Hindawi

Geofluids

Volume 2021, Article ID 5559052, 14 pages
https://doi.org/10.1155/2021/5559052

Research Article

WILEY

Hindawi

Laboratory Model Tests on Flow Erosion Failure Mechanism of a
Slope Consisting of Anqing Group Clay Gravel Layer

Kang Huang,"” Haipeng Duan,’ Yuelin Yi,” Fei Yu(®,' Shanxiong Chen,’

and Zhangjun Dai®'

IState Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics, Chinese Academy

of Sciences, Wuhan 430071, China

University of Chinese Academy of Sciences, Beijing 100049, China
?Anhui Transportation Holding Group Co., Ltd, Hefei 230000, China

Correspondence should be addressed to Zhangjun Dai; zjdai@whrsm.ac.cn

Received 24 January 2021; Revised 13 February 2021; Accepted 1 March 2021; Published 15 March 2021

Academic Editor: Yu Wang

Copyright © 2021 Kang Huang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The Anqing group clay gravel layer is a special geological body composed of gravel and clay. In excavation projects, involving
this soil, such a gravel layer, is prone to slope collapse and instability under the influence of rainfall. To clearly understand
the failure mechanism and influencing factors of clay gravel slopes, an indoor artificial rainfall erosion model testing was
carried out to analyse the effect of various slope ratios, gravel contents, and rainfall intensities. The slope erosion damage
form, runoff rate, infiltration rate, scoured material, and slope stability of the clay gravel slope were studied. The test
results show that sloping surfaces of the gentle slope were mainly damaged by erosion, and the degree of damage
gradually increased from the top to the bottom of the sloping surface; however, the stability of the surface was good. In
the case of the sloping surface layer of the steep slope, large-scale landslides occurred, and the stability of the surface was
poor. When the gravel content was small, the surface failure was manifested as a gully failure. When the gravel content
was large, it was manifested as a “layer-by-layer sliding” failure. The degree of influence of different conditions on the
stable runoff rate was as follows: rainfall intensity>slope ratio>gravel content. The degree of influence of the parameters on
the stable infiltration rate was as follows: slope ratio>rainfall intensity>gravel content. On gentle slopes, the total mass of
the scoured material was inversely proportional to the gravel content and directly proportional to the rainfall intensity; on
a steep slope, the total mass of the scoured material increased with an increase in the rainfall intensity and gravel content.
Moreover, the slope ratio was the key influencing factor to decide whether there was gravel in the scoured material.

1. Introduction

The clay gravel layer of the Anqing group is widely distrib-
uted in the Anqing section in the upper reaches of the Wan-
jiang River. It is composed of clayey gravel alluvial strata
from the Neogene to the quaternary early Pleistocene. It is
a special engineering geological body comprising gravel as
an aggregate and clay as a filling component and can be
characterized as a typical fluvial alluvial earth-rock mixture.

Earlier researchers have predominantly investigated
soil erosion of loess and collapsed hills; however, there

have been very few studies on the special clay gravel layers
of the Anqing group. Currently, research on soil erosion is
focused on studying the influence of rainfall intensity and
slope on the development of rills and rill characteristics of
the soil slopes [1, 2]. The development of rill networks
varies [3, 4], and trichomonas point, rill head extension
time, and average head erosion rate are representative
indicators that reflect rill development better than the
other indicators [5]. At the same time, the slope velocity
is an important parameter for understanding the slope rill
erosion process under rainfall conditions [6] and plays an
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important role in the slope rill erosion dynamic process
mechanism [7]. In addition, calculation of the hydraulic
and hydrodynamic parameters of the slope runoff is cru-
cial for evaluating the degree of slope erosion and the
occurrence of debris flow [8-10]. In gravel and gravel
mound areas, the gravel content has a significant influence
on the hydrodynamic parameters and damage patterns of
the slope runoff. Liang et al. [11] studied the relationship
between the gravel content of the slope and runoff and
sand production. Wang et al. [12] conducted an indoor
artificial rainfall simulation to study the erosion process
of red soil slopes with different rainfall intensities, slope
ratios, and forms of gravel and compared the rainfall run-
off time, runoff rate, runoft process, and sediment intensity
of each slope. Jiang et al. [13] studied the effects of rainfall
intensity and slope on runoff, infiltration, and sediment
yield from landslides. Jiang et al. [14] studied the process
of erosion and destruction of slope rills under a heavy
rainfall. Liu et al. [15] quantified the hydraulic characteris-
tics of the surface water flow on gravel-covered slopes
through laboratory flume experiments. Qin et al. [16] used
artificial rainfall simulation methods to study kinetic and
rill morphological characteristics of erosion by water with
different gravel contents and different rainfall intensities.
It was concluded that the hydrodynamic parameters were
significantly related to the degree of denudation through
a power function relationship, and the water flow power
had the best correlation. Rahardjo et al. [17] believed that
the damage caused by rainfall was mainly through rainwa-
ter infiltration; however, the mechanism of rainwater infil-
tration has not been adequately understood. Therefore,
understanding the response of slope soil under different
rainfall conditions is crucial. Tahmasebi and Kamrava
[18] based on the DEM model. A joined mathematical
thermo-hydro-mechanical framework for studying the
effects of external forces, the presence of fluid and thermal
variation, is presented. The coupled method is based on a
combination of Discrete Element Method and Computa-
tional Fluid Dynamics for simulating the solid and the
fluid-flow, respectively. Researchers analysed the soil-rock
distribution characteristics by test pitting, image analysis,
and sieve test. Then, the PFC2D random structure models
with different rock block size distributions were built. The
stress evolution, damage evolution and failure, deforma-
tion localization (based on a principle proposed in this
paper), rotation of rock blocks, and shear strength were
systematically investigated [19]. These provide a theoretical
basis for us to study the force, displacement, and move-
ment mode between soil particles and water during
rainfall.

