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Abstract
Anchored stabilizing piles (ASPs) are now extensively applied as an effective method in landslide treatment, but systematic 
studies ASPs in landslides are still lacking. The behavior of the ASPs in landslide during progressive loading was analyzed 
through a 1:50 similitude ratio model test, including the earth pressure, bending moment, shear force, distributed load, and 
anchor tension. Furthermore, a validated numerical model by the model test results in terms of the pile bending moment, 
anchor tension, and earth pressures behind the pile was utilized to conduct a parametric study of ASPs, including the embed-
ded lengths of the pile, initial prestress of the anchor, and number of anchor levels. The results show that the landslide thrust 
distribution behind the piles changes from a rectangular shape to a parabolic shape with a large top and a small bottom during 
landslide evolution. The maximum positive bending moment occurs near the sliding surface. The variations in maximum 
positive bending moment and anchor tension all show three distinct phases: stable, rapid growth, and slow increase. The 
combined retaining mechanism of the stabilizing piles and anchor can be summarized as follows: the landslide thrust is 
mainly carried by the pile initially, and the anchor tension is gradually mobilized with increasing earth pressure to share the 
landslide thrust together with the pile and transferred to stable bedrock to ensure the stability of the landslide. The findings 
of this work are helpful for verifying and improving the present design of ASPs in landslide treatment.

Keywords  Landslide · Anchored stabilizing piles · Model test · Numerical analysis · Combined retaining mechanism · 
Parametric study

Introduction

Landslides occur frequently all over the world and have 
caused great losses (Jian et al. 2014; Paronuzzi et al. 2013; 
Tang et al. 2019). To mitigate this kind of geological disas-
ter, various protection measures have been developed (Wu 
et al. 2011; Zhao et al. 2017). Among the various protec-
tion measures, stabilizing piles have been proven to be an 
effective measure and have been extensively used to stabilize  
landslides (Kahyaoğlu et al. 2017; Lirer 2012; Song and Cui 
2016; Song et al. 2012). However, although the common 
stabilizing pile (CSP) has many advantages over other sta-
bilization measures, it also has disadvantages including an 
excessive stress concentration effect near the sliding shear 

zone and a limited horizontal bearing capacity and stiffness 
(Zhao et al. 2017). To overcome the above shortcomings, an 
anchored stabilizing pile (ASP) is formed by adding one or 
more anchor levels on the CSP. Compared with the CSP, the 
retaining performance is substantially improved, and larger 
landslide thrusts can be resisted. However, due to the com-
plex coupling relationship among the landslides and the  
stabilizing piles as well as prestressed anchor cables, the design  
theory for ASPs in reinforcing landslides is still not mature, 
with no available technical code or specification that can be 
referred (Cai 2017; Wang et al. 2020; Wu et al. 2015). Con-
sequently, the current engineering practice for ASP design 
still largely relies on experience, which cannot accurately  
reflect its actual mechanical characteristics and thus restrict-
ing its further engineering applications to a large extent.

Currently, many studies have been conducted on land-
slide-CSPs, involving the pile-soil interaction mechanism 
(Chen and Martin 2002; Ghasemzadeh et al. 2018; Zhang 
et al. 2017), the lateral force acting on the piles (Dai 2002; 
He et al. 2015; Tang et al. 2014; Zhou et al. 2014), the 
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behavior of the stabilizing piles (Lirer 2012; Liu et al. 2021; 
Smethurst and Powrie 2007; Song et al. 2012; Zhang et al. 
2018), and the failure mechanism of landslide-piles sys-
tems (He et al. 2020; Hu et al. 2019; Liu et al. 2020) utiliz-
ing various methods, such as numerical simulations, field 
measurements, and model tests. Among the aforementioned 
methods, physical model testing is an effective method for 
studying landslide evolution and the behavior of stabilizing 
piles, as it can reproduce the process of landslide occur-
rence and characterize landslide information in an inherently 
natural way (He et al. 2018; Jia et al. 2009; Li et al. 2018; 
Ling and Ling 2012; Liu et al. 2020; Shen et al. 2017). For 
instance, Guo and Qin (2010) investigated the behavior of 
vertically loaded free-head piles in sand subjected to lateral 
soil movements by a series of laboratory tests. The evolu-
tionary and distribution characteristics of the soil pressure 
behind the piles were obtained through a model test by Tang 
et al. (2014). Li et al. (2016) developed an experimental 
apparatus to investigate the behavior of stabilizing piles in 
landslides with upper hard and lower weak bedrock.

