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Abstract: Black soil areas are strongly affected by rill erosion due to the geomorphic characteristics
of flood plains and heavy rainfall. To study the problem of rill erosion in black soil areas and achieve
ecological restoration, based on the method of artificially simulated rainfall, the effects of rainfall
intensity and slope on the characteristics of flow and sand production on the slope surface of black
soil areas were studied, and the erosion pattern of the slope surface after rainfall was monitored by
a 3D laser scanner to analyze the erosion of the soil on the slope surface. The slope erosion model
was constructed on the basis of the cellular automata (CA) method, and the results of the model’s
operation were compared with actual rainfall measurement results to deepen research on the slope
erosion mechanism in black soil areas. By analyzing the slope erosion pattern after rainfall, it was
found that the surface area and erosion volume of serious slope erosion areas increased with in-
creases in slope gradient. Based on the physical model test results combined with the CA model to
simulate flow and sand production on bare slopes under different rainfall intensities, comparison
showed that the CA model can accurately simulate flow and sand production on a slope where the
Ens coefficient of the flow production rate is between 0.70 and 0.97, thus theoretically verifying the
reliability of the model, and on this basis, the erosion pattern of the slope after rainfall was predicted
to explore the evolution and development law of erosion.
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1. Introduction

As one of the three major black soil regions in the world, the northeast black soil
region of China has scarce black soil resources but bears the main task of grain production
[1]. The region has typical characteristics of a floodplain [2] that has been seriously af-
fected by rill erosion under the action of rainfall over a long period, which has limited the
economic and agricultural development of its black soil area. Therefore, the prevention
and control of soil and water loss play a vital role in the restoration of this black soil area.

With the development of digital photogrammetry technology, digital elevation mod-
els (DEMs) generated by this technology have been widely used in scientific research on
geomorphologic evolution. Welth et al. [3] used non-metric cameras and digital instru-
ments to measure valleys and rivers and estimate rill erosion. Dymond et al. [4] used the
traditional stereo mapping instrument to measure a watershed in New Zealand. The rill
erosion of the whole watershed was calculated by the elevation change of the surface of
the watershed. Gizaw et al. [5] used close-range photogrammetry technology to analyze
the micro-geomorphology characteristics of a residential area in the field, and the results
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showed that the relative error of DSM data generated by this technology was about 2.8
mm. Kristen et al. [6] carried out photogrammetry on the topography of a canyon area
using a consumer unmanned aerial vehicle (UAV) and compared the data obtained with
the data obtained using three laser radars. Vinci et al. [7] used structure from motion
(SFM) technology to measure slopes with smartphone cameras, and the results showed
that the rill erosion estimated by SFM was comparable to the accuracy of 3D laser scan-
ning. Currently, 3D laser scanning is widely used in engineering measurement, topogra-
phy, and other fields. Huang, the director of the U. S. Soil Erosion Laboratory, has been
measuring the micro-topography in runoff erosion areas with a self-made three-dimen-
sional laser scanner since the late 1980s. David et al. [8] used three-dimensional laser scan-
ning technology to calculate the deposition and erosion of rivers, but the results showed
that submerged areas (<0.2 m depth) returned lower precision, with a range of -0.15 to
+0.06 m. Eitel et al. [9] evaluated the feasibility of applying three-dimensional laser scan-
ning technology to study the influence of surface roughness on runoff erosion of grassland
river channels. Magnus et al. [10] combined airborne three-dimensional laser scanning
with ground three-dimensional laser scanning to quantitatively evaluate land subsidence
caused by debris flow activities in valley areas with an area of more than 100 hm?. How-
ever, to further quantitatively evaluate rill erosion, we used the cellular automata model
to predict the degree of rill erosion.

The theoretical model of cellular automata is widely used. In terms of physical defi-
nition, cellular automata refer to a dynamic system defined on a cellular space consisting
of discrete and finite-state cells, which evolves in the discrete time dimension according
to certain local rules. The rill erosion model based on cellular automata is different from
the traditional empirical model and mechanical model; it is permeated with the idea of
self-organization, possesses powerful parallel computing capability, uses a local-to-whole
evolutionary approach, has uncertain evolutionary characteristics, and can show greater
superiority in the process of stochastic scenario simulation. Since the 1990s, CA has been
widely applied worldwide in the field of rill erosion. Smith [11] simulated the process of
terrain erosion with a simple cellular automata model. Murray and Paola [12] established
a CA model for simulating the shape of a river from the perspective of water flow and
sediment transport. Through theoretical and practical comparisons, they succeeded in
simulating the main characteristics of the phenomenon. Pilotti and Menduni [13] used a
two-dimensional lattice gas model to simulate the surface erosion process and the
transport process of eroded materials. D'Ambrosio [14] and others developed the "SCAV-
ATU" model based on CA to simulate the process of soil water erosion. Wei [15] presented
a model (LANDSAP) that extends the Gilbert model to combine both surface and subsur-
face processes. M. Bursik et al. [16] combined CA with a smooth particle hydrodynamics
model to simulate slope degradation caused by slope flow. The model analyzed the rela-
tionship between slope and geomorphologic evolution. Valette [17] used CA to simulate
the surface soil degradation caused by rainfall and used soil aggregates as a research ob-
ject to generalize soil particles by a three-phase system. The processes of splash erosion,
infiltration, runoff, transport, and deposition were simulated. Rinaldi et al. [18] used the
CA method to define the local rules among cells, such as rainfall, infiltration, and evapo-
ration, and developed a watershed hydrological model to simulate surface water flow.
Yuan et al. [19] constructed a small watershed erosion and sand production process model
based on meta-cellular automata using a small watershed in the hilly gully area of the
Loess Plateau as an example. Narteau et al. [20] established a 3D cellular automaton model
to simulate random processes such as erosion, deposition, and sediment transport. At the
same time, a lattice gas cellular automaton was used to simulate the shear stress of water
flow to reflect the feedback between water flow and riverbed, showing the change of a
river channel. Yuan et al. [21] introduced CA theory and methods into simulation of the
slope water erosion process, established a CA model of the slope fine gully development
process, and verified and evaluated the model simulation results using an artificially sim-
ulated rainfall experiment supported by 3D laser scanner. Wu et al. [22] used the cellular
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automata model to preliminarily realize the visual simulation of the rill development pro-
cess, but the simulated effect of average rill depth, maximum rill depth, and average rill
width of the longest rill was not good, and there were still many details to be improved
and considered. Sun et al. [23] studied rill erosion on a 26.8 % slope using a ground laser
scanner and cellular automaton model under simulated rainfall conditions, and accurately
simulated the runoff process, but the simulation of the sediment process was poor. The
study of soil erosion at the slope scale mainly focuses on fine gully erosion caused by slope
surface flow, and the influencing factors are mainly rainfall intensity, subgrade condi-
tions, and slope gradient. In the CA model of soil erosion, the above-mentioned influenc-
ing factors as meta-cell variables, together with water depth, runoff, and erosion volume,
affect the change of the meta-cell state that is realized by the transformation rule, which
is the core of the CA model. The infiltration and sediment transport are simulated by Hor-
ton's formula and Manning's formula, etc. The parameters in the formula are determined
by experimental rates. Determining the flow direction, water-sand exchange, and sedi-
ment erosion is the focus of the CA model. The flow direction of this model uses the D8
algorithm; the water can only flow into eight adjacent cells.

