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Traditional reinforced concrete piles have high strength and low cost in slope engineering,
but the slow forming and long maintenance period make it difficult to meet the needs of
emergency and disaster relief tasks, such as landslides caused by rainfall. In this paper, the
influence of a new type of polymer anti-slide pile on slope stability under rainfall conditions
is studied. With the advantages of fast forming, high strength, simple construction
technology, and small disturbance to slope, the new type of anti-slide pile can meet
the requirements of emergency and disaster relief tasks. The influence of different rainfall
duration, rainfall form, location, and spacing of pile laying on the stability of rainfall slope is
explored with fluid-solid coupling analysis. The results show that the slope stability
gradually deteriorates with the increase of the peak duration of rainfall intensity.
Without rainfall conditions, the reinforcement effect is optimal when the position of pile
cloth is 1/2-3/4 L away from the foot of the slope (L is the horizontal length of the slope);
with rainfall conditions, when the position of pile cloth is 1/4—1/2 L away from the foot of the
slope, the reinforcement effect is optimal. Without rainfall conditions, the reduction of pile
spacing can improve the reinforcement effect; with rainfall conditions, the reduction of pile
spacing will affect the flow and discharge of seepage rainwater and reduce the
reinforcement effect.

Keywords: rainfall slope, matrix suction, anti-slide pile, fluid-solid coupling analysis, slope stability analysis

INTRODUCTION

Landslide is a sliding geological phenomenon of slope rock mass along the through shear failure
surface. The mechanism of a landslide is that the shear stress on a sliding surface exceeds the shear
strength of that surface. In 2019, 6,181 geological disasters occurred in China, including 4,220
landslides, causing hundreds of deaths and direct economic losses of more than 2 billion yuan. At
present, most of the ways to prevent landslide disasters in engineering are by setting slope retaining
materials, such as an anti-slide retaining wall, anchor rod, anti-slide pile, and micro anti-slide pile,
etc. Among them, anti-sliding piles and micro-anti-sliding piles are widely used in slope
reinforcement engineering because of their simple structure, strong anti-sliding ability, and
mature construction technology.

In recent years there has been a large amount of research and analysis of the stability of slope
reinforcement and anti-slide piles. (Cai et al., 1998; Cai and Ugai, 2000; Wei and Cheng, 2009; Gao
et al,, 2015; Tan et al., 2018) studied the stability of slope reinforced by anti-sliding piles, using the
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finite element strength reduction method. Chen and Martin
(2002) used finite element analysis software to explore the
influence of soil arching effect on the stability of anti-sliding
piles. Lietal. (2019), Mao et al. (2019) found that the deformation
patterns of adjacent piles in pile groups are different, resulting in
different degrees of axial forces and bending moments. Piles in
the shear zone will separate and pile groups will be destroyed with
the increase of fault displacement. Tang et al. (2014) found that
the maximum soil pressure exerted by anti-sliding piles occurs in
the middle and upper part of the sliding mass. The distribution of
soil pressure has complex changing rules during deformation.

Even though the above scholars studied design optimization
and other aspects of anti-slide piles to a significant extent, they
did not consider the influence of rainfall. A large number of
landslide accidents indicate that rainfall is an important factor in
causing a landslide as major landslide accidents often occur after
rainstorms. It is therefore very important to study the influence of
rainfall on slope stability. Studies by Bogaard and Greco (2016),
Sidle and Bogaard (2016), Morbidelli et al. (2018), Fan et al.
(2019), Gidon and Sahoo (2020) have explored the influence of
rainfall on slope stability and Luo et al. (2021) explore the
influence of rainfall on highway slopes. Chatra et al. (2019)
separately analyzed the influence of rainfall on the stability of
soil slope with different densities. Wang et al. (2020) studied the
influence of rainfall on the stability of multi-layer unsaturated soil
slopes. Tang et al., (2017) proposed a method to incorporate the
initial conditions of pore water pressure distribution into slope
stability analysis based on rainfall data in the Three Gorges
reservoir area. Moreover, Wu et al. (2017) have carried out
tests on the dynamic characteristics of loess slopes under
artificial rainfall conditions, and explored the influence of
rainfall intensity and duration on stability. He et al. (2021)
analyzed the characteristics of soil slope saturated zones and
the influence of water body characteristic parameters on slope
stability, and put forward a landslide prediction model based on
the critical curve of the shallow saturated zone and one-
dimensional model. Cai and Ugai (2000), Cai and Ugai (2004),
Yao et al. (2021) have studied the influence of rainfall intensity
and the hydraulic characteristics on slope stability by strength
reduction method and finite element seepage analysis. However,
they only consider the influence of rainfall on hydraulic
characteristics and stability of the natural slope, and the
influence caused by the existence of anti-slide piles is
neglected. Li et al. (2018), Li et al. (2020) have undertaken
stability analysis of slopes reinforced by anti-slide piles under
rainfall conditions, but this study only analyzed the effect of one
form of rainfall and ignored how the change of the form of rainfall
would affect the slope stability.

