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Abstract
A landslide located in northern Sichuan Province, China was investigated. A series of numerical models of the landslide 
stabilized with piles and anchor cable frame beams were developed using a three-dimensional finite-element method. The 
Strength Reduction Method was employed to investigate the stability of slopes, the internal forces of piles, and the axial 
forces of anchor cables. A parametric study consisting of pile position, pile length, and pile spacing was carried out. The 
results show that compared to anchor cable frame beams, the combination of piles and anchor cable frame beams is a more 
effective retaining structure to improve slope stability. During slope destabilization, the proportion of thrust shared by piles 
gradually increases, while the proportion of thrust shared by anchor cables gradually decreases. Piles installed on the leading 
edge of a trail-mode landslide can make the slope mostly stable. As the piles move from the leading, middle, and trailing 
edges of the slope, the proportion of thrust shared by the anchor cables gradually increases, while local instability may occur 
in front of the pile. Increasing the pile length can improve the stability of the slope. However, excessive embedded length 
of piles has little effect on further improving the slope stability. The critical embedment length of piles found in this study 
is 1/3 of the total length of the pile. The critical pile spacing found in this study is 2.5 times the width of the pile section. 
Beyond this spacing, the effective soil arch between the piles is difficult to develop and the anchor cables may share more 
proportion of the landslide thrust. This study provides a reference for reinforcement system design of engineering projects 
considering piles and anchor cable frame beams.
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Introduction

 Retaining structures are crucial for slope stabilization. 
In particular, piles owning excellent anti-slip capability 
can prevent the overall instability of the slope (Li et al. 
2016; Xiao et al. 2017; Zhao et al. 2017, 2019; Wang et al. 
2021a, b). Anchor cable frame beams are also a key retain-
ing structure, which can restrain the surface deformation 
of slopes rapidly by applying pre-stresses to the unsta-
ble slope (Chen et al. 2016, 2018). In mountainous areas, 
slope conditions are commonly complicated. A single 
retaining structure is unlikely to be successful in control-
ling large-scale landslides, thus more and more combina-
tion structures were proposed (Zhang et al. 2020; Feng 
et al. 2021; Wang et al. 2021a, b). The combined structure 
of piles and anchor cable frame beams (CPA) can ensure 
both global and local stability of the slope, which is widely 
used in various landslide control projects (Lin et al. 2017; 
Xue et al. 2018).
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Piles are passive retaining structures, which only come 
into play when the slope starts to deform (Kahyaoğlu et al. 
2017; Li and Du 2021). The reasonable pile position, pile 
length, and pile spacing are the main factors affecting the 
effect of slope reinforcement (Xiao 2017; Tan et al. 2018; 
Liu et al. 2018; Li et al. 2019). For the pile position, Ito 
et al. (1981) and Hassiotis et al. (1997) concluded that the 
factor of safety (FS) was maximum for slopes with piles 
installed at the top of the slope. However, Shooshpasha 
and Amirdehi (2015) derived that the FS was maximum 
for piles installed in the middle of the slope. Similarly, 
Wei and Cheng (2009) suggested that the optimal loca-
tion of the pile is near the middle of the slope. For the pile 
length, Cai and Ugai (2000) suggested that the slip surface 
of the slope no longer changed for pile length exceeding 
the critical value. However, Griffiths and Marquez (2007) 
noted that the slip surface may become shallow for a pile 
whose length exceeds a certain threshold value. Addition-
ally, there is also no consensus on the issue of optimal pile 
spacing owing to the presence of earth arches between 
piles (Cai and Ugai 2000; Wei and Cheng 2009).

Anchor cable frame beams are active retaining struc-
tures, which can be employed simultaneously with piles 
to develop a combined structure (Wu and Huang 2008; Lin 
et al. 2017; Xue et al. 2018). For this combined structure, 
piles and anchor cables share the landslide thrust to main-
tain the stability of the slope. However, its force mecha-
nisms are usually complex due to the coordinated defor-
mation of the active and passive structures. Compared to 
the research on pile-stabilized slopes, there are few stud-
ies about the slope stabilized with piles and anchor cable 
frame beams. Li and Wang (2016) conducted field tests on 
a slope stabilized with the CPA. Their results showed that 
the anchor cables and the piles work in concert, sharing 
33.9% and 66.1% of the thrust, respectively. However, the 
proportion of thrust shared by piles and anchor cables is 
also related to their location and number, which requires 
further research to clarify.

