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Abstract: Slope vegetation is a key component of soil erosion control. Rigid vegetation improves
slope stability, while flexible vegetation reduces water velocity, and the combination of both improves
erosion resistance; however, there are few studies on how the combination of rigid and flexible
vegetation affects the hydraulic characteristics of slope flow. In order to investigate the effect of this
combination on the hydraulic characteristics of slopes, a mathematical model of the coefficient of
resistance under the cover of rigid—flexible vegetation was established by using theoretical analysis
and indoor tests, and the indoor tests were conducted with different rigid—flexible vegetation com-
binations (single-row interlocking (IS), double-row interlocking (IT), upstream rigid—downstream
flexible (RF), and bare slope (BS)). The results showed that the rigid—flexible vegetation combination
had a significant effect on the slope water flow. With the increase in flow, the water depth and flow
velocity of slope flow showed an increasing trend, the flow velocity of the bare slope was significantly
larger than that of the vegetation-covered slope, and the value of the water depth increment of the
vegetation-covered slope was 0.086~0.22 times that of the bare slope. The Reynolds number showed
a good linear increasing relationship with flow rate, and with the gradual increase in flow rate and
slope, the flow pattern gradually changed from slow flow to fast flow. When the slope was 2°,
the drag coefficient increased and then decreased. The pattern of erosion reduction capacity was
IS > RF > IT > BS. The results of this study provide strong theoretical support for understanding the
mechanism of vegetation-controlled erosion and provide scientific guidance for optimizing vegetation
design in the Loess Plateau region.

Keywords: slope flow; rigid—flexible vegetation; combination approach; hydraulic properties

1. Introduction

The Loess Plateau region has experienced severe soil erosion problems for a long time
due to its soil-specific sub-stability, porous structure, and water sensitivity [1]. Since slope
flow is the main driving force of soil erosion in this region [2], an in-depth investigation of
its flow characteristics and influencing factors is crucial for elucidating the mechanism of
loess soil erosion. Slope flow is a thin layer of water that flows along the surface of a slope
due to gravity after snowmelt, rainfall, and losses such as infiltration, depression filling,
and vegetation interception [3]. It plays a crucial role in slope erosion and sedimentation
processes [4], and its hydraulic characteristics directly affect the intensity of slope erosion
and its spatial distribution characteristics [5]. However, the hydraulic characteristics of
slope flow are, in turn, mainly influenced by factors such as vegetation cover, slope, and
flow rate. Vegetation plays a key role in maintaining ecological balance and environmental
cycles [6-9], and vegetation cover not only reduces the degree of runoff scouring but also
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directly stabilizes the soil, increases the resistance of slope runoff by reducing the intensity
of turbulence [10], and, thus, significantly mitigates the risk of soil erosion [11]. In recent
years, although many studies have explored the influence of vegetation on the hydraulic
characteristics of slope runoff, the interaction mechanism between vegetation and slope
runoff and soil erosion is still not clear enough under the specific environment of loess areas.
Therefore, an in-depth investigation of the change rule of the hydraulic characteristics of
vegetation slope runoff, revealing the soil erosion mechanism of slope runoff, is of great
theoretical and practical value for reducing soil erosion in loess areas.

Recently, researchers [12-15] have extensively studied the hydrodynamic characteris-
tics of slope flow under vegetation cover and have classified vegetation as rigid or flexible
based on the flexibility of their stems; rigid plants are taller and less prone to bending
under the influence of water flow, whereas flexible plants are shorter and have softer stems
that are more likely to bend due to water flow [16]. In previous studies, rigid cylindrical
poles were explicitly defined to represent tree or reed models [17]; grass vegetation was
replaced with simulated grass for indoor tests. Studies on the effect of vegetation on
slope flow dynamics have focused on several key aspects, including cover, vegetation
type, stem diameter, slope, and inundation depth [18,19]. For example, the density of rigid
vegetation is one of the key factors affecting the flow regime of slopes [20], and it directly
determines the roughness of the slope surface: with the increase in vegetation cover, the
slope velocity is correspondingly reduced, which decreases the water flow rate [21]. The
stem diameter of rigid vegetation also exerts a significant drag effect on surface runoff [22],
and the Darcy—Weisbach drag coefficient and vegetation stem diameter are proportional to
the vegetation stem diameter, i.e., the larger the vegetation stem diameter, the greater the
resistance to runoff [23], and rigid vegetation configured behind slopes is considered the
best way to alter water flow conditions and reduce soil erosion [24]. When vegetation was
submerged, the coefficient of water flow resistance was unusually sensitive to the change in
flow regime [25], indicating that the presence of vegetation not only changed the physical
characteristics of the slope but also significantly affected the kinetic characteristics of water
flow. Further studies found a significant correlation between the flow resistance of slope
runoff and flexible vegetation patterns, especially flexible vegetation with a low degree
of fragmentation [26]. A study of field plot tests found that the flexible plant alfalfa has
a significant effect on slope resistance [27], and a different study found that the low flexible
vegetation zone established along a slope can affect the runoff volume and sand production
in the slope gully system [28].