In this paper, using a three-dimensional laser scanning test and cellular automata soil
erosion model, we studied the effects of different rainfall intensities and slope on the char-
acteristics of bare slope sediment yield in a black soil area. By exploring the morphological
characteristics of the slope after rainfall, the dynamic process of slope erosion in the black
soil area was revealed, providing theoretical guidance for erosion prevention and control
measures in the black soil area.

2. Experimental Procedure and Theoretical Foundation
2.1. Experimental Procedure

In this experiment, artificial rainfall simulation was used to analyze the process of
sediment production and loss. The Norton rainfall system was selected for the experi-
ment. Rainfall intensity was 20-120 mm/h and controlled by pressure and nozzle size,
rainfall uniformity was greater than 90%, the effective rainfall area was 2*4 m, and rainfall
height was 5.5 m. The X-Scan 3D scanning system used the handheld fast scanning mode
and scanned the space object by fringe projection. The resolution and accuracy could reach
0.1 mm. Using the method of feature stitching and marker point positioning, the continu-
ous scene within the single scanning range was scanned rapidly, and the object length
could reach 0.15-4.00 m.

For the rainfall simulation slope surface, a mobile variable-slope steel trough was
used. The black soil test steel trough was 1.5 m long, 0.4 m wide, and 0.25 m deep. The
loess test steel trough was 2, 3, and 4 m long and 0.5 m wide, and the slope variation range
was 0-25°.The bottom of the steel tank was perforated evenly so that the water in the soil
could permeate freely.

To simulate the real situation of rainfall, a layered soil filling method was adopted.
The test soil was taken from a slope on the outer side of the second Songhua River main
stream embankment; the mechanical composition of the test soil is shown in Table 1. In
order to eliminate boundary influence, the boundary soil was compacted as much as pos-
sible. In the black soil test, the rainfall intensity was selected as 30 mm/h, 50 mm/h, and 70
mm/h [24], and the duration of rainfall was set as 1 h [25]. The time of runoff was recorded.
Samples were taken every 3 min from the beginning of runoff, and the sampling time was
10 s. In the loess test, the rainfall intensity was selected as 40 mm/h, 80 mm/h, and 120
mm/h, respectively, and the rainfall duration was set as 30 min. After the end of rainfall,
runoff sediment samples and total runoff sediment samples from each stage were taken
to the laboratory for static precipitation, and then the volume of supernatant flow was
measured with a measuring cylinder. The obtained sediment samples were dried to a con-
stant weight in an oven at 105°C, and the dry sediment was weighed. Because the black
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soil is more cohesive and has less internal deformation, the reformation of material inside
the slope was ignored.

Table 1. Mechanical composition of the soil under test.

Percentage of Particle Content/%

Depth/em = 4 02 mm 0.02~0.002 mm <0.002 mm Soil Type
0~20 39.06 54.44 6.50 Powdered loam
20~40 34.48 58.70 6.82 Powdered loam
4080 33.39 59.37 7.4 Powdered loam

2.2. Description of the CA Model
2.2.1. Model Structure

The following CA model for rill erosion by water, Simulation by Cellular Automata,

can be seen as a two-dimensional plane, partitioned into square cells of uniform size:
CA={L,S,N, [} 1)
where:

L={(x,y) lx,yEN, 0=x<Ix, 0<y<l}is the set of points with integer co-ordinates in the
finite region where the phenomenon evolves. N is the set of natural numbers, and lxand Iy
represent the limits of the region. In this paper, the cellular automata model adopts a con-
stant boundary. Assuming that no water and sand flow into the boundary of the upper
cell, the water and sediment flow out of the boundary of the lower cell is regarded as the
flow rate and sediment yield of the whole slope surface, and the flow direction on both
sides of the boundary cell is determined as the direction toward the boundary.

Sz is the set of states of the cellular, described as follows:
S.=8,x§, (2)

Sg represents global variables, mainly including cell size, rainfall intensity, time step
length, average slope, etc. Sirepresents local variables, mainly including water depth, el-
evation, sand amount, etc. N represents the neighbor of the cell, and the mole neighbor
cell is adopted.

N={(0,-1),(0,1),(1,-1),(1,0),(1,1),(-1,-1),(-1,0),(-1,-1)}. In the CA model, only water and
sand interactions occur between the cell and its neighboring cell. The rules of each cell are
consistent with those of its neighbors.

In addition, this model adopts the boundary cell at the top of the constant value
boundary in which no water and sand flow into the cell. The water flow and sediment
flow out of the boundary cell at the bottom are regarded as the entire slope flow rate and
sediment yield, and the water flow direction on both sides of the boundary cell is deter-
mined as the direction toward the boundary.