A landslide located in northern Sichuan Province, China, 
was investigated. A series of numerical models of a slope 
stabilized with piles, and anchor cable frame beams were 
developed using a three-dimensional finite-element method. 
The Strength Reduction Method (SRM) was employed to 
investigate the stability of slopes, the internal forces of piles, 
and the axial forces of anchor cables. A parametric study 
consisting of pile position, pile length, and pile spacing was 
carried out.

Project description

Landslide on a slope stabilized with anchor cable 
frame beams

The slope is located in northern Sichuan Province, China. 
The strata are, from top to bottom, pebbly silty clay, strongly 
weathered argillaceous shale, moderately weathered argilla-
ceous shale, and moderately weathered silty shale. In March 
2013, the slope was excavated at an elevation of 606–706 m, 
with an extent of approximately 260 m in length and 170 m 
in width. The anchor cable frames were adopted in the origi-
nal scheme, as shown in Fig. 1. The length of the anchor 
cable is 17–26 m, the anchorage length is 8.5 m, the horizon-
tal spacing is 2.0–3.0 m, the vertical spacing is 2.0–2.5 m, 
and the pre-stress value is 500 kN. The cross-sectional 
dimension of the frame beam is 0.4 m × 0.45 m.

In July 2014, a landslide occurred. The overview of the 
landslide is shown in Fig. 2. The landslide is shown in the 
shape of a lap chair in the aerial view. The volume of the 
landslide is approximately 478,000 m3. The main slip direc-
tion of the landslide is 347°. The plan of the landslide is 
shown in Fig. 3.

The site investigation showed that the landslide was 
mainly caused by excavation at the foot of the slope. Thus, 
it is a trail-mode landslide. Another cause of the landslide 
was the short length of the anchor cables in the original 

Fig. 1   Section of the slope sta-
bilized with the original scheme
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scheme. The anchor cables were installed in strongly 
weathered argillaceous shale, which allows the slip sur-
face to bypass the end of the anchor cables.

Scheme for piles and anchor cable frame beams

The landslide was then stabilized with a CPA scheme, as 
shown in Fig. 4. Piles with a cross-section of 2 × 3 m, a 
spacing of 5 m, and a length of 35 m were installed at the 

Fig. 2   Overview of the land-
slide
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Fig. 3   Plan of the landslide
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leading edge of the landslide. Anchor cables with a length 
of 35–60 m, a horizontal spacing of 2.5 m, a vertical spacing 
of 3 m, an anchorage length of 8 m, and an anchorage angle 
of 25° were provided. It is worth mentioning that the anchor 
cables were anchored in moderately weathered argillaceous 
shale and the length of the anchor cable was increased com-
pared to the original scheme.

Numerical model

Overview

A three-dimensional finite-element program was employed 
to develop numerical models of the slopes for the original 
and CPA schemes, as shown in Fig. 5. The dimensions of the 
model were 395 m × 10 m × 176 m (length × width × height). 
The number of grids was approximately 70,000. One-dimen-
sional units and three-dimensional units were selected to 
build the anchor cables and the piles, respectively. The con-
stitutive model for the slope and structural elements were 
Mohr–Coulomb and Elastic, respectively. Tables 1, 2 and 3 
show the parameters for the slope, piles, and anchor cables, 
respectively. The saturation values were adopted for the 
strength parameters in this model. It is important to note 
that some of the material parameters were obtained from 
the field and laboratory and partly were based on empirical 
assumptions.