The above studies are based on anti-slide piles made of
concrete and gravel concrete. Traditional concrete materials
have the characteristics of low price, high strength, and are
easily sourced. They also have the disadvantages of long
maintenance periods and long construction periods. For the
dangerous landslide rescue task, these shortcomings may cause
more casualties and more economic losses. The polyurethane
polymer material is a new engineering material developed in
recent years. It has the characteristics of early forcing, fast

Slope Stability Under Rainfall Conditions

formation, high strength, simple construction technology, and
causes minimal disturbance to the slope, etc. (Liu et al., 2018; Lin
etal., 2020). It can be adopted to the needs of rescue and disaster
relief tasks. Wang et al.(Wang et al., 2019; Wang et al., 2021a;
Wang et al., 2021b) have explored the shear behavior between
polymer material and concrete through the interfacial shear test.
Using a model test and numerical analysis, they concluded that
the effect of polyurethane polymer gravel piles on reinforcing the
soft soil subgrade of the expressway is better than that of
traditional piles (Wang et al., 2018). Shi et al.(Shi et al., 2014)
explored the influence of length, diameter, and density of
polyurethane polymer anchor rod on bond strength through
bond performance test between polyurethane polymer anchor
rod and silt. The author has previously studied the optimum
design scheme for side slope reinforcement with high polymer
micro anti-slide piles. However, the influence of rainfall on slope
reinforcement by micro-piles was not considered.

Existing numerical analysis software can only realize the fluid-
solid coupling analysis of rainfall slope and the safety factor
analysis of slope without rainfall conditions. It cannot analyze the
stability of slope strengthened by anti-slide pile with rainfall
conditions. In this paper, a flow-solid coupling calculation
model considering the characteristic curve of permeability
coefficient and the soil-water characteristic curve is
established, and rainfall infiltration analysis of the slope was
carried out. The data of hole pressure, saturation, stress, and
strain of slope reinforced by high polymer anti-slide piles during
rainfall were obtained. Finally, combined with the characteristics
of high polymer material, through the development of a
numerical analysis software subroutine, the safety factor of the
slope after rainfall was obtained by the strength reduction
method.

SOIL HYDRAULIC CHARACTERISTICS AND
SEEPAGE PATTERN

Characteristic Curve of Hydraulic
Permeability Coefficient and Soil-Water

Characteristic Curve

The biggest mechanical difference between unsaturated soil and
saturated soil is the existence of suction, which has a great
influence on the deformation and strength of unsaturated soil.
In unsaturated soils, water conductivity decreases due to partial
aeration in the soil pores. As soil water first discharges from the
macropore under suction, water flow can only flow in the
micropore with the increase of suction. Therefore, from
saturated to unsaturated soil, its permeability will decrease
dramatically. However, the permeability coefficient of
unsaturated soils cannot be assumed to be constant and is
strongly influenced by the change of matrix suction and
saturation of soils.

In the analysis of this paper, the permeability coefficient of
water in soil refers to the calculation Eq. 1 proposed by Alonso E
(Alonso et al., 1995), which defines the relationship between
permeability coefficient and matrix suction:

Frontiers in Earth Science | www.frontiersin.org

October 2021 | Volume 9 | Article 774926


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wang et al.

kw = awkws
(aw + {bw(ua - uw)}cw)’

ky is the permeability coefficient and ks is the saturated
permeability coefficient of soil, a,, by, ¢, are constant
parameters, a,, b, ¢, are taken as 1,000, 0.01, and 1.7
respectively.