The influence of vegetation characteristics on slope flow resistance is a research topic
that has received much attention. However, current research has mainly focused on the
effect of the layout of a single vegetation type (e.g., rigid or flexible vegetation) on slope flow
characteristics. In contrast, there are few studies on the effect of the rigid—flexible vegetation
combination approach on slope flow. Although many experiments have investigated the
expression of water flow resistance under vegetation cover, no unified expression has been
developed to accurately describe the calculation of flow resistance on vegetated slopes. The
objective of this study was to develop a computational model for the slope flow resistance
coefficient under rigid—flexible vegetation cover and investigate in depth the effect of the
rigid—flexible vegetation combination method on the hydraulic characteristics of slope flow.
The results of this study will provide strong theoretical support for understanding the
mechanism of vegetation erosion control and provide scientific guidance for optimizing
vegetation design in the Loess Plateau region.

2. Study Area and Materials

The study area was located in Heifangtai, Yongjing County, Gansu Province, on the
western edge of the Loess Plateau in Longxi (longitude 102°53’ to 103°39/, latitude 35°47’
to 36°12’), with an elevation ranging from 1539 m to 2841 m (Figure 1). The average
multi-year rainfall in the area is 287.6 mm, evaporation is 1593.4 mm, and the average
annual temperature is 9.9 °C, belonging to the semi-arid climate of the mesothermal zone.
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Heifangtai is located in the fourth basement terrace on the north bank of the Yellow River,
and the stratigraphic structure is, from bottom to top, purple-red sandy mudstone of
the Cretaceous Hekou Group, pebble layer and orange-red powdery clay of the Middle
Pleistocene of the Quaternary system, and loess of the Upper Pleistocene system [29], with
loess predominant in the surface layer. The physical indices of the soil [30] are shown in
Table 1. The study area is sparsely vegetated, and the top layer of loess is subject to more
severe hydraulic and gravity erosion.

DEM (m)
T sigh:2841
| Low:1539

Figure 1. (a,b) Study area; (c,d) current slope erosion management in the study area.

Table 1. Basic physical property indices of loess in the project area.

Natural . Relative Soil Particle Soil Particle Soil Particle
Moisture Dry Density Particle Plastic Limit  Liquid Limit Size Size Size
Content (g/cm?3) Densit (%) (%) <0.005 mm 0.005~0.05 mm >0.05 mm
(%) y (%) (%) (%)
3.2 1.29 2.63 17.8 23.7 16 60 24

The vegetation type of Yongjing County is semi-arid grassland, with common herba-
ceous plants such as wood grass and ice grass; planted forest species such as sea buckthorn,
poplar, and willow; and artificially planted grasses such as alfalfa and awnless birdseed.
However, the failure of existing engineering measures and the inappropriate selection of
tree species and afforestation techniques have caused severe soil erosion [31]. As shown
in Figure 1d, vegetation restoration measures were taken on loess slopes to mitigate slope
erosion by planting trees with rigid and flexible herbaceous vegetation on the upper part
of the slope, while flexible herbaceous vegetation was used on the lower part of the slope.
However, the areas covered only with flexible herbaceous vegetation still experienced
serious erosion problems, while no significant erosion was observed in the areas covered
with a combination of rigid and flexible vegetation.

3. Methods and Experimental Design
3.1. Methodology

In this study, we adopted a combination of theoretical derivation and experimental
study to systematically investigate the effects of the combination of rigid and flexible vege-
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tation modes on the hydraulic characteristics of slope flow. Specifically, we first considered
the difference in stem diameter between rigid and flexible vegetation and combined it
with the consideration of drag coefficients [32,33] to conduct a comprehensive theoretical
derivation of slope flow resistance coefficients using the force balance method. To visually
demonstrate the mechanism of the influence of different rigid—flexible vegetation combi-
nations on the hydraulic characteristics of slope flow, an indoor slope scour experiment
was further designed and implemented [10,19]. The water depth and flow velocity data
under different vegetation combinations were monitored in the experiment, and Excel 2021,
such as analysis of variance (ANOVA) and regression analysis, was used to analyze the
experimental data in depth. Finally, the change rule of hydraulic characteristics of slope
flow was comprehensively and deeply analyzed by combining theoretical derivation and
experimental data.

