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Abstract: Vegetation plays a key role in trapping sediments and further controlling pollutants.
However, few studies were conducted to clarify the erosion and deposition laws of sediments and
the influence factors caused by vegetation patch properties, which is not conducive to the revelation
of riverbank protection and erosion prevention. Therefore, this study investigated the change in
scouring and deposition characteristics around submerged vegetation patches of nine kinds of
typical configurations and their influencing factors. Vegetation patches were assembled from three
vegetation densities (G/d = 0.83, 1.3, and 1.77, representing dense, medium, and sparse, respectively),
and three vegetation patch thicknesses (dn = 170, 400, and 630, representing narrow, usual, and
wide, respectively), to measure vegetation patch property influences. Flow velocity, scouring, and
deposition characteristics under nine patches were determined by a hydraulic flume experiment,
three-dimensional acoustic Doppler velocimetry (ADV), and three-dimensional laser scanner, and
then ten geometry and morphology indices were measured and calculated based on the results of
laser scanning. Results showed that both vegetation patch density and thickness were positively
related to the turbulence kinetic energy (TKE) above the vegetation canopy, and only vegetation patch
density was negatively related to the flow velocity above the vegetation canopy. The relation between
the product of density and vegetation patch thickness and erosion area in planform (EA) showed a
power function (RZ = 0.644). Both density and vegetation patch thickness determined the scouring
degree, but deposition location and amount did not rely on each one simply. On average, medium
density showed the smallest maximum erosion length (MEL), EA, deposition area in planform (DA),
and average deposition length (ADL) and a minimum of the above parameters also occurred at
narrow vegetation patch thickness. The shape factor of the erosion volume (SFEV), the shape factor of
the deposition volume (SFDV), ADL, and MEL of medium density and narrow thickness vegetation
patch (G/d = 1.3, dn = 170) were significantly smaller than that of other types of patches. DA and
equivalent prismatic erosion depth on the erosion area (EPED) were significantly linearly related
(R? = 0.766). Consequently, most sediment was deposited close to the vegetation patch edge. It is
suggested that vegetation patch thickness and density should be given to control sediment transport.
In particular, natural vegetation growth changes vegetation patch density and then alters vegetation
patch thickness. Management and repair need to be first considered. The results of this study shed
light on riparian zone recovery and vegetation filter strip mechanism.

Keywords: submerged vegetation patch; vegetation patch density and thickness; 3D laser scanner;
scouring and deposition morphology; sediment transport

Water 2024, 16, 2144. https:/ /doi.org/10.3390/w16152144

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w16152144
https://doi.org/10.3390/w16152144
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0003-2045-8708
https://doi.org/10.3390/w16152144
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w16152144?type=check_update&version=2

Water 2024, 16, 2144

2of 16

1. Introduction

Vegetation plays key roles in sediment trapping, pollutant controlling, and river-
bank stability, especially in riparian zones and low-gradient landscape units [1-4]. Eco-
morphodynamic interactions between vegetation, flow, and sediment have promptly at-
tracted major concerns in recent decades [5-10]. The presence of riparian vegetation
changes flow conditions and turbulence and further influences the transport and deposi-
tion of sediment and pollutants and the morphology of riverine zones [11,12].

Flow velocity vertical distribution with vegetation did not obey the logarithmic law
and remarkably differed from flow without vegetation [13]. Vegetation decreased the flow
velocity to promote the deposition of sediments [14-18]. Also, vegetation transformed flow
velocity vertical distribution to perform negative feedback, which increased the erosion
around vegetation and then limited plant growth [14,19-21]. Vegetation sways under
vortex-induced vibration are another type of flow acceleration that promotes agitation of
the water body.

Vegetated flow showed significant anisotropy of turbulence intensity [22]. The biologi-
cal and mechanical features of individual plants (e.g., plant height, stiffness, tiller) altered
the interaction [17,23-25]. Vegetation patches have some distinct group properties to affect
interaction (e.g., vegetation patch size, density, porosity, vegetation patch thickness, sub-
merged ratio, and sheltering effect). These properties mostly show different characteristics
from individual plants. In terms of the small vegetation patch, a lot of studies have investi-
gated the flow structures [20,26-28]. The water flow around a small vegetation patch was
not fully developed, resulting in secondary flow, coherent structure, and slender erosion
pits downstream [29]. The dense density of the vegetation patch abruptly reduced average
flow velocity and near-bed turbulent intensity [30] and increased the flow resistance and
water depth [31]. Caroppi et al. found vegetation patch drag fluctuated from 4.4 times to
0.6 because of the reconfiguration of foliage and further affected the onset of a vegetation
patch-scale vortex street [32]. Przyborowski and Loboda found momentum transport
varied with vegetation patch distance, height, and plant physical characteristics [33].