Validation of the finite‑element model

The SRM is adopted frequently for calculating the stability 
of reinforced slopes (Lin et al. 2013; Rawat and Gupta 2016; 
Arvin et al. 2019). Thus, the SRM was employed to calculate 
the FS for the original scheme and the CPA scheme. The FS 
for the original scheme is 1.025, which is close to the ulti-
mate failure state. Figure 6 shows the equivalent plastic strain 
contour of the slope stabilized with the original scheme. The 

potential slip surface bypasses the end of the anchor cables. 
The shape and location of the slip surface are consistent with 
the results of the site investigation. Additionally, the maximum 
equivalent plastic strain is at the leading edge of the landslide; 
thus, it is a trail-mode landslide. Again, it is consistent with 
the results of the site investigation. Therefore, the numerical 
model developed in this study is acceptable.

Fig. 4   Scheme of piles and 
anchor cable frame beams
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Results and analysis

Stability of slope

Figure 7 shows the equivalent plastic strain contour of the 
slope stabilized with the CPA scheme. The FS of the CPA 
scheme is 1.240. Anchor cables and piles pass through 
the potential slip surface. The CPA scheme ensures the 

stability of the slope. The maximum equivalent plastic 
strain occurs at the leading edge of the potential slip sur-
face, which suggests that the potential trail-mode landslide 
may have occurred on the slope.

Internal force of piles and axial force of anchor 
cables

The SRM was employed to investigate the internal forces of 
piles and the axial forces of anchor cables for different reduc-
tion factors (k = 1.00, 1.05, 1.10, 1.15, 1.20, and 1.24). Fig-
ure 8 shows the diagram of bending moment and shear force 
of piles for different reduction factors. The bending moment 
of the pile is S-shaped. The bending moment at 20 m from 
the pile head is zero. Above this depth, the pile has a nega-
tive bending moment and vice versa. The maximum values 

Table 1   Parameters of the slope 
in the numerical model

MC Mohr–Coulomb, γ unit weight, E Young’s modulus, v Poisson’s ratio, ϕ friction angle, c cohesion

Material Constitu-
tive model

γ (kN m3) E (MPa) v ϕ (°) c (kPa)

Pebbly silty clay MC 19 24 0.35 15.5 23
Strongly weathered argillaceous shale MC 21 65 0.3 19 46
Moderately weathered argillaceous shale MC 23.5 450 0.25 29 120
Moderately weathered silty shale MC 23.5 1800 0.25 35 298

Table 2   Parameters of the pile 
in the numerical model

En normal contact stiffness, Et tangential contact stiffness

Material Constitutive model γ (kN m3) E (MPa) v En (MPa) Et (MPa)

Pile Elastic 24 30,000 0.2 1800 200

Table 3   Parameters of the anchor cable in the numerical model

Tult ultimate pull-out resistance

Material Constitutive 
model

γ (kN m3) E (MPa) v Tult (kN)

Anchor cable Elastic 78 195,000 0.2 1350

Slip surface from site investigation

Anchor cable

Max value

Fig. 6   Equivalent plastic strain contour of the slope stabilized with the original scheme
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of the negative and positive bending moments occur at a 
depth of about 13 m and 27 m from the pile head, respec-
tively. The shape of the bending moment remains the same, 
but its value gradually increases as the reduction factor 
increases. The increase in the positive bending moment is 
significantly greater than the increase in the negative bend-
ing moment. Additionally, the maximum shear force occurs 
near the slip surface, approximately 24 m (17/25 of the total 
length) from the pile head, which is also observed for real 
piles in practical engineering (Kang et al. 2009). The shape 
of the shear forces remains the same, but its value gradually 
increases as the reduction factor increases.

Poulos (1995) suggested that the ‘intermediate mode’ 
allows the pile to provide maximum anti-slip resistance. At 
this point, the bending moment of the pile is S-shaped and 

the depth of the slip surface is 3/5–7/10 of the total length. 
The internal forces of the piles in this study are consistent 
with the 'intermediate mode', indicating that the configura-
tion of the piles is reasonable.