In this paper, the relationship between matrix suction and
saturation is defined using the calculation formula of Equation 2
(Alonso et al., 1995) for the characteristic curve of water and soil
in the model.

1

Sr = Si + (Sn - Si)as
(as + {bs (ua - uw)}cs).

S, is saturated; S; is residual saturation, 0.08 is taken in this paper.
S, is the maximum saturation and 1 is chosen in this paper, as, b,
¢s are constant parameters. The values of a, by, ¢; are 1 and 5 x
107, 3.5.

2

Infiltration and Runoff Modes

The rainfall infiltration mode of an unsaturated soil slope exists in
various forms and the infiltration process is very complex. Mein
and Larson (Mein and Larson, 1973) describe the process and
behavior of rainfall infiltration by comparing three parameters:
rainfall intensity g, permissible infiltration capacity f, of soil, and
saturated permeability coefficient k,, of soil.

1) g < kys At this time, surface runoff will not occur and all
rainfall will infiltrate, while the infiltration capacity of water
remains unchanged.

2) fo > q > kys: All rainwater infiltrates, f, decreases with the
increase of infiltration depth, but the rainfall intensity has not
reached the permissible infiltration capacity of soil at this
time, so the infiltration capacity will not decrease and the
infiltration capacity is very high.

3) g > f,: At this time, the infiltration process is complicated, and
rainwater cannot infiltrate completely. Runoff forms on the
surface of the slope body and the infiltration capacity change
constantly. This situation is not considered in this paper.

Soil Failure Criteria

The failure readiness of saturated soils is mostly Mohr-Coulomb
criterion. However, due to the presence of matrix suction in
unsaturated soils, the Mohr-Coulomb criterion does not apply to
unsaturated soils. In the 1960s, Bishop (Bishop and Blight, 1963)
proposed an expression for the strength of unsaturated soils:

e=c + (0, —u,)tan @' + y (4, —u,) tan g/, 3)

u, is pore pressure because it is connected to the atmosphere, u,
takes 0. u,, is pore water pressure. ¢’ and ¢’ are effective internal
friction angle and effective cohesion respectively. However,
because y is an empirical coefficient and is related to
saturation, it is difficult to determine the value, so it is not
widely used.

Fredlund (Fredlund et al., 1978) proposed another formula for
shear strength:

Slope Stability Under Rainfall Conditions
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FIGURE 1 | Sketch of the slope model.
Te=c + (0, —u) tan ¢’ + (u, —uy) tang,, (4)

¢p is an angle defining the increase in shear strength for an
increase in matric suction. Fredlund’s formula indicates that the
shear strength of unsaturated soils is not only related to cohesion
and friction angle but also matrix suction and internal friction
angle changing with suction.

During the rainfall process, the matrix suction and saturation
of the slope will change with the infiltration of rainwater, which
will change the physical properties of the soil and affect the
overall stability of the slope. The foot of the slope will slide and the
top of the slope will sink. Although the overall sliding tendency is
very small, its influence on the stability of the slope cannot be
ignored.

In this paper, the fluid-solid coupling analysis of the slope
model reinforced by high polymer anti-slide piles under different
schemes was carried out to obtain the saturation and pore
pressure of the rainfall slope at different times. Through
secondary development of numerical analysis software, the
stress and strain on the slope caused by long-term rainfall and
gravity are applied to slope stability analysis.

ESTABLISHMENT AND ANALYSIS OF
NUMERICAL MODEL

In slope engineering with anti-slide pile reinforcement,
considering rainfall conditions, the influence of slope
saturation and pore pressure variation on the mechanical
characteristics of unsaturated soil is mainly analyzed. Rainfall
form, intensity, duration, spacing of anti-slide piles, and different
pile positions will affect seepage field and stress field changes of
the entire slope, and then affect the overall stability of the slope.

Geometric Models and Material Parameters
A typical example of slope reinforcement with an anti-slide pile
was selected. The slope height is 20 m, the foundation depth is
17 m, the groundwater level is below ground, the total horizontal
length of the model is 60 m, and the slope gradient is 1:1.5. We
then set up four monitoring units A, B, C, and D. Point A is set at
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TABLE 1 | Mechanical parameters of soil and pile.