3.2. Scrub Test Design

This test was conducted in a flume laboratory using a self-constructed flume system
consisting of a customized erosion system, flume, and water collection device. For this
test, the erosion system was used to supply water, which consisted of a water storage tank,
a constant head flushing device, water pipes, and a water pump (Figure 2a). The water
tank was filled with water and the constant head was set at the top of the flume to ensure
that the water flowed evenly into the flume. The catchment system consisted mainly of
plastic containers placed at the bottom of the flume to collect the runoff. The dimensions of
the test flume were 3 m x 0.3 m x 0.3 m. To study the effect of the spatial configuration
of vegetation on the hydrodynamic characteristics of slope flow, 3 cm thick gravel with
a diameter of 0~5 mm was placed at the bottom of the flume before the test; then, Q3 Malan
loess with a thickness of 10 cm, which was collected from the study area, was placed at the
top to simulate the conditions of the slope subsurface before the test [34] and ensure the
practical feasibility of the test. The slope was divided into three slope sections from top
to bottom, of which 0~1 m was the transition zone of water flow and the middle 1 m was
the vegetation zone, and three measurement positions were set for each experiment from
the top to the bottom of the flume, which were 0.5, 1.5, and 2.5 m, respectively. Each water
depth was measured three times repeatedly to comprehensively understand the dynamic
characteristics of the water flow of the slope (Figure 2b). The flow rate was controlled by
a series of valves, with the water entering from the top of the tank. Five test flow rates
were set considering the actual situation and combined with the test conditions, which
were 0.25L/s,0.5L/s,1L/s,1.5L/s, and 2 L/s. The test was set up with three different
gentle slopes of 2°, 4°, and 6°, and the slopes and flow rates were adjusted to the design
values before each test. The tank was filled with water and then the water in the tank was
pumped through a water pipe to the constant tank above the flume; the water depth and
flow rate measurements were made after the water flow had stabilized. The water depth
was measured with a graduated scale with an accuracy of 0.1 mm, the discharge samples
were collected with a plastic basin at the outlet of the flume every 5 min for each test, and
the discharge temperature was measured with a thermometer to calculate the kinematic
viscosity of the water flow.

3.3. Rigid—Flexible Vegetation Design

Rigid and flexible vegetation was selected for testing. Round wooden sticks with
a diameter of 6 mm were used to simulate the rigid plants (e.g., buckthorn, willow) in the
study area in the natural state, with a vegetation height of 13.8 cm under the inundation
condition, and plastic simulated grass was used to simulate the natural flexible grass
vegetation (e.g., ice plant, timothy grass, alfalfa), with an average height of 5 cm under
the inundation condition. The density of this test was designed to be 60 plants, and the
combination of vegetation was set in four combinations: upstream rigid—downstream
flexible, rigid—flexible single-row staggered, rigid—flexible double-row staggered, and bare
slope (Figure 3).
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Figure 2. Diagram of the test setup (a); diagram of the test configuration (b).

i

(a)Rigid flexible (b)Rigid flexible (c)Rigid upstream (d)Bare slope
interspersedina  interspersed in and flexible
single row two rows downstream

Figure 3. Different combinations of rigid—flexible vegetation for IS (a), IT (b), RF (c), and BS (d).

4. Parameter Determination

To estimate the drag caused by vegetation, the force balance method was employed to
calculate the drag coefficient in a uniform flow downstream of the vegetation area. The
impact of sidewall friction was disregarded due to the shallow depth of the slope flow. The
analysis primarily focused on the bypass drag (Fp), bed surface shear stress (Fg), and the
gravitational effect of the water body on the slope surface (Fyy) induced by the vegetation.
Combined with the calculation method of the equivalent composite coefficient of resistance
of vegetation [35], a formula for the coefficient of resistance for the rigid—flexible vegetation
cover was derived from the formula for calculating the coefficient of resistance under slope

flow conditions.
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The section of the flow in the vegetated area was selected for the force analysis and its
combined resistance was calculated as follows:

Fw =Fg+Fp (1)

Fg = v.%pBiL = chpBlva, 02 = gRJ 2)
A,02C

Fp = W,Ap — mydih + nadah @3)

In the formula provided, the variables represent various parameters related to water
flow and vegetation within a control structure. These include the density of water (p) in
g/cm3, the frictional flow velocity (v+) in m/s, the average flow velocity (v) in m/s, the
total projected area of vegetation (Ap) in the direction of water flow in m?, the number
of rigid (n1) and flexible (117) vegetation plants within the structure, the diameters of the
rigid (d1) and flexible (d;) vegetation in meters, the effective width of the cross-flow (B1) in
meters, the length of the vegetation (L), the Darcy—Weisbach drag coefficient (f), the drag
coefficient (Cp), and the hydraulic gradient (J), with | = sin 6 in the test:

n nd% + nznd%

By =B(1—-C,),Cr = L

(4)
where C, is the vegetation cover and B is the width of the channel (m).

