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Abstract
Anti-slide piles are economical and effective slope-retaining structures that are widely used in highway subgrade protection, 
and the mechanism of these piles has been attracting increasing attention. In this study, a cutting loess slope in Shaanxi 
Province, China, was excavated during the construction of a highway, and a row of anti-slide piles was used in the field to 
stabilize the slope. The results of in situ surveys and drilling indicated that a landslide had previously occurred. To ensure 
the safety of the slope, detailed monitoring measures were applied. Soil boreholes and pile monitoring holes were drilled 
to investigate the horizontal displacement. The pile length was 40 m with a cross section of 2 m × 3 m and a pile spacing 
of 6 m. To explore the interaction between high slopes and long anti-slide piles, a three-dimensional numerical model was 
established. Thereafter, the stress and deformation characteristics of a single pile were studied, and factors such as the pile 
length, embedment ratio, pile spacing, and cross section were considered. A comparison of the simulation and measurement 
results demonstrated that increasing the pile length may cause a shallow landslide, leading to a lower safety factor of the slope. 
It was found that s = 4b can be thought of as the most cost-effective arrangement and the soil arching effect in the vertical 
direction of 8–20 m is stronger; the earth pressure behind the pile will decrease due to the friction between the bedrock and 
soil near the sliding surface. It was also found that rectangular piles are more suitable for stabilizing high slopes. This study 
provides optimization choices for the slope and has reference value in the application of stabilizing piles.
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Introduction

The anti-slide pile is a kind of typical horizontally loaded 
pile that provides an effective measure for stabilizing slopes. 
As passive piles, the stress acting on anti-slide piles is 
caused by the movement of the soil around the pile (Guo 
2015). The working mechanism of the anti-slide piles is 
to transfer the driving force of a landslide to the bedrock 
ground below the sliding surface so that the slope can be 
reinforced. (Li et al. 2016).

Many researchers have conducted theoretical stud-
ies on the stability of slopes reinforced with piles. The 

limit-equilibrium method (LEM) and limit analysis method 
(LAM) are always adopted for analysis. In the aspects of 
LEM, a simplified approach based on an uncoupled formu-
lation was presented, in which the pile response and slope 
stability were considered separately (Lee et al. 1995). An 
approach was developed by extending the simplified Bishop 
slice method to analyze the stability of a strain-softening 
slope reinforced with stabilizing piles, revealing that the 
stability was dependent not only on the strength parameters 
but also on the stress–strain relationship of soil (Zhang and 
Wang 2010). In addition, a new LEM was established for 
analyzing the stability of slopes reinforced with micropiles 
(Deng et al. 2017). In terms of LAM, the plastic state theory 
was developed and employed to assess the pressure acting on 
the piles regardless of the state of equilibrium of the slope 
(Ito and Matsui 1975). This theory was originally used for 
rigid piles and was not suitable in most cases. However, it 
was extended for use in flexible piles under the assumption 
of small deformation (Ito et al. 1981). An approach account-
ing for changes of critical surface due to the presence of the 
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piles was subsequently developed (Hassiotis et al. 1997). 
Based on the upper bound of limit analysis, the plane-strain 
analysis of the slopes reinforced with a row of piles was 
extended to the 3D case (Gao et al. 2015) and unsaturated 
soils were studied (Yuan and Du 2018; Deng and Yang 
2019).

In the aspect of numerical research, most studies have 
explored the interaction between piles and slopes through 
multiple models, and proved the superiority of numerical 
simulation (Won et al. 2005; Yuan et al. 2021; He et al. 
2015). With the help of numerical analysis, some research-
ers have also studied the failure mechanism of the slope 
and the behavior of the fracture surface (Michalowski and 
Drescher 2009; Lim et al. 2016; Yang and Xu 2017; Li et al. 
2021). Sensitive analysis of the parameters appearing in the 
pile–soil system were discussed in detail, such as pile spac-
ing, interface roughness, relative displacement between the 
soil and pile, bending stiffness (Cai and Ugai 2000; Rifat 
Kahyaoglu et al. 2009), soil property, pile position, sur-
charge distance, etc. (Sharafi and Sojoudi 2016). Moreover, 
the behavior of a strip footing supported on a row of piles 
and sheet pile-stabilized sandy slope was studied (El Sawwaf 
2005). These studies further revealed the failure behaviors of 
slopes and were meaningful for theoretical research.

