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In recent years, rainstorm disasters caused by global warming have frequently occurred in China. It has caused serious damage to
artificial high embankments. In this paper, the influence of rainfall intensity, slope, and reinforced layers on the erosion and
destruction of the artificial high embankment is deeply analyzed. Through the model test, the rainfall erosion prediction model is
established. The results show that (1) the gully width, depth, and erosion amount increased with the increase in rainfall intensity
and slope and decreased with the increase in reinforcement layers; (2) the final ditch shape of the embankment is influenced by
steel bars; and (3) according to the model test data, the mathematical model of dike scouring is established. Rainfall intensity and
the coupling between slope and reinforced layers are considered in the model. It can be used for predicting erosion during rainfall.

1. Introduction

In recent years, there have been many rainstorms in China
that are affected by global warming. Especially in the south of
China in 2020, a large number of floods, mudslides, and
landslides were caused by rainfall. The rainfall in Chongqing
is 19% higher than the previous average level [1]. Due to the
construction of a ground transportation network in
Southwest China, a large number of artificial high em-
bankments have been formed. In this case, deformation,
instability, landslides, and other accidents are easy to occur.

In the past, 80% of landslide accidents were caused by
rainfall. Therefore, many scholars have done a lot of research
on rainfall. Some scholars analyzed the erosion effect of
different rainfall modes and types on embankments [2-5].
The influence of rainfall intensities on sediment yield and
embankment stability was also studied [6-8]. The results
show that the greater the rainfall intensity is, the greater the
sediment yield is, the greater the displacement is, and the
lower the stability of the embankment is. Some scholars have
studied the influence of slope gradient on erosion failure.

The larger the slope is, the faster the runoff speed is and the
greater the rainfall erosion is. The greater the slope is, the
greater the influence of rainfall on slope erosion is [9-12].
When the slope gradient exceeds a certain value, the rainfall
erosion of the embankment is inversely proportional to it.
Many scholars have conducted a large number of experi-
mental studies on the critical slope, and the results show that
the critical slope range is 10°~45° [13-15]. Due to the lim-
itation of topography, the stability of some fill embankments
is not high, and the reinforcement method is usually adopted
to reinforce fill embankment. Because of this situation, many
scholars have studied the impact of reinforcement on em-
bankment erosion. The influence of different reinforcement
materials and methods on the stability of subgrade was
studied. The results show that reinforcement can improve
the stability of embankment [16-19]. When the quantity of
reinforcement materials changes in a certain range, the
stability of the slope will be improved with the increase in the
quantity. When the amount of reinforcement materials
exceeds a certain value, it will not affect the stability of the
slope [20, 21].
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The erosion process of reinforced embankment induced by
rainfall is very complex, and the blocking rule of reinforced
belts in the erosion process is unclear. The research on artificial
embankment has been focused on rainfall and reinforcement
(materials and methods) and achieved fruitful results. How-
ever, there are few research reports on erosion damage under
the coupling condition of reinforcement and rainfall. Based on
the test of rainfall erosion on the reinforced embankment, this
paper deeply analyzed the influence of rainfall intensity, slope,
and reinforcement layers on the erosion of artificial em-
bankment and established a prediction model of rainfall
erosion on the reinforced artificial embankment under mul-
tifactor coupling. The research results can provide a reliable
scientific basis for effectively forecasting rainfall landslide di-
sasters of the reinforced artificial high embankment and have
important theoretical value.

2. Model Test of Rainfall Erosion on the
Reinforced High Embankment

2.1. Testing Equipment. The model test equipment is a self-
designed model test equipment for embankment rainfall, as
shown in Figure 1. The model groove is tempered glass, and the
geometric size is 2 m X 0.6 m x 0.5 m (length x width x height).
After pretest, this size is large enough to avoid size influence.
Above the model trough, the rainfall system is composed of a
water supply system and sprinkler. The data monitoring system
consists of the following parts: BX-2 resistance earth pressure
sensor and vibrating wire pore water pressure sensor produced
by Dandong Electronic Instrument Factory and TST3828EW
dynamic strain gauge produced by Jiangsu Tate Electronic
Equipment Manufacturing Co., Ltd. A high-resolution camera
is arranged in front of the model tank to record the rainfall
erosion process.