Slope Stability Under Rainfall Conditions

Material Deformation modulus Internal friction unit weight Poisson ratio Cohesion c/kPa
E/MPa angle ¢/° yIkN/m® v

Polymer micro anti-slide pile 10,000 25 0.2

silty clay 10 20 1.3 0.3 30

TABLE 2 | Hydraulic parameters of soil.

Material Residual water content

soil 0.049

Saturated water content

Saturated
permeability coefficient/(m/h)

0.304 0.018

=10m

lx:20m

FIGURE 2 | Plastic strain diagram at different pile positions.

=15m

5=22.5m

the foot of the slope, point B and C are at the same height, point B
is in front of the pile, point C is behind the pile and point D is at
the top of the slope. The pile body forming material of the anti-
slide pile is polyurethane high polymer, the diameter of the pile is
D =1 m, and the slope soil material is unsaturated soil. The sketch
of the slope model is shown in Figure 1.

In the numerical analysis software, the bottom of the model
was set as the origin of the coordinate axis. For the subsurface
boundary of the model, the pore pressure boundary condition is
set, which is expressed in analytical form 10* (17-Y). The pore
pressure boundary condition of the model ground is set to 0. The
pore pressure boundary condition of the pile body is also set at 0
because the polymer material has the function of water plugging
and has no permeability and the permeability coefficient is 0. At
the same time, displacement constraints are set at the bottom of
the model, X-direction displacement constraints are set at the left
and right, and Z-direction displacement constraints are set at the
front and rear. The rainfall intensity perpendicular to the slope is
set at 0.0166 m/h and 0.02 m/h perpendicular to the ground.

Rainfall forms are single-peak and double-peak, with a duration
0f 72,96, and 120H respectively. An anti-sliding pile is considered
the ideal elastomer. The contact interaction between pile and soil
is adopted and the coefficient of friction between pile and soil is
0.46. With the increase in the length of the anti-slide pile, the
construction difficulty and cost of the project will increase.
Therefore, according to the height of the slope, the pile length
is assumed to be 15 m. The mechanical parameters of soil and pile
are shown in Table 1 (Liu et al, 2018; Lin et al.,, 2020). Soil
hydraulic parameters are shown in Table 2.

Without Rainfall Conditions

Influence of Pile Laying Position on Reinforcement
Effect

Assuming the spacing of piles is 3D, the stability of slope
reinforced by anti-sliding piles under different positions of pile
laying is analyzed respectively. Figure 2 illustrates the equivalent
plastic strain diagram of a slope at different pile locations.
Figure 3 illustrates the safety factors of slope at different pile
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FIGURE 3 | Slope safety factor under different pile positions and different pile spacing without rain.
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locations and pile spacing under, without rainfall conditions. It
can be seen from Figure 3A that when the pile position is I, =
20 m away from the foot of the slope, the safety factor of the slope
is the largest and the reinforcement effect is the best under
without rainfall conditions (I, stands for the distance from the
foot of the slope). As can be seen in Figure 2, when [, = 22.5 m,
the pile is close to the top of the slope, the sliding zone appears at
the lower part of the pile, which results in the anti-sliding pile
being unable to fully play its anti-sliding role. As can be
seen in Figure 2 and Figure 3A, if the pile position changes
from I, = 20m to I, = 7.5m, the reinforcement effect will
gradually become worse and with the change of pile position,
the plastic slip zone of the slope also shows an upward trend.
Therefore, it can be inferred that if the pile is located at the foot of
the slope, the sliding zone of the slope may be located above the
pile, and the anti-sliding pile cannot play a role in anti-sliding.
When the pile is located at the middle and upper part, the safety
factor of the slope is relatively large and the anti-sliding effect of
the anti-sliding pile is the best. Because the anti-sliding force
provided by the anti-sliding pile and the anti-sliding force
provided by the soil in front of the pile can be fully used to
resist the sliding force produced by the soil after the pile and
maintain the stability of the slope. When the pile body is close to the
top of the slope, although the sliding force of the soil slope behind the
pile is small, the whole soil slope will generate a plastic penetration area
under the pile body, which will lead to slope instability. When the pile
body is close to the foot of the slope, the soil in front of the pile cannot
give fully provide anti-sliding force, the safety factor of the slope is too
small, and the reinforcement effect is poor.

