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Abstract. Vegetation is a common feature in natural coastal and riverine 
waters, interacting with both water flow and sediment transport. However, 
the physical processes governing these interactions are still poorly 
understood, which makes it difficult to predict sediment transport and 
associated morphodynamics in a vegetated environment. In this context, an 
experimental study was conducted in laboratory with a movable bed 
trapped in artificial vegetation. The experimental flume is a rectangular 
open channel 5.75 m long and 0.29 m wide. For flow measurements, the 
channel is equipped with a fast camera and ADV probe. This work focuses 
on identifying the vegetation effects on flows and sediment transport. In 
fact, it was shown that the vegetation presence in a watercourse promotes 
deposition and sediment accumulation. This is explained by a reduction of 
the bed shear stress, since the friction occurs mainly by the drag force 
effect exerted by the vegetation. It was shown too that the vegetation 
reduced the bedload transport. Thanks to the partitioning of shear stress, it 
was possible to predict the bedload transport using standard formulas with 
a reasonable accuracy. 

1. Introduction
The impact of vegetation on the sediment transport is a crucial issue to manage

irrigation networks but also natural flows. By reducing velocity, the presence of vegetation 
may increase sediment deposition and modify the risk of flooding by the combined effects 
of increased roughness and decrease of flowing area of the river main channel [8]. In 
former studies, the role of the vegetation on hydraulic roughness was extensively 
investigated [3, 12, 13]. But there are fewer studies that link the velocity profile within the 
canopy to the sediment transport [2]. The aim of this paper is to show how a better 
understanding of the velocity field can help to understand the limitation of the sediment 
transport due to the presence of vegetation. To do so, measurements were performed with 
artificial vegetation in which a movable bed was installed. The analysis was carried out on 
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velocity profiles and erosion dynamics within the vegetated bed. Velocity profiles will be 
compared to 1D vertical model because the validation of these models can bring 
information to understand the role of the vegetation on the sediment transport and 
elaborating a pertinent method of shear stress partitioning. In a second part, the experiments 
will emphasize the drastic influence of the vegetation on the solid rate, even if the hydraulic 
condition above canopy should involve sand movement. 

2. Material and Method 

2.1. Experimental set-up 

Experiments were conducted in a flume 5.75 m long and 0.29 m wide. The bed was 
covered with artificial flexible vegetation made with thin circular cylinder of 0.8 mm 
diameter. A dozen of cylinders were gathered and stuck on a PVC blade at the same 
position. These basic vegetation cylinders were set in a staggered arrangement with 16.6 cm 
between stem. Considering an equivalent diameter of 4 mm, the concentration is defined as 
D2/A where A is the area around one stem (A=2.77 10-4 m2 with m=3600 stems/m2). The 
cylinder height is equal to 7 cm. The spatial density which is equal to mD=C/D remains 
almost constant in the vertical direction although near the canopy stems are no more 
contiguous. 

  Fig. 1.  Photograph of the used artificial vegetation.  
The flume slope could be adjusted for 0 to a few percents. A weir at the upstream end 

allows fixing different water depths. The flow discharge was measured with an 
electromagnetic flowmeter with an uncertainty lower than 1%. 

A camera (Basler 5Mo, 100fps, 8 bits) was used to monitor the bed position. The 
size pixel is 1mm and the resolution is 518*518 pixels. 

2.2. Experimental procedure 

The velocity profile above the vegetation was obtained by Acoustic Doppler 
velocimetry with a micro-ADV Nortek Vectrino+ with a sampling rate equal to 25 Hz. The 
vegetation was assumed to be dense enough to cause a velocity profile independent of the 
lateral position, even if, near the canopy, a slight discrepancy can be expected. The velocity 
measurements were performed for 2 flow rates and 2 slopes. 

The sediment was a mix of sands and glass (for pool filter). The measured density (s) 
and porosity (p0) were respectively equal to 2 350 kg/m3 and 0.6. The grain size distribution 
was obtained with a mechanical shaker and sieves (see grading curve in Fig. 2). At the 
beginning of each experiment, the vegetation was totally recovered by the sand (~ 5 mm 
above top of canopy) in a zone of 1 meter long at the flume center (figure 3). The tail weir 
was set high enough to impose a high-water depth and limit the wall shear stress. The flow 
was maintaining during a few minutes until steady flow and stable bed were obtained. 
Then, in order to increase the bed shear stress, the weir was moved down by steps of 1cm, 
until the weir was totally removed. 
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Fig. 2. Photograph of the sediments (left) and grain size distribution (right). 

 
These experiments were done with the flow rate of 14.5 l/s, and with two different 

slopes of 0.3% and 1% (table 1). 