The glass fiber mesh material is selected to replace
geogrid as the reinforcement material, and the reinforce-
ment parameters are shown in Table 1.

A series of rainfall erosion tests were carried out with
different reinforcement layers (N =0, 1, 2, and 4, as shown in
Figure 2).

We analyzed the rainfall uniformity in which the rainfall
uniformity can be calculated as follows:

o1 2R-R) (1)
nR

In the formula, U is the rainfall uniformity; R; is the
rainfall of rainfall range point i within the test time; # is the
number of test points; and R is the average rainfall of all test
points within the rainfall range. As shown in Figure 3(a), 47
cups are evenly placed in the test glass tank, and the rainfall
of each cup is collected at a rainfall duration of 60s to
calculate the uniformity. The results are shown in
Figure 3(b), and the results show that the uniformity meets
the requirements of the rainfall test.

2.2. Experimental Materials and Procedures. To study the law
of rainfall erosion damage to the embankment in the
Chonggqing area, referring to the previous research progress
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of embankment in Chongging [22, 23], combined with the
actual project in Chonggqing, the test material was selected as
the field clay of an embankment in Chongqing. After field
sampling, the soil samples were dried and ground. The
particle size distribution of soil samples was measured by the
Winner3002 laser particle size analyzer. Other physical and
mechanical parameters were obtained based on field data
(Table 2). The final embankment model is
1.2mx0.6mx 0.5m.

In the test, the model of reinforced embankment slope
should be established first, and all sensors and reinforced
belts should be installed completely. Then, rainfall is pro-
vided to the embankment through the rainfall system. When
the embankment slope is eroded and damaged, the current
gully width and depth are measured.

The specific steps of the fill embankment model building
are as follows:

(1) The soil with 10% water content was prepared
according to the test requirements (as shown in
Figure 4(a)). The water content is low, so we can
observe the influence of rising water content on the
soil.

(2) The layer compaction method was used for con-
structing embankment with each layer of 8 cm and
the compactness of each layer of 85% (as shown in
Figure 4(b)). 85% is selected because, in the engi-
neering background, the result of sampling from
the site is 85%. To restore the actual site, 85% is
done.

(3) The reinforcement and sensors are laid down (as
shown in Figure 4(c)).

(4) After the fill embankment model building is com-
pleted (as shown in Figure 4(d)), the camera is placed
and calibrated.

The experimental model is established by layered
compaction. The compacted soil sample of each layer is 8 cm
high; it is divided into five floors. To ensure that the
compaction degree of each layer is uniform and the end
effect is minimized, the surface is burred after each layer is
compacted. This operation enables the soil below to be better
combined with the upper layer, thus preventing the filling
embankment model from stratification. Each layer is ram-
med with the same quality hammer and from the same
height down the same number of compaction. After com-
paction of each layer, four soil samples were taken from each
layer by the ring knife for the density test. After the density
test, the sampling vacancy is filled in the above manner.
Finally, the soil volume is compared with the expected value
through the overall measurement.

2.3. Test Scheme. The slope is made by the layer pressure
method, and each layer is piled up into soil piles with the
same height according to the same mass of samples, and the
soil is compacted from the same height by the compaction
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FIGURE 1: Rainfall test system for reinforced artificial high embankment.