Moreover, some field or laboratory tests have also been 
performed on the behavior of anchored sheet pile wall struc-
tures regarding the seismic response (Huang et al. 2020a; Ma 
et al. 2019; Qu et al. 2018; Zekri et al. 2015) and the defor-
mation and mechanical characteristics (Tan et al. 2018; Zhao 
et al. 2019a, b). Ma et al. (2019) investigated the effective-
ness of two different pile structures inside reinforced slopes 
by shaking table tests and found that prestressed anchor 
slab-pile walls can better support the slope than constrained 
anti-slide piles under similar shaking conditions. Zhao et al. 
(2019b) studied the behavior of anchored sheet pile walls 
during the excavation and backfilling construction process. 
Additionally, some scholars have also adopted numerical 
analyses to study the behavior of anchored sheet pile walls 
under static and dynamic conditions (Bilgin 2010; Degrande 
et al. 2002; Gazetas et al. 2016; Huang et al. 2020b). How-
ever, the mechanical behavior of ASPs is different from that 
of anchored sheet wall structures to some extent because of 
the effect of the sheet. Moreover, in contrast to the anchored 
sheet pile walls in high-fill slopes or excavation support 

systems, the lateral earth pressure carried by the ASPs dur-
ing landslide evolution is more complex. Accordingly, the 
findings from the research of anchored sheet pile walls can-
not be directly applied to ASPs.

To summarize, the abovementioned field or model tests 
(including centrifuge tests) and numerical analyses have 
mainly focused on the behavior of CSPs in landslides (Lirer 
2012; Song and Cui 2016; Zhang et al. 2018; Zhong et al. 
2020) or the performance of anchored sheet pile walls 
applied in high-fill slopes, excavation support systems, 
embankment stabilization, and water front structures (Bilgin 
2010; Gazetas et al. 2016; Huang et al. 2020b; Tan et al. 
2018; Zhao et al. 2019a). In comparison, few studies have 
been conducted on the deformation and mechanical behavior 
of ASPs in landslides, and only a few relevant field engi-
neering cases can be found (Kang et al. 2009). Actually, 
the ASPs in landslides may exhibit a more complicated 
response due to the complexity of the structural system and 
the dynamic characteristics of landslide evolution, and many 
issues regarding the mechanism of ASPs in landslides are 
still not completely understood. Hence, the behavior and 
retaining mechanism in landslides urgently need to be sys-
tematically investigated.

The objective of this paper is to study the behavior and 
retaining mechanism of ASPs during landslide evolution. To 
this end, a model test of the ASPs in landslides subjected 
to a stepwise thrust load on the rear of the model was con-
ducted. The strain in the piles and anchor tension, as well as 
the earth pressure behind and in front of the piles during pro-
gressive loading, were measured and analyzed. In addition, 
a validated numerical model based on model test results was 
utilized to conduct the parametric study of ASPs, includ-
ing the embedded lengths of the pile, initial prestress of the 
anchor cable and number of anchor levels. Furthermore, a 
comparison was made with the results from a model without 
an anchor via numerical analysis. Finally, the behaviors of 
the ASPs in relation to the thrust load were further analyzed 
and discussed to reveal the combined retaining mechanism 
of the stabilizing piles and prestressed anchor cable. The 

Fig. 1   Model test arrange-
ment of the landslide-anchored 
stabilizing pile system: a 
schematic diagram of the model 
test system; b the actual model 
test system
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findings of this work are helpful for verifying and improving 
the present design of ASPs in landslide treatment.

The remainder of this paper is organized as follows: In 
“Experimental design and scheme,” the experimental design 
and scheme are briefly introduced. “Test results and analy-
sis” presents the test results and analysis. Numerical analysis 
results are described in “Numerical analysis.” “Discussion” 
discusses the differences in pile deflection and evolution law 
of the safety factor between the landslide-ASP and landslide-
CSP models, as well as the combined retaining mechanism 
of the stabilizing piles and prestressed anchor cable. Con-
clusions and future studies are given in “Conclusions and 
future studies.”