The coefficient of resistance to water flow in a thin layer on a slope, f, was calculated
from the Darcy—Weisbach equation as

8gR]J UR
f=m Re=- (5)
v = 0.01775/ (1 40.00337t + 0.000221t2) ©6)

where R is the hydraulic radius, m; v is the viscosity coefficient for water movement; and ¢
represents the water temperature, °C.

Zeng Hongyu et al. [36] introduced the connection between the drag coefficient and
the flow resistance coefficient:

ALV
— 3 7
D= A% @)
where V is the volume of water in the control body.
Equations (1)-(5) could be obtained by association:
2
Fy = prlva L plmdi+ nadz)ho"Cp ®)

8 2

Assuming that the vegetation resistance was uniformly distributed over the bed, it was
considered as particle resistance superimposed on the original bed to obtain an equivalent
cross-section over water (Figure 4). In the figure, Ae is the post-equivalent cross-section
over-water area, m?; H is the average height of the simulated grass cover, m; h is the
average water depth of the cross section, m.

v Ae

0'0'0'0'0'0'0/00 06 00000000000000000000000000000000000000000000000¢ h

B B

Figure 4. Equivalent cross-section.
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The flow rate before and after the equivalent transformation needed to be the same
according to the continuity principle:

Q = vBeh )
Q. = v.Bh, (10)
U= U, (11)

where v, represents the flow velocity and &, stands for the water depth, as determined by
the change in equivalence; B, denotes the effective spillway width.

According to the law of the conservation of mass for fluids, the volume of a body of
water remains constant before and after any changes or transformations occur.

V = B,Lh (12)
V, = BLh, (13)
V=V, (14)

In this case, the volume of water in the vegetated section was as follows:
V =BLh(1-Cy) (15)
Then, the corresponding post-water depth was as follows:

kB,
~ B

he =h(1-C) (16)

The analysis of the forces of the equivalent sectional control body gave the following
results:

Fop=Fy = %pBLv% (17)
Combining Formulae (1)—(3) and (14) gave

p(n1d1 + nzdz)hUZCD

5 (18)

%pBva = ngeva +
The equivalent coefficient of resistance of the slope flow could be obtained by combin-
ing Equations (7) and (15) as follows:

3
£ = (&‘Zl JRe 2+ AL) (1-C) (19)

The above equation shows that the drag coefficient under vegetation cover f. = F(Cr,
Re, |, h, L, A), based on which the equivalent drag coefficient calculation model under
rigid—flexible vegetation cover could be established:

fo = aC,PheJ'Re’ (20)

In this study, coverage was a constant value. The above equation was simplified as
follows:
fo = ah?J°Ref (21)

where 7 is the combined coefficient of plant diameter (d;, d5), height H, and vegetation
assemblage mode and b, ¢, and d are the influence indices of water depth, slope, and
Reynolds number, respectively.
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The rationality of the structure of the formula was verified with the Nash—Sutcliffe
coefficient (NSE), calculated as

L 2
Z(Oz - P, i)
1
X(0;-0)
1
In the provided equation, P; represents the simulated value, O; represents the mea-

sured value, O represents the average value of the measured values, and # is the number
of samples.

5. Results
5.1. Changes in Water Depth and Slope Flow Velocity under Different Combinations of
Rigid—Flexible Vegetation Cover

To deeply analyze the change characteristics of slope flow water depth and flow
velocity under different combination approaches of rigid and flexible vegetation, the data
were analyzed and processed using statistical analysis software, including ANOVA and
regression analysis, through which the flow-affected water depth and flow velocity laws
were revealed. Figure 5 shows the trend of water depth with flow, and the results show that
there was an increasing power function relationship between slope flow water depth and
flow (R? > 0.98), which was obvious whether vegetation cover was present or not. With
the increase in discharge, the slope flow water depth gradually increased, while, with the
increase in slope, the water depth showed a decreasing trend. It is noteworthy that water
depths were consistently greater on vegetated slopes than on BS. Vegetation cover had
a significant regulating effect on slope water depth compared with BS; the value of water
depth increment on vegetated slopes was 0.086 to 0.22 times that of BS and, under the
same vegetation combination mode, with the increase in slope, the IS combination mode
showed a better effect of water depth increment compared with other combination modes.
To further verify the experimental results, the regression analysis of the experimental
water depth (shown in Table 2) demonstrated that the coefficients of determination of the
experimental values fitted with the regression results were R? > 0.9, and the experimental
values and the regression values both had a good positive correlation. This indicates
that the experimental data of this study are reliable and the results have a high degree
of confidence.

