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Riparian vegetation plays key roles in natural waterways and wetland ecology, interacting with both the water flow and sediment. However, the physical processes governing these interactions are still poorly understood especially for the nonuniform flow. This paper investigates how bedload transport responds to the presence of dense vegetated patch, and how this response is influenced by the vegetation drag coefficient Cdf in a nonuniform flow. Laboratory flume tests of both the fixed bed and mobile bed for different vegetation densities exposed to the constant flow rate were conducted, and the variation in the water surface was accurately measured. The Saint-Venant equation (SVE) was applied to explore the vegetation hydrodynamics, and a bed-load transport model was proposed to predict the bed-load transport rate Qs based on the turbulence theory under the condition of nonuniform flow. The results reveal that the calculated values of Cdf exhibit nonmonotonic variation with increasing Reynolds number along the streamwise direction due to the flow nonuniformity. There are two effects of blockage and sheltering in the flexible vegetated patch. However, for emergent vegetation on the mobile sand bed, drag coefficient Cd
 exhibits monotonic increase for different vegetation density and flow rate, which is influenced by both the water surface gradient and bed erosion degree. QsQ increases with downstream streamwise distance. The increase of the vegetation-generated turbulence can in turn increase the bedload transport, thereby affecting the sediment transport process and bed slope. Finally, the new bed-load transport model can predict the s
 measurements for the vegetated patch in nonuniform flows. The results presented in this study can potentially support applications relating to the riverine restoration. 

1 introduction 

Aquatic vegetation plays key roles in the natural channel and riparian ecology. Vegetation can purify the water, reinforce riverbank and fix carbon in the ocean [1, 2]. However, vegetation arrays increase the flow resistance, generating a backwater effect that increase the water level, which creates a heterogeneous hydraulic gradient, resulting in a nonuniform water surface [3, 4, 5]. The studies on vegetation drag and sediment transport in vegetated flow is mainly aimed at hydraulic characteristics of uniform flow. Whereas vegetated patch creates a nonuniform water surface by introducing additional drag to the flow, the drag coefficient shows a nonmonotonic trend along the patch, which is different from the monotonic trend in the uniform flow [3]. This indicates that the nonuniformity of flow is the dominant factor affecting the change of the vegetated drag. However, Relatively few investigations have been conducted with respect to the drag coefficient of flexible vegetation on mobile bed under conditions of nonuniform flow. Hence, in view of the complex interaction between vegetation and sediment in the nonuniform flow, many problems about vegetation flow need to be further explored and analyzed. This study focuses on the influencing factors of drag coefficient based on the analytical and experimental investigations to study the influence of vegetation flexibility and riverbed underlying surface on the drag coefficient in nonuniform flow.

2 experiment

The experiments were conducted in a 0.3 m-wide and 12.4 m-long flume at the Hydraulics Laboratory of Beijing Forestry University, Beijing, China. The flexible vegetated patch was composed of an array of artificial polypropylene aquatic elements. The elastic modulus of the vegetation element was measured as 124 MPa. At the beginning of each experiment, a 3.0 cm-thick layer of natural sand was placed on top of the plastic boards and flattened, which extended to 1.5 m long in the middle section of the flume. The density of the sand was ρs=1.7 g/cm3 with the median diameter D50=0.8 mm. The flexible elements were arranged as a staggered configuration on the sand bed, wherein four vegetation densities 
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H. The schematic of experiment as shown in Figure 1. A steady flow rate of Q was employed for all tests, which ensures that the vegetation remained emergent in this study. The sediment was collected using the 15 cm wide sampler at the downstream of the vegetated patch. The bed-load transport rates were calculated by sediment collection per minute. We repeated the bed-load measurement until the cumulative average of all measurements varied by less than 10%, which is considered a stage of sediment transport equilibrium [6, 7]. After the bed-load transport rate reached equilibrium, the water depth (x) for each 
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 was captured along the vegetated patch. 
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Figure 1. Schematic side view of the nonuniform flow with flexible vegetation (artificial polypropylene aquatic elements). The water surface was captured by a side-view camera. The sediment was collected using a sampler at the downstream of the vegetated patch.