2.2.2. Model Parameter Calibration

Cell size is set by grid coordinate size. After many tests, the cellular side length was
determined to be 5 mm. The slope data generated by MATLAB were used as the initial
cellular elevation assignment. Some parameters involved in the conversion rules were ob-
tained from artificial rainfall experiments.

2.2.3. Specification of the Transition Function

e Infiltration Rule

Horton's formula [26] is an empirical formula for the variation of seepage capacity
with time under the condition of sufficient water supply. It reflects the law that the in-
filtration intensity decreases with time.

f=f+fo-f)e” 3)

where f: is the stable infiltration rate; fo is the steady infiltration rate, § is the constant, the
decreasing parameter of the infiltration curve.
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e Rules of Flow and Sediment Transport Direction

The flow direction mainly refers to the direction of the flow away from the cell. The
D8 [27] algorithm is generally used in ARCGIS, which needs to calculate the weight dif-
ference between the center cell and the maximum distance to determine the target cell. In
the layout structure of 3, let the central cell be Zc, and its flow direction is selected in its 8
neighbor cells Zi (i=1,2,...... 8) according to certain judgment conditions; the judgment
condition is:

max{kx(z,—z)};i=1,2,---,8 4)

k=1 when Zi is in the east-west or north-south direction, k=1V2 when Zi is in the di-
agonal direction, and it is assumed that the flow of the central cell Z: flows to all Z;, that
is, the flow of the central cell flows to all the neighbor cells in the steepest direction. Each
time the flow of the central cell can only flow in one direction of the neighboring cells;
when there are multiple neighboring cells with equal weight difference, a direction is ran-
domly selected as the flow direction. Figure 1 is the flow direction diagram of the central
cell.

Figure 1. Cell flow direction.

e Water Allocation Rules
The water flow of the central cell Z flows to the smallest cell M (z) in the neighboring
cell. Figure 2 is a schematic diagram of the amount of water exchanged between cells.

t t+1

h/2

Z  mz) Z mz)

Figure 2. Allocation on cells.

The amount of water exchanged between cells depends on the following equation
[17]:
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(H.+S.+0.)- (Hm(z) +8,0)t Qm(z))
2

AQ=min| Q_, ®)

where, Hz is the center cell height, mm; Sz is the center cellular sediment height, mm; Qz
is the water depth of the center cell, mm; Hm (z) represents the elevation of the neighbor
cell with the smallest water head, mm; Sm (z) represents the sediment height of the neigh-
bor cell with the smallest head of water; and Qm (z) represents the water depth of the
neighbor cell with the smallest head, mm.

The water depth in the center cell z at time #+1 and the smallest neighbor cell at loca-
tion water head can be expressed as:

O =0 -AQ ©6)
Oy = Ohioy +AQ @)

The water in the current cell at time ¢ is calculated by a continuous equilibrium equa-

tion:
dQ
E =0,-0, ®)
In the formula, Q is the amount of water in the current cell; ¢ is time; Qi is the amount
of water entering the current cell; Qois the amount of water flowing out of the current cell.
Among them, Qi includes the sum of rainfall and the amount of water flowing from
adjacent cells into the current cell, and Qovincludes the amount of soil infiltration and the

amount of water flowing into the smallest neighbor cells at the water head.

e  Calculation Rules of Flow Rate
The flow velocity of this model adopts Manning formula:

V=h"S"In )
where V is flow rate, mm/min; h is the water level difference between the center cell and
the smallest neighbor cell with the head of water, mm; S is the hydraulic slope and the
sine value of the slope; and # is the roughness coefficient of the slope.

e  Rules of Erosion Transport and Deposition

Rules of erosion, sediment transport, and deposition of each cell: Erosion occurs
when the runoff sediment transport capacity of the cell is greater than the runoff sediment
concentration and the flow shear stress is greater than the critical shear stress of the soil.
Sediment transport when the runoff sand transport capacity on the cellular is greater than
the runoff sand content, but the flow shear stress is less than the critical soil shear stress.
Sedimentation occurs when the sediment transport capacity of cellular runoff is less than
the sediment concentration of runoff.

This model is calculated by the following formula [28]:

D =K (7)1 L (10)
L.

In the formula, D: is the erosion rate, kg/(m?s); Kr is the erosion coefficient, kg/(N's);
+o is runoff shear stress, N-m? + is soil critical shear stress, N-m?; g is single width flow,
m?/s; c is sediment content, kg/m?3; and T« is runoff transport capacity, kg/(m-s).

7= pgRS (11)

In the formula, + is the bulk density of water, g-:cm?; g is the acceleration of gravity,
m?-s-%; R is the hydraulic radius which can be approximated by the water depth in each
cell; and S is the hydraulic slope, taking the sine slope.

Runoff sediment concentration using Zhang Keli and other research results [29]:

c= 1 1.89Q0.1029J14137 (12)

In the formula, ¢ is runoff sediment content, kg/m?; Q is runoff, mi/s; ] is slope.
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3. Results

Five groups of experiments were conducted by setting five different slopes (5°, 10°,
15°, 20°, 25°). During the tests, the slope erosion morphology was scanned by a three-
dimensional laser scanner. The three-dimensional laser scanner was used to scan the sur-
face before rainfall, and the DEM data obtained was recorded as AQ. Then, an artificial
simulation of rainfall was carried out and lasted for 1 h. After the rainfall, no water was
left on the surface of the soil trough, and the DEM data obtained by scanning the surface
again was recorded as Al. Geomagic studio software was used to denoise and splice the
scanned DEM data of the soil groove, so as to obtain the complete DEM data of the slope
under the same coordinate system after removing the invalid points. Then, ArcGIS soft-
ware was used to compare scanning result Al after rainfall with the initial scanning result
AOQ to obtain the DEM data of the coordinate elevation difference of each point on the
slope. At the same time, ArcGIS software was used to extract the rill network, derive the
depth data of each rill, and extract the plane area of each rill.