The results presented in Table 3 show the regression relationship between flow rate
and flow velocity at different slope gradients, and the slope flow velocity tended to increase
with increasing flow rate under the test conditions (R? > 0.94). Figure 6 also shows the effect
of vegetation cover on slope flow velocity. The rate of increase in slope flow velocity was
slower on vegetated slopes. As the flow increased, the difference between the vegetation
combination methods gradually decreased, and the average flow velocity on vegetated
slopes decreased by 8.6~21.9% compared to that for BS. The variation observed may be
linked to the extent of inclination of the vegetated slopes, where the presence of vegetation
alters the shape of the slopes and consequently impacts the flow patterns. With the rise
in flow velocity, both the vegetated and unvegetated slopes experienced an increase in
average flow rates.

To gain a deeper understanding of the effects of different vegetation assemblages on
slope flow, an analysis of variance (ANOVA) was performed for flow, flow rate, and slope
(as shown in Table 4). The results of this study revealed a notable distinction (p < 0.05)
among the three vegetation combination techniques, RF, IS, and IT, regarding slope and flow
velocity. This suggests that various vegetation combination methods significantly influence
slope flow velocity. In similar flow conditions, the flow velocity of a bare slope (BS) was
substantially higher than that of a slope covered with vegetation. The impact of different
vegetation combinations on slope flow velocity followed the order of IS > IT > RF > BS,
providing further evidence of the significant regulatory impact of vegetation combinations
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Water Depth(cm)

Water Depth (cm)

on flow velocity. It was also observed that there was no significant difference in water flow
velocity between different slope sections on vegetated slopes, with slopes ranging from 2°
to 6° and with a length of 1 m. This suggests that on natural slopes, the potential energy
of water flow is mainly used to overcome surface roughness and vegetation resistance,
and the kinetic energy of water flow is kept stable throughout the slope. However, in the
experiment, the water flow velocity on the lower slope was higher than that on the higher
slope, which may have been due to the different methods of vegetation combination. In
this study, the vegetation was uniformly distributed throughout the slope, whereas, in
natural slopes, the vegetation is usually unevenly distributed, and this unevenness may
affect the kinetic characteristics of water flow, which may affect the velocity of water flow
on the whole slope.

4.0 4.0
(a) 2° (b) 4°
35 RF 35 RE
—e—1IS
3.0} _30L —*Is
- =d =T g
25} BS =25}
=
20} g20}
]
15} / 315t
<
1.0} / = 1.0}
&d’
0.5 | s 05}
0_0 1 1 ' I L 0.0 ' ' 1 1 I
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Figure 5. Plot of discharge versus water depth at different gradients in order of gradient 2° (a), 4° (b),
and 6° (c).

Table 2. Relationship between flow and water depth at different slope gradients.

Slope Regression Equation R?
2° h = 1.466Q0-642 0.993
4° h = 1.500Q°672 0.986

6° h = 1.465Q0-634 0.993
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Table 3. Relationship between flow rate and flow velocity at different slope gradients.

Slope Regression Equation R?
2° v =0.076In(Q + 0.364) + 0.213 0.976
4° v =0.345In(Q + 3.9) — 0.327 0.994
6° v =0.093In(Q + 0.334) + 0.255 0.993
0.28 0.36
(a) 2° (b) 4°
024 -~ -RF 032 RF
. . -e-IS
» L o028} - -
g 020} g =il
= = BS A
iy 2024} ‘
=1 P =N e = - L J
Soief ks Pl e
< 2 020} - &7
E o1z E 0.16 } oo %
= = »
008 o2f &
0.04 1 1 1 1 1 0.08 1 1 1 1 1
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
Flow Discharge Q (L/s) Flow Discharge Q (L/s)
0.40
(c) 6°
0.35 |
=
Bo3of
i
3025}
Ic
>
Z 020}
=
=
0.15
0.10 L t L

0.0 0j5 1j0 15 2.0
Flow Discharge Q (L/s)

Figure 6. Plots of flow rate versus flow velocity for slopes of 2° (a), 4° (b), and 6° (c).

Table 4. Analysis of variance (ANOVA) for bathymetry, flow velocity, and flow rate.

Independent Variable Implicit Variable Combination DF SS MS f
RF 3 0016 0008 213333
1S 3 0029 0015 316814
Water Depth T 3 0032 0016 141.833
. BS 3 0037 0019 277.715

Flow Discharge

RF 5 0068 0010 262050
. 1S 5 0036 0005 112018
Flow Velocity T 5 0051 0007 65565
BS 5 0055 0008 115573

5.2. Changes in Slope Flow Patterns Based on Different Combinations of Rigid—Flexible
Vegetation Cover

The Reynolds number plays a crucial role in determining the flow characteristics of
slope flow, serving as an indicator of fluid flow properties. By applying the principles of
open channel flow, the flow of water can be categorized into laminar, transitional, and
turbulent zones. In particular, when the Re is less than 500, the water flow is in a laminar
state; between 500 and 5000, it transitions to a turbulent state; and when Re exceeds 5000,
the flow becomes turbulent. Figure 7 illustrates the change in the Reynolds number of
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BS