Table 1 : Experiments with sediments 

 S= 0.3% S= 1% 
Flow rate (l/s) 14.5 14.5 

upstream water depth (cm) 20.5 20.5 
downstream water depth  (cm) 21 21 

Initial weir position (cm) 14 14 
Length of Vegetation layer (m) 4 4 
Length of Sediment layer (m) 1 1 

Duration of experiment (h) 10 9 
 

  
Fig. 3. View of the bed before (left) and during the end of experiment (right) with S=1%. 

 
Fig. 4.  picture showing the bed position and water free surface at time t=12000s (S=1%). The solid 
lines represent the detected interface; the dashed lines are obtained by linear regression used to find 

the averaged positions. 
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3. Results 

3.1. Velocity profiles without sediment 

The ADV velocity profiles were compared to the velocity distribution as proposed in [7] 
and DBM models [1, 9]. These models give the velocity within and above the vegetation 
based on turbulence length scale considerations. The experimental correlation provides the 
turbulent length scale in the canopy, while the velocity distribution is assumed to follow a 
logarithmic function above the canopy up to free surface. In [9], the experimental 
correlation is substituted by another model based on the distance (s) between stems, and the 
stem height k. In [7], the length scale is also assumed to be equal to s but the dimensional 
analysis only provides the average velocity within the canopy Ur (m/s) and above the 
canopy Us (m/s), and the resulting model consists of uniform velocities within the canopy, 
and above the canopy. 

  
Fig.5.  Vertical velocity profile from ADV, and model from 

Defina and Boixo [1], Hutoff [7] and Cassan and Laurens [9]. 
Fig.6. Comparison between velocity 
of [2] (top), [4] (down) and Cassan 

and Laurens model for flexible 
vegetation. 

Clearly, both DBM models ([1,9]) are more relevant to describe the velocity 
distribution in the upper layer even. Within the canopy, the predicted velocity is close to the 
average value, as predicted by Hutoff model (Fig. 5). To verify the ability to reproduce the 
velocity distribution in a flexible canopy, we compared the model of [9] to the experimental 
results of [2] and [4]. The good agreement as shown in Figure 6 confirms the validity of the 
model already, as found in previous experimental studies [9].  

We will now use the above models to analyze the prediction of the bed shear stress. 

3.2. Bed shear stress 

The DBM models provide the distributed turbulent shear stress along the vertical axis. 
However, this friction is independent of the bed roughness and is only due to the drag 
dissipation and flow above the roughness. Moreover, since the turbulent length scale is 
calibrated from the characteristics of the flow near the top of the canopy, there is no reason 
that it would correctly represent the flow near the bed.  
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Alternatively, one could use bed friction laws, such as Manning friction loss equation 
[7] or other friction laws [10]. However, this would require considering the average 
velocity and friction coefficients calibrated from experiments without vegetation. We 
expect that, in absence of vegetation, the boundary layer largely differs from the one in 
presence of stems (for instance due to HorseShoe Vortex HSV). We proposed here to 
consider a second approach which has the advantage to be consistent with Manning’s 
friction equation. 

 
As a consequence, the bed shear stress can be approximated by [7]: 

𝜏𝜏𝑏𝑏 = 𝜌𝜌𝜌𝜌𝑈𝑈𝑟𝑟
2 = 𝜌𝜌 1

64 (𝑘𝑘𝑠𝑠
ℎ )

1/3
𝑈𝑈𝑟𝑟

2                                          (1) 

Where f is the friction coefficient, ks (m) is the height of the irregularities at the bed and 
h the water depth. The bed shear stress can be computed with the velocity near the bed, but 
for sparse vegetation and small stem diameter, the turbulence due to the above layer can 
penetrate into the canopy, down to the bed (figure 7). Therefore, we assume that the bed 
shear stress is modelled with the average velocity Ur in the bed [7], but we use the velocity 
distribution to improve the computation of the drag term. In a recent paper [2] compared 
several methods to compute the shear stress partitioning in a vegetated flow. The Einstein 
partitioning method was the most appropriate approach to describe parameter  defined as 
the ratio between the bed shear stress and the total shear stress (= g S h). Our 
method is a combination of the Einstein method to compute the friction coefficient and the 
explicit formulation to evaluate the reference velocity (Ur). 