3.1. The Influence of Slope on the Yield Rate

Figure 3 shows that in the early stage of rainfall, most of the raindrops that fell on the
slope surface infiltrated into the soil through the soil pores and transformed into soil mois-
ture. Therefore, the degree of aggregation of rainwater on the slope surface was weak and
the runoff rate was less. With the progress of the rainfall, the soil was gradually saturated
with moisture, and the soil moisture infiltration capacity gradually weakened. The infil-
tration and runoff process reached a relative balance, and the runoff yield began to stabi-
lize. When the slope increased from 5° to 15°, the average flow rate increased, and when
it continued to increase, the average flow rate began to decrease. Therefore, when the
slope ranges from 15° to 20°, there may be a critical value, and for the slope in the critical
state, the average runoff yield reaches a high level.

100 100
- 50 [ 25%~75%
o 10° e T 1.5Scope within IQR
80 - —a—q5e i 80 neutrality line .
o g = mean value a
v 20 & ‘\*.A 4BV vy § T
- [ Ol . .
g 60 T r"“n»,”/ S %o ERCDIE b P
g Z0A By e A e, 3
; Ve -'41"",/-\“/‘*’ e =" 5
S w0l JEEL N S 40l
2 g
]
=11]
=
20 - 2 20}
<<
U 1 1 1 1 1 1 1 0 L 1 1 1
0 10 20 30 40 50 60 5 10 15 20 25
Rainfall duration (min) Slope (°)

(a) Curves of flow rate

(b) Average runoff yield rate of slope surface

Figure 3. The influence of different slopes on the yield rate.

3.2. The Influence of Slope on Sediment Yield

It can be seen from Figure 4 that the sediment yield rate obviously fluctuates on
slopes with different gradients during rainfall. Especially on the 25° slope, the maximum
fluctuation amplitude exceeded 34.6 %, and there was no stable trend until the end of the
rainfall. From the beginning to the end of the rainfall, the sediment yield curve was a
process of fluctuating rises, and the increasing trend weakened gradually. The sediment
yield on slopes with different gradients increased to varying degrees; the increase in sed-
iment yield on the slope with 5° gradient was not obvious, and the trend was relatively
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flat. When the slope increased, the fluctuation in sediment yield gradually became obvi-
ous. The sediment yield on the 25° slope increased rapidly at the beginning of the rainfall,
and the growth trend weakened at about 10 min. However, in the middle and late period
of rainfall, after 30 min, it began to fluctuate significantly until the end of the rainfall,
which was quite different from the variation in sediment yield the on 5° and 10° slopes.
The increase in slope made the soil unstable and prone to collapse and gravity erosion
under the scouring water flow, and the collapsed soil blocked an increase in sediment
yield.

0.02 !

0.16
5 [25%-75%
I —e—10° 2014 1 1.5 Scope within IQR
= = . a
4 ]5° g — neutrality line
r—+—20° ‘g 0.12 F = mean value
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Rainfall duration (min) Slope (%)
(a) Variation curve of sediment yield (b) Average sediment yield on slopes

Figure 4. Effect of different slope gradients on sediment yield.

The variation law of average sediment yield on bare land slopes is similar to that on
grassland slopes, and the average sediment yield shows a linear growth trend with in-
creases in slope gradient. With the increase of slope gradient, the gravity along the direc-
tion of the slope also increases. Under the action of gravity, soil particles splashed by rain-
fall are more likely to be transported and moved by runoff, and it is difficult to settle on
the slope. Therefore, loose soil particles on the slope will flow off of the slope to a greater
extent with runoff. On the other hand, the slope gradient is closely related to the flow
conditions. An increase in slope gradient also enhances the shear effect of flow on the
slope. Under the same flow conditions, more surface sediment is subject to erosion, which
increases the sediment yield rate.