The vegetation patch is comprised of plants and alters bleed flow through the vegeta-
tion patches and the shear layer in the wake, which in turn affects erosion and deposition
downstream of the vegetation. Around submerged flexible patches, the length and depth
of the scouring hole and deposition height increased linearly with a decrease in vegetation
patch density [15]. Behind dense vegetation patches, deposition was much greater than that
of around the sparse type [34]. When the width of emergent vegetation patches was smaller,
flow mainly formed a shear layer on the two-dimensional horizontal plane. Part of the flow
deflected laterally around the vegetation patch and mixed with other flow passing through
the vegetation patch. Von Karman vortex street appeared at a distance downstream of
the trailing edge of the vegetation patch. And flow velocity decreased at the distance and
deposition increased [15,35,36]. As the width of submerged vegetation patches was wider,
flow mainly deflected in the vertical plane, creating recirculation eddies at a certain distance
from the trailing edge of the vegetation patch [37]. The distance between recirculation
eddies and the trailing edge of the vegetation patch significantly affected the length of the
deposition location [7].

Because plants in vegetation patches interact with each other, the effect of vegetation
patches on the flow field shows different results from individuals. The thickness of the
vegetation patch is the exterior property to reflect complex ones. To ecological function and
economic costs, engineering measures and vegetation strips of riparian bank protection
or low-gradient units should be designed by appropriate density and thickness. Whether
or not cluster vegetation patches with constant density perform different erosion and
deposition with thickness change. Given the abovementioned issues, nine types of patches
were assembled to study sediment erosion and deposition rules and their influencing factors.
This study aims to (1) investigate the difference in erosion and deposition characteristics
among types of vegetation patch and their 3D morphology distribution, (2) identify the
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factors influencing sediment transport, and (3) clarify the relative importance of these
indices to the change in morphodynamics.

2. Experimental Design and Methodology
2.1. Vegetation Patch Configuration

A PVC solid cylinder with a diameter of 0.3 cm and a height of 20 cm imitated the
stem of the plant. Four PVC cylinders were bound into a plant bundle (individual plant)
(Figure 1a). The vegetation patch comprised several bundles according to density and
thickness. Each plant bundle was placed in the hole of the perforated plastic plate on flume
and arranged in a staggered pattern. The head edge of vegetation patch was placed 4.5 m
behind the straightener of flume (Figure 2).
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Figure 1. Configuration detail diagrams of a vegetation zone: (a) a PVC plant bundle and (b) details
of vegetation patch.
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Figure 2. Schematic diagram of scouring hole and deposition dune and the location of velocity
measurement (diagram is not to scale). Notes: Positions A, B, C, D, and E are, respectively, 45 cm
upstream of the vegetation area, 5 cm upstream of the vegetation area, the end of the vegetation area,
the highest sand accumulation downstream of the vegetation area, and the lowest sand accumulation
downstream of the vegetation area. W represents the total width of the vegetation zone.

The height of vegetation patch is H (20 cm), patch density (G/d, dimensionless) set up
with three values of 0.83, 1.3, and 1.77 representing dense, medium, and sparse vegetation
patches, respectively (Figure 3), where G (cm) is the spanwise distance to each nearest
bundle and d (cm) is the bundle diameter (Figure 1b).

Vegetation patch thickness (dn, dimensionless) is expressed as Formula (1). In this
study, three thicknesses of narrow (dnjyp), usual (dnggg), and wide (dngzg) were collected
(Figure 3).

2

V3D’
where W (cm) is the total length of each vegetation patch, D (cm) is a spanwise distance of
each bundle, and d (cm) is the bundle diameter (Figures 1b and 3 and Table 1).

dn =

)



Water 2024, 16, 2144

4of 16

.
.
e

(a)G/dy gz-dny 7,

(9)G/d rdnyzy  (B)G/d, pmdngo

Figure 3. Schematic diagram of vegetation patch arrangement.

Table 1. Nine vegetation patch properties.