Figure 9 shows the axial forces of anchor cables for dif-
ferent reduction factors (k = 1.00, 1.05, 1.10, 1.15, 1.20, and 
1.24). The anchor cables are numbered, as shown in Fig. 4. 
The anchor cables installed in the lower part of the slope 
have a relatively high axial force. This is attributed to the 
fact that this slope is a trail-mode landslide and the deforma-
tion in its lower part is greater. In addition, the axial force 
of the anchor cables increases with the increased reduction 
factor. Anchor cables 15 and 16 were pulled out when the 
reduction factor increases to 1.24. Thus, more anchor cables 

Slip surface from site investigation

Extended anchor cable

Additional pile

Fig. 7   Equivalent plastic strain contour of the slope stabilized with the CPA scheme

Fig. 8   Diagram of internal force 
of piles: (1) bending moment 
and (2) shear force
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may be pulled out from the leading edge of the slope when 
the stability of the slope is further reduced.

Figure 10 shows the calculation diagram of the thrust 
shared by piles and anchor cables. The thrust shared by piles, 
Fp, is the component of the shear force Q of the pile on the slip 
surface in the tangential direction of the slip surface, calculated 
according to Eq. (1)

where D is the pile spacing; θ is the angle between the 
tangential direction of the slip surface and the horizontal 
direction.

The axial force Ni of anchor cables can be decomposed 
into a normal force Ti1 and a tangential force Ti2 . The thrust 
shared by anchor cables, Fc, is the sum of the frictional force 
generated by the normal force Ti1 and the tangential force Ti2 , 
calculated according to Eqs. (2)–(4)

(1)Fp =
1

D
Q cos �,

(2)Ti1 = Ni

[

sin
(

�i + �i

)]

,

where αi is the angle between the slip surface and the hori-
zontal direction at the ith row of anchor cables; βi is the 
angle between the ith row of anchor cables and the hori-
zontal direction; S is the horizontal spacing between anchor 
cables; and φ is the internal friction angle of the slip surface.

The proportion of the thrust shared by piles and anchor 
cables for different reduction factors can be obtained accord-
ing to Eqs. (1)–(4), as shown in Fig. 11. When the reduc-
tion factor k is increased from 1.0 to 1.24, the proportion 
of thrust shared by the pile increases from 16.2 to 30.3%, 
while the proportion of thrust shared by the anchor cable 
decreases from 83.7 to 69.7%. The piles and anchor cables 
show a synergistic working effect.

Because the landslide thrusts are shared by the piles 
and anchor cables, designers often roughly distribute the 

(3)Ti2 = Ni

[

cos
(
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,

(4)Fc =
1
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Fig. 10   Calculation diagram of 
the thrust shared by piles and 
anchor cables
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thrust between the pile and the anchor cables in practice. 
However, the proportion of thrust shared by piles and 
anchor cables varies during slope deformation. Anchor 
cables are the main thrust-bearing structure at the initial 
stage, whereas the piles start to share more of the thrust 
only when the slope slips. Additionally, the proportion of 
thrust shared by piles or anchor cables is also related to the 
relative number of piles and anchor cables. In the case of 
this study, the piles shared 16.2% of the total thrust for a 
row of piles and 16 rows of anchor cables installed on the 
slope. In contrast, in the findings of Li et al. (2016), the 
piles shared 66.1% of the total thrust for a row of piles and 
two rows of anchor cables installed on the slope. There-
fore, the proportion of the thrust shared by piles or anchor 
cables is not recommended to be artificially specified in 
the engineering design.

Parametric studies

Effect of pile position

Four different pile positions were considered, as shown 
in Table 4. The piles were installed at the leading edge of 
the slope (Pile 1), the middle front edge of the slope (Pile 
2), the middle back edge of the slope (Pile 3), and the 

trailing edge of the slope (Pile 4), respectively, as shown 
in Fig. 12.

Stability of slope

Figure 13 shows the equivalent plastic strain contours of the 
slope without piles and with different pile positions. Local 
failure of the slope in front of the piles occurs as the piles 
gradually move toward the trailing edge of the slope. The 
extent of the local failure gradually remains constant for the 
piles approaching the trailing edge of the landslide. This 
indicates that piles installed at the leading edge of the trail-
mode landslide can avoid the local instability of the slope.