The relative percentages of minerals in Anqing clay
gravel layer are as follows: illite (12.3%), kaolinite (47%),
and illite-smectite-mixed (40.7%); furthermore, the illite-
smectite-mixed ratio is 58.3%. The mechanical properties
of these hydrophilic minerals vary significantly when
exposed to water. Compared to the general soil-rock mix-
tures, gravel and soil exhibit a better bonding force; how-
ever, under the action of rain, this cementing force will be
significantly weakened [20]. Furthermore, the size distribu-
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tion range of gravel in the clay gravel layer is wider, and
the gravel content is higher. When studying slope erosion,
researchers in the past focused on the shape of the slope
rill erosion and its hydrodynamic parameters, and there
have been only a few studies on the slope stability during
the erosion process.

To mitigate the disasters caused by the instability of the
clay gravel layer slope of the Anqing group, it is necessary
to conduct research on the erosion mechanism and slope sta-
bility of special Anqing group clay gravel sloping surfaces
under a rainfall. It is of imminent interest to study the main
controlling factors, such as the rainfall intensity, slope ratio,
and gravel content on slope erosion damage and slope stabil-
ity. This study mainly investigates the erosion mechanism of
slopes with different slope ratios and different gravel contents
under heavy rainfall conditions. It is aimed at providing a
reasonable theoretical basis for the protection and treatment
of clay gravel slopes.

2. Materials and Methods

2.1. Overview of the Sampling Area. The sampling site is
located in Wangjiang County, west of the urban area of
Angqing City, Anhui Province, China (Figure 1). It has a sub-
tropical and humid monsoon climate along the Yangtze
River, with an abundant average rainfall of approximately
1385.0mm and average annual temperature of 16°C. The
sampled soil was from the Neogene to early quaternary Pleis-
tocene Anqing group clay gravel layer, mainly distributed on
the northern and southern banks of the Anqing section of the
Yangtze River and mostly on the highest terraces (the upper
part of the base terraces, that is, the fourth-level terraces, with
some exposure to the third and second terraces (posts)). The
stratum is of river alluvial type and mainly includes the
Anqing gravel layer and Wangjiang gravel layer. Figure 2
shows the typical profile of the clay gravel layer. The basic
colour of the stratum is yellow or greyish yellow; the layer
thickness is 10-20 m; the main lithology is sand gravel with
intercalated clay. The typical gravel diameter is 2-7 cm, with
a gravel content of 55% to 75% (usually greater than 50%).
The roundness is mainly subcircular, and its sortability is
medium. The gravel is mainly composed of quartz gravel,
followed by quartz sandstone gravel, siliceous rock gravel,
jade, and limestone.

2.2. Test Materials. The clay gravel layer of the Anging
group is composed of gravel and clay with very varying
particle sizes. To study the influence of gravel content on
the rainfall failure mechanism of the slope, we were
required to determine the soil-rock threshold of the clay
gravel layer. Medley [21] carried out an extensive statisti-
cal analysis and showed that the particle size distribution
of soil-rock mixture satisfied self-similarity within differ-
ent research scales. The conceptual model of soil and rock
threshold and rock content proposed by him was highly
practical; however, it ignored the overall step-by-step char-
acteristics of particle size. In this study, the fractal geome-
try theory was used to determine the threshold value of
the clay gravel layer. This study adopted by Mandelbrot
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FiGURrk 1: Topographic map of the upper reaches of the Wanjiang River in Anhui Province.
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F1GURE 2: Typical profile of clay gravel layer.