Vegetation Patch

Vegetation Patch Vegetation Patch Distance of Each Vegetation Patch

Case. Density (G/d)  Thickness (dn) Height (H) Width (W) Bundle (D) Types

No. -) (-) (cm) (cm) (cm)
1 0.83 170 20 4.0 1.66 Dense and narrow
2 0.83 400 20 9.64 1.66 Dense and usual
3 0.83 630 20 15.06 1.66 Dense and wide
4 1.30 170 20 10.00 2.60 Medium and narrow
5 1.30 400 20 23.50 2.60 Medium and usual
6 1.30 630 20 37.00 2.60 Medium and wide
7 1.77 170 20 19.39 3.54 Sparse and narrow
8 1.77 400 20 49.91 3.54 Sparse and usual
9 1.77 630 20 68.43 3.54 Sparse and wide

2.2. Sediment Bed Configuration

The flume was filled up to 12.5 cm with coarse sand obtained from riverine zone to
create a flat bed. The coarse sand is a quasi-uniform sand with a median diameter D5 of
1 mm and a geometric standard deviation of 1.03. Under the condition of no vegetation,
the critical shear velocity of the bed sediment (U¢) obtained from the Shields curve was
approximately 0.36 m/s.

2.3. Morphometric Parameters Acquisition

The three-dimensional laser scanner (FARO Focus 570, FARO SINGAPORE PTE. LTD,
Singapore) acquired point cloud data and the morphological features of the scouring
holes and deposition around the vegetation were obtained by processing the point cloud
alignment stitching, feature extraction, and vegetation data exclusion using Cloudcompare
opensource software (version 2.11). The main specifications parameters of the laser scanner
are shown in Table 2. The flat sand bed with vegetation patch was scanned before running
the experiment. When each run lasted for 6-8 h to reach a state of equilibrium, the flow
velocity measurement was initiated. Equilibrium state is considered to be reached when
no difference in size of the erosion hole and deposition was observed during the 30 min
interval after the 6-8 h. After each run was complete, the flume slowly dried to scan
sediment bed morphology.
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Table 2. Specification parameters of the Focus Series70.

Parameters Values
Measurement distance (m) 0.6-70
Range error (mm) +1
Measurement accuracy (mm) 0.2
Field of vision (°) 360 x 300
Laser wavelength (nm) 1550

Based on cloud points processed by 3D laser scanner, ten indices were calculated or
measured to reflect erosion patterns under patches, and deposition morphology behind
patches, including five erosion parameters (erosion area in planform (EA), erosion volume
(EV), maximum erosion length (MEL), equivalent prismatic erosion depth on the erosion
area (EPED), the shape factor of the erosion volume (SFEV)), and five deposition parameters
(deposition area in planform (DA), deposition volume (DV), average deposition length
(ADL), the shape factor of the deposition volume (SFDV) and the dimensionless volumetric
deposition ratio (DVDR) (Table 3). Since the vegetation patches span the entire width of
the flume, the width of the erosion and deposition of sediment is the width of the flume.

Table 3. Definition of morphological characteristic parameters.

Morphometric
Pazameter Notes
EPED is the ratio of the erosion volume to the erosion area and is a length dimension. In other words,
EPED = % EPED expresses the equivalent prismatic erosion depth over the erosion area. This parameter
quantifies the distribution of erosion affected by vegetation in the erosion area.
SFEV is the ratio of the erosion volume to the cube of the erosion width, which represents the shape of
SFEV — EV the erosion volume. SFEV quantifies the location of the erosion volume. Lower SFEV value indicates
w3 that erosion is distributed within a shorter area rather than within a longer area. w is the width of
the flume.
ADL = % ADL is the ratio of deposition area to deposition width, which represents the average deposition length.
SFDV is the ratio of the deposition volume to the cube of the deposition width, which represents the
SFDV — DV shape of deposition volume. For a given deposition volume, SFDV increases with decreasing
w’ deposition length. Alternatively, for a given deposition length, the value increases with increasing
deposition volume.
DVDR — % DVDR is the ratio of the deposition volume to the erosion volume, which represents the erosion

volume deposited downstream of the vegetation patch.