Influence of Pile Spacing on Reinforcement Effect

Assuming that the length of piles is / = 15 m and the location of
piles is I, = 17.5 m, the stability of slope reinforced by anti-slide
piles with different spacing between piles under without rainfall
conditions is analyzed respectively. Figure 3B illustrates the slope
safety factors after reinforcement with different pile spacing.
From Figure 3B, it can be seen that when the spacing
between piles is 6D, the safety factor of the slope after
reinforcement is 1.723, and when the spacing between piles is

2D, the safety factor of the slope after reinforcement is 1.762. As
the spacing between piles decreases, the pile group effect of anti-
sliding piles is more easily brought into play, which makes the
reinforcement effect of anti-sliding piles better and the safety
factor increases constantly. However, if the spacing between piles
is reduced continuously, the reinforcing cost will be increased,
and the reinforcing effect will exceed the reinforcing demand,
resulting in waste. Therefore, it is necessary to choose the spacing
between piles reasonably according to the reinforcing demand.

Impact of Rainfall on Stability of Slope After

Reinforcement

Rainfall infiltration is one of the important factors affecting the
stability of a slope. Rainfall infiltration will change the overall
seepage flow field of a slope, which will cause the mechanical
characteristics of the soil to attenuate to a certain extent and the
stability of the slope to decrease. Because of the existence of anti-
slide piles, the seepage field inside the slope strengthened with
anti-slide piles will be different from that inside the natural slope.
The length of rainfall, the form of rainfall, the position of the anti-
slide pile, and the distance between piles will affect the seepage
field inside the slope and also the stability of the slope to some
extent. It can be seen from the results of slope reinforcement by
anti-slide piles when there is no rainfall the sliding zone of the
slope has already occurred under the pile body when the pile
position I > 22.5 m. When I < 7.5 m, the reinforcement effect of
the anti-slide pile is poor. Therefore, the stability analysis of slope
rainfall when [, < 7.5 mand [, > 22.5 m is no longer carried out. In
this section, the effects of rainfall form, duration, position, and
spacing of piles on slope stability under rainfall conditions are
explored respectively, and the optimum pile position and spacing
of anti-slide piles for slope reinforcement under rainfall are
analyzed.

Influence of Rainfall Form and Duration on Slope
Stability

Assuming that the precipitation is single-peak precipitation and
the location of pile arrangement is I, = 20m, Figure 4 depicts a
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FIGURE 4 | Distribution of pore pressure at peak rainfall intensity for different rainfall durations.

+1.95e+02
+1.76e+02
+1.57e+02
+1.38e+02
+1.19e+02
+9.97e+01
+8.06e+01
+6.16e+01
+4.25¢+01
+2.34e+01
+4.37e+00
~1.47e+01
—3.37e+01

=72h

cloud chart of pore pressure distribution on a slope as rainfall
intensity begins to decrease at different rainfall durations.
Figure 5 depicts a cloud chart of pore pressure distribution on
a slope at the end of rainfall. The matrix suction loss at the top of
the slope is the largest, so the matrix suction change at the top of
the slope is selected as one of the evaluation criteria. As can be
seen in Figure 4, when the duration of rainfall is 72, 96, and 120H,
matrix suction losses at the top of the slope are 200 kPa-37.9 kPa,
200 kPa-33.7kPa, and  200kPa-29.78 kPa,  respectively.
Although the difference of maximum suction loss of the slope
soil matrix is small, the same degree of loss occurs in the overall
mechanical characteristics of the slope, which reduces the overall
stability of the slope. As it can be seen in Figure 5, at the end of
rainfall, the matrix suction at the top of the slope recovered from
37.9kPa, 33.7 kPa, 29.78 kPa-101 kPa, 77.4 kPa, and 62.65 kPa,
respectively. Therefore, with the increase of rainfall time, the
recovery ability of mechanical characteristics of slope soil
gradually decreases. Although the suction of the soil before
pile and in the shallow soil mass of the slope has little change,
the saturation has changed a lot, and the mechanical properties of
the soil have also been attenuated to a certain extent, which makes
it easier for plastic failure to occur. The matrix suction of the soil
body behind the pile and the soil above the slope decreases

greatly, but it still has better mechanical characteristics
compared with the soil before the pile and in the shallow soil
mass of the slope.