TaBLE 1: The basic property of reinforcement.
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FIGURE 2: The schematic diagram of reinforcement layers: (a) N=0; (b) N=1; (c) N=2; (d) N=4.
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FIGURE 3: Rainfall dispersion test. (a) Rainfall dispersion experiment. (b) The uniformity of each test.
TaBLE 2: Physical and mechanical parameters of test soil.
Index Values
Sample layers (g/cm?) 1.75
Median diameter D 5, (um) 6.42
Water content (%) 16.8
Cohesion (kPa) 21.5
Internal friction angle (%) 20.16
Poisson ratio 0.254

hammer with the same mass. To ensure the uniformity of
soil compaction, a square board is placed under the hammer.
After each layer is laid, the ring cutter is sampled, the ring
cutter quality is weighed, and the degree of compaction is
detected. The top surface of each layer adopts the method of
hearing so that the soil can be more closely combined with
the upper layer of soil to avoid the end effect between the
layers. Finally, the built slope is cut to different angles under
the same degree of compaction.

Based on the average rainfall of Chongqing in recent 50
years and rainfall strength of each return period [24], the
setting values of rainfall intensity variables are 14, 28,42, and
70 mm/h; in line with the actual situation of the Chongging
area, the setting values of slope gradient variables are 30, 35,
40, and 45°; according to the size of the indoor test model,
the band layers variables are designed as 0, 1, 2, and 4 layers,
and the fill embankment model is constructed for the indoor
artificial rainfall test. Specific programs are as shown in
Table 3.

3. Analysis of Model Test Results

To analyze the slope failure of reinforced artificial high-fill
embankment under rainfall, the effects of rainfall intensity,
slope gradient, and reinforcement layers on the development
of gully on the slope were analyzed. The width and depth of
the main gully on the slope were measured by the ruler
method and the photography method. The main source of
embankment slope erosion is gully erosion, and gully de-
velopment can characterize the total erosion degree.

3.1. Influence of Rainfall Intensity on Erosion Damage of
Embankment. Asshown in Figure 5, with a slope gradient of
45°, the 2-reinforced layer is the basic test condition, and
different rainfall intensities (14, 28, 42, and 70 mm/h) are the
influencing factors. After 90 minutes of rainfall, erosion and
damage of embankment were observed. The results show
that with the increase in rainfall intensity, the width and
depth of the gully on the embankment slope increased
significantly, and the amount of soil loss also increased. The
main reason is that the rainfall power increases, the runoff
erosion is formed earlier, the runoff velocity increases, and
the erosion on the embankment slope increases significantly.

With continuous rainfall, the width and depth of the
maximum gully on the slope are measured every 10 minutes.
Under the influence of rainfall intensity (14, 28, 42, and
70 mm/h), the development trend of the embankment gully
is shown in Figure 6. It can be seen from the diagram that
rainfall strength has a significant impact on the erosion
damage of artificial embankments. With the increase in
rainfall intensity, the width and depth of the gully and the
amount of erosion are increasing. As rainfall intensity in-
creased from 14 mm/h to 70 mm/h, gully width increased by
13.0 cm, depth increased by 8.1 cm, and erosion increased by
22.0kg. The main reason is that rainfall intensity increases,
the rainfall erosion force increases, and the embankment
erosion is more intense.

3.2. Influence of Slope Gradient on Embankment Erosion
Damage. As shown in Figure 7, the experimental conditions
are as follows: rainfall intensity is 42 mm/h. Two layers of
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FIGURE 4: Establishment process of experimental soil sample: (a) soil sample; (b) fill embankment construction; (c) fill embankment

construction; (d) final model.

TaBLE 3: Test scheme.

Test variables Rainfall intensity (mm/h)

Slope gradient (°) Reinforcement layers (layers)

1.4
2.8
4.2
7.0

Factor level

3.0 0
3.5 1
4.0 2
45 4

o

Slope cracks

reinforcement

Slope foet slip .

(b)

reinforcement

(d)

F1GURE 5: Final erosion failure of reinforced embankment under different rainfall intensities: (a) 14 mm/h; (b) 28 mm/h; (c) 42 mm/h; (d)

70 mm/h.

geogrid shall be laid in the soil. Under the influence of
different slopes (30, 35, 40, and 45), the ultimate erosion
damage after rainfall which lasts for 90 minutes is observed.
The results show that the greater the embankment slope, the
more serious the soil erosion, and the larger the sliding area,
the more serious the soil erosion. The main reason is that
with the increase in slope gradient, the gravity component of
soil in the slope direction increases, which leads to the
decline of the stability of the slope soil. The runoft speed
increases with the increase in slope so do rainfall erosion on
the slope.