2.4. Hydraulic Conditions and Measurement

All experiments were carried out at the Soil and Water Conservation Laboratory at
Huazhong Agricultural University in hydraulic flume. The flume is 7.2 m long, 0.3 m wide,
and 0.5 m deep, and the sides and bottom of the flume are constructed of plexiglass to
observe. The primary components of the flume were a head tank, electromagnetic flow
meters, main channel, tail gate, tail tank, and recirculation flow system. A honeycomb
flow straightener is installed at the inlet to the flume to eliminate massive turbulence
and secondary flow and allow a smooth flow into the flume. The depth of flow was
controlled by the tail gate. The flow in the main channel was separately controlled and
measured by the discharge controlling valve and the electromagnetic flow meters. The
instantaneous velocity (u;, v;, w;) corresponding to the streamwise, lateral, and vertical
directions, respectively, were measured by three-dimensional acoustic Doppler velocimetry
(ADV) at a sampling frequency of 50 Hz. The data collection duration for each point lasted
up to 5 min and each measurement point captured about 6000 data. The acceleration
threshold method was employed to post-process the ADV measurement data to remove
the spikes.
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Flow rate of each running occurred at 0.0154 m3/s. The uniform inlet velocity ug was
set to 0.285 m/s, and the corresponding flow depth h reached 0.18 m. The Reynolds and
Froude numbers of the inlet flow were 51,094 and 0.2, respectively.

In this experiment, an ADV instrument was applied to measure the flow velocity
at each measuring point. The sampling point was located 5 cm from the head of the
ADV instrument. To avoid the edge effect, acquirement flow data were arranged at the
centerline of the flume. The flow velocity was measured in five vertical sections along the
centerline (from location A to E) (Figure 2). Location A is located 45 cm upstream of the
vegetation area. Location B is located 5 cm upstream of the vegetation area. Location C
is located 4 cm at the end of the vegetation area, Location D is located at the highest sand
accumulation downstream of the vegetation area, and Location E is located at the lowest
sand accumulation downstream of the vegetation area. Measurements were performed at
approximately 10-20 points along the vertical line, and the interval between each vertical
measurement point ranged from 0.5 cm.

The mean velocity, turbulence intensity and turbulence kinetic energy are impor-
tant parameters characterizing the flow structure. The instantaneous velocity (u;, v;, w;)
was decomposed into mean velocity (1, v, w) and fluctuation velocity (u’,v’, w'). Taking
streamwise velocity as example, the calculation equation is as follows:

1
U= ;Z?:l Ui (2)

u =u;—u (3)
— 1/ 4

Urms = V U (4)

where u is the mean streamwise velocity, u; is the instantaneous streamwise velocity, ' is
the fluctuation in the streamwise velocity, ;s is the root mean square of the streamwise

velocity, and similar for lateral and vertical directions. The time-averaged TKE, considering
the turbulent intensity in three directions, can be expressed as

TKE — 1/2(u$ms + 02, + wfms) (5)

3. Results

Three vegetation densities (dense, medium, and sparse) and three vegetation patch
thicknesses (narrow, usual, and wide) were designed to measure vegetation patch property
influences on sediment scouring and deposition. Both vegetation patch density and thick-
ness were positively related to the TKE above the vegetation canopy, and only vegetation
patch density was negatively related to the flow velocity above the vegetation canopy.
Attention should be paid to the vegetation patch thickness and density characteristics
controlling sediment erosion and deposition.

3.1. Flow Velocity at Different Properties of Vegetation Patch
3.1.1. Vertical Distribution of Velocity for Same Vegetation Patch Thickness and Diverse
Vegetation Patch Density

The vegetation patch height (h) and uniform inlet velocity (Up) are normalized into the
vertical height and average flow velocity, respectively. The y/h =1.0 represents vegetation
patch height or vegetation canopy top. The vertical distribution of the velocity of five
measurement sections is illustrated in Figure 4 for the usual vegetation patch thickness
(dnygp) and different densities.
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Figure 4. The vertical distribution of the normalized time average streamwise velocity at different
locations with the same vegetation patch thickness and different vegetation patch densities. Note: A,
B, C, D, and E are ADV five measurement vertical profiles respectively. Positions A, B, C, D, and E
are, respectively, 45 cm upstream of the vegetation area, 5 cm upstream of the vegetation area, the
end of the vegetation area, the highest sand accumulation downstream of the vegetation area, and

the lowest sand accumulation downstream of the vegetation area.