[22] was based on the fractal structure expression of parti-
cle mass distribution derived from literature [23], and the
fractal theory obtained is as follows:

Md<r) _ <1> 3_D. (1)

My Ty

Here, M and r, represent the total mass and maxi-
mum particle size of the particle system, M (d <r) refers
to the total mass with the particle size d < r, respectively,
and (3 - D) is the power exponent; d represents the radius
of the particle; r represents the particle size; D is the frac-
tal dimension. This formula represents the power function
relationship between the mass fraction and the particle
size ratio. The grain-size distribution of clay gravel layer
at the sampling point was analysed, and the grain-size
accumulation curve was denoted as PSD1, PSD2, and
average PSD, as shown in Figure 3. In this experiment,
two sets of particle size cumulative curves were selected
for screening and were recorded as PSD1 and PSD2; the

average PSD of the gradation curve was obtained by aver-
aging these two sets to calculate the fractal dimension, and
the same was used in Equation (1). The mass cumulative
percentage curve and the double logarithmic coordinate
curve of the particle size are shown in Figure 4. It can
be seen from the figure that the particle size distribution
curve of the clay gravel layer did not satisfy a strict linear
relationship within the research scale. With r=5mm as
the point of separation, there was a strict scale-free inter-
val on either side. The corresponding fitting formulae were
¥,=0.71x+1.16 and y,=0.28+1.46; the corresponding
fractal dimensions were D; =2.29 and D, =2.72, respec-
tively. This shows that the particle size distribution of
the clay gravel layer had a twofold fractal structure. Orig-
inally, “r = 5mm” was considered as the “soil threshold” of
the clay gravel layer.

2.3. Test Plan. From actual engineering experience and
related results of rainfall erosion and destruction of soil
slopes, the gravel content, slope ratio, and rainfall intensity
all are considered to have an impact on the failure mecha-
nism of clay gravel slopes. If the above three factors are com-
prehensively considered for a comprehensive test, 27 tests are
required. Large-scale model tests can be expensive and entail
time costs. Therefore, a more scientific, reasonable, and effi-
cient orthogonal test method was adopted [24]. This method
can design a variety of orthogonal tables for the tests, consid-
ering different factors and levels; it can screen several com-
prehensive tests according to certain mathematical rules
and select nine typical tests from 27 tests. The orthogonal test
scheme is shown in Table 1.

2.4. Test Device. The scouring device was composed of four
components, as shown in Figure 5: the rainfall system, scour
collection system, slope system, and camera system. The
rainfall system could control the rainfall area according to
the scope of the test and adjust the rainfall intensity, for
example, light rain, heavy rain, and heavy rain in nature. At
the same time, the uniformity of rainfall could reach more
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TaBLE 1: Orthogonal test scheme.

Test number Gravel Slope ratio . R.ainfall
content (%) intensity (mm/h)
A 30 1:05 180
B 50 1:0.5 100
C 70 1:0.5 140
D 30 1:15 100
E 50 1:15 140
F 70 1:15 180
G 30 1:25 140
H 50 1:2.5 180
I 70 1:2.5 100

than 85%, and the sprayed water was similar to raindrops.
The scour collection system could collect the mixture of rain-
water and clay gravel, use an electronic scale to weigh the
total mass of the scoured material, and then dry the saturated
soil in an oven until the mass remained constant from which
the dry mass was finally weighed. Using this system, the run-
off rate and infiltration rate at different times could be calcu-
lated, and the total mass of the scoured material from the
slope could also be obtained. The slope system comprised a
model box with a variable slope ratio. The system could sim-
ulate a complete slope, including the slope top, slope surface,
and slope angle. The width and length of the slope were 1 and
1.5m, respectively. The camera system used a digital camera
to capture the appearance of the slope at different times.
Image recognition was used to extract the distribution of
gullies on the slope as well as their depth and width. Thus,
the development trend and change process of gullies at differ-
ent times were studied. Through image processing slope
surface images of different times, observe the change of slope
failure, for analysis of slope rainfall erosion failure mecha-
nism that provides a comprehensive efficient and strong
operability, wide applicability, and can be more realistic sim-
ulation of the natural slope damage under different rainfall
intensities, to clarify the slope rainfall erosion failure mecha-
nism that provides an effective method and to lay a good
foundation for the management of soil and water loss and
the protection of the slope stability.

2.5. Test Procedure. The test procedure consisted of the fol-
lowing steps:

(1) The clay gravel layer was retrieved from Wangjiang
County to the west of Anqing city, and the matrix
moisture content of the in situ clay gravel was mea-
sured to be 12.5%. In addition, the average value of
the natural density of the clay gravel was measured
to be 1.93 g/cm’

(2) The retrieved sample was dried and slightly ground
so that there was no cementation between the clay
and gravel. It was then passed through a 5 mm diam-
eter sieve to separate the clay and gravel

(3) According to the volume of the model box and the
density of the clay gravel layer, the total mass of the
clay gravel was calculated; the matrix moisture con-
tent of the clay gravel was controlled to 12.5% to
ensure that the mechanical properties of the clay
gravel were closer to those of the original soil. Based
on the range of gravel content employed in the exper-
iment, the water was weighed, with clay and gravel to
obtain a corresponding quality

(4) The clay and gravel were mixed with each other in
required proportions; water of appropriate quality
was sprayed evenly with a kettle. The stirring was
repeated to ensure that the water content of the clay
gravel matrix was evenly distributed

(5) Using the layered filling method, the clay gravel was
divided into several layers for filling. Each layer was
filled with clay gravel of appropriate quality and then
compacted to the original soil density. A PR2/4 soil
profile moisture measuring instrument was buried
successively at the top, two-thirds distance from the
top, and one-third distance from the top of the slope