Figure 6 illustrates the pore pressure distribution of the side
slope at four different times with I, = 20 m of pile location and
double-peak rainfall in the form of rainfall, the total duration of
rainfall is 120 h. From Figure 6, it can be seen that the pore
pressure of soil mass is relatively small at 30 and 90 h. Because the
rainfall intensity reaches the first and second peak respectively at
30 and 90 h, the matrix suction of soil mass decreases greatly and
the strength of soil mass decreases. Because the pile body is
formed by non-permeable polyurethane polymer and the internal
pore water pressure is 0, the pore pressure distribution of the soil
around the anti-slide pile is slightly different from that of the
adjacent soil. It can also be seen from Figure 6 that matrix suction
recovers to a large extent at 60H and 120 h but does not return to
its original state as the rainfall intensity gradually decreases to 0.
When the duration of precipitation is from 0 to 30 h and then to
60 h, the intensity of precipitation decreases from 0 to peak and
then to 0, the matrix suction at the top of slope decreases from
200 kPa to 44 kPa and then recovers to 133 kPa. During the
second rainfall process, the matrix suction at the top of the slope
decreases from 133 kPa to 40.5 kPa and then recovers to 118 kPa.
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FIGURE 5 | Pore pressure distribution map of the slope after rain in different rainfall duration.
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During the whole rainfall process, the matrix suction of the soil is
restored twice, and the mechanical properties of the soil and the
stability of the slope are improved.

Figure 7 illustrates the pore pressure distribution of a slope at
two different rainfall moments with single-peak rainfall.
Although the duration of single-peak precipitation is the
same as that of double-peak precipitation, the process of
single-peak precipitation reaching its peak is longer which
belongs to long-term strong precipitation, the process of
double-peak precipitation reaching its peak is shorter
which belongs to short-term strong precipitation. The time
att=96 hand t = 120 h mean that the rainfall intensity begins
to decrease and the rainfall ends. From Figure 7, it can be
seen that at ¢ = 96 h, the matrix suction of the slope top is
reduced from 200 kPa to 29.78 kPa; when t = 120h, the
matrix suction at the top of the slope recovered from
29.78 to 62.65kPa. During the whole process of rainfall,
the mechanical properties of soil decrease, and the slope
stability and mechanical properties of soil cannot be
improved and restored in time. When the rainfall form is
double peak rainfall, the mechanical properties of slope soil
can be restored in time during the whole rainfall process;
when the rainfall form is single peak rainfall, in the whole

rainfall process, the recovery ability of slope soil mechanical
properties is poor, and the risk of slope instability increases.

Influence of Different Pile Locations on Slope Stability
Under Rainfall Conditions

The selection of pile position of the anti-slide pile will affect the
change of seepage field inside the slope under rainfall conditions.
It is assumed that the spacing between piles is 3D and the
duration of rainfall is 120H. Figure 8 describes the matrix
suction and saturation changes at the top monitoring unit D
in different pile locations. In the absence of piles, the suction of
the matrix near the top of the slope before rainfall should be
190-200 kPa in theory, but it can be seen from Figure 8A that the
distribution of the suction of the whole foundation of the slope is
affected by the existence of anti-slide piles. When the pile location
is selected near the top of the slope, the suction of the soil matrix
on the upper part of the slope will be greatly affected and the
suction of the matrix will be reduced. When the position of pile
arrangement is located in the middle and lower part of the slope,
the suction of the soil matrix on the upper part of the slope is less
affected. Under different pile laying conditions, the suction of the
soil matrix near the top of the slope decreases rapidly as the
rainfall intensity increases from 0 to the peak value. Within 3-4 h
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FIGURE 7 | Distribution of pore water pressure of the slope at different times in the form of a single peak.

after the rainfall intensity reaches its peak value, the suction of the ~ changes slightly over time. The soil matrix suction near the top of
soil matrix near the top of the slope continues to decrease, and  the slope shows a trend of recovery after 6-7 h of rainfall intensity
then the suction of the soil matrix near the top of the slope  reduction. When the position of pile arrangement is close to the
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FIGURE 9 | Slope safety factors at different pile locations after rain.