Located 45 cm upstream of the vegetation area (location A), the vertical distribution
of U/Uo under all experimental groups obeyed a log law, and the flow characteristics
were consistent with fully developed flow characteristics. Located 5 cm upstream of the
vegetation area (location B), the vertical distribution of the flow velocity exhibited two
trends (see Figure 4). At heights of y/h < 0.75, the flow velocity increased with increasing
vegetation patch density. With increasing vegetation patch density, the clogging effect of
vegetation increased, and the flow velocity also increased. At heights of y/h > 0.75, the flow
velocity decreased with increasing vegetation patch density. On the top of the vegetation
patch (location C), due to the flow deflection of the vegetation canopy, the vertical velocity
distribution first increased and then decreased and finally increased up to the free water
surface. As the vegetation patch thickness remained constant, only the vegetation patch
density variety resulted in increases in the flow velocity (G/dy 77 > G/d13 > G/dyg3). This
was consistent with the previous conclusion on the effects of vegetation patch density on
flow velocity [38,39].

On top of deposition accumulation (location D), when the y/h was greater than 1.0,
the velocity gradually decreased due to the disappearance of vegetation canopy vortices,
and flow velocity decreased with increasing vegetation patch density (G/d; 77 < G/d13
< G/dpg3). The flow velocity of the sparse vegetation patch density was slightly smaller
than that of dense and medium vegetation patch density above the vegetation top and the
mean deposition location of sparse vegetation patch density was closer than that of dense
and medium vegetation patch density (see Figure 4). At the lowest point of the deposition
dune (location E), velocity showed diverse trends. The velocity increased with increasing
vegetation patch density at y/h > 1.25, and at y/h < 1.25, the flow velocity decreased with

increasing vegetation patch density.
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3.1.2. Vertical Distribution of Velocity for Same Vegetation Patch Density and Diverse
Vegetation Patch Thickness
Located 5 cm upstream of the vegetation area (location B), when y/h was above 1.0,
it was expected that the blocking effect of the usual vegetation patch thickness (dnsg)
was the smallest. Most of the water flow passed through the vegetation zone, so the flow
velocity in front of the vegetation was the lowest (see Figure 5). On the top of the vegetation
canopy (location C), the velocity for the different vegetation patch thicknesses varied
greatly along the vertical direction. Flow velocity showed similar variety and velocity of
narrow vegetation patch thickness was minimum values, but ones of usual vegetation

patch thickness were maximum values.
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Figure 5. The vertical distribution of normalized time average flow velocity at different locations
with the same vegetation patch density and different vegetation patch thicknesses. Note: A, B, C,
D, and E are ADV five measurement vertical profiles respectively. Positions A, B, C, D, and E are,
respectively, 45 cm upstream of the vegetation area, 5 cm upstream of the vegetation area, the end
of the vegetation area, the highest sand accumulation downstream of the vegetation area, and the

lowest sand accumulation downstream of the vegetation area.

On the highest deposition accumulation (location D), the velocity gradually decreased
along the vertical direction. At the lowest point of the deposition dune (location E), the
vertical distribution of the flow velocity exhibited two trends at y/h = 1. Below the
vegetation canopy top (y/h < 1), all of the velocities gradually increased, while the flow
velocity increased with decreasing vegetation patch thickness (dngzg > dnggg > dnyyp).
Above the vegetation canopy top (y/h > 1), the flow velocity gradually decreased except for
narrow (dnjyg) vegetation patch thickness. The vertical distribution of velocity for narrow
vegetation patch thickness obeyed a log law, vegetation imposed less influence on the flow,
and the flow characteristics were quickly restored. The velocity of usual vegetation patch
thickness was the minimum value among the three kinds of vegetation patch thicknesses.

3.2. Characteristics of TKE at Different Properties of Vegetation Patch
3.2.1. Same Vegetation Patch Thickness and Different Vegetation Patch Density

The normalized turbulent kinetic energy for the different vegetation patch thickness
and density conditions at the various locations is shown in Figure 6. The turbulent kinetic
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energy is lower upstream of the vegetation area (locations A and B) far away from the sand
bed. The turbulent kinetic energy values have a maximum near the sand bed layer and
slightly decrease towards the water surface, similar to the trend of the TKE [40]. On the
top of the vegetation canopy (location C), due to the block influence of the submerged
vegetation canopy, higher TKE was produced, therefore the TKE is significantly higher
than those positioned upstream.
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Figure 6. The vertical distribution of the normalized TKE at different locations.

On the highest deposition accumulation (location D), due to the blocking effect of veg-
etation and higher TKE at location C, a stable wake zone was formed near the downstream
of the vegetation area. TKE of the vegetation canopy top was lower than that of y/h > 1.
The TKE decreased with increasing vegetation patch density (G/d;77 < G/dy3 <G/dgg3).
On the lowest deposition accumulation (location E), the trend of TKE showed a difference
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at y/h = 1.0. Below the vegetation patch height, the vegetation canopy-scale turbulence
was jointly affected by deposition dune and vegetation blockage, and the TKE was lower.
When y/h was greater than 1.0, the TKE increased promptly.