IT

the slope flow based on experimental conditions. This number ranged from a minimum
of 292 to a maximum of 5847 as the flow increased. The flow was dominated by the
transitional flow, and the Reynolds number increased on the vegetated slopes compared
to the BS slopes. This may have been due to the presence of vegetation (e.g., logs), which
altered the distribution pattern of runoff on the slopes. In particular, under the influence
of vegetation, water flow was mainly concentrated in the area in front of and on both
sides of the tree trunks, and this phenomenon may have contributed somewhat to the
erosive effect in the non-vegetated area. The regression and ANOVA showed that there
was a significant positive correlation between the Reynolds number and flow rate and
a good linear increasing trend (R? > 0.99). As the flow rate increased, the turbulence of
the water flow increased, which indicated that the flow rate was the main factor affecting
the Reynolds number. The analysis also showed that the effect of vegetation mix on the
Reynolds number was not significant (p > 0.05).

6000 6000

- 4000

4000

2000 < 2000

2
1.5
1
0.65

0. 0.5
0.20-25 Flow Discharge (L/s) Flow Discharge (L/s)

6000

2000

1
0.65
05 Flow Discharge(L/s)

Figure 7. Flow versus Reynolds number, in order of slope 2° (a), 4° (b), and 6° (c).

The Froude number, a key index for describing the flow pattern of water, reveals the
relationship between the inertia of a water flow and its gravity. In open channel flow, the
discrimination criterion states that when the Froude number (Fr) exceeds 1, the water flow
exhibits rapid flow; when the Fr is less than 1, this indicates a slow flow; and when the Fr
equals 1, the water flow reaches a critical state. Figure 8 shows that under the test flow rate,
the slope flow presented as a slow flow state, and the Froude number was between 0.3 and
1.02. With the increase in flow rate, the slope Froude number exhibited a decreasing trend
(R? > 0.94), that is, the slope had a significant effect on the flow rate; the Froude number of
the vegetated slopes was smaller than that of the bare slope, indicating that the presence of
vegetation could effectively reduce the slope Froude number. As the slope increased, the
Froude number increased significantly; the vegetated slopes increased the Froude number
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by about 50% compared with the BS, and the effect on the Froude number was significant
between different vegetation combination methods, for which the Froude number of the RF
combination method was higher than that of the IS and IT combination methods, indicating
that the spread of the RF combination method had a weaker ability to block the runoff. To
investigate the correlation between Froude number and vegetation combination techniques
in greater depth, an analysis of variance (ANOVA) was performed to examine the Froude
number across various vegetation combination methods. The findings illustrated a notable
discrepancy (p < 0.05) in the Froude number among the different vegetation combinations,
with the order of slope Froude number being RF > IS > IT. The reason for this difference
could be that the vegetation distribution on the IS and IT slopes was more fragmented on
the exposed slopes, whereas the exposed slopes were concentrated in the RF combination
method, and the water flow through the unvegetated slopes had less resistance to flow and
was more turbulent.

1.0
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Figure 8. Flow rate versus Froude number for slopes of 2° (a), 4° (b), and 6° (c), in this order.

5.3. Variation in Slope Flow Resistance Coefficient Based on Different Vegetation Combinations
5.3.1. Effect of Flow Rate on Drag Coefficient

The drag coefficient, f, reflects the amount of resistance the subsurface provides to
flowing water. Under the same flow and slope conditions, an increase in the value of
f means an increase in the amount of energy used by the water flow to overcome the
resistance, which, in turn, reduces the amount of energy used for erosion and sediment
transport and ultimately reduces the degree of soil erosion. In this study, tests were
conducted at slopes of 2°, 4°, and 6° to obtain resistance coefficients ranging from 1.1 to
3.34,0.66 to 2.78, and 0.8 to 2.53, respectively. Figure 9 shows the relationship between drag
coefficients and flow rates under different vegetation mix conditions. Under the condition
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of a 2° slope, the drag coefficients of the IS and IT combinations tended to increase with
the increase in flow rate as the slope gradually increased, while the drag coefficient of the
RF combination method tended to decrease after increasing to a certain value. Overall,
the resistance coefficients of each vegetation combination increased with the flow rate
as the slope increased (R% > 0.93). In addition, the resistance coefficients were greater
for the vegetated slopes compared to the BS, indicating that slope flow had to overcome
greater resistance and expend more energy in the vegetated conditions. Notably, the IT
combination had the smallest coefficient of resistance to slope flow, indicating relatively
poor erosion resistance.
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Figure 9. Plots of flow rate versus drag coefficient for slopes of 2° (a), 4° (b), and 6° (c), in this order.