Anti-slide piles are widely used around the world. Table 1 
summarizes numerous applications of piles for stabilizing 
slopes or other structures. It can be observed that most 
lengths of anti-slide piles appearing in the literature ranged 
from 20 to 30 m, which accounted for 44.5% (Fig. 1), fol-
lowed by pile lengths of 20–30 m and 30–36 m, which both 
accounted for 22.2%. Piles that were less than 10 m were 
rarely used, which only accounted for 11.1%, indicating 
that anti-slide piles are more common in deep landslide 
treatment.

This study aims to evaluate the safety of a slope stabilized 
with long anti-slide piles. The movements of soil and anti-
slide piles were observed through field monitoring methods, 

and a three-dimensional finite element numerical model was 
established to study the pile–soil interaction of a high-loess 
slope. It not only provides optimization choices for this 
slope, but also has reference value in the wider application 
of stabilizing piles.

Project overview

General description

The cutting slope of the highway project, which is located 
in the west of Yan’an city, Shaanxi Province, China, where 
the terrain is complex and belongs to the typical loess area, 
a landslide disaster occurred in history. The height of the 
slope is 108 m, with two slope angles of 45°and 63°, as well 
as a length of 175 m in the slope direction.

According to the drilling results in the field, the formation 
layer at the slope can be divided into three types. The first 
type is the sliding soil that exists on the upper part of the 
slope and is mainly composed of powdered clay mixed with 
some gravels. The second type is the bed soil underneath the 
topsoil, which is composed of Q2 loess and some red clay 

Table 1   Statistical samples of 
anti-slide pile lengths appearing 
in the literature

No. Literature Location Pile length (m)

1 (Xu and Niu 2014) Zhejiang, China 20
2 (Ashour and Ardalan 2012) Hildenborough, Kent, UK 10
3 (Karim 2013) Sydney, Australia 22.2
4 Onyango and Zhang (2019) Guizhou, China 22
5 (Zheng et al. 2020) Guizhou, China 23 –32
6 (Zhang et al. 2020) Chengdu, China 19 and 33
7 (Liu et al. 2020) Three Gorges Reservoir, China 22
8 (Li et al. 2017) Yichang, China 36
9 (Zhao et al. 2019) Yunan, China 15 –25 and 

20 –30
10 (Ersoy et al. 2020) Ulbey, NE Turkey 25
11 (Xie et al. 2020) Guizhou, China 9 –16
12 (Premalatha et al. 2017) Chennai port, India 30

Fig. 1   Proportion of anti-slide pile length
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(N2). The deposits present a hard state and calcium nodules 
are occasionally visible. The third type of layer consists of 
strongly and moderately weathered sandstone buried to a 
considerable depth. Because of a wide range of strata here, 
there are significant differences in engineering geological 
properties. It is assumed that the contact surface between 
two different soil layers could cause a potential landslide, 
especially the surface between the soil and bedrock. The 
strength and modulus of overlying soil above the bedrock 
are far less than those of underlying strongly and moder-
ately weathered sandstone. Therefore, this surface becomes 
weaker with saturation under surface water infiltration, and 
sliding could happen along this weakness plane.

To stabilize the slope, some measures had been conducted 
before the highway construction. For example, the slope was 
cut to reduce its weight with the slope rate of 1:1.0 and 1:0.5, 
and the heights of the platform were 8 m and 6 m, respec-
tively. In addition, a large area was also created to prevent 
the collapsed soil from falling into the highway. The second 
measure was the use of anti-slide piles. A row of anti-slide 
piles was set up on the third platform, each with a length of 
40 m. The spacing of adjacent piles was 6 m with a cross 
section of 2 m × 3m2. Further measures including planting 
grass and setting up arched skeletons on slopes were also 
carried out. Figure 2 shows the overall view of this slope.