3.3. Erosion Patterns of Bare Black Soil Slopes under Different Gradients

It can be seen from Figure 5 that the erosion morphology of the 5° slope was mainly
characterized by sheet erosion, accompanied by splash erosion, and scale pits caused by
raindrops can be observed in the slope area. The pit on the top of the slope was serious,
and the bottom of the slope was relatively smooth and flat, indicating that the degree of
water flow convergence on the top of the slope was weak. The erosion mode was mainly
the splash erosion caused by raindrops, and the flow at the bottom of the slope was rela-
tively sufficient and mainly affected by runoff erosion. Runoff is the main driving force of
rainfall erosion, and erosion will be more serious in areas with larger runoff. The erosion
area was mainly concentrated in the middle and lower parts of the slope, and the average
erosion depth was 13.54 mm. Through extraction of the areas with serious slope erosion
(erosion depth >1.5 cm), it was found that the surface area of the area with serious slope
erosion at 5° was 0.087 m?, accounting for 14.5 % of the total slope area. With the conver-
gence of water flow, the flow condition was enhanced, and the confluence area gradually
increased. When the flow reached the bottom of the slope, the erosion capacity of runoff
on the slope reached its maximum, so the erosion area at the bottom of the slope was
larger than that in the middle of the slope, and the sheet erosion phenomenon was more
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obvious. When the slope gradient increased to 10°, the pit depression on the slope was
weakened, and the dominant erosion mode was mainly sheet erosion, which masked the
influence of raindrop splash erosion on slope morphology. The slope bottom was obvi-
ously affected by sheet erosion, and a relatively depressed terrain appeared. The erosion
area was mainly concentrated at the bottom of the slope, and the average erosion depth
was 16.92 mm. Through the extraction of areas with serious slope erosion, it was found
that the surface area of areas with serious slope erosion at 10° was 0.105 m?, accounting
for 17.5 % of the total slope area. Compared to the 5° slope, the erosion area was closer to
the outlet, indicating that with the increase in gradient, the kinetic energy of the flow at
the bottom of the slope increased, and the erosion process on the topography at the bottom
of the slope was more intense. The erosion morphology of the 15° slope was not signifi-
cantly different from that of the 5° and 10° slopes, but the upper and middle parts of the
slope also began to show the characteristics of sheet erosion, indicating that with the in-
crease in gradient, the runoff scouring ability on different areas on the slope was in-
creased. The erosion was mainly concentrated in the upper and bottom areas of the slope,
and the average erosion depth was 19.97 mm. Through the extraction of the areas with
serious slope erosion, it was found that the surface area of the area with serious slope
erosion at 15° was 0.106 m?, accounting for 17.7 % of the total slope area. There were some
small scale pits on the slope that had a certain erosion depth and the potential for fall ridge
development. It can be seen from Fig. 5 (d) that the erosion morphology of the 20° slope
was quite different from that of the previous slopes, and the slope had obvious drop-sill
characteristics. The erosion force of runoff in the vertical direction was relatively large,
and the flow continued to cut and erode under this convergence, which made it evolve
into the lower gully head and show a trend of tracing toward the source and extending
upward. Erosion area distribution was uniform but mainly concentrated in the lower part
of the slope; the average erosion depth was 19.86 mm. Through the extraction of areas
with serious slope erosion, it was found in Figure 6 that the surface area of these areas at
20° gradient was 0.139 m?, accounting for 23.2 % of the total slope area. However, with
continued increases in the slope gradient, the erosion pattern did not change significantly.
The difference was that the development of the fall ridge was more slender, which may
be related to the increase in slope gradient. The flow velocity increased, the flow kinetic
energy increased, and the local scouring effect was more intense. The distribution of the
erosion area was relatively uniform, and the average erosion depth was 20.12 mm. By
extracting the areas with serious slope erosion, it was found that their surface area at the
25° gradient was 0.170 m?, accounting for 28.3 % of the total slope area. An erosion area
with a large catchment area appeared at the top of the slope. In contrast to the erosion
characteristics of the middle and lower parts of the slope, the erosion area of the slope was
contiguous and showed obvious sheet erosion characteristics.



Remote Sens. 2021, 13, 2586

10 of 21

Top

Bottom

Elevation/mm

m-228-0

W -4.56 - -2.28

M -6.84 - -4.56

m-9.12--6.84

m-114--912

i -1368 - -114
-15.96 - -13.68
-18.24 - -15.96
-20.52 - -18.24

(a) 5°

Elevation/mm

M -4603-0

I -9.206 - -4.603

m -13.809 - -9.206

I -18.413 - -13.809

i -23.016 - -18.413

1 -27.619 - -23.016
-32.222 - -27.619
-36.825 - -32.222
-41.428 - -36.825

(d) 20°

Figure 5. Morphological characteristics of slope erosion under different slope gradients.
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-36.853 - -32.246
-41.459 - -36.853

(b) 10°

Elevation/mm

W -3877-0

M -7.753 - -3.877

B -11.63 - -7.753

B -15.506 - -11.63

1 -19.383 - -15.506

[ -23.259 - -19.383
-27.136 - -23.259
-31.012 - -27.136
-34.889 - -31.012

(e) 25°

Elevation/mm
W -8.086 - -4.087
I -12.084 - -8.086
I -16.082 - -12.084
I -20.08 - -16.082
I -24.079 - -20.08
[ -28.077 - -24.079

-32.075 - -28.077
-36.073 - -32.075
-40.072 - -36.073

(c) 15°
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Elevation/(mm) Elevation/(mm) Elevation/(mm)
-228-0 -4.607 - 0 4092-0
-4.56 - -2.28 -9.213 - -4.607 -8.185 - -4.092
-6.84 - -4.56 -13.82--9.213 212,277 - -8.185
m-9.12--684 I -18.426 - -13.82 M -16.369 - -12.277
m-114--912 W -23.033 - -18.426 W -20462 - -16.369
W -1368--114 W -27.639 - -23.033 W -24.554 - -20.462
W -15.96 - -13.68 W -32.246 - -27.639 W -28.647 - 24554
W -18.24 - -15.96 I -36.853 - -32.246 W 32739 - -28.647
W -20.52 - -18.24 I -41.459 - -36.853 W -36.831 - -32.739
(a) 5° (b) 10° () 15°
Elevation/(mm) Elevation/(mm)
-4603 -0 -5474-0
-9.206 - -4.603 -10.948 - -5474
-13.809 - -9.206 -16.422 - -10.948
-18.413 - -13.809 M -21.896 - -16.422
-23.016 - -18413 W -27.371 - -21.896
-27.619 - -23.016 W -32.845 - -27.371
-32.222 - -27.619 W -38.319 - -32.845
-36.825 - -32.222 W -43.793 - -38.319
-41.428 - -36.825 W -49.267 - -43.793
(d) 20° (e) 25°

Figure 6. Severe areas of slope erosion under different slope gradients.