Figure 14 shows the FS of the slope with different pile 
positions. The FS of the slope without pile is 1.141. The FS 
of the slope stabilized with piles has been improved. Com-
pared to the without pile case, the FS of the slope for Pile 1, 
Pile 2, Pile 3, and Pile 4 is increased by 10.4%, 3.3%, 0.6%, 
and 0.2%, respectively. This indicates that the slope where 
the piles are installed on the leading edge has the greatest 
stability, which is because the pile installed at the trailing 
edge of the trail-mode landslide can avoid the local instabil-
ity of the slope, as shown in Fig. 13.

Internal force of piles and axial force of anchor cables

Figure 15 shows the diagram of bending moment and shear 
forces of piles for different pile positions. The maximum 
bending moment of the piles gradually decreases as the piles 
move toward the trailing edge of the slope. The maximum 
positive shear forces of the piles for all pile positions are 
located below the slip surfaces, while the maximum negative 
shear forces are located near the slip surface. Both the maxi-
mum positive and negative shear forces gradually decrease 
from Pile 1 to Pile 4. This reveals that the closer the piles are 
to the trailing edge of the slope, the less the landslide thrust 
the piles will be subjected to.

Table 4   Calculation schemes of four different pile positions

Scheme Pile position Pile length (m) Pile 
spacing 
(m)

1 Pile 1 40 5
2 Pile 2 40 5
3 Pile 3 40 5
4 Pile 4 40 5

Fig. 12   Diagram of four differ-
ent pile positions
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Figure 16 shows the axial force of anchor cables for 
different pile positions. The axial force of the anchor 
cables installed in the lower part of the slope is sig-
nificantly greater than those installed in the upper part. 
The axial force of the anchor cables in front of the piles 
increases significantly with the piles moving from Pile 1 
to Pile 3. However, the axial force of the anchor cables 
behind the piles does not change much. This is because 
the piles cannot provide slip resistance to the slope in 
front of them.

Figure 17 shows the proportion of thrust shared by piles 
and anchor cables for different pile positions. When piles 
move from Pile 1 to Pile 3, the proportion of thrust shared by 

Fig. 13   Equivalent plastic strain contours of slopes with different pile positions: (1) Pile 1; (2) Pile 2; (3) Pile 3; and (4) Pile 4
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the pile decreases from 31.8 to 10.1%, while the proportion 
of thrust shared by the anchor cable increases from 68.2 to 
89.9%. However, when piles move from Pile 3 to Pile 4, the 
proportion of thrust shared by the pile and the anchor cable 
remains almost constant.

As described by Xue et al. (2018), installing piles at the 
foot of the slope can maintain the stability of the excavated 
slope. For potential trail-mode landslides, more of the land-
slide thrust can be shared by the passive piles installed at 
the leading edge of the slope. However, the initial deforma-
tion location of a push-mode landslide differs from that of 
a trail-mode landslide. In practice, the optimal pile position 
thus should be chosen according to the potential slip mode 
of the slope. Such as piles should be installed at the leading 
edge of trail-mode landslides or the trailing edge of push-
mode landslides.

Effect of pile length

Five different pile lengths were considered, as shown in 
Table 5. To determine the critical values of embedment 
length, a wide range of the parameter is initially selected 
referring to the Specification of design and construction for 
landslide stabilization (DZ/T 0219-2006) and the code for 
the design of landslide stabilization (GB/T 38509-2020). 
The pile length is set to 20 m, 25 m, 30 m, 35 m, and 40 m, 
respectively. Other parameters remain unchanged.

Stability of slope

Figure 18 shows the equivalent plastic strain contours of 
the slope for different pile lengths. The contour for the piles 
with a length of 40 m is shown in Fig. 13(1). For pile lengths 
of 20 m, 25 m, and 30 m, the embedment length is 0–1/5 
of the pile length and the potential slip surface crosses the 
bottom of the piles. For pile lengths of 35 m and 40 m, the 
embedment length is 1/3–2/5 of the pile length, and the piles 
intersect with the potential slip surfaces. This indicates that 
the piles lose their anti-slip capacity when the embedded 
length of piles is insufficient.