Monitoring scheme

Due to the large height of the slope and the huge stress act-
ing on the anti-slide piles, the horizontal displacement of the 
soil and pile must be monitored to ensure the safety of the 
slope. The monitoring results can reflect whether the slope is 
in a safe state, and can be used to warn of possible disasters 
in a timely manner.

To investigate the displacement of the pile–slope system, 
a number of inclinometers were installed. To observe the 
displacement of the soil, two boreholes were drilled in the 
field with a depth of 50 m. The inclinometers were attached 
to PVC tube and buried into the boreholes, and the hole was 
backfilled with sand and grouted finally.

The sensors for measuring anti-slide pile displacement 
were relatively smaller and could be inserted into PVC tubes. 
The anti-slide pile was pre-buried with acoustic testing pipes 
during construction, which can be used directly as a channel 
to monitor pile deflection, eliminating the process to drill 
holes in the pile. Figure 3 shows the installation method of 
these monitoring sensors. Two boreholes for monitoring soil 
displacement were set on the fourth platform, symmetrically 
located on both sides of the pile, and anti-slide piles were 
set on the third platform. To facilitate discussion here, the 
soil boreholes are numbered BH01and BH02, and the pile 
hole is numbered BH03. Table 2 shows the position of the 
inclinometers in the boreholes.

Measured results and analysis

The displacement monitoring activities were carried out 
a few months after the slope construction was completed. 
Therefore, only the relative displacement within the moni-
toring period could be obtained, and the displacement occur-
ring during construction could not be observed.

The horizontal displacements of the two boreholes BH01 
and BH02 are shown in Fig. 4a, b. The monitoring began 
in December 2016 and lasted until August 2017, when the 
deformation of the soil and piles had stabilized. BH01 and 
BH02 show similar trend of displacement, the displacement 
at the bottom is smaller, and the maximum displacement 
appears at the top of the hole, with a maximum displace-
ment of 31.6 and 37 mm, respectively. The rate of increase in 
the horizontal displacement of both BH01 and BH02 slows 
down in May 2017. This suggested that the soil became sta-
ble and large displacements were unlikely to occur after that 
date. However, during this period, the relative displacement 
of the inclinometer between 23 and 28 m was larger. From 
the results of the in situ survey, it was the soil–rock interface, 
which is prone to cause the soil sliding along the rock below. 
Similar to soil displacement, the pile head showed maximum 
displacement, at 32 mm, the displacement below the sliding 
surface is relatively small, showing the cantilever beam’s 
characterization, and the pile head displacement became sta-
ble after April 2017, as Fig. 4c shows, and the soil arching 
between the piles was produced.

Shear strength reduction method

With the widespread use of computers, finite element 
method (FEM) analysis of slope stability has advanced Fig. 2   Overview of slope
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significantly in recent years. In this paper, the slope model 
is established through the finite element code Abaqus and 
the shear strength reduction method (SSR) is used.

Shear strength parameters have a great influence on the 
safety factor Fs of the slope. In this work, the parameters 
of the original soil and rock were obtained from the field 
investigation and associated laboratory and field tests. The 
values are provided in Table 3. As shown in Fig. 5, the soil 
in region I is mainly Q2 loess, region II is red clay, regions 
III and IV is sandstone, and region V is composed of Q2 
loess with some gravels.

SSR can be used to analyze the stability of the slope, 
while FEM can obtain a safety factor directly. The strength 
reduction factor is expressed by Fr , and the shear strength 
parameters after reduction can be expressed as:

where c, φ represent the actual cohesion and friction angle 
of soil, and cm and �m are the cohesion and friction angle 
after reduction. During calculation, the strength reduction 
factor Fr gradually increases, the reduction factor Fr is the 
safety factor Fs of the slope under the critical failure status 
( Fr = Fs ), and the sliding surface can be obtained.