middle and lower part of the slope, the recovery speed is relatively
fast. It can be seen from Figure 8B that the saturation of the soil
near the top of the slope first increases and then decreases during
the rainfall process. Soil saturation increases continuously from
residual saturation 0.08 before rainfall intensity begins to decay.
When the rainfall intensity begins to decay, the infiltrated
rainwater begins to drain, the soil saturation decreases rapidly,
and the matrix suction of soil appears a trend of recovery at this
moment. The changes of Figure 8A and Figure 8B mean that
when the pile position is arranged close to the middle and lower
part during the rainfall, the mechanical characteristics of the soil
mass on the upper part of the slope decay first and then recover to
a certain extent, and the stability of the upper part of the slope
decreases first and then recovers to a certain extent.

Figure 9 illustrates the safety factors of a slope at different pile
locations after rainfall. Due to the influence of rainfall, the
mechanical properties of soils are attenuated, and the soils in
front of piles cannot provide enough anti-sliding force, at the

same time, the slope as a whole is subject to varying degrees of
strain. Therefore, the safety coefficient of slopes under different
positions of pile arrangement has changed compared with that
without rainfall. From Figure 9, it can be seen that the anti-slide
pile can play a better anti-slide effect when the pile position is
close to the middle and lower part of the slope.

Therefore, in the process of rainfall, when the position of pile
arrangement is close to the middle and lower part of the slope, the
matrix suction of the upper and lower part of the slope is
relatively large and the mechanical characteristics are relatively
good. After rainfall, the soil matrix suction recovers relatively
quickly and the slope stability is relatively good.

Influence of Different Pile Spacing on Slope Stability
Under Rainfall Conditions

Due to the existence of anti-slide piles, the suction and saturation
of the foundation before and after the piles are quite different.
When the spacing between piles is changed, the area before and
after the piles is the most affected. Generally, the total amount of
rainwater infiltration in front of the pile is less than that in the
back of the pile, so pore pressure differences may occur during the
process of rainwater infiltration. The rainwater infiltrated in front
of the pile will flow back to the pile. At this time, the existence of the
pile will hinder the flow of seepage rainwater, and the spacing between
the piles will affect the ability to hinder. It is assumed that the location
of pile laying is [, = 15m and the precipitation is single-peak
precipitation with the duration of 120H. Figure 10 illustrates the
change of suction and saturation of the foundation before and after the
pile when the spacing between the piles is 2D. As can be seen from
Figure 10A, the suction of the soil matrix in front of the pile decreases
relatively quickly. As rainfall progresses, matrix suction of soil
decreases, and saturation increases. When the saturation reaches 1,
the value of matrix suction becomes the value of maximum pore water
pressure. Pore water pressure begins to decrease rapidly within 8-9 h
after rainfall intensity begins to decrease. When the saturation degree
begins to be less than 1, the suction of the soil matrix before the pile
starts to recover, the pore water pressure disappears and the
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mechanical properties of the soil are restored. The change rule of
matrix suction of soil after the pile is quite different from that of the
soil before the pile. The matrix suction of soil after the pile shows a
trend of continuous decrease and the saturation shows a trend of
continuous increase. With the change of location of the monitoring
unit, the specific value may change, but the change rule of suction and
saturation of foundation before and after pile will not change.
Figure 11 describes the change of suction and saturation of
matrix at monitoring unit B at different pile spacing. It can be seen
from Figure 11A that in the early and middle stages of the
precipitation process, the soil mass in front of piles has better
mechanical characteristics by choosing a larger spacing between
piles. When the rainfall is over, choosing a large spacing between
piles can accelerate the recovery rate of soil mechanical properties in
front of the piles. It can be seen from Figure 11B that when the
spacing between piles decreases, it is not conducive to drainage and the

flow of seepage rainwater, and the soil in front of piles needs less time
to reach saturation, which will lead to more plastic failure of soil in
front of piles. At the same time, the soil mass in front of the pile will
lose the matrix suction faster, which will reduce the resistance of the
soil in front of the pile and reduce the overall stability of the slope.