Figure 19 shows the FS of the slope for different pile 
lengths. The FS of the slope for the pile length of 20 m is 
1.154. The FS gradually increases with the increased pile 
length. Compared to the pile length of 20 m, the FS of the 
slope for pile lengths of 25 m, 30 m, 35 m, and 40 m is 
increased by 0.5%, 1.5%, 8.0%, and 9.1%, respectively. This 
indicates that the FS increases dramatically when the pile 
length increases from 30 to 35 m, while it increases slowly 
when the pile length is less than 30 m. The above results can 
be explained by the relationship between the piles and the slip 
surfaces in Fig. 18. The piles intersect with the slip surfaces 
for piles with an embedment length greater than 1/3 of the total 
length. In contrast, they contribute little to the stability of the 
slope when the piles are located above the slip surface. Addi-
tionally, the FS increases slowly when the pile length is longer 
than 35 m, which indicates that excessive embedded length of 
piles has little effect on further improving the slope stability.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
400

600

800

1000

1200

1400

Location 
of Pile 4

Location of 
Pile 3

Location of 
Pile 2

A
xi

al
 fo

rc
e 

of
 a

nc
ho

r c
ab

le
 (k

N
)

Anchor cable number

 Pile 1
 Pile 2
 Pile 3
 Pile 4
 Without pile

Location of 
Pile 1

Fig. 16   Axial force of anchor cables for different pile positions

0

20

40

60

80

100

10.1%

84.5%

15.4%

89.9%

Pile 1Pile 2Pile 3

31.8%

68.2%

10.0%Pr
op

or
tio

n 
of

 th
ru

st
 sh

ar
in

g 
(%

)

Pile position

 Anchor cable
 Pile

89.8%

Pile 4

Fig. 17   Proportion of the thrust shared by piles and anchor cables for 
different pile positions

Table 5   Calculation schemes for different pile lengths

Scheme Pile position Pile length (m) Pile 
spacing 
(m)

1 Pile 1 20 5
2 Pile 1 25 5
3 Pile 1 30 5
4 Pile 1 35 5
5 Pile 1 40 5
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Internal force of piles and axial force of anchor cables

Figure 20 shows the diagram of the bending moment and 
shear force of the pile for different pile lengths. The maxi-
mum bending moment of the pile is above the slip surface 
for pile lengths of 20 m, 25 m, and 30 m. The maximum 
bending moment of the pile is below the slip surface for 
pile lengths of 35 m and 40 m. As the pile length increases 
from 30 to 35 m, the maximum bending moment of the pile 
changes from negative to positive by approximately 2100%. 
After that, as the pile length continues to increase, the 
shape of the bending moment of the pile no longer changes. 
However, the maximum bending moment increases from 
41,023 kN·m at 35 m to 69,480 kN·m at 40 m, approxi-
mately 69%.

For pile lengths of 25 m and 30 m, the maximum shear 
force of the pile occurs near the slip surface. When the 
length of the pile is 35 m, the peak of the shear force also 
appears in the middle of the pile in the soil. When the 
pile length is 40 m, the shape and the maximum value of 
the shear force of the pile no longer change significantly. 
This indicates that the landslide thrust borne by the pile 
increases and the pile exerts its anti-slip effect when the 
length of the pile exceeds 35 m. The reason for this result 
is consistent with that for the FS in "Stability of slope".

Figure 21 shows the axial force of anchor cables for dif-
ferent pile lengths. The axial force of anchor cables in the 
middle of the slope decreases significantly with increased 
pile lengths. This is because the thrust shared by the pile 
increases. However, the axial force of anchor cables at the 
leading edge and the trailing edge of the slope remains 
almost unchanged. This indicates that piles hardly have 
an effect on anchor cables in front of the piles or at the 
trailing edge of the slope.