Experimental design and scheme

Landslide model and materials

The geological and engineering scenario of typical colluvial 
landslides in the Three Gorges Reservoir area was taken as 
the prototype in this test. Moreover, since the focus of this 
study is mainly on the behavior and retaining mechanism of 
ASPs, a half landslide model test was adopted (Tang et al. 
2014). A half landslide model means that the study area con-
sidered in the model test is part of the prototype landslide, 
rather than the entire prototype landslide. A physical model 
of a landslide reinforced with ASPs was constructed with a 
1:50 similitude ratio, and the cross-sectional geometry of the 
model is shown in Fig. 1a. This physical model consists of a 

sliding mass, sliding zone, sliding bed, modeling piles, and 
prestressed anchor cable (see Fig. 1a). The landslide models 
are 180 cm, 80 cm, and 100 cm in length, width, and height, 
respectively. The thickness of the sliding zone is 2 cm, with 
a slope angle of 10°. Four modeling piles were installed 
in the landslide model, and the anchor was installed at the 
modeling pile 8 cm away from the pile head. In addition, 
for the convenience of installing the anchorage and anchor 
dynamometer as well as the tensioning of the anchor, a plat-
form was set in front of the pile (see Fig. 1a).

According to the similarity between the physical model 
and the prototype, the final material ratio of the sliding mass 
and sliding zone was determined by the orthogonal mix pro-
portion test. The sliding mass is made of a mixture compris-
ing clay (48.4%), standard sand (38.8%), bentonite (0.9%), 
and water (11.9%), and the sliding zone is composed of clay 
(66%), standard sand (22%), and water (12%). The sliding 
bed is regarded as stable bedrock, which is made of bricks, 
and the cement mortar is coated on its surface. The physi-
cal and mechanical parameters of the materials obtained 
through the laboratory soil tests are shown in Table 1. The 
parameters of the materials in the prototype obtained from 
research results of the Majiagou landslide in the Three 
Gorges Reservoir area (He et al. 2018).

High-density polyethylene was employed to manufacture 
the pile. The lengths of the cantilever and embedded section 
of the pile are 40 and 26 cm, respectively. The pile cross 
section is 4 cm × 6 cm. The pile center-to-center distance 
is 12 cm. The lengths of the free and bonded sections of 
the anchor are 50 and 25 cm, respectively. The dip angle of 

Table 1   Mechanical properties 
of the soil in the sliding mass 
and sliding zone

Object Material Unit weight 
(kN/m3)

Cohesion (kPa) Friction (°) Young’s 
modulus 
(MPa)

Prototype Sliding mass 21.14 N/A N/A 300
Sliding zone 21.14 16–18 17–19 100

Model Sliding mass 20.0 10.5 22.9 4
Sliding zone 19.2 8.4 22.6 3.8

Table 2   Parameters and 
similitude ratios of the 
prototype and model of the ASP 
structure

Object Parameters Prototype Model Similitude ratio

In theory In practice

Pile Pile cross section 2 m × 3 m 4 cm × 6 cm 50 50
Cantilever length 13 m 40 cm 50 33
Embedded length 9 m 26 cm 50 35
Pile center-to-center distance 7 m 12 cm 50 58

Anchor cable Total length 24 m 75 cm 50 32
Anchor diameter 150 3 50 50
Anchorage ratio 2 2 1 1
Anchorage angle 30° 30° 1 1
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anchor is 30°. The free section of the anchor was simulated 
using a 3-mm diameter steel strand, and the bonded section 
of the anchor is made of M20 cement mortar. The param-
eters and similitude ratios of the prototype and model of the 
ASP are listed in Table 2.

To simulate a pretension system, the steel strand passes 
through two narrow holes on the modeling pile and a steel 
backing plate. The steel strand was tensioned by the pre-
defined load, and then was fixed by a self-made anchorage 
(see Fig. 2).

Loading and monitoring system

The loading system consists of a jack, hydraulic ram, and 
rigid thrust plate, which were used to achieve the infliction 
and transmission of the driving force, as shown in Fig. 1b. 
In addition, the rigid thrust plate was designed to move 
downward at an inclination of 10°, which was parallel to 
the sliding direction. Step loading with a 0.6-kN increment 
was applied to the rear of the model to simulate the thrust 
loads from the upper part of the landslide, which has been 

adopted by other researchers (He et al. 2018; Tang et al. 
2014; Zhou 2020). Moreover, the load should be maintained 
for a certain period of time after each step of thrust load was 
applied to ensure that the monitored data of all sensors were 
stable. Afterwards, the next loading step was applied. These 
processes continued until the landslide model fails.