Model description

A three-dimensional numerical model was built to analyze the 
slope stability and the interaction between the pile and soil 
through the application of the finite element code Abaqus. As 
mentioned above, the slope soils consisting of loess, red clay 
and bedrock were all modeled as linear elastic perfectly plas-
tic materials obeying a Mohr–Coulomb failure criterion, and 
stabilizing piles were modeled as linear elastic materials. The 
height of the slope was 108 m, with a length of 175 m, and pile 
length of 40 m. Because the numerical model represents only 
a section of the in situ slope, the direction of U3 for the front 
and back boundaries was constrained (Z = 0), the location of 
the right and left end boundaries was far enough to allow the 
slide surface to fully develop, the horizontal direction (U1) of 
the right and left boundaries was restrained (X = 0) and dis-
placement along the bottom boundary was fixed horizontally 
and vertically (X = Y = Z = 0). To simulate the pile embedded 
in the rock, the bottom of the pile was fixed (X = Y = Z = 0), the 
initial stress equilibrium was performed to balance the internal 
and external and internal force, and thus the displacement due 
to the initial stress was eliminated. To reduce calculation time, 
only a symmetrical model was considered in this paper, the 
thickness of the model is 3 m, which equaled half the distance 

(1)cm =
c

Fr

,

(2)�m = arctan

(

tan�

Fr

)

,

Fig. 3   a Installation of sensors in soil. b Installation of sensors in 
pile. c Reserved acoustic testing pipe on pile

Table 2   Sensor position

Bore hole No. Position (m)

01 3-8-13-18-23-28-38-48
02 3-8-13-18-23-28-38-48
03 2-5-8-13-18-23-31-40
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of adjacent piles and the width of the pile is 1 m, as shown in 
Fig. 6.

The interaction type between the pile and soil was arranged 
as a master–slave surface contact. The contact property of tan-
gential behavior was “Penalty”, and the normal behavior was 
“Hard” contact. The element type was C3D8, and the mesh of 
the model is shown in the Fig. 7. The field variable FV, which 
represented the safety factor Fs of the slope, was varied from 
0.5 to 2, with an increment of 0.25.

Displacement obtained by FEM

Figure 8 shows a comparison of the simulated soil displace-
ment and measured evidence. The measured and simulated 
displacements exhibit the same trend, but the simulated dis-
placement was greater. It can be interpreted that the simu-
lated slope was in a critical state when the calculation was 
terminated and the soil displacement was the largest. As 
depicted in Fig. 4, soil displacement continued to increase, 
illustrating this slope far from reaching the critical state. 
Secondly, in situ monitoring started a period of time after the 
slope construction was completed, resulting in the measured 
displacement being less than the simulated displacement.

Figure 9 depicts that the simulated pile displacement 
and the measured value are in agreement when the depth is 
below 13 m, but the pile head displacements are largely dif-
ferent. The simulated pile head displacement is about 48 mm 
and the measured value is 32 mm. It can be interpreted that 
the soil in front of the pile has not reached the passive limit 
state so it can provide resistance; additionally, researches 
(Zhao et al 2019; Kourkoulis et al 2011) have found that 
embedment ratio, which is the pile segment embedded in 
the bedrock to that embedded in the sliding mass, had an 
influence on the deformation characteristics of the pile. The 
following section discusses the role of embedment ratio.

Due to the construction of the expressway, the geometric 
shape of the slope changed, resulting in varying the posi-
tion of the most dangerous sliding surface of the slope. The 
simulated results show that the safety factor of the slope is 
1.232, and the sliding surface corresponding to the safety 
factor stems from the fifth platform to the top of the slope, 
as shown in Fig. 10.

Discussion

Effect of pile length

Excessive length of anti-sliding piles will lead to increased 
deformation, higher costs, and will negatively affect 

Fig. 4   a Soil horizontal displacement in BH01. b Soil horizontal dis-
placement in BH02. c Pile horizontal displacement

▸
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construction. However, insufficient length of piles will 
cause soil slide along the weakness surface. In general, the 
bottom of the anti-slide pile needs to be embedded in the 

rock to allow the pile to bear a greater sliding force. Proper 
pile length and embedment depth can make the design more 
economical and reasonable. The embedded ratios of the pile 
segment below the sliding surface to that embedded in the 
sliding mass usually range from 0.25 to 1.