3.4. Confluence Path Development Process

Taking the 20° slope as an example, we studied the confluence path development
process. The confluence accumulation was calculated based on the flow direction data. By
setting different thresholds, the confluence paths of different confluence accumulations
could be extracted. The flow tended to converge from the high to the low, so the closer to
the bottom of the slope, the greater the cumulative flow, and the higher the degree of
convergence. Setting different cascading cumulative flows from large to small could re-
flect the derivation and development of the confluence path. Slope runoff was the main
driving force of rainfall erosion. The larger the accumulated confluence, the more serious
the erosion became, and it was easier to form slope topography such as fall ridges, which
provide a universal indication that the development of a confluence path can reflect the
development of erosion. First of all, it can be seen in Figure 7a that the flow with a large
accumulated confluence mainly occurred near the bottom of the slope, the erosion around
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the confluence path was relatively serious, and the erosion depth was mostly above 25
mm. The gully erosion at the bottom of the slope was affected by runoff erosion. The chan-
nel terrain was relatively low, and the flow easily sank and converged here, which made
the accumulated confluence larger. The confluence path in Figure 7b began to show the
trend of traceability, extending along the area with deep erosion to the middle of the slope,
and extending from the slope area with erosion depth of about 25 mm to the slope area
with an erosion depth of about 18 mm. It can be seen from Figure 7c that the confluence
path on the slope had developed three water flows with certain conditions, and the water
flow further extended to the top of the slope, and there was a trend of bifurcation to form
tributaries. It can be seen from Figure 7d that the branched tributaries also began to grad-
ually extend, and the flow length increased, slowly covering the slope area with an erosion
depth of about 10 mm. The confluence path in Figure 7e was fully developed. It can be
seen that the distribution of the river network on the slope surface was roughly shown.
The closer to the top of the slope, the denser the tributaries covered and extended to the
area where the erosion was not very deep. Slope erosion is a process of retrogressive ero-
sion, which gradually extends from the bottom of the slope to the top, and gradually de-
velops from the dropper to the lower gully head and then to the shallow gully. Similarly
to the evolution and development of erosion, the confluence path extends from the bottom
of the slope to the top of the slope, and extends from the slope area with serious erosion
to the slope area with small erosion depth. Therefore, by drawing the confluence path of
water flow (the black paths in the figure represent the main sink paths, and the red paths
represent the branch sink paths), we could roughly predict the trend of erosion occurrence
and development, and thus concluded that the erosion caused by rainfall on the slope is
a process of steady development and continuous strengthening.

height difference/mm
High: -1.64

Low: -38.75

(b) (©) (d) (e)

Figure 7. Development process of the confluence path. (a—e) represents the converging paths at different moments)

4. Discussion
4.1. Effect of Slope on Runoff Erosion

It can be seen from Figure 8, with increases in gradient, runoff increases first and then
decreases. The runoff reaches a maximum at 20°, and then begins to decrease as the slope
gradient continues to increase. The runoff on the slope is affected by gravity and rainfall.
When the slope gradient is small, gravity plays a leading role. The greater the slope gra-
dient, the less rain landing on the slope is converted into infiltration water. Under the
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action of gravity, the water more easily converges on the slope to form runoff, and the
runoff increases. When the slope gradient is large, rainfall plays a leading role. The in-
crease in gradient causes the rainfall area on the slope to decrease, the rainfall that falls on
the slope under the same rainfall intensity decreases, and the runoff decreases.
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Figure 8. Runoff erosion under different slope gradients.

The amount of erosion increases with increases in the gradient, showing a linear
growth trend. On the one hand, due to the increase in slope gradient and flow conditions,
runoff can erode and transport more sediment, and erosion increases in the process of
continuous accumulation. On the other hand, it is caused by the stability of the slope itself.
The greater the slope gradient, the more unstable the slope soil. Coupled with the scouring
effect of water flow, the possibility of collapse and gravity erosion on the slope is in-
creased, and the erosion amount is increased.

4.2. Validation of the Model in Black Soil Area

This experiment verified the realization model of slope runoff and sediment yield
caused by each rainfall under different rainfall intensity conditions on the same slope. The
parameters adopted in the model are shown in Table 2:

Table 2. Parameter values of black soil test model.

Different Working Conditions

Parameter 1 3 3 The Data Source
Rainfall intensity (mm/h) 30 50 70 Test set
Initial infiltration rate (mm/min) 0.150 0.150 0.150 Test set
Steady infiltration rate (mm/min) 0.072 0.072 0.072 Test set
Decreasing parameters 0.04 0.04 0.04
Cellular side length 5 5 5
(mm)
Roughness 0.5 0.5 0.5 DEM data
Slope (°) 18 18 18 Test set
Empirical coefficient a -31.47 -31.47 -31.47 The literature [30]
Empirical coefficient B 38.61 38.61 38.61 The literature [30]
Empirical coefficient v 0.845 0.845 0.845 The literature [30]
Empirical coefficient o 0.412 0.412 0.412 The literature [30]
Soil density

(g/mm?) 0.0013 0.0013 0.0013
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Water density 1 1 1
(g/em®)
Erosion coefficient Kr
(kg/ (N-5) ) 0.05 0.05 0.05 Test set
Critical shear stress (Pa) 4.010 4.642 4.625 Test set
Gravitational acceleration (m/s?) 9.8 9.8 9.8
1 2
Z (QO -9, )
Ens=1-424 — (13)
n _\2
Z (Qo - Q )
i=l
R =—PQ % x100% (14)
0

where Qo is the measured value, Q is the measured average value, Qp is the simulated
value, and 7 is the number of measured values.

4.3. Validation of Model Production Process

The process of runoff and sediment production involves complex water and sedi-
ment exchange and is affected and limited by many factors (rainfall intensity, topography,
soil, pre-soil moisture content, microtopography, etc.). The exploration of this process has
always been a hot topic in the field of erosion model research. It can be seen through Fig-
ure 9, under a rainfall intensity of 30 mm/h, the runoff yield process expressed by the
model was roughly the same as the measured runoff yield curve in the trend, and there
was no obvious fluctuation feature in the rainfall duration. In the middle and late rainfall
period, the simulated value was slightly larger than the experimental value, but the dif-
ference was not significant. Under a rainfall intensity of 50 mm/h, the simulated and ex-
perimental runoff yield trends were also quite different, and the runoff yield curve was
relatively flat without an obvious upward trend. However, it is worth noting that from
the early to late stages of rainfall, the simulated value was higher than the experimental
value in most rainfall durations. The possible reason is that when the rainfall intensity of
50 mm/h was simulated, the infiltration rate under the first group of conditions was still
used, and in the process of refilling the slope, the actual infiltration rate of the slope was
different, which led to a differential expression of the simulation results. Under the rainfall
intensity of 70 mm/h, the simulated and experimental flow rate trends were slightly dif-
ferent. The flow rate simulated by the model was still flat, while the measured flow rate
showed a trend of rapid increase and gradual decrease in the initial stage of rainfall, and
the fluctuation characteristics were obvious. A reasonable explanation is that the raindrop
impact will disturb the runoff generation process on the slope; however, the disturbance
process involves mechanism research, and there are difficulties to be overcome. The spe-
cific impact needs to be further supported by theoretical research. Therefore, the current
model is still unable to better simulate the real-time runoff generation process on a slope
under heavy rainfall intensity. It is necessary to take into account the impact of raindrops
and increase the constraint conditions to render the simulation effect more realistic and
effective.
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Figure 9. Comparison between measured and simulated runoff rates under different rainfall intensities.