(6) With regard to the rainfall, the corresponding rainfall
intensity in the system was set, and the total rainfall
time was 1 h (if the slope had a large area of collapse
and instability, the test was terminated early)

(7) The scoured material was collected every five
minutes, and its mass was weighed. Then, the
scoured material was allowed to stand still; the super-
natant liquid was discarded; the remaining clay
gravel was dried in an oven at 105°C. The clay gravel
was weighed again, which was subtracted from the
total mass to calculate the mass of the water. The total
mass of the slope runoff was calculated back to calcu-
late the slope runoft rate, and then, the slope infiltra-
tion rate was calculated by subtracting the slope
runoff rate from the rainfall intensity

(8) A digital camera was used to photograph the slope
every five minutes to observe the changes in the
width, depth, shape, number, and distribution of
the gullies on the slope

(9) After the rainfall, a slope water content measuring
instrument was used to measure the matrix water
content of the slope to obtain the immediate matrix
water content after the rainfall. Then, the slope was
allowed to stand for 24 h, and then, the matrix mois-
ture content of the slope was measured

3. Erosion Failure Form of the Clay Gravel Slope

3.1. Slope Failure Morphological Characteristics. Figure 6
shows the slope failure morphology diagram for different test
configurations. The slope of the test group with slope ratios
of 1:2.5and 1:1.5 was defined as a gentle slope, and the slope
of the test group with a slope ratio of 1:0.5 was defined as a
steep slope. The damage patterns of the slope surface of the
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FIGURE 5: Schematic diagram of the test setup.

gentle slope of the clay gravel layer under different gravel
contents, slope ratios, and rainfall intensities after 1 h of rain-
fall are shown in Figures 6(a)-6(f). It can be seen from the
figure that the forms of gullies and pits on gentle slopes were
affected by the gravel content. At the same time, the spatial
distribution of gravel affected the position of the gullies and
pits on the slope. The intensity of rainfall affected the depth
of the gullies and size of the pits. Under different gravel
contents, slope ratios, and rainfall intensities of the clay
gravel steep slope, the slope failure patterns are displayed in
Figures 6(g)-6(i). It can be seen from the figure that the
difference in the gravel content determined the failure form
of the slope. The steep slope with a low gravel content
(30%) suffered a gully failure, and the steep slope with a high
gravel content (50% and 70%) suffered “slip-by-layer” failure.
However, upon comparing the damage patterns of gentle and
steep slopes, it can be seen that the slope ratio was a key factor
affecting the stability of the clay gravel sloping surface under
rainfall conditions.

3.2. Gentle Slope Failure Form. The degree of damage at dif-
ferent positions of the slope surface is defined as w; = w;/w,
(w; is the degree of damage of the slope surface; its value
ranges from 0 to 1 and is a dimensionless constant; w; is
the width of the pit or rill on the slope when the distance
from the point to the bottom of the slope is /, in centimeter;
wy, is the width of the slope when the distance from the bot-
tom of the slope is /, in centimeter).

Figure 7 shows the degree of damage curves for different
positions on the gentle slopes. It can be seen from the figure
that under different gravel contents, slope ratios, and rainfall
intensities, the degree of damage of the clay gravel sloping
surface increased from the top to the bottom of the slope.
In the gentle slope tests, when the rainfall intensity at dif-
ferent positions on the slope was the same, the rainfall

from the top of the slope to the bottom of the slope increased
successively. The greater the rainfall on the slope, the greater
the erosion damage to the slope. The curve was close to the
bottom of all the curves, and the test E curve was close to
the top of all the curves. It shows that the overall degrees of
erosion of the slope in experiment I and experiment E were
the smallest and the largest, respectively, among the gentle
slope erosion tests. At the same time, the scours in experi-
ment I and experiment E were the smallest and largest,
respectively, in the gentle slope tests. This shows that the
lower the overall erosion degree of the slope, the smaller
the total mass of the scoured material, which would reflect
the overall degree of erosion of the slope.

3.3. Steep Slope Failure Form. The shape of the erosion failure
of the clay gravel slope was related to the gravel content,
when the gravel content was 30%. For this case, the failure
of the slope was a gully failure, which was similar to that of
a gentle slope. At the beginning of the rainfall and before
the runoff occurred, splash erosion on the slope played a
major role. As the rainfall progressed, surface currents were
formed and sheet erosion occurred. Then, the crater formed
by the flaky erosion of the surface flow gradually transformed
into a concentrated flow. On the path of the concentrated
water flow, the erosion force of runoft gradually increased,
and when soil particles could be washed away, a small water-
fall was formed. The cascade further developed and evolved
into a rill head, and rill erosion occurred accordingly. The
side-cutting erosion of the head of the rill, forward erosion,
and collapse and erosion of the ditch wall caused a disconti-
nuity of the ditch. Therefore, multiple discontinuous rills on
the same concentrated flow channel were connected by verti-
cal erosion to form continuous rills. With the development of
rainfall and rill erosion, the rill dip, rill density, degree of rill
stripping, and bending complexity of the rills increased.
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FIGURE 6: Slope morphology diagram at the end of slope erosion: (a) 30%-1:2.5-140 (1 h); (b) 50%-1:2.5-180 (1 h); (c) 70%-1:2.5-100 (1 h);
(d) 70%-1:1.5-180 (1h); (h); (€) 30%-1:1.5-100 (1 h); (f) 50%-1:1.5-180 (1h); (g) 50%-1:0.5-100 (20 min); (h) 30%-1:0.5-180 (1h); (i)

70%-1:0.5-140 (13 min).
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FIGURE 7: Curves representing the degree of damage at different
positions of slope.