Matrix suction and saturation changes at monitoring unit C at
different pile spacings are described in Figure 12. As can be seen
from Figure 12A, the suction of the soil matrix tends to decay
continuously with different pile spacings. Selecting a large spacing
between piles can make the soil behind the piles have a greater
matrix suction in the early and middle stages of the rainfall
process and provide a relatively larger anti-sliding force for the
soil behind the piles. From Figure 12B, it can be seen that the soil
saturation after piles shows a continuous growth trend with
different spacing between piles. The regularity of suction and
saturation of soil matrix at monitoring unit C under different pile

Frontiers in Earth Science | www.frontiersin.org

10

October 2021 | Volume 9 | Article 774926


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wang et al.

Slope Stability Under Rainfall Conditions

SAT

0.5 porr””

time (h)

0 20 40 60 80 100 120

FIGURE 12 | Matrix suction and saturation at monitoring Unit C with different pile spacings.

60 90 120
time (h)

1.68

1.58 L L 1
g 4.
pile spacing (m)

FIGURE 13 | Slope safety factors with different pile spacings.

spacings is due to the difference of pore pressure between soil body
in front of piles and soil body behind piles and the difference of
saturation between soil body before the pile and soil body behind
the pile, which results in rainwater infiltrating before pile flowing
to behind pile. The larger the spacing between the piles, the more
infiltrated rainwater flows behind the piles, resulting in a larger
change rate of suction and saturation of soil matrix behind the
piles. However, in general, the increase of the spacing between
piles is conducive to the flow and discharge of infiltrated
rainwater, which can improve the mechanical characteristics of
soil mass in front of piles to a certain extent and, as can be seen
from Figure 13, a proper reduction of pile spacing can increase
the stability of the slope.

CONCLUSION

In this paper, the anti-slide pile and slope are considered as a
whole. In the rainfall infiltration analysis, a calculation model

considering the flow-solid coupling of permeability coefficient
characteristic curve and soil-water characteristic curve is
established. On this basis, the fluid-solid coupling analysis of
unsaturated soil slope with different rainfall duration, different
rainfall forms, different pile positions, and different pile spacing
are carried out respectively, and the stability of slope after rainfall
is analyzed by strength reduction method. The main conclusions
are as follows:

1)

2)

3)

With the increase of rainfall duration, the suction of the soil
matrix decreases, and the recovery rate of suction of the soil
matrix decreases gradually. During rainfall, the saturation of
soil in front of the pile and shallow soil of slope changes
greatly, which makes plastic damage more likely. The matrix
suction of the soil behind the pile and the soil above the slope
decreases greatly, but it still has better mechanical
characteristics than the soil in front of the pile and
shallow soil.

Compared with the two-peak rainfall, the single-peak
rainfall has a greater influence on the mechanical
characteristics of soil, more serious loss of suction of
soil mass matrix, and worse recovery ability after
rainfall. This means that the duration of peak rainfall
intensity has a key influence on the recovery ability of
slope soil mass. When the rainfall intensity reaches its peak
value, the recovery ability of mechanical characteristics of
slope soil gradually decreases as the rainfall process
continues.

Without rainfall conditions, the soil resistance in front of the
pile can be better combined with the resistance of the pile body
in the middle and upper part of the slope to give play to the
anti-slide effect of the anti-slide pile. The best pile location is
1/2L-3/4L. With rainfall conditions, when the position of piles
is located in the middle and lower part of the slope, the
matrix suction of the soil body is relatively large, and the
suction recovery ability of the soil body is strong after
rainfall. The reinforced slope has a large safety factor and
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the overall slope has better stability. The best pile location
is 1/4L-1/2L.

Without rainfall conditions, the smaller the spacing between
piles, the easier the pile group effect of anti-sliding piles can be
brought into play, the better the anti-sliding effect is, but at the
same time, the economic cost will be increased. With rainfall
conditions, the spacing between piles decreases, which is not
conducive to the drainage and flow of seepage rainwater. Soil
body in front of piles is more likely to reach saturation state,
which reduces the resistance of soil in front of piles, resulting
in plastic damage of the soil body in front of piles and
reducing overall stability of the slope.

4)
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