Table 3   Parameters of each soil 
layer

Region Unit weight 
(kN/m3)

Elastic modulus 
(MPa)

Cohesion (kPa) Internal friction 
angle (°)

Poisson’s ratio

I 20 10 25 35 0.4
II 20.5 25 150 23 0.3
III 20.5 120 90 25 0.2
IV 25 1500 400 28 0.2
V 19.5 18 36 31 0.4
Pile 25.0 3 × 104 – – 0.2

Fig. 5   Slope model and soil 
layer distribution

Fig. 6   Symmetrical analysis of piles and pile spacing

Fig. 7   Slope model overall mesh
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Table 4 gives the specific pile length studied in the simu-
lation. To study the global stability of the slope under var-
ied pile lengths, seven numerical models with different pile 
lengths were established, and each model obtained a safety 
factor of the slope. In this study, different pile lengths mainly 
referred to the length below the sliding surface, which con-
sisted of clay, strongly weathered sandstone and moderately 
weathered sandstone, with moderately weathered sandstone 
predominating with increased depth.

Figure 11 presents the pile head displacement and safety 
factors under different pile lengths. It can be found that the 
safety factor of the slope is less than 1.0 when the length 
is 37 m, which means that the slope is not under the safety 

state. The reason may be that the depth embedded in the 
rock is not long enough so the displacement is too large. If 
the Fs of the slope is far less than 1.0, for example, Fs = 0.7, 
such a result is meaningless, because this slope has already 
slipped and cannot be reinforced. Actually, those slopes that 
need to be reinforced have an Fs close to 1.0. From Table 4, 
the slopes with pile lengths of 37 m and 38 m should further 
be reinforced. With the increase of pile length as well the 
depth embedded in the rock, the safety factor increases until 
the length is 41 m, then it decreases. In terms of safety fac-
tor, the most suitable pile length is 41 m with an embedded 
ratio of 0.64.

Figure 11 also illustrates the relationship between the 
pile head displacement and pile length. The pile head dis-
placement gradually decreases as the pile length increases, 
indicating that increasing embedded length can reduce the 
pile head displacement. However, increasing the pile length 
means massive costs, harder construction conditions, and 
possible a lower safety factor; therefore, when designing 
anti-slide piles, it is necessary to ensure that the length of 
the pile meets the specifications, but is also economical.

Comparing Fig. 12a, b, it can be found that the plastic 
zone with a pile length of 43 m is closer to the slope surface 
than that of 40 m. In other words, a shallow landslide will 
occur more easily when the pile is 43 m, and the reduction 
in safety factor can be attributed to the occurrence of shallow 
landslides. However, Fig. 12 represents the assumed sliding 
surface calculated by FEM, which is related to the slope 
geometry. Therefore, the analysis of the safety factor is based 
on the assumed sliding surface and current slope geometry. 
In general, the location of the original sliding surface deter-
mines how the piles should be designed and constructed, 
and the piles for stabilizing this sliding surface keep the soil 
stable, almost impossible to flow between the piles. How-
ever, a new possible sliding surfaces may be generated in the 

Fig. 8   Comparison between measured and simulated results of soil 
displacement

Fig. 9   Comparison between measured value and numerical result of 
pile deflection

Fig. 10   Plastic zone and pile deflection of slope
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slope as the simulation shows. Therefore, it is necessary to 
consider the issue in field applications.

Effect of embedment ratio

To further study the effect of the pile length, the embedment 
ratio, namely the ratio of the pile segment embedded in the 
bedrock to that embedded in the sliding mass, is introduced. 
Table 4 reports the embedment ratios corresponding to dif-
ferent pile lengths.