When the gravel content was either 50% or 70%, there
was a significant difference in the failure mode of the sloping
surface and the damage mode, compared to the case of 30%
gravel content; there was almost no evidence of gullies form-
ing on the slope surface. The sloping surface presented the
failure form of “layer-by-layer” sliding mode. The reason
was as follows: when the gravel content was high, initial
cracks were formed between the gravel and the clay, which
was the dominant channel for water seepage. At the same
time, when the water flowed through a junction, a vortex
with a stronger denudation capacity was formed, which
would wash away the clay beside the gravel, and the gravel
would fall into the erosion pit to form small steps under the
action of gravity. These small steps consumed the energy of
the runoff scouring in the vertical direction and hindered
the runoff in that direction. At the same time, it promoted

a lateral flow of water, increased the lateral erosion ability
of the water, and brought the vertical and lateral runoff forces
at different positions of the slope close to each other, so that
the degree of damage at different positions of the slope was
similar. The phenomenon of “layer collapse” destroyed this
form.

When the gravel content exceeds 70%, the failure mode
of clay gravel slope is different from the previous two failure
modes. Because the gravel content is sufficient, the gravel
contacts each other to form a stable skeleton structure. The
clay is filled in the pores of the gravel. When the clay is
washed away, the skeleton structure of the slope is not
affected much, and the stability of the slope is almost
unchanged. In this case, the main factor affecting the stability
of the slope is the slope ratio, because the change of slope
ratio affects the stability of gravel and thus the stability of
slope.

4. Runoff and Infiltration Characteristics of
Clay Gravel Slope

4.1. Relationship between Slope Runoff, Infiltration, and
Rainfall Time. Figures 8 and 9 show the simulated artificial
rainfall, clay gravel layer slope runoff rate, and infiltration
rate curves with time under different conditions. Under the
conditions of different gravel contents, slope ratios, and rain-
fall intensities, the runoff rate and infiltration rate of the clay
gravel layer slope changed similarly. When the rainfall time
was less than 10 min, the slope runoft was in a rapid growth
stage. When the rainfall time was more than 10 min, the slope
runoff was in a stable stage; finally, when the rainfall time was
less than 10 min, the slope infiltration was in a declining
stage. When the rainfall time was more than 10 min, the slope
infiltration is in the stable stage. At the beginning of the rain-
fall, the clay gravel slope was not sealed by water, and the ero-
sion of the slope was mainly by raindrop splash erosion.
Therefore, the slope runoff rate at this time was less than
the later runoff rate, and the slope infiltration rate was greater
than the later infiltration rate. With the formation of the
slope water flow to promote the water sealing effect of the
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FIGURE 9: Infiltration rate of the clay gravel layer slope.

slope, the infiltration rate of the clay gravel slope gradually
decreased, and the runoff rate gradually increased. When
the rainfall time was approximately 10 min, the slope runoff

TaBLE 2: Analysis of influencing factors of runoff rate in stable stage.

Test Gravel Slope .Rainfe.ill The stable runoff

number content ratio intensity rate (mm/h)
(%) (mm/h)

A 30 1:0.5 180 140.2

B 50 1:0.5 100 62.6

C 70 1:0.5 140 97.9

D 30 1:1.5 100 76.6

E 50 1:1.5 140 112.5

F 70 1:1.5 180 148.8

G 30 1:2.5 140 106.1

H 50 1:2.5 180 144.6

I 70 1:2.5 100 68.6

T1 3229 300.7 207.8

T2 319.7 337.9 316.5

T3 315.3 319.3 433.6

ml 107.63 100.23 69.27

m2 106.57 112.63 105.5

m3 105.1 106.43 144.53

R 2.53 12.40 75.27

Note that the “T1” line gives the sum of the average rates of the three tests in
the stable phase under the condition of 30% gravel content; T1 = 140.2 +
76.6 +106.1 =322.9, and the average value = T1/3 = 322.9/3 = 107.63; it is
listed in “m1.” Similarly, the average runoft rates of the three tests under
50% and 70% gravel content were 106.57 and 105.1, respectively. The
ranges of the three average values were R=max [107.63,106.57,105.1
min]| [107.63, 106.57, 105.1] = 2.53, which is listed in the last row of the
table. Corresponding numbers for the slope ratio and rainfall intensity
were calculated similarly.

rate and infiltration rate reached relatively stable values. In
the stable stage of the slope runoff, the runoff rate fluctuated
over a small range, mainly owing to the unstable develop-
ment of the slope erosion rills, for example, the widening of
the rills, collapse of ditch walls, and blocking effect of gravel
falling into the rills on runoff.