When the rainfall intensity was 30mm/h, 50mm/h, and 70mm/h, the Ens coefficient
was calculated by Formula 6 as 0.87, 0.97, and 0.70, respectively. It can be seen that the
rainfall intensity of 50mm/h yielded the largest Ens coefficient and the best model of the
runoff simulation process.

4.4. Verification of Sediment Production Process of the Model

It can be seen from Figure 10 that under the rainfall intensity of 30 mm/h, the mid-
term experimental value was slightly larger than the simulated value. With continuous
rainfall, the simulated value became larger than the experimental value after 32 min. The
possible reason is that the soil erosion resistance will gradually change with the increase
in soil water content. In the model, the critical shear stress of soil is a constant value for
the entire rainfall duration. The difference in anti-corrosion ability accounts for the differ-
ence between the simulated and measured results. It is worth noting that the measured
sediment yield curve had a different increment in the early stage of rainfall, while the
simulated sediment yield curve was relatively flat, and there were no obvious fluctuation
characteristics. The actual slope may have different degrees of soil compaction in different
regions, resulting in differences in rill erosion resistance. In the process of fighting against
runoff erosion, a distinctly strong and weak zone is formed, so the sediment yield rate
shows certain fluctuation characteristics. In terms of the model, the degree of soil compac-
tion in different regions of the slope is consistent and there is no difference. Therefore, the
calculation is strictly in accordance with the rules, the generation of special situations is
expected, and the sediment production process is relatively stable. Under the rainfall in-
tensity of 50 mm/h, the simulation value of sediment yield in the early stage of rainfall
was less than the experimental value, because the main process of slope erosion caused
by early rainfall was splash erosion. A large number of loose soil particles were formed
by the impact of raindrops and transported to the bottom of the slope with the flow. The
model assumes that rill erosion is mainly caused by runoff erosion, that is, the slope water
depth is the main driving force for rill erosion, and the splash erosion effect is not consid-
ered. Under the rainfall intensity of 70 mm/h, the number of raindrops per unit time on



Remote Sens. 2021, 13, 2586

16 of 21

the slope increased, the soil structure was continuously disturbed, it was difficult to main-
tain stability, the fluctuation of the sediment yield rate was relatively strong, and the data
were not representative, so it was not analyzed.
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Figure 10. Comparison between measured and simulated sediment rates under different rainfall intensities.

When the rainfall intensity was 30 mm/h, 50 mm/h, and 70 mm/h, the Ens coefficient
was calculated with Formula 6 as 0.52, 0.27, and 0.02, respectively. When the rainfall in-
tensity was 30 mm/h, the Ens coefficient of the model yielded the best sand production
simulation process, while when the rainfall intensity was 50 mm/h or 70mm/h, the Ens
coefficient of the model was lower than 0.5, and the validity of the model was poor.

4.5. Verification of Total Yield and Sediment Yield of the Model

It can be seen from Figure 11a that under different rainfall intensities, the simulation
values were smaller than the experimental values, and the error coefficient was between
5.6 % and 22.6 %. Among them, the model yielded the best simulation effect on runoff
under 50 mm/h rainfall intensity, and the error coefficient was 5.6 %. As the rainfall inten-
sity continues to increase, the error coefficient increased to 12.1 %. The possible explana-
tion is that the increase in rainfall intensity intensified the turbulence of runoff, resulting
in more runoff. In the actual rainfall process, raindrops have a disturbance effect on run-
off. The raindrop strike will accelerate the formation of crust on the slope, and the surface
soil becomes relatively dense, which delays water infiltration on the slope, and rainfall is
more likely to converge on the slope to form runoff. Crust formation affects soil erosion
by raindrop-impacted flow through changing particle size and cohesion between particles
on the soil surface, as well as surface microtopography. Therefore, changes in soil microto-
pography can, in theory, be employed as a proxy to reflect the complex and dynamic in-
teractions between crust formation and erosion caused by raindrop-impacted flow. How-
ever, there are no qualitative explanations for the small changes in soil topography [31].
The model cannot simulate the influence of raindrop impact on the infiltration capacity
caused by the formation of crust on the slope surface, so the simulated runoff is less than
the experimental value, and the error coefficient increases. From Figure 9b, under differ-
ent rainfall intensities, the error coefficients were between 8.1 % and 32.4 %, and the ex-
perimental values were greater than the simulation values. It should be noted that under
the continuous impact of raindrops, soil will be disturbed and soil particles become loose
and are more easily separated and transported, so that the amount of erosion shows some
difference. In general, the model can effectively predict the amount of runoff erosion on
the slope under each rainfall, roughly predict the degree of erosion damage on the slope,
and provide support for further erosion prevention and control work.
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Figure 11. Total runoff and total sediment yield under different rainfall intensities.

70

Figures 12 and 13 show the data comparison between simulated and measured val-
ues of cellular automata applied to loess. By calculating the error coefficient between the
tested and simulated values of the loess slope with a slope of 2 m, the maximum Re was
5.8% when the rain intensity was 40 mm/h, and the minimum was 0. When the slope
length was 3 m and the rain intensity was 40mm/h, the maximum Re was 6.5% and the
minimum was 0.5%; when the rain intensity was 120mm/h, the maximum Re was 9.5 %
and the minimum was 0, which proves that the cellular automata model is also applicable
in the loess area, thus verifying the validity of the model.
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Figure 12. Comparison between measured and simulated runoff rates under different rainfall intensities (loess test steel

trough is 2 m).
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Figure 13. Comparison between measured and simulated runoff rates under different rainfall intensities (loess test steel
trough is 3 m).