Figure 8 shows the development trend of dikes and
ditches under the influence of slope. It can be seen from the
figure that the embankment slope has a significant influence
on the erosion and damage of artificial embankments. With
the increase in slope gradient, the gully width, depth, and

erosion amount increase. When the slope gradient increased
from 30° to 45°, the gully width increased by 4.8 cm, the
depth increased by 4.5 cm, and the erosion amount increased
by 4.8kg. The main reason is that the slope gradient in-
creases, the slope runoff velocity increases, and the erosion
of rainfall on the embankment increases.

3.3. Influence of Reinforcement Layers on Embankment Ero-
sion Damage. As shown in Figure 9, under the experimental
conditions of rainfall intensity of 42 mm/h, the slope of 45,
and different reinforcement layers (0, 1, 2, 4), the final
erosion failure phenomenon of rainfall lasts 90 min. The
phenomenon shows that the width and depth of the gully
decrease significantly with the increase in reinforcement
layers. The main reason is the combination of reinforcement



35 -

o SN SO

20F - L

Gully width (cm)

v
T

0

Time (min)

—=— 14 mm/h
—e— 28 mm/h

(a)

—a— 42 mm/h
—»— 70 mm/h

30 T T T T T T

[ 3]
w

Final gully width (cm)
[3%)
S

15

-20

0 10 20 30 40 50 60
Rainfall intensity (mm/h)

—m— Final gully width
—m— Final gully depth

(©)

80

Final gully depth (cm)

Gully depth (cm)

Erosion amounts (kg)

Advances in Materials Science and Engineering

20

15h e P L

b T

0 20 40 60 80
Time (min)

—a— 42 mm/h
—w— 70 mm/h

—s— 14 mm/h
—e— 28 mm/h

40

10 i i i i i i |
10 20 30 40 50 60 70 80
Rainfall intensity (mm/h)

(d)

F1GURE 6: Effect of embankment erosion under different rainfall intensities: (a) gully width changes with time; (b) gully depth changes with
time; (c) final gully width and depth; (d) final erosion amount.

()

reinforcement

(d)

(0
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and soil, which improves the strength of the embankment.
With the increase in the number of geogrid layers, the in-
teraction between adjacent layers increases significantly.
Thus, the erosion of rainfall on the embankment slope is
effectively reduced. When the gully develops to the rib zone,
the flow does not damage the rib zone, and it will flow down
the rib zone. At this time, the flow passing through the rib
zone will be divided into two parts. One part is the seepage
water. It penetrates the slope directly through the rein-
forcement belt, softening the subsoil and reducing the
strength of the soil. The other part is the runoff water. It
formed along the band breaks the surface. The soil is con-
stantly eroded, and finally a gully with holes is formed on the
slope.

Figure 10 is the final erosion damage consequence of
embankment under different reinforcement densities (0, 1,
2, and 4 layers). It can be seen from the figure that the
reinforcement layers have a significant impact on the gully
width of an artificial embankment. The larger the number of
reinforcement layers added to the filled embankment is, the
smaller the erosion damage consequence under rainfall is.
The test shows that when the reinforcement layers increase
from 0 layers to 4 layers, the gully width per unit time
decreases by 14.5 cm, the depth decreases by 11.5 cm, and the
erosion amount decreases by 13.8 kg.

4. Study on Prediction Model of Rainfall Erosion
Damage to Reinforced High-
Fill Embankment

To discuss the coupling effect of rainfall intensity, rein-
forced layer, and reinforcement layers on the consequences
of rainfall erosion damage to reinforced high-fill em-
bankment, the influence of each factor on the consequences
of erosion disaster is analyzed. The relationship between
the factor and the final results is obtained. Based on the
function form, the function form of the coupling prediction
model is determined, and then the parameters are
determined.