4.2. Analysis of Influencing Factors of Slope Runoff Rate in the
Stable Stage. Table 2 summarizes the results from the analysis
of the influencing factors of the runoff rate of the clay gravel
layer sloping surface under different gravel contents, rainfall
intensities, and slope ratios. It was assumed that the average
value of the runoff rate in the stable stage with time was the
stable runoff rate. The influences of gravel content, slope
ratio, and rainfall intensity on the stable runoff rate were ana-
lysed. The R value of each factor in Table 2 indicates the max-
imum differences. The larger the range, the greater the
influence of this factor on the stable runoff rate. Therefore,
the order of the degrees of influence on the stable runoft rate
was rainfall intensity>slope ratio>gravel content. Figure 10
shows the relationship between the average stable runoft rate
and the gravel content, slope ratio, and rainfall intensity. It
can be seen from the figure that as the gravel content
increased, the average stable runoff rate kept decreasing. As
the slope ratio increased, the average stable runoff rate first
increased and then decreased. With an increase in the rainfall
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FIGURE 10: Relationship between the average steady runoff rate and gravel content, slope ratio, and rainfall intensity.

intensity, the average steady runoff rate kept increasing.
Therefore, when the rainfall intensity was constant, the most
favourable combination of the gravel content and slope ratio
for a stable runoft of the slope was 30%-1:1.5. Under these
conditions, the clay completely wrapped the gravel, and the
gravel was embedded in the clay to form a compact structure.
More runoff energy was needed to wash away the soil parti-
cles. In addition, the presence of gravel hindered the infiltra-
tion channels for the rainwater, and the slope was not
conducive to the infiltration of rainwater. At the same time,
the slope ratio of 1:1.5 was larger for the gentle slope, which
was beneficial to the runoff of the slope. The interaction of
these three factors promoted a direct flow of rainwater along
the sloping surface, and at the same time, there were fewer
soil particles entrapped in the runoff; therefore, the degree
of slope damage was low, and the slope stability was high.

4.3. Analysis of Influencing Factors of Slope Infiltration Rate
in the Stable Stage. Table 3 summarizes the influencing factor
analysis of the infiltration rate of the clay gravel slope under
conditions of different gravel contents, rainfall intensities,
and slope ratios. Assuming that the stable infiltration rate
was the average value of the infiltration rate in the stable
phase over time, Table 3 summarizes the influence of gravel
content, slope ratio, and rainfall intensity on the stable infil-
tration rate. The R value of each factor in Table 3 indicates
the extreme differences. The larger the range, the greater
the influence of this factor on the stable infiltration rate.
Therefore, the order of the degrees of influence on the stable
infiltration rate was slope ratio>rainfall intensity>gravel con-
tent. Figure 11 shows the relationship between the average
stable infiltration rate and gravel content, slope ratio, and
rainfall intensity. It can be seen from the figure that as the
gravel content increased, the average stable infiltration rate
increased. This result is consistent with previous research
[25]; as the slope ratio increased, the average stable infiltra-
tion rate increased. The infiltration rate first decreased and

TaBLE 3: Analysis of the influencing factors of the infiltration rate in
stable stage.

Test Gravel Slope .Rainfe.lll The stable runoft

number content ratio intensity rate (mm/h)
(%) (mm/h)

A 30 1:0.5 180 39.8

B 50 1:0.5 100 374

C 70 1:0.5 140 42.1

D 30 1:1.5 100 23.4

E 50 1:1.5 140 2891

F 70 1:1.5 180 31.2

G 30 1:2.5 140 33.9

H 50 1:2.5 180 354

1 70 1:2.5 100 314

T1 97.1 119.3 92.2

T2 101.71 83.51 104.91

T3 104.7 100.7 106.4

ml 32.37 39.77 30.73

m2 33.90 27.84 34.97

m3 34.9 33.57 35.46

R 2.53 11.93 4.73

Note: T1, T2, T3, m1, m2, m3, and R have the same meanings and methods
as in Table 2.

then increased; with an increase in the rainfall intensity, the
average steady infiltration rate gradually increased; however,
the rate of increase gradually decreased. It is generally
believed that the infiltration rate of the soil slopes decreased
with an increase in the slope ratio; that is, the infiltration rate
of the steep slopes was less than that of the gentle slopes.
However, the conclusion drawn in this study was that the
steeper the slope, the greater the infiltration rate. The main
reason for this phenomenon was that this test was carried
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out under heavy rain conditions. The slope of the clay gravel
layer quickly formed pits and gullies under rainwater erosion,
with an increase in the slope ratio, the pit area of the slope,
and the width and depth of the gully expanded rapidly, and
even landslides appeared to some extent. The fissures formed
by these pits and gullies provided infiltration channels for
turther infiltration of rainwater. At the same time, the relative
surface area of the slope increased, which increased the effec-
tive area of infiltration. As a result, the steeper the slope, the
greater the infiltration rate. Therefore, when the rainfall
intensity was constant, the combination of gravel content
and slope ratio, which was most conducive to stable infiltra-
tion of the slope, was 70%-1:0.5. Under these conditions, the
slope was most conducive to the infiltration of rainwater, the
total mass of the slope-scouring material was the largest, and
the slope stability was the lowest.