3 vegetation drag model

For a steady nonuniform flow with an emergent vegetated patch in the open channel, the assumption of steady and locally uniform flow conditions is used for analysis. The flow governing equation within the vegetated patch is
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where 
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g is the specific weight of the water,  is the acceleration of gravity, ρ is the water density, H is the water depth as a function of x. 
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is defined as the area intensity of the vegetation, where d is the characteristic diameter of flexible vegetation, m is the number of stems per unit bed area, and 
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S is the bed shear stress. f is the total energy head loss per unit stream, which can be described by the Saint-Venant equation (SVE) [3, 4]
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where x is the streamwise direction of the flow in the channel and [image: image27.wmf][
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S0 is the bed slope, , Q is the flow rate, B is the channel width. The bed shear stress 
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 can be estimated using the linear stress model at vegetated channel [8], 
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Here Cf represents the bed skin friction coefficient. For flexible emergent vegetation, the spatially averaged vegetated drag


[image: image32.wmf],

2

1

F

2

mHdU

C

df

df

r

=


(4)

where
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 is the drag coefficient for flexible vegetation, CD is the drag coefficient of a rigid element array with the same scale. 
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is the drag coefficient factor that accounts for how flexible vegetation differs from rigid vegetation. Substituting Eq. (2), Eq. (3) of bed shear stress, and Eq. (4) of flexible vegetated drag into Eq. (1) for the equilibrium of forces yields the drag coefficient Cdf of the flexible vegetation under nonuniform flow conditions on the mobile sand bed.

4 result and Analysis

4.1 Flexible drag coefficient

The bed surface is flat at the initial stage, which is same as conditions of the fixed bed. The curves in Figure 2 [5] show a parabolic form that first increases and then decreases in the flexible drag coefficient Cdf with the stem Reynolds number Red, which is consistent with the results obtained in previous studies on nonuniform flow in a rigid vegetated patch [3]. However, for the flexible vegetation, Cdf is lower than Cd,iso at the leading and trailing edge of the flexible vegetated patch, it shows a sheltering effect. Here, where Cd,iso is a drag coefficient of isolated vegetation. Cdf is larger than Cd,iso in the middle part of the vegetated patch and thus shows a blockage effect. This result is different from the study of rigid vegetation in nonuniform flow. This is due to the bending deformation of flexible vegetation resulting in the delay separation of the boundary layer [9], resulting in the drag reconfiguration of the flexible vegetated patch [5].
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Figure 2. The variation in the drag coefficient Cdf of flexible vegetation with Red, showing a nonmonotonic change tendency for four vegetation densities. When Cdf < Cd,iso, drag coefficient shows a sheltering effect; otherwise, when Cdf > Cd,iso, drag coefficient shows a blockage [5].

4.2 Vegetation drag on mobile bed

At the equilibrium stage, the bed surface of the sand layer has changed, the trailing edge of the vegetated patch scoured obviously showing a low bed elevation. The experimental results show that the drag coefficient Cd of the equilibrium stage increases along the vegetated patch, which is different from the results obtained at the initial stage. For the nonuniform flow, the flow velocity is large at the trailing edge, the near bed turbulent kinetic energy is strong and then resulting in a high bed-load transport [6,7]. After the bed-load transport rate reached equilibrium, the water depth of the trailing edge is deeper than the front section for the shallow flow. Therefore, the drag coefficient Cd is increasing with streamwise distance x.
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Figure 3. Variations of Cd with distance x showing an increasing trend, where Cd represents the drag coefficient on the mobile sand bed at the equilibrium stage.

5 conclution

Flexible vegetation exerts a significant influence on the sediment transport. Flow is varied along the vegetated patches showing its nonuniformity. This paper investigates how bedload transport responds to the presence of flexible vegetated patch, and how this response is influenced by the drag coefficient in a nonuniform flow. The principal findings of this research point to the following: (1) The calculated values of CdfC exhibit nonmonotonic variation with increasing Reynolds number along the streamwise direction due to the flow nonuniformity. (2) There are two effects of blockage and sheltering in the flexible vegetated patch. (3) For emergent vegetation on the mobile sand bed, d exhibits monotonic increase for different vegetation density and flow rate, which is influenced by both the water surface gradient and bed erosion degree. This improved drag coefficient on the mobile bed enhances the predictive capability for sediment transport model Qs in vegetated patch.
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