Regression analysis of the resistance coefficients of each group showed that the veg-
etation combination mode had the most significant effect on the resistance coefficients
(p < 0.005). However, when the correlation test between flow rate and resistance coefficient
was conducted under different vegetation combinations, we found that the absolute values
of the correlation coefficients between them were all greater than 0.05, indicating that
resistance coefficient and flow rate did not show obvious patterns of change under different
vegetation combinations. This phenomenon can be attributed to the mixing and blending
effect of the water flow in the vegetation, which caused the resistance coefficient not to
significantly correlate with the flow rate. Taken together, the average drag coefficients at
each flow rate were as follows: RF > IS > IT > BS.

5.3.2. Influence of Flow Pattern and Flow Regime on the Drag Coefficient

The resistance coefficient versus Reynolds number for slopes covered with different
vegetation combinations is shown in Figure 10. This study indicated that the slope flow
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resistance coefficients exhibited a consistent trend across various vegetation combination
methods. Overall, the coefficient of resistance values of the slopes of these four different
vegetation combinations showed a power function increasing trend (R? > 0.95) with the
increase in the Re. When gradually increasing the Reynolds number and slope, the water
flow tended to become turbulent, resulting in the weakening of the water resistance effect
of the vegetation, which gradually lowered the rate of increase of the resistance coefficient.

6
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Figure 10. The plot of Reynolds number versus drag coefficient in order of slopes of 2° (a), 4° (b),
and 6° (c).

5.3.3. Influence of Froude Number on the Integrated Drag Coefficient

To further investigate the trends of the drag coefficient under different flow regimes
and the influence of vegetation on the hydraulic characteristics of slope flow, regression
analyses were performed on the drag coefficient of the slope flow and Froude number.
Figure 11 showed that the drag coefficient showed a logarithmic decreasing trend (R? > 0.95)
with the increase in the Froude number. In addition, the effect of the Froude number on
the drag coefficient varied at different slopes, which was realized as the absolute value
of the power index of the Froude number, which increased from 1.85 to 2.41. Further
investigation of the effect of different vegetation combinations on the correlation between
the drag coefficient and the Froude number revealed that the correlation between the drag
coefficient of slope flow and the Froude number was weakened under the vegetation cover
condition compared to the BS condition. This result can be attributed to the presence
of vegetation, which caused the water flow to appear inhomogeneous in terms of flow
direction and velocity, resulting in the difference in this relationship.
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5.4. Model Validation

In summary, the slope vegetation resistance was closely related to the Reynolds number,
water depth, and slope obtained by fitting the experimental data to the constructed model:

fe _ 105'469]12'74610'851Re_1'8 (23)

R? = 0.964 (24)

The importance of the absolute value of the index for each factor in Equation (23)
indicated the impact of its variation on the drag coefficient. This suggested that the
influence of each factor on the drag coefficient was strongly linked to the flow regime. The
analysis revealed that water depth plays a primary role in determining the integrated drag
coefficient, followed by the Reynolds number.

The Nash-Sutcliffe coefficient was utilized to assess the simulation accuracy of the
drag coefficient calculation model; the closer the NSE value was to 1, the better the model
simulation effect was. The calculated NSE value was 0.762, so the model could better
simulate the calculation of the integrated drag coefficient of slope flow under the staggered
cover of rigid—flexible vegetation. After analyzing the calculated values of the model and
comparing them with the Darcy—Weisbach drag coefficient values, it was determined that
both sets of data aligned well. The data points were closely distributed along the 1:1 line,
confirming that the model effectively matched the experimental data. Figure 12 further
validates the accuracy and reliability of the fitted formula.
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Figure 12. Comparison of the Darcy-Weisbach drag coefficients with those predicted using Equation (23).

6. Discussion
6.1. Influence of Vegetation Cover and Slope on the Hydraulic Characteristics of Slope Flow

Vegetation cover has a significant effect on slope runoff [37]: it profoundly affects
erosion, sediment transport, and deposition processes by changing the hydrological charac-
teristics of slope runoff [38]. Based on a review of related studies, we found the following;:
Vegetation cover plays a key role in reducing the direct impact of raindrops on soil and
lowering the soil erosion rate [39]; it not only affects the onset time, flow rate, and runoff
volume of slope runoff but is also directly related to the change in soil erosion rate [13].
Vegetation is an effective approach to combating erosion [40]. In this study, the effect of
vegetation on runoff flow rate was relatively small on slopes with a small gradient when
vegetation cover was kept constant; however, as the gradient increased, the inhibitory effect
of vegetation on runoff flow rate became more significant. This is consistent with other
findings on the relationship between slope and erosion and hydraulic characteristics [41],
and it was also observed that water flow was slow on all slopes. Furthermore, it was
found that vegetation effectively increases resistance to water flow by increasing the energy
consumed by the water flow, thus reducing the amount of sediment [8]. In summary, the
effect of vegetation cover on slope flow is multifaceted and significantly affects the process
of slope erosion and sediment transport by changing the characteristics of water velocity,
morphology, and resistance. To deeply understand this influence mechanism, we need to
comprehensively consider factors such as vegetation type, combination mode, slope, and
soil type. This study also considered the differences between rigid and flexible vegetation
in terms of drag force, emphasizing the importance of this force in mathematical models
of slope flow, which can be used to more accurately predict and evaluate the influence of
vegetation cover on the hydraulic characteristics of slope flow by continuously refining
and improving these models.