3.2.2. Same Vegetation Patch Density and Different Vegetation Patch Thickness

The normalized TKEs for sparse vegetation patch density and different vegetation
patch thickness patches at different sections are shown in Figure 6. At the upstream of the
vegetation area (locations A and B), TKE was greater near the sand bed and was lower in the
zone away from the sand bed because of the roughness of the sand bed. On the top of the
vegetation patch (location C), the TKE of the usual vegetation patch thickness vegetation
patch was greater than that of other types. This was also consistent with the observed
results of flow velocity of the same vegetation patch density and different vegetation patch
thickness. Downstream of the vegetation area (locations D and E), when y/h was smaller
than 0.75, the TKE was lower. While y/h was greater than 0.75, the TKE increased with
increasing vegetation patch thickness (dngsp > dnygp > dnjzp).

3.3. Morphology of Scouring and Deposition

Geometric and morphology indices of scouring and deposition were carried out based
on a 3D laser scanner (Table 4). The morphological characteristics observed in this ex-
periment included size-related parameters (EA, DA, EV, DV, ADL, and MEL). To better
compare, proportional parameters between the geometric features were considered, includ-
ing EPED, DVDR, SFDV, and SFEV. The scouring and deposition patterns for different
densities and thicknesses are shown in Figures 7-9. The medium (G/d = 1.3) and sparse
(G/d =1.77) density of the vegetation patch showed significantly wider and shallower
scouring than that of the dense one, and the deposition area of medium vegetation patch
density behind the vegetation patch was restricted largely (see Figure 7). The DVDR (0.90)
of dense vegetation patches clearly indicated that dense vegetation patches generated larger
deposition than that of other types when the vegetation patch thickness remained constant
(Table 4 and Figure 7). The scouring and deposition patterns for different thicknesses of
sparse vegetation patch density (G/d = 1.77) are shown in Figure 8. When the vegetation
patch density remained constant, scouring and deposition showed similar morphology.
Vegetation patch density was the key factor that controlled scouring and deposition. At the
same time, it can be seen from Table 4 that with the increase in vegetation patch thickness,
SFDV and SFEV also increased, the scouring expanded, and the deposition increased.
SFEV and SFDV of the wide thickness vegetation patch (dngsp) were 1.6-3.0 times and
2.0-3.5 times greater than those narrow vegetation patch thickness vegetation patch (dnjz),
respectively. When vegetation patch density remained constant, DVDR increased with
increasing vegetation patch thickness (Table 4 and Figure 8).

Table 4. Characteristics of the scouring pattern and deposition morphology.

Vegetation  Vegetation  Vegetation Product of
Patch Patch Patch MEL EA EV EPED  SFEV ADL DA DV DVDR SFDV Density and
Configu- Density Thickness  (cm) (cm?) (cm?®) (cm) ) (cm) (cm?) (cm®) -) ) Thickness
ration No. ) ) ©
1 0.83 170 36.00 715.77 2128.83 297 0.08 33.54 1006.33 1627.90 0.77 0.06 141.1
2 0.83 400 42.60 1136.98 5002.53 4.40 0.19 77.78 2333.29 4491.13 0.90 0.17 332.0
3 0.83 630 44.80 1195.52 5491.11 4.59 0.20 56.27 1687.97  4808.26 0.98 0.18 5229
4 1.30 170 20.20 446.18 485.57 1.08 0.02 9.69 290.84 303.00 0.62 0.01 221.0
5 1.30 400 31.50 785.70 1387.70 1.69 0.05 18.41 552.23 936.70 0.68 0.03 520.0
6 1.30 630 41.70 928.16 1838.14 1.98 0.07 26.20 785.99 1319.78 0.72 0.05 819.0
7 1.77 170 35.20 789.19 1844.72 2.34 0.07 28.80 863.95 1394.61 0.76 0.05 300.9
8 1.77 400 59.00 1412.99 3507.01 2.48 0.13 36.99 1109.74 2703.20 0.77 0.10 708.0
9 1.77 630 75.00 2101.07 5552.41 2.64 0.21 49.87 1496.20 4279.10 0.78 0.16 1115.1