5. Scouring Characteristics of Clay Gravel Slope

5.1. Relationship between the Total Mass of Scoured Material
on Gentle Slope, Gravel Content, and Rainfall Intensity. The
quality of the scoured material of the clay gravel layer slope
increased with an increase in rainfall time. When the slope
was gentle, the quality of the scoured material was low, and
there was almost no gravel; on the steep slope, the quality
of the scoured material was larger and contained a significant
amount of gravel. The slope was a key factor for the signifi-
cant difference in the quality of the washed material.

Figure 12 shows the variation in the total mass of the
scoured material over time on the clay gravel slope under
artificial rainfall conditions. It can be seen from the figure
that with an increase in the slope and rainfall intensity, the
erosion force of the runoff increased; the erosion degree of
the slope of different clay gravel layers increased, and the
quality of the collected erosion material increased signifi-
cantly. This was consistent with the research results of Jiang
et al. [26]. Further analysis of the total mass of the scoured
material of the clay gravel layer slope over time under differ-

= 40

2

e

b 35_

]

£

o 30

=

£ 25 S

: pas

= 20 S ey

=) e S S

ko o — —

5 A _— —

8 15 N T /,/’ ——" o s

S 104 %'?/

5 yy

Y .

£ ot

°

H 0 T T T T T T
0 10 20 30 40 50 60

Time (min)

30%-1:1.5-100 (D)
—e— 50%-1:1.5-140 (E)
—— 70%-1:1.5-180 (F)

—— 30%-1:2.5-140 (G)
50%-1:2.5-180 (H)
—=— 70%-1:2.5-100 (I)

F1GURE 12: Time-history curve of the total mass of scoured material
on gentle slopes.

ent conditions showed that when the slope was a gentle slope,
it did not exhibit a large-scale landslide and instability, and
the self-stability was good. Under these conditions, the total
mass of the scouring material was inversely proportional to
the gravel content and directly proportional to the rainfall
intensity. This was because under gentle slope conditions,
the slope was relatively stable under the given rainfall condi-
tions, and there would be no large-scale landslides. The
energy generated by the runoff was proportional to the inten-
sity of the rainfall; however, the maximum energy at this time
was not sufficient to wash away the gravel; it could only wash
away the soil particles around the gravel, and the gravel col-
lapsed into the pit under the action of gravity. The increase
in the gravel content mainly hindered the runoff. Therefore,
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the total mass of the scouring material was affected by the
two layers of gravel and rainfall intensity. The total mass of
the scouring material decreased with an increase in the gravel
content and increased with an increase in the rainfall
intensity.

5.2. Relationship between the Total Mass of Scoured Material
on Steep Slopes, Gravel Content, and Rainfall Intensity. As
shown in Figure 13, when the slope is steep, test C had
a large area of landslide and instability when the rainfall
time was 13 min, while sample B exhibited the same phe-
nomena when the rainfall time was for 20 min. We believe
that the slope became unstable at this time, and the test
was stopped. Under different rainfall conditions, all the
steep slopes had a certain amount of landslide and insta-
bility, coupled with poor self-stability. The total mass of
the scoured material increased with an increase in the
rainfall intensity and gravel content. The reasons are as
follows: (1) as the slope increased, the scouring force of
the runoff along the slope increased; the scouring effect
of the runoff increased; the antisliding force of the gravel
on the slope decreased. In addition, when the content of
gravel was high, the pores of the soil increased; the initial
cracks increased in size; the clay could not completely
wrap the gravel; the cohesive force of the clay gravel layer
decreased; the erosion resistance decreased. Therefore, the
clay gravel was more susceptible to erosion. (2) With an
increase in the rainfall intensity, the scouring effect of
the runoff was further strengthened and eddy currents
with stronger denudation capability were easily formed
around the gravel, and the scouring effect on the particles
was enhanced. At the same time, the energy of the runoff
was sufficient to wash away the gravel, and the slope was
more prone to erosion.

FIGURE 14: Presents a simplified diagram of the force on the gravel
of the clay gravel slope.