To analyze the behavior of the ASPs under progres-
sive loading, 9 earth pressure cells were distributed on 
the uphill and downhill sides of the piles, and 12 strain 
gauges were symmetrically installed on the external sur-
face of the piles. The arrangement of earth pressure cells 
and strain gauges is shown in Fig. 3. Strain gauge meas-
urements were used to calculate the bending moment in 
the piles. LVDTs were attached to the pile head to record 
the lateral displacement at the pile head (see Fig. 1a). Fur-
thermore, an anchor dynamometer was installed on the 
external anchor head to monitor the variation in the anchor 
tension during progressive loading. All readings through 
electrical signals were recorded and digitized with a data 
acquisition system.

Fig. 2   Schematic diagram and 
actual model showing the inter-
nal structure of the anchored 
stabilizing pile

Fig. 3   Arrangement of earth 
pressure cells and strain gauges
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Experimental procedures

The main procedures of the model test are as follows:

•	 The sliding bed (bedrock) was made using bricks, and 
the cement mortar was coated on its surface. The embed-
ded section of modeling piles and the bonded section of 
anchor cables were installed in the bedrock.

•	 Silicone grease was applied at the sidewalls before back-
filling the model box to reduce the boundary effects. The 
soil of the sliding mass was filled into the box layer by 
layer with a 100-mm thickness of each layer using the 
controlled-volume method (Lin and Wang 2006). The 

required soil weight for each layer was calculated based 
on the target density (2.0 g/cm3). Meanwhile, earth pres-
sure cells were installed on both sides of the piles during 
the process of filling soil layer by layer.

•	 The prestressed anchor cable was tensioned by a self-
developed loading device (Fig. 4), and was finally pre-
stressed to 200 N, which was equal to 500 kN in the 
prototype. The initial prestress load of the anchor cables 
were applied according to the following steps: First, the 
steel strand of the free section of the anchor was passed 
from the narrow holes of the reaction frame, anchor 
dynamometer, No. 2 anchorage, hollow cushion block, 
jack, and No. 1 anchorage in turn (Fig. 4), and the anchor 
dynamometer was connected to the acquisition instru-
ment. Second, the steel clip was pressed into the No. 1 
anchorage to fix the steel strand above the jack, and the 
steel clip was now not pressed into the No. 2 anchorage 
to ensure that the steel strand between the jack and the 
bonded section of the anchor is in a relaxed state. After 
that, the steel strand was tensioned by the predefined 
load, and was fixed by driving the steel clip into the No. 
2 anchorage. Finally, the jack and No. 1 anchorage were 
withdrawn from the loading device, and the tensioning 
and locking of the initial prestress of the anchor was now 
finished.

•	 The hydraulic jack and the rigid thrust plate were 
installed on the rear of the model.

•	 The initial data of all sensors were set to zero. Then, step 
loading was applied to the rear of the model in light of 
the aforementioned loading scheme, and the monitored 
data are recorded.

According to the above experimental procedures, the 
final model of the landslide-ASP system and the sensor 
layout are shown in Fig. 5.

Test results and analysis

In this section, the measured earth pressure, strain in the 
piles, and anchor tension under progressive loading are 
provided and analyzed to investigate the behavior and 

Fig. 4   Photos of the prestressed loading device and jack calibration 
test

Fig. 5   The final model of the 
landslide-anchored stabiliz-
ing pile system and the sensor 
layout

7511Experimental and numerical studies on the behavior and retaining mechanism of anchored…



1 3

retaining mechanism of ASPs during landslide evolution. 
Specifically, the following analyses were performed in 
terms of the variation in the earth pressure distribution 
behind and in front of the piles, bending moment, shear 
force and distributed load in the piles, as well as anchor 
tension.

Earth pressure distribution along the piles

The shape and distribution of the lateral force acting on the 
pile are critical factors in the design of an ASP, thus were 
measured and analyzed in our study. The monitored earth 
pressure distributions behind and in front of the