Then the momentum balance in the canopy can be rewritten, for a bed surface A around 
one stem: 

(𝜌𝜌𝜌𝜌𝑓𝑓𝑈𝑈𝑟𝑟2 + 1
2 𝜌𝜌𝜌𝜌𝐶𝐶𝑑𝑑𝐷𝐷𝑘𝑘) 𝑈𝑈𝑟𝑟2 = 𝑔𝑔𝑔𝑔𝑓𝑓𝑘𝑘 (ℎ

𝑘𝑘 − 𝜎𝜎𝐶𝐶)                       (2) 

 

𝑈𝑈𝑟𝑟2 = 2𝑔𝑔𝑔𝑔(ℎ
𝑘𝑘−𝜎𝜎𝜎𝜎)

𝛽𝛽𝜎𝜎𝑑𝑑
𝐶𝐶
𝐷𝐷+𝑓𝑓

𝑘𝑘
                                                     (3) 

With:   is the shape factor (=/4), g the gravitational constant, Cd the stem drag coefficient, 
and is equivalent to a Boussinesq factor defined as: 

𝜌𝜌 = 1
𝑘𝑘𝑈𝑈𝑟𝑟

2 ∫ 𝑢𝑢2 𝑑𝑑𝑑𝑑𝑘𝑘
0                                                     (4)

 
Fig. 7. Velocity profile with DBM [9], for D=0.004 m.      Fig. 8. Momentum parameter coefficient as 

a function of the submergence for h=15 cm. 

The averaged velocity, Ur, is obtained by integrating the velocity distribution. When 
the velocity profile is almost uniform, as assumed by Hutoff et al. [7], tends to 1. This 
case is only valid for sufficient dense and high vegetation (figure 7). For the present 
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experimental case (h=15 cm), figure 8 shows that  can vary from 1.1 to 1.6 for thicker 
stems. Coefficient  is constant for large h/k. This behavior occurs when the turbulent 
length scale equal to 0.15k [9] which corresponds to our experimental cases. In the 
following, it is considered that =1.2. 

Combining equations 1, 2 and 3, it is possible to express  for submerged conditions: 

𝛼𝛼 = 𝜏𝜏𝑏𝑏
𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

= (1−𝜎𝜎𝜎𝜎𝑘𝑘ℎ)

2𝛽𝛽𝐶𝐶𝑑𝑑
𝑓𝑓
𝐶𝐶𝑘𝑘
𝐷𝐷 +1

                                                (5) 

 
Fig. 9. Evolution of the coefficient  as a function of the submergence for various bed grain size with 

C=0.05 (left) and various density with k/ks = 10 (right). k/D = 0.005/0.004=1.25 for both graphs 
corresponding to our experiments. 

The shear stress partitioning is computed for various configurations of vegetated bed 
(Fig. 9). For our experiments, where C=0.05 and k/ks~2, the model gives = 0.2. For the 
same grain size, when the vegetation height increases,  decreases. Then, when k/ks is 100 
times larger,  drops to 5 % and less. Note that in [2], erosion could be observed even when 
k/ks =1000. This could be explained by HSV which is not taken into account here. The 
partitioning from the model lso become very low (less than 10%) when the density is 
greater than 0.01. 

3.3. Sediment rate in experiments  

The water surface profile was measured in order to determine the slope friction. The 
kinetic energy was neglected, and a uniform value of the slope is obtained by considering 
the difference of the water depth (h) at X=2.5 and X=3.5 (figure 10). The water depth 
variation (h) was then added to the bottom slope in order to compute the total head loss, 
and then the bed shear stress (Eq.1). The h value has the same order of magnitude that 
the bed slope, i.e between (-0.5 and 2 %). 

Figure 10 gives the evolution of the water depth and bed during the both experiments. 
The bed reference corresponds to the top of the canopy. When the vegetation is totally 
covered, the bed is eroded with an almost constant rate even if the shear stress increases 
slowly due to weir movement. When the vegetation progressively appears, due to sand 
entrainment, the erosion rate decreases drastically, which highlights the strong influence of 
vegetation on the bed shear stress and then sediment erosion. 

0

0.2

0.4

0 5 10

 b
 /

to
t 

h/k 

C=0.02
C=0.05
C=0.1

0

0.1

0.2

0.3

0 5 10
 b

 /
to

t 

h/k 

k/ks =2
k/ks=20
k/ks=200

6

E3S Web of Conferences 40, 02017 (2018) https://doi.org/10.1051/e3sconf/20184002017
River Flow 2018



experimental case (h=15 cm), figure 8 shows that  can vary from 1.1 to 1.6 for thicker 
stems. Coefficient  is constant for large h/k. This behavior occurs when the turbulent 
length scale equal to 0.15k [9] which corresponds to our experimental cases. In the 
following, it is considered that =1.2. 

Combining equations 1, 2 and 3, it is possible to express  for submerged conditions: 

𝛼𝛼 = 𝜏𝜏𝑏𝑏
𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

= (1−𝜎𝜎𝜎𝜎𝑘𝑘ℎ)

2𝛽𝛽𝐶𝐶𝑑𝑑
𝑓𝑓
𝐶𝐶𝑘𝑘
𝐷𝐷 +1

                                                (5) 

 
Fig. 9. Evolution of the coefficient  as a function of the submergence for various bed grain size with 

C=0.05 (left) and various density with k/ks = 10 (right). k/D = 0.005/0.004=1.25 for both graphs 
corresponding to our experiments. 