4.1. Study on the Influence of Various Factors on the
Consequences of Erosion Damage

4.1.1. Effects of Rainfall Intensity on the Consequences of
Erosion Disasters. Many scholars have also studied the re-
lationship between rainfall intensity and embankment
erosion damage, including Shen et al. [14], Jiang et al. [25],
Qin et al. [26], and Chen [27]. Based on the rainfall model
test, it is found that the amount of soil erosion increases with
the increase in rainfall strength. Based on the model test
results, the influence function of rainfall intensity on the
consequences of erosion disaster is fitted, as shown in Ta-
ble 4. The results show that with the increase in rainfall

intensity, gully width, gully depth, and erosion amount
increase in a power function.

4.1.2. Effect of Slope Gradient on Erosion Disaster
Consequences. Referring to previous studies, it is found that
the influence of slope on soil erosion was also different. Chen
et al. [28] found that the influence of slope on sediment yield
was quadratic. Shen et al. [14] and Sheng et al. [29] found
that the influence of slope on soil erosion was power
function. As shown in Table 5, the influence of slope gradient
change on the consequences of rainfall erosion disaster
presents that with the increase in slope gradient, the gully
width, gully depth, and erosion amount increase in a power
function.

4.1.3. Effect of Reinforcement Layers on the Consequence of
Erosion Disaster. Because there is little research on rein-
forced embankments in the past, there is no literature
pointing out the functional relationship between the influence
of reinforced layers on the consequences of erosion disasters.
However, some scholars pointed out that the reinforcement
effect of reinforcement materials on the fill embankment has
an upper limit [20]. On this basis, we believe that with the
increase in the number of reinforcement layers, the trench
width, trench depth, and erosion amount decrease in a
quadratic polynomial. The influence of the number of rein-
forcement layers on the consequences of erosion disasters is
shown in Table 6. With the increase in the number of re-
inforcement layers, the trench width, trench depth, and
erosion amount show a nonlinear decreasing trend.

4.2. Study on Prediction Model of Rainfall Erosion Damage to
Reinforced High-Fill Embankment. The function model
considers the influence of the above factors on the conse-
quences of erosion disaster. The coupling prediction model
with rainfall intensity, slope gradient, and reinforcement
layers as independent variables and gully width and depth as
the consequences of erosion disasters was fitted by IBM SPSS
Statistics 26 (fgh).

According to the output results of SPSS software, the
prediction model of rainfall erosion disaster of fill em-
bankment is as follows:

Gully width:
L= 0.088tQ0'51980'840(—0.038N2 —0.022N + 1.247),
R® = 0.829.

(2)
Gully depth:

H= 0.353tQ0‘4l4SO‘494(—0.009N2 —0.100N + 0.923),
R*=0.917.

(3)
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Erosion amounts:

M = O.975tQO'69850'701(—0.001N2 —0.013N + 0.11),

R* = 0.980.
(4)

L is the gully width, cm; H is the gully depth, cm; M is the
erosion amount, kg; f is the rainfall time, hour; Q is the
rainfall intensity, mm/h; S is the slope gradient, °; and N is
the reinforcement layers, layer.

It can be seen from the formula that with the increase in
rainfall intensity and slope, the consequences of erosion
disasters increase in the form of the power function. With
the increase in the number of reinforcement layers, the
consequences of the disaster decrease nonlinearly. The
correlation coefficient R? of all formulas exceeds 0.80, in-
dicating that the obtained prediction model formula can
accurately fit the results of the indoor model test.