Notes: MEL is the maximum erosion length, EA is the erosion area in planform, EV is the erosion volume, DA is
the deposition area in planform, DV is the deposition volume, EPED is the equivalent prismatic erosion depth over
the erosion area, SFEV is the shape factor of the erosion volume, DVDR is dimensionless volumetric deposition
ratio. SFDV is the ratio of the deposition volume to the cube of the deposition width, which represents the shape
of deposition volume. ADL is the ratio of deposition area to deposition width, which represents the average
deposition length.
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Figure 7. Erosion and deposition patterns of the same densities (G/dgs3) and different thicknesses
(170, 400, and 630, respectively). Notes: Zones between the two dotted vertical lines are the vegetation
patches. B, C, D, and E are measured locations of ADV, respectively.
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Figure 8. Erosion and deposition patterns of the same densities (G/d; 309) and different thicknesses
(170, 400, and 630, respectively). Notes: Zones between the two dotted vertical lines are the vegetation
patches. B, C, D, and E are measured locations of ADV, respectively.
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Figure 9. Erosion and deposition patterns of the same densities (G/d; 77) and different thicknesses
(170, 400, and 630, respectively). Notes: Zones between the two dotted vertical lines are the vegetation
patches. B, C, D, and E are measured locations of ADV, respectively.

The relation between the product of vegetation patch density and vegetation patch
thickness and EA showed power function (y = 508.38e%1287% R? = 0.644). Both vegetation
patch density and thickness determined scouring degree, but deposition location and
amount did not rely on each one simply. On average, medium vegetation patch density
showed MEL, EA, DA, and ADL, and a minimum of the above indices also occurred at
narrow vegetation patch thickness. SFEV, SFDV, ADL, and MEL of medium vegetation
patch density and narrow thickness vegetation patch (G/d = 1.3, dn = 170) were significantly
smaller than those of other types of patches. DA and EPED were significantly linearly
related (y = 200.08x + 124.79, R? = 0.766).

4. Discussion
4.1. Effect of Properties of Vegetation Patch on Hydraulic and Sediment Dynamics

This research results show that both vegetation patch density and vegetation patch
thickness have affected the flow characteristics and sediment erosion and deposition around
vegetation patches, and the flow velocity and turbulent kinetic energy will decrease with
the increase in vegetation patch density and thickness [15,41]. However, among the three
densities of vegetation patches, the erosion and deposition of medium vegetation patch
density are the most local, which is consistent with the results of Ali and Tanaka [42]. Also,
this study observed a low-velocity area downstream of vegetation patches with medium
vegetation patch density, so less erosion was observed in the case of medium vegetation
patches. The flow through medium vegetation patch density was stronger than that through
high vegetation patch density, which was sufficient to suppress the formation of vortices
along the longitudinal profile. Additionally, the dense vegetation patches increased the
velocity gradient and vortices of vegetation canopy within the vegetation patches, thereby
increasing erosion in the monitoring area, and deposition behind the vegetation patches
also increased. The erosion of sparse vegetation patches is greater than that of medium
vegetation patches [43]. According to Yagci et al., small-scale turbulence is generated by
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cylindrical patches due to vortices, which enhances erosion in the vegetation zone [43].
In this study, sparse vegetation generated more turbulence in the patches and increased
vertical mixing of recirculating vortices downstream of the vegetation patches. Hence,
erosion occurred within a larger region in the monitoring area.

At the same vegetation patch density, the increase in vegetation patch thickness can
significantly change the fluctuation of TKE at the top of the vegetation patch canopy
and the difference of TKE along various flow depths. The 400 and 630 vegetation patch
thickness of TKE show consistent patterns in Figure 6. The above results can be strongly
confirmed by nine different erosion patterns of the same density and different vegetation
patch thickness. At three densities (0.83, 1.30, and 1.77), the erosion areas of the usual
and the wide vegetation patch thickness patches are broad, and the erosion lengths are
longer than those of the narrow vegetation patch thickness plant patches, and the erosion
morphologies are more complex also. The properties of vegetation patch density and
vegetation patch thickness can also affect the reconfiguration characteristics of vegetation
patches [25,32], which is also indirectly supported by the results of this study.