6.2. Effect of Rigid and Flexible Vegetation on the Hydraulic Characteristics of Slope Flows

Rigid vegetation and flexible vegetation showed significant differences in their influ-
ence on the hydraulic characteristics of slope flow. First, for rigid vegetation, the resistance
to slope flow was greater because of its structural stability, especially in the flow rate,
Reynolds number, and water depth increase; the total energy in the longitudinal position
compared to bare slopes showed a fluctuating downward trend [24], indicating a stronger
buffer capacity, which is conducive to reducing slope erosion and enhancing soil and water
conservation. Moreover, rigid vegetation stem diameter exhibited significant resistance
to surface runoff [22], and the resistance increased with increasing stem diameter [23].
By contrast, flexible vegetation exhibited the phenomena of bending, inverting, and de-
flecting under the action of water flow, and these dynamic changes further complicated
the influence of flexible vegetation on the hydraulic characteristics of slope flow. The
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average flow rate under flexible vegetation cover was more easily affected by the water
flow; in particular, with the increase in rainfall intensity, the distribution pattern of flexible
grass cover at the top of the slope, the middle of the slope, and the bottom of the slope
has a gradually weakening effect on the flow rate [42]. In addition, the flow rate of the
grass-covered section was lower than that of the bare section, and the flow rate of the
downslope section was significantly larger than that of the upslope section [43]. Therefore,
the combination of vegetation plays a key role. For example, the reasonable ratio of rigid
and flexible vegetation showed a significant effect in controlling soil erosion, where soil loss
on the slope was minimized when the ratio of rigid and flexible vegetation was 1:2 [44]. The
results of this study showed that in the process of runoff flow through the slope, as the flow
rate increased, the slope runoff flow rate increased more and more slowly, in which the bare
slope and the upstream rigid—downstream flexible flow rate were the highest, followed
by the combination of double-row staggered and single-row staggered modes. With the
gradual increase in the Reynolds number (Re), the flow state gradually transitioned from
stable laminar flow to turbulent flow, and this process was accompanied by a significant
increase in the flow resistance coefficient. This observation is in agreement with those of
previous studies [45]. Therefore, only a multifaceted study of the relationship between
vegetation and slope flow can provide a deeper understanding of the mechanisms of soil
erosion [46].

6.3. Proposals for the Future

Current research focuses on single vegetation types such as rigid plants (shrubs) or
flexible plants (grasses), but little research has been conducted on the effects of combining
rigid and flexible plant cover on soil erosion. Rigid and flexible plants each have unique
mechanisms for reducing runoff and sediment production. Therefore, to fully utilize
the benefits of vegetation in reducing runoff and soil erosion, it is necessary to study in
depth more effective methods of vegetation combination. This will provide important
theoretical support and practical guidance for optimizing vegetation layout in loess areas.
It is suggested that follow-up research should further expand this field to promote the
in-depth development of related ecological restoration and management.

7. Conclusions

In this study, we investigated changes in slope flow hydrodynamic characteristics for
four different combinations of rigid and flexible vegetation (RF, IS, IT, and BS) at different
flow rates by using theoretical analysis and indoor experiments. The main conclusions are
as follows:

(1) A resistance model was constructed that integrates the effects of slope and the
Reynolds number, providing theoretical support for the hydrodynamic characterization of
slope flow with a rigid—flexible combination of vegetation cover.

(2) Different combinations of rigid and flexible vegetation have significant effects on
water depth, discharge, Froude number, and drag coefficient on the slope. Water depth,
discharge, and velocity are closely related (R? > 0.98). When comparing different vegetation
combinations, the IS combination has superior performance: it can effectively raise water
levels, reduce the flow rate, and enhance the effect of soil and water conservation. The
Reynolds number of vegetated slopes was higher than that of the bare slope and increased
linearly with increasing flow (R? > 0.99). The Froude number decreased with increasing
flow, and the resistance coefficient was negatively correlated with the Froude number, in
which the water flow turbulence of the slope with the IS combination was less.

(3) The flow resistance coefficients for the vegetated slopes ranged from 0.66 to 3.34,
with the IS combination having the highest resistance and the IT combination having
the lowest resistance. The combined drag coefficient of each combination increased with
increasing flow rate and Reynolds number (R? > 0.93). For vegetation restoration in the
Yellow River basin, the rigid—flexible vegetation IS combination is a better choice.
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