4.3. Verification of Prediction Model of Rainfall Erosion
Damage to Reinforced High-Fill Embankment. The data in
reference [22] were chosen because they are similar to the
experiment in this paper for comparison. In this paper,
the rainfall erosion model test of reinforced embankment
with similar test materials was also carried out, and the
influence of different influencing factors on the erosion
damage of embankment was obtained. However, the
change of erosion amount was not involved in that paper.
To ensure the consistency of the verification data, only the
width and depth of the gully were verified but not the
scouring amount. The main source of the slope erosion of
the embankment was rill erosion, and the rill development
could represent the total erosion development. Therefore,
the accuracy of the prediction of gully development could
roughly determine the accuracy of formulas (2)-(4). As
shown in Figure 11, after the test conditions in reference
[22] are substituted into the prediction model, the cal-
culated gully width and depth are compared with their test
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TaBLE 4: Effect of rainfall intensity on erosion disaster consequences.

Influencing factor

Fitting equation of erosion consequence

Correlation coeflicient

Rainfall intensity (mm/h)

Gully width: L = 4.282Q%4¥
Gully depth: H = 2.312Q%*78
Erosion amounts: M = 1.978 Q%¢7°

R? = 0919
R? = 0.946
R? =0.975

TasLE 5: Effect of slope gradient on erosion disaster consequences.

Influencing factor

Fitting equation of erosion consequence

Correlation coefficient

Slope gradient (°)

Gully width:L = 1.565 §*-6¢8
Gully width:H = 2.656 §%3¢%°
Erosion amounts:M = 2.656 %73

R? = 0.985
R? =0.943
R? =0.988

TaBLE 6: Effect of reinforcement layers on erosion disaster consequence.

Influencing factor

Fitting equation of erosion consequence

Correlation coefficient

Gully width: L = -0.475 N? - 1.595 N +24.11 R? = 0.951
Reinforcement layers (N) Gully depth: H = —0.370 N? - 1.339 N + 17.33 R? =0.986
Erosion amounts: M = 0.305 N2 — 4.664 N + 31.69 R? =0.998
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FIGURE 11: Verification and comparison of prediction models: (a) comparison of gully width; (b) comparison of gully depth.

values. The scatter is the predicted value, the slant is the
test value, and the distance between the scatter and the
slant represents the error.

As shown in Table 7, the absolute error and relative error of
prediction calculated by 16 groups of test conditions and test

values in reference [22] are compared with the predicted data
calculated by the model substituted for the test conditions. The
absolute error and relative error of gully width predicted by the
model are 2.72 cm and 16.6%, respectively. The absolute error
of gully depth is 1.15cm, and the relative error is 13.7%.
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TaBLE 7: Prediction error of erosion disaster consequence.

Consequences of erosion disasters

Mean absolute error (cm)

Mean relative deviation (%)

Gully width
Gully depth

2.72 16.6
1.15 13.7

5. Conclusions

This paper takes the reinforcement of artificial high em-
bankment in Chongqing as the research background.
Through the combination of model test and theoretical
analysis, a prediction model of rainfall erosion damage to
reinforced high-fill embankment was established. The in-
fluence of rainfall intensity, slope, and reinforcement layer is
considered in the model. Concrete conclusions are as
follows:

(1) Adding a reinforced belt to fill the embankment will
have an impact on the final shape of the ditch and
form a stepped ditch on the slope. The more levels,
the more meaningful the form.

(2) In the rainfall erosion for artificial high-filled em-
bankment with reinforcement, the width, depth, and
erosion amount of the gully increased with the in-
crease in rainfall intensity and slope but decreased
with the increase in reinforced layers. When rainfall
intensity increased from 14 mm/h to 70 mm/h, the
ditch width increased by 13.0 cm, the ditch depth
increased by 8.1 cm, and the erosion increased by
24.4 kilograms. When the embankment slope in-
creases from 30 to 45, the three elements increased
by 4.8 cm, 4.5 cm, and 4.8 kg, respectively. When the
reinforcement layers are increased from 0 to 4 layers,
the three elements decreased by 14.5cm, 11.5cm,
and 13.8 kg, respectively.

(3) A multifactor coupling rainfall erosion prediction
model is put forward. With the increase in rainfall
intensity and slope, the consequences of erosion
disasters present a power function increasing trend.
With the increase in the number of reinforcement
layers, the consequence of erosion disaster decreases
as a quadratic function.
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