4.7. Analysis of Slope Erosion Morphology Development Process

In order to more deeply study the development process of slope erosion morphology,
the simulation data generated by the model were used to analyze the development pro-
cess of slope erosion morphology under the same slope with different rainfall intensities.

It can be seen from Figure 14 that when the rainfall intensity was 30 mm/h, the slope
erosion pattern was mainly gully erosion; when the rainfall intensity was 50 mm/h, the
slope erosion pattern consisted of both groove erosion and surface erosion; and when the

rainfall intensity was 70 mm/h, the erosion pattern on the slope was mainly surface ero-
sion.

height diff
height differenceimm eight difference mm

I High0.171162
I Low:-6.60105

(a) Rainfall intensity 30 mm/h

I Low:-20.0821

(b) Rainfall intensity 50 mm/h

I High:0.0915305
I Low:-9.25757

(c) Rainfall intensity 70 mm/h°

Figure 14. Slope erosion patterns under different rainfall intensity conditions.

By comparing the experimental values generated by artificial rainfall with those sim-
ulated by the rill erosion model based on cellular automata, it was concluded that the
simulated conditions of the model were close to the actual sediment yield. Therefore, the
simulated values generated by the model were used to simulate and predict the morphol-
ogy of soil slope erosion using Arcgis technology. Figure 14 shows predicted slope erosion
patterns under different rainfall intensity conditions.
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The rill erosion model based on cellular automata could not only simulate the erosion
process and slope morphology, but also analyze the characteristic parameters of slope
erosion. Table 3 shows the extraction results for characteristic parameters of slope erosion.

With increases in rainfall intensity, slope erosion parameters such as maximum ero-
sion gully length, depth, and density also increase, and characteristic parameters such as
slope erosion gradually become more serious. When the rainfall intensity is 70 mm/h, be-
cause the slope erosion form is mainly surface erosion, the ditch length, ditch depth and
ditch width under the condition of feature parameters were not extracted.

Table 3. Parameter values of black soil test model.

Ramf&}ll Ramf.a 1 The Longest Ditch The Biggest Groove The Mean Width of the Erosion The Intensity of
Intensity Duration Long (cm) Depth (mm) Longest Ditch (mm) Plane Erosion (kg/m?)
(mm/h) (min) Density

30 60 15.3 1.9 6.5 0.0804 0.933

50 60 17.1 2.9 10.4 0.1148 1.076

70 60 -- -- -- 0.3028 2.851

4.8. Limitations and Future Work Prospects

(1) At present, much work has been done at home and abroad on the simulation and
prediction of the spatial and temporal dynamics of the erosion and sand production pro-
cess in watersheds, but the empirical formulae and empirical coefficients used in the mod-
els built by the CA method at this stage are mainly oriented to loess areas. The applicabil-
ity of the model to black soil areas, where there are differences in soil properties, needs to
be verified. The topographic data input into the model are for a simulated slope based on
slope dimensions that have some deviation from actual slope topography. Therefore, only
the erosion patterns of a slope after rainfall are predicted rationally, and the results of the
model run are not compared with real erosion patterns. In the later stage, 3D scanning of
the slope topography can be carried out before the artificial simulation rainfall tests, and
the scanned data can be used as input parameters of the model to increase the realism and
reliability of the simulation results.

(2) The hydrodynamic erosion and sand production model for black soil areas estab-
lished on the basis of experimental conditions only takes into account the effect of runoff
scour. In the actual rainfall process, the influence of raindrop impact cannot be ignored.
Therefore, the model can be improved by adding the characteristic parameters of
raindrops in the subsequent study.

5. Conclusions

The research focus of this paper was on the slope erosion process in black soil areas.
Applying the theory and methodology of cellular automata, combined with the principles
of hydraulics and rill erosion, a slope rill erosion model based on cellular automata was
constructed. The artificial rainfall experiment was used to study the occurrence, develop-
ment, and evolution of slope erosion under different rainfall intensities on the same slope;
at the same time, the actual values generated by the artificial rainfall experiment were
compared with the simulated values based on the cellular automata model to verify the
effectiveness of the rill erosion model.

(1) Through the analysis of slope erosion morphology after rainfall, it was confirmed
that with increases in slope gradient, the surface area and average erosion depth of the
area with serious slope erosion gradually increased, the flow conditions were enhanced,
and the fulcrums of flow convergence gradually increased. Fish scale-shaped eroded areas
such as ridges and pits begin to appear in different regions of the slope.

(2) The slope rill erosion model based on cellular automata was used to simulate ero-
sion by designing a cell space, cell state, neighbor cells, and conversion rules. The model
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has a simple structure and involves fewer parameters, which reduces the cumbersome
steps in the calculation process.

(38) The simulated values generated by inputting the experimental parameters
through the CA model were compared with the experimental values generated by artifi-
cial rainfall, and the Nash—Sutcliffe coefficient and error coefficient were calculated. The
three runoff processes with different rainfall intensities were all greater than 0.5, indicat-
ing that the simulation effect of the runoff process was better; the coefficients of the three
sediment production processes with different rainfall intensities were all lower than 0.5
except for the 30 mm/h rain intensity, indicating that the simulation of the sediment pro-
duction process did not achieve the optimal effect and needs further study.

(4) The cellular automata slope rill erosion model could fully demonstrate the devel-
opment process of slope erosion. When the rainfall intensity was small, the erosion form
was mainly dominated by gully erosion. As the rainfall intensity gradually increased, the
erosion intensity gradually increased. Gully erosion was converted to surface erosion;
from a simulated rainfall, it can be seen that the erosion of the slope was mainly concen-
trated at the bottom of the slope at the beginning of the rainfall. As time passed, the ero-
sion gradually formed rills upward. As the rainfall intensity increased, the length, width,
and erosion intensity of the rills also increased.
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