5.3. Influencing Factors of Gravel Content in the Scoured
Material. When the slope was gentle, there was no gravel in
the scour from the clay gravel layer; however, when the slope
was steep, the scour from the clay gravel layer contained
gravel. Therefore, the key factor that decides whether gravel
was contained in the scoured clay gravel layer was the slope
ratio of the sloping surface. Based on Wang et al. [27],
Figure 14 is a simplified diagram of the gravel stress on the
clay gravel slope. The slope of the sloping surface is 6; the
cohesion of the clay gravel layer is C; the friction angle is ¢;
T is the impact force of raindrops on the gravel; F is the scour
force of the runoft on the gravel; W is the gravity of the
gravel; the angle between T and the slope direction is f3.
When rainfall on the slope surface formed a slope surface
runoff, a water film was formed on the surface of the gravel,
and the impact of raindrops on the gravel was very weak
and could be ignored. After random statistics of 200 different
elliptical gravels were considered, the short axis length H,
long axis length L=0.73 : 1, and the short axis length of
the gravel in the width direction were almost equal to H.
Therefore, the gravel was equivalent to a rectangular
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TAaBLE 4: Stability coefficient of gravel fall of clay gravel layer slope.

Saturated friction

Test Saturated cohesion Stability
number of gravel layer (kPa) angle of &r avel layer coeflicient
A 15.8 19.3 0.829
B 16.4 18.6 0.850
C 13.6 17.3 0.717
D 15.8 19.3 1.513
E 16.4 18.6 1.541
F 13.6 17.3 1.313
G 15.8 19.3 2.316
H 16.4 18.6 2.356

I 13.6 17.3 2.012

parallelepiped, with its length (L), width (D), and height (H)
equal to 1:0.73:0.73. Supposing that the volume of gravel
was V and the area in contact with the sloping surface was
S, the slip resistance of the gravel is

N = Wecos Oetan @ + CsS. (2)
The sliding force is
N, =Wesin 6 + F, (3)

F =9, rer®Vesin 0. (4)
Therefore, the stability factor of gravel is

N

F s Fl : (5 )

According to the indoor triaxial test, the cohesion and
internal friction angle of the saturated clay gravel layer under
different rock content conditions are summarized in Table 4.
The stability coefficients of nine groups of clay gravel layer
slope gravel slipping were calculated from the previous test.
As shown in Table 4, the stability factor was less than 1, indi-
cating that the antisliding force of the gravel on the slope was
less than the sliding force, the gravel was in an unstable state
under the action of the runoff on the slope, and the gravel
would slip. On the contrary, when the stability factor was
greater than 1, the gravel would run off on the slope. In a sta-
ble state under these conditions, the gravel would not slip oft.
The calculated results were consistent with the experimental
observations. It shows that whether the gravel falls off of the
clay gravel slope mainly depends on the slope ratio, and the
gravel content also had a certain influence.

6. Conclusions

When the slope was gentle, the failure of the sloping surface
appeared as an erosion damage. The degree of damage at dif-
ferent positions of the sloping surface increased from the top
of the surface to the bottom of the surface. The overall degree
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of erosion of the slope in test I was the smallest and had the
greatest degree of overall erosion. When the slope was steep,
it had a large area of collapse and instability. When the gravel
content was 30%, the slope was revealed as a gully failure.
When the gravel contents were 50% and 70%, the slope was
revealed as a “layer-by-layer” sliding failure.

Under conditions of different gravel contents, slope
ratios, and rainfall intensities, the runoff rate and infiltration
rate of the clay gravel layer slope changed similarly. Taking
10 min of rainfall as the limit, the runoff on the slope was
divided into a growth phase and a stable phase. The slope
infiltration was divided into a descending phase and a stable
phase. There were small-scale fluctuations in both the stable
stages, which were mainly owing to the unstable develop-
ment of the slope erosion, for example, the widening of
rills, collapse of ditch walls, and blocking effect of gravel
falling into the rills on the runoff. After 10 min of rainfall,
the order of the degree of influence of each factor on the
stable runoff rate was as follows: rainfall intensity>slope
ratio>gravel content. The order of the degree of influence
on the stable infiltration rate was slope ratio>rainfall
intensity>gravel content. It is generally believed that the
infiltration rate of a slope decreases with an increase in
the slope ratio, and the test results in this study showed
that the stable infiltration rate of the slope first decreased
and then increased with an increase in the slope ratio,
mainly because the slope was steep. The slope had a large
area of collapse, which provided a passage for infiltration
and increased the effective infiltration area of the slope.

When the rainfall intensity was constant, the most
favourable combination of the gravel content and slope ratio
for stable runoff of the slope was 30%-1:1.5. Under these
conditions, the slope was not conducive to the infiltration
of rainwater, and the rainwater flowed along the sloping
surface. The quality of the clay in the middle wrap was low;
the slope damage was low; the slope stability was high. The
combination of gravel content and slope ratio that was most
conducive to a stable infiltration of the slope was 70%-1:0.5.
Under these conditions, the slope was most conducive to the
infiltration of rainwater; the slope had a large area of collapse;
the stability of the slope was the lowest.

When the slope was a gentle slope, the total mass of the
scoured material was inversely proportional to the gravel
content and proportional to the rainfall intensity. When the
slope was steep, the total mass of the scoured material
increased as the rainfall intensity and gravel content
increased. At the same time, the key influencing factor that
decided whether there was gravel in the scour was the slope
ratio of the slope.
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