The simulation results show that the safety factor Fs of 
the slope was less than 1.0 when the embedment ratio was 
0.48, which implies that the embedment was not sufficient 
to provide adequate fixity conditions. Moreover, the value 
of Fs increased with the embedment ratio. But due to the 
effect of shallow landslide, Fs decreased when the ratio was 
between 0.68 and 0.72. As mentioned previously, the embed-
ment ratio can affect the pile deformation pattern. When the 
embedment ratio is less than 0.7, a pile will exhibit char-
acteristics similar to rigid piles, whereas when the ratio is 
greater than 1.2, a pile will exhibit flexibility, rather than 
rotation (Kourkoulis et al. 2011). The embedment ratio in 

the field was about 0.6, leading to a different pile deflection 
pattern from that of the FEM.

Figure 9 illustrates that the actual pile exhibited a simi-
lar behavior of rigid inclination to some extent, while the 
FEM results indicated flexural deformation. Displacement 
monitoring was carried out a few months after the slope con-
struction was completed. Therefore, the monitoring data can 
only indicate the relative displacement of the pile over this 
period and cannot reveal the deformation characteristics of 
the anti-slide pile from the beginning of construction. Thus, 
the time lapse and embedment ratio resulted in a difference 
between the measured pile deformation pattern and the FEM 

Table 4   Safety factor of slope 
with different pile lengths

Plan Dimension (m) Spacing (m) Length (m) Length below slid-
ing surface (m)

Embedment 
ratio

Fs

1 2 m × 3 m 6 37 12 0.48 0.997
2 38 13 0.52 1.062
3 39 14 0.56 1.167
4 40 15 0.60 1.232
5 41 16 0.64 1.254
6 42 17 0.68 1.213
7 43 18 0.72 1.199

Fig. 11   Safety factor and pile head displacement under different pile 
lengths

Fig. 12   a Slope plastic zone when pile length is 40 m. b Slope plastic 
zone when pile length is 43 m
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results. From Fig. 11, it can be seen that the increase in the 
embedment ratio can effectively restrain the displacement 
of the pile head. To utilize the pile capacity and provide 
fixity conditions, a greater embedment ratio is required, but 
the increase of the embedment length will unavoidably be 
associated with increased installation costs. However, the 
economic impact is not the focus of the present study.

Effect of pile spacing

The priciple that determines pile spacing is to prevent soil 
from sliding between piles, excessive pile spacing will cause 
soil sliding or pile damage due to excessive force, but the 
pile spacing is not as small as possible, a proper pile spac-
ing can produce soil arching to transfer the soil pressure to 
the adjacent piles, where the two piles play the role of arch-
ing corner. Therefore, to stabilize the soil between the piles, 
it was suggested that the pile spacing should be 5–10 m 
(TB10025-2019) or 3–5 times the pile width (diameter).

During the transmission of earth pressure through the soil 
arching, it was determined that the earth pressure transmitted 
between the piles gradually decreased, and the earth pres-
sure behind the piles increased significantly. Dong (2007) 
investigated the range of soil arching by measuring the soil 
pressure behind the piles, pointing that the sudden increase 
of soil pressure behind the piles can be a manifestation to 
determine the range of soil arching. From Fig. 19, it can be 
observed that the earth pressure displays a significant sudden 
change in the middle part of the sliding mass, in which the 
depth is 8–20 m, that is, the soil arching effect in this range 
is enhanced, however, due to the large lateral pile head dis-
placement, the soil arching effect is relatively weak near the 
top of the pile, and the strength and range of the soil arching 
effect are nonlinearly distributed along the pile.

To determine the maximum pile spacing, a number of 
simulations with six different pile spacing, s, were per-
formed and the response of the piles for s = 2.5b, 3b, 3.5b, 
4b, 4.5b, and 5b were compared, where the pile width b is 
2 m. The parameters of the piles and the safety factor of the 
slope obtained by FEM are listed in Table 5.

It was reported that the relationship between s/d and 
the slope safety factor was consistent with that of s/d and 
soil arching effect, and s = 6d was the optimization (Zhang 
2019), where d is the diameter of the round pile. For the 
rectangular-section pile in the present study, s = 4b can be 
thought of as the most cost-effective arrangement, because 
it has the most significant spacing required to produce soil 
arching (in the range of 3–5times the pile width) and the 
safety factor to ensure the slope’s stability, for s = 4.5b and 
s = 5b, the safety factors are too low to ensure the slope’s 
stability.

