.73 
and 0.99, a linear function slope of 0.958 and 1.0455, 
respectively.  

V. CONCLUSIONS AND PERSPECTIVES 
Derived from the momentum balance analysis, Armanini & 

Cavedon [8] proposed a novel approach to include the effects of 
emerging vegetation on bed load rates by adapting the 
dimensionless sediment transport rate Φ𝑣  and the flow 
intensity parameter Ψ𝑣. Subsequently, Bonilla Porras et al. [9] 
extended this modification to include also submerged 
vegetation. 

The present study implemented this latter approach in GAIA 
by modifying the Shields parameter 𝜃 . The numerical model 
was tested on the basis of the flume experiment of Armanini & 
Cavedon [8], with the aim of verifying its implementation in the 
TELEMAC-MASCARET modelling system. Each simulation 
reached morphodynamic equilibrium, well reproducing the 
experiments. By comparing water depth and free surface slopes, 
numerical results agree with the experimental observations. 
However, the numerical model seems to have limitations for 
dense vegetation (200 plants/𝑚2). More numerical tests should 
be carried out on independent data sets to validate the 
performance of this approach for high-density and 
emergent/submerged vegetation conditions.  
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