EPED, SFEV, ADL, and SFDV increase linearly with the vegetation patch thickness
of vegetation patch rather than vegetation patch density. Relative to the vegetation patch
thickness, the erosion and deposition characteristic parameters of different vegetation
densities are quite different, and EPED, MEL, SFEV, and ADL after vegetation patches are
the smallest for medium vegetation densities, which are 64%, 47%, 82%, and 65% reduction
compared to other vegetation patch density conditions, respectively [10,32]. Among the
factors controlling vegetation patch density and vegetation patch thickness, vegetation
patch density is the main factor controlling the erosion and deposition of vegetation
monitoring areas. However, under the same vegetation patch density, the vegetation patch
thickness is the dominant factor controlling the erosion and deposition in the vegetation
monitoring area. The dense vegetation patches increase the shear of the riverbed, thereby
increasing the erosion in the vegetation monitoring area; the sparse vegetation patches
generate more turbulence around the vegetation, increasing the local shear force near the
riverbed, resulting in increased erosion in the vegetation monitoring area.

4.2. Ecological Implications of Properties of Vegetation Patch

For a long time, many hardened concrete berms have been built to improve the
ability of rivers to withstand flooding. However, this initiative has led to a reduction in
riparian biodiversity and disruption of the ecosystem balance [44]. To solve the problems
caused by hard protection engineering, the construction of ecological protection works
such as vegetation biobarriers is a necessary measure. Through appropriate vegetation
patch placement, overall design, and management, it has the potential to provide the same
level as hard protection engineering. In addition, when the ecosystem services provided
by vegetated bioshields are considered, the costs of construction and preservation are
obviously reduced compared to hard solutions. Dense vegetation attenuates wave intensity,
properly increasing the width of the wood buffer can improve the removal efficiency of
sediment and sediment nutrients [45]. Veettil’s research emphasized how critical native
mangroves and Casuarina trees are to Vietnam as biological barriers [46]. Therefore,
selecting an appropriate vegetation patch layout can better play the role of a vegetation
biological barrier.

This study demonstrates the distinctly different hydrodynamics and sediment dy-
namics between plant patches of different densities and thicknesses, clearly demonstrating
the importance of vegetation patch characteristics such as vegetation patch density and
vegetation patch thickness for riparian ecosystems. The role of vegetation as an ecologi-
cal barrier depends on the characteristics of its community, as well as the location of the
patches. Usually, river banks are characterized by concave bank erosion and convex bank
deposition [47], which may increase the risk of flooding and affect navigation. Yang et al.
showed that river stability was superior under bilateral riparian vegetation cover than
unilateral vegetation [48]. Therefore, in the course of riparian management, for rivers with



Water 2024, 16, 2144

14 of 16

References

a flood control and navigation role, which usually require the river to be straight [49], high
vegetation patch density can be set up at the head of concave banks, while the vegetation
patch thickness is as large as possible to increase the sedimentation of the concave banks.
Medium vegetation patch density vegetation patches are set up at the head of convex banks,
while the vegetation patch thickness is as small as possible to reduce deposition on the
convex banks.

5. Conclusions

Laboratory experiments were undertaken to explore the effect of different forms of
artificial vegetation patches on flow structures and sediment erosion patterns. The main
conclusions are as follows. There existed a certain threshold for the distance between vege-
tation clusters. The flow velocity decreased, and the turbulent kinetic energy increased with
increasing plant bundle spacing, which enhanced the small-scale turbulence between the
sparser plant bundles and promoted turbulence and erosion around the vegetation patches.
The medium vegetation patch density attained a lower flow velocity and higher turbulent
kinetic energy than those yielded by the dense vegetation patch density. A reduction in
between plant bundle spacing increased the mixing of the canopy and vertical vortices
behind the vegetation patches, enlarging the erosion zone. With increasing vegetation
patch thickness, the flow velocity decreased, the turbulent kinetic energy increased, the
erosion zone expanded, and the deposition distance behind the vegetation patch increased.

Vegetation biobarriers are an important measure. Appropriate vegetation patch place-
ment, design, and management have the potential to provide the same level as hard
protection engineering. Vegetated bioshields are considered to have a clear advantage over
hard solutions in terms of construction cost and protective effectiveness. River stability was
superior under bilateral riparian vegetation cover than unilateral vegetation. High-density
vegetation patches can be arranged at the head of concave banks, while the vegetation
patch thickness is as large as possible to increase the sedimentation of the concave banks.
Medium-density vegetation patches are set up at the head of convex banks, while the
vegetation patch thickness is as small as possible to reduce deposition on the convex banks.

Although this study partially revealed the effects of external properties of vegetation
patches on hydrodynamic characteristics and sediment deposition and erosion. The non-
unidirectional flow characteristics of the natural environment and the effects of water level
fluctuation are not considered in this study, which is the direction of further research in the
future.
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