Figure 13 shows a negative correlation between s/b and 
safety factors, but the increasing rate gets lower after s/b > 4. 

That is, the soil arching effect becomes weaker, resulting in 
Fs decrease. The increase of s/b indicates that each pile is 
subjected to larger sliding force, leading to increased pile 
displacement, especially the pile head displacement, and 
the increase in the bending moment (Figs. 14 and 15). The 
pile head displacement increases from 46.16 to 55.86 mm. 
According to the Code for Design of Retaining Structures of 
Railway Earthworks (TB10025-2019), the allowed horizon-
tal displacement for stabilizing piles is usually greater than 
that for other retaining structures, as suggested to control the 
pile head displacement according to different requirements. 
Generally, the pile head displacement is required to be less 
than 100 mm, which is considered in the present study to 
be compliant with the standard, regardless of the simulated 
conditions.

Stabilizing piles are usually regarded as cantilever beams, 
the segment above the sliding surface is subjected to land-
slide force and the segment below the sliding surface is sub-
jected to soil resistance. The maximum bending moment is 
located at the soil–rock interface, with a depth of 26 m. As 
s/b increases, the soil arching effect will become weaker and 
disappear until s/b reaches a critical value.

Table 5   Safety factor of slope with different pile spacing

Plan Width (m) s/b Pile head deforma-
tion (mm)

Fs

1 2 2.5 46.16 1.257
2 3 48.45 1.232
3 3.5 50.24 1.198
4 4 52.38 1.118
5 4.5 53.97 1.074
6 5 55.86 1.066

Fig. 13   Relationship between s/b and safety factor
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Meanwhile, the earth pressure on the pile gradually 
increases and stabilizes. When the soil arching fails, the soil 
pressure on the pile decreases because the soil arching no 
longer delivers the sliding force to the piles. From Fig. 14, 
the bending moment on the pile gradually increases, indicat-
ing that the soil arch is effective in the range of s = 5b.

Effect of pile cross section

Under horizontal force, not only the soil in the width of 
the pile is compressed, but also the soil surrounding the 
pile is affected, showing a three-dimensional stress state. 

In general, the spatial stress state is always converted into 
a plane problem. To consider the influence of the pile cross 
section, the pile width b or pile diameter d is converted into 
a rectangular pile with the width of Bp during calculation, 
which is equivalent to the actual width of the affected area. 
Bp is the calculated width of the pile.

For a rectangular section pile, its calculated width is 
denoted as:

For a round section pile, it is:

where b is the width of the rectangular pile and d is the 
diameter of the round piles. To make the calculated width 
the same in this paper, a rectangular pile with the width of 
2 m and a round pile with a diameter of 2.4 m were studied, 
and other parameters of the piles were the same.

Figure 16 presents the plastic zone of the slope with a 
round pile, which is mostly the same as that in Fig. 10. The 
cross section of the pile has a great influence on the safety 
factor of the slope. The safety factor simulated with a round 
pile is 1.133, which is less than 1.232 for the rectangular 
pile. It can be interpreted that under the same calculated 
width Bp , the round pile’s inertia quadrature and cross-sec-
tional area are both smaller than that of the rectangular pile, 
which is not conducive to preventing the soil from moving.

Figure 17 shows the curve of the pile deflection under 
two cross sections. It can be observed that the cross section 
has nothing to do with the pile deflection pattern, the trends 
of the two curves are the same, and only the displacements 
are different, especially the pile head displacements. For the 
round pile, the pile head displacement is 50.6 mm, and for 
the rectangular pile, the pile head displacement is 48.5 mm.

(3)Bp = b + 1.