Figure 21 also shows that there is a significant change 
in the axial force of the anchor cable as the pile length 
increases from 20 to 35 m. However, this change is not 
significant when the pile length increases from 35 to 
40 m. This is because the proportion of thrust shared by 
the piles and anchor cables remains almost constant when 
the embedded length of the piles is greater than 1/3 of the 
total length, as shown in Fig. 22.

Similar results can be seen in Yang et al. (2011), Xu and 
Huang (2021), and Wang et al. (2021a, b). They pointed 
out that the excessive embedment length of the pile is 
redundant and there is a critical length. Additionally, the 

Fig. 18   Equivalent plastic strain contours of slopes for different pile lengths: (1) 20 m; (2) 25 m; (3) 30 m; and (4) 35 m
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specification (DZ/T 0219-2006) recommends an embed-
ment length of 1/3–2/5 of the total length of the pile. 
Thus, 1/3 of the total length can be adopted as the optimal 
embedded length of piles considering the economics of 
projects.

Effect of pile spacing

Four different pile spacing were considered, as shown in 
Table 6. To determine the critical values of pile spacing, a 
wide range of the parameter is initially selected referring 
to the Code for the design of landslide stabilization (GB/T 
38509-2020). The pile spacing was set to 4 m, 5 m, 6 m, 
and 7 m, respectively. Other parameters remain unchanged.

Stability of slope

Figure 23 shows the equivalent plastic strain contours of 
the slope for different pile spacing. For the pile spacing 
of 4 m and 5 m, the soil in front of the pile shows plastic 
deformation upwards with the pile, whereas for the pile 
spacing of 6 m and 7 m, plastic deformation occurs only 
near the slip surface. This indicates that the pile exerts 

Fig. 20   Diagram of internal 
force of piles for different pile 
lengths: (1) bending moment 
and (2) shear force

40

35

30

25

20

15

10

5

0

Slip surface

Bending moment (103 kN·m)

D
ep

th
 (m

)

 Pile length of 20 m
 Pile length of 25 m
 Pile length of 30 m
 Pile length of 35 m
 Pile length of 40 m

(1)

40

35

30

25

20

15

10

5

0
-40 -20 0 20 40 60 80 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16

 Pile length of 
                        35 m

 Pile length of 
                        40 m

(2)

Shear force (103 kN)

D
ep

th
 (m

)

 Pile length of 
                        20 m

 Pile length of 
                        25 m

 Pile length of 
                        30 m

Slip surface

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
400

600

800

1000

1200

1400

A
xi

al
 fo

rc
e 

of
 a

nc
ho

r c
ab

le
 (k

N
)

Anchor cable number

 Pile length of 20 m
 Pile length of 25 m
 Pile length of 30 m
 Pile length of 35 m
 Pile length of 40 m

Location of pile

Fig. 21   Axial force of anchor cables for different pile lengths

25 30 35 40

20

40

60

80

30.3%
25.2%

69.7%
74.7%

31.0%

68.9%

15.3%Pr
op

or
tio

n 
of

 th
ru

st
 sh

ar
in

g 
(%

)

Pile length (m)

 Anchor cable
 Pile

84.6%

Fig. 22   Proportion of the thrust shared by piles and anchor cables for 
different pile lengths

Table 6   Calculation schemes for different pile spacing

Scheme Pile position Pile length (m) Pile 
spacing 
(m)

1 Pile 1 40 4
2 Pile 1 40 5
3 Pile 1 40 6
4 Pile 1 40 7



Environmental Earth Sciences (2023) 82:100	

1 3

Page 13 of 16  100

more thrust on the soil in front of the pile for the pile spac-
ing less than 5 m; conversely, it is difficult for the pile to 
exert thrust on the soil in front of the pile for the pile spac-
ing greater than 5 m.

Figure 24 shows the FS of slopes for different pile spac-
ing. The FS of the slope for the pile spacing of 4 m is 1.250. 
The FS gradually decreases with the increased pile spacing. 
Compared to the pile spacing of 4 m, the FS of the slope for 
pile spacings of 5 m, 6 m, and 7 m is decreased by 0.8%, 
2.8%, and 5.2%, respectively. In addition, the change rate of 
the FS for the pile spacing of 4–5 m is less than the rate of 
5–7 m. This indicates that the stability of the slope decreases 
rapidly after the pile spacing exceeds 5 m.