The shear stress partitioning is computed for various configurations of vegetated bed 
(Fig. 9). For our experiments, where C=0.05 and k/ks~2, the model gives = 0.2. For the 
same grain size, when the vegetation height increases,  decreases. Then, when k/ks is 100 
times larger,  drops to 5 % and less. Note that in [2], erosion could be observed even when 
k/ks =1000. This could be explained by HSV which is not taken into account here. The 
partitioning from the model lso become very low (less than 10%) when the density is 
greater than 0.01. 

3.3. Sediment rate in experiments  

The water surface profile was measured in order to determine the slope friction. The 
kinetic energy was neglected, and a uniform value of the slope is obtained by considering 
the difference of the water depth (h) at X=2.5 and X=3.5 (figure 10). The water depth 
variation (h) was then added to the bottom slope in order to compute the total head loss, 
and then the bed shear stress (Eq.1). The h value has the same order of magnitude that 
the bed slope, i.e between (-0.5 and 2 %). 

Figure 10 gives the evolution of the water depth and bed during the both experiments. 
The bed reference corresponds to the top of the canopy. When the vegetation is totally 
covered, the bed is eroded with an almost constant rate even if the shear stress increases 
slowly due to weir movement. When the vegetation progressively appears, due to sand 
entrainment, the erosion rate decreases drastically, which highlights the strong influence of 
vegetation on the bed shear stress and then sediment erosion. 

0

0.2

0.4

0 5 10

 b
 /

to
t 

h/k 

C=0.02
C=0.05
C=0.1

0

0.1

0.2

0.3

0 5 10

 b
 /

to
t 

h/k 

k/ks =2
k/ks=20
k/ks=200   

Fig. 10. Water surface profile from vegetation bottom during the sediment experiments (left); average 
water distance from top of canopy and bed position at the camera measurement (X=3 m) (right). 

 
Fig. 11. Solid rate as a function of the normalized shear stress. Measurement without vegetation 

means that the bed is due to sand because vegetation was still totally covered (total = bed). 

The volumetric solid discharge by unit width qs was evaluated by calculation of the bed 
sediment volume (on the length of 1m) at each time. Since no sediment is incoming in the 
control volume, qs is obtained directly from the volume variation with respect to time, 
which is the Exner equation: 

𝑞𝑞𝑠𝑠∗ =
𝑞𝑞𝑠𝑠

𝑑𝑑50√
𝜌𝜌𝑠𝑠−𝜌𝜌
𝜌𝜌 𝑔𝑔𝑑𝑑50

=
(1−𝑝𝑝0)

𝑑𝑑ℎ𝑏𝑏𝑏𝑏𝑑𝑑
𝑑𝑑𝑑𝑑 𝐿𝐿

𝑑𝑑50√
𝜌𝜌𝑠𝑠−𝜌𝜌
𝜌𝜌 𝑔𝑔𝑑𝑑50

                                                                    (6) 

The experimental normalized sediment rate qs
* is compared to classical bed load 

transport formulas (Fig. 11). Before the vegetation appears, the experimental value of qs* is 
consistent with Van Rijn [11] and Engelund and Fredsoe’s [6] formulas. The Meyer Peter 
Muller formula overestimates the bedload but note that in this case d50 is out of the range of 
validity. On the other hand, when the vegetation is discovered, the measured sediment rate 
is quite lower than the calculated one for the normalized shear stress greater than 0.5. As 
expected, the vegetation reduces the transport rate, which we can explain by the decreased 
ratio α of bed shear stress to total shear stress. Using equation 5, 𝜏𝜏∗ = 𝜏𝜏 (𝜌𝜌𝑠𝑠 − 𝜌𝜌)𝑔𝑔𝑑𝑑50⁄  is 
recomputed to represent more precisely the flow near the bed. With =1.2, the new 
computed bed shear stress (b = tot) improves the estimation of qs* (Fig. 11,b with 
vegetation).  
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Therefore, this reinforces the interest of using a model taking explicitly into account the 
effect of vegetation on flow properties. The model presented here allows to correct existing 
bedload formulas by considering explicitly the effect of vegetation, through the correction 
ratio  

4. Conclusion 
Experiments were conducted in laboratory in order to show the effect of vegetation on 

velocity profiles and non-cohesive sediment erosion. The presence of vegetation induced a 
large decrease of bed shear stress, and therefore strongly limited the bed erosion. A method 
to compute the shear stress partitioning in presence of vegetation was developed here, 
based on the description of the vertical velocity distribution and Manning friction law. On 
the one hand, the method could give an accurate prediction of the velocity profile. On the 
second hand, it allowed calculating the shear stress decrease due to vegetation, as a function 
of the vegetation height and density. This correction is a way to consider the effect of 
vegetation on sediment transport prediction. By doing so, standard sediment transport 
formulas gave a reasonable prediction of observed sediment rates. 
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