(4)Bp = 0.9 × (d + 1),

Fig. 14   Distribution of bending moment of pile under various s/b 

Fig. 15   Pile deflection under various s/b 

Fig. 16   Slope plastic zone and pile deflection under the condition of 
round piles
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Figure 18 presents a diagram of the pile bending moment. 
The trends of bending moment are in coherence, and the 
maximum bending moment appears near the sliding surface. 
However, the rectangular pile’s bending moment is 20% 
greater than that of the round pile. For the piles of the same 
calculated width, it is obvious that the rectangular pile not 
only restrains the pile head displacement, but also can bear 
greater bending moments. It can be attributed to the larger 
bending rigidity of the rectangular pile.

Figure 19 depicts the curve of earth pressure (CPRESS) 
behind the pile with different cross sections in the critical 
state. The curve obtained in this study is consistent with 
Yamin’s (2020) research. It can be found that the earth pres-
sure behind the pile has an increasing trend along the pile, 

but decreases near the sliding surface. The shape of the earth 
pressure curve of the round pile is like a parabola, but the 
rectangular pile is closer to a polyline. Generally, the dis-
tribution of earth pressure behind a structure is assumed 
as a triangle or rectangle-shaped, and sometimes trapezoid. 
However, the actual force acting on the pile is different. The 
sliding surface is the soil–rock interface; inevitably, there 
is sliding friction between the soil and rock, which offsets 
a portion of the earth pressure, leading to a decrease in the 
earth pressure near the sliding surface. Additionally, the dis-
placement of the soil is large, while the pile displacement is 
small near the sliding surface according to the in situ moni-
toring results, the relative displacement between the pile and 
the soil releases part of the earth pressure, which may be the 
reason for the drop down in earth pressure as well.

Figure 20 shows a contour of the earth pressure acting 
on the pile. It reveals that the force acting on the pile is 
in coherence regardless of the cross section. At the sliding 
surface, the front of the pile is subjected to soil resistance, 
while below the sliding surface, the soil resistance behind 
the pile is greater, especially for rectangular piles.

Conclusion

In this research, soil and pile displacements were monitored, 
and a three-dimensional numerical slope model of a long 
anti-slide pile was established via Abaqus. The stability of 
the slope and the deformation and stress characteristics of 
the pile under different lengths, embedment ratios, pile spac-
ing and cross sections were studied, and some conclusions 
can be made from the results as follows:

Fig. 17   Deflection of pile with different cross sections

Fig. 18   Pile bending moments with different cross sections Fig. 19   Distribution of earth pressure behind the pile
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1.	 Increasing the pile length and embedment ratio can 
effectively reduce the pile head displacement. When the 
embedment ratio is greater than 0.68, the plastic zone 
gradually moves upward, which is more likely to cause 
shallow landslides, resulting in a lower global safety fac-
tor of the slope.

2.	 With the increase of the pile spacing, the safety factor 
decreases, but the displacement and bending moment 
of the pile gradually increase. The maximum bending 
moment appears near the sliding surface, because as the 
distance between the piles increases, each pile must bear 
a larger sliding force.

3.	 The soil arching effect in the vertical direction of 8–20 m 
is stronger, and the soil arching is effective between 
s = 2b to s = 5b, but from the perspective of safety fac-
tor, s = 4b is the most cost-effective pile spacing.

4.	 The cross section of the pile has an influence on the 
safety factor of the slope. Compared to a round pile, the 
pile head displacement of a rectangular pile is smaller 
while its bending moment is greater. This result illus-
trates that a rectangular pile is more suitable for high 
slopes.

5.	 The earth pressure behind the pile gradually increases 
along the pile, but decreases near the sliding surface. It 
can be interpreted that the friction between the soil and 
the sliding bed offsets a portion of the earth pressure.

As a study on the use of long anti-slide piles for high 
slopes, this paper presents optimizable choices and reveals 
the mechanisms of stress and deformation of long piles, 
providing a guiding role in the case study of slope rein-
forcement. However, due to field conditions, some data 
such as the earth pressure behind the pile were not moni-
tored so that only analyzed by numerical calculation. In 
the future, a model test should be used to better simulate 
the behavior of long anti-slide piles and slope stability.
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