Internal force of piles and axial force of anchor cables

Figure 25 shows the diagram of bending moment and shear 
force of piles for different pile spacing. The shapes of the 
bending moments and the shear forces hardly change for 
different pile spacing. However, the value of the bending 
moments and the shear forces increase with the increased 
pile spacing, which is in agreement with the results from 
Yang et al. (2011). This can be explained by the fact that the 
soil’s width affected by a single pile increases and shares 
more of the landslide thrust with the increased pile spacing.

Figure 25 also shows that the bending moment and shear 
force do not change uniformly with the increased pile spac-
ing, which may be related to the soil arch effect between the 
piles. Figure 26 shows the vector diagram of the principal 
stress of the soil around the pile for different pile spacing. 
The principal stress vector clearly shows an arch shape and 
the principal stress vector is significantly deflected between 
piles for the pile spacing of 4 m and 5 m. The soil arch effect 
disappears for the pile spacing increases to 6–7 m, which 
indicates that the effective soil arch cannot be formed if the 
pile spacing exceeds 5 m (2.5 times the width of the pile 
section). This is in agreement with the critical pile spacing 
of 2.7 times the pile diameter derived by Ellis et al. (2010). 
Additionally, it is important to note that the critical pile 
spacing is also related to the properties of the soil (Wei and 
Cheng 2009; Yang et al. 2011). The pile spacing may be 
increased for soils with better properties.

Fig. 23   Equivalent plastic strain contours of slopes for different pile spacing: (1) 4 m; (2) 5 m; (3) 6 m; and (4) 7 m
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Figure 27 shows the axial force of anchor cables for 
different pile spacing. The axial force of the anchor cables 
in the middle of the slope increases with the increased 
pile spacing. This is because the weakened soil arch 
between the piles reduces the thrust shared by the piles 
and increases the thrust shared by the anchor cables. This 
mechanism can also be confirmed by the proportion of 
thrust shared by the anchor cable and the pile, as shown 
in Fig. 28. However, the axial forces of the anchor cables 
at the leading edge and the trailing edge of the slope do 
not change significantly with the pile spacing. The reason 
is similar to the effect of pile length on the axial force of 
anchor cables "Effect of pile length".

Fig. 25   Diagram of internal 
force of piles for different pile 
spacing: (1) bending moment 
and (2) shear force
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Conclusions

In this study, detailed work has been done on a landslide. 
A series of numerical models of the slope stabilized with 
piles and anchor cable frame beams were developed using 
a three-dimensional finite-element method. The Strength 
Reduction Method was employed to investigate the sta-
bility of slopes, the internal forces of piles, and the axial 
forces of anchor cables. A parametric study consisting of 
pile position, pile length, and pile spacing was carried out. 
The following main conclusions were drawn.

1.	 Compared to anchor cable frame beams, the combination 
of piles and anchor cable frame beams is a more effec-
tive retaining structure to improve slope stability. The 
proportion of thrust shared by piles gradually increases, 
while the proportion of thrust shared by anchor cables 
gradually decreases during slope destabilization.

2.	 Piles installed on the leading edge of a trail-mode land-
slide can make the slope mostly stable. As the piles 
move from the leading, middle, and trailing edges of 
the slope, the proportion of thrust shared by the anchor 
cables gradually increases, while local instability may 
occur in front of the pile.

3.	 Increasing the pile length can improve the stability of the 
slope. However, excessive embedded length of piles has 
little effect on further improving the slope stability. The 
critical embedment length of piles found in this study is 
1/3 of the total length of the pile.

4.	 The critical pile spacing found in this study is 2.5 times 
the width of the pile section. Beyond this spacing, 
the effective soil arch between the piles is difficult to 
develop and the anchor cables may share more propor-
tion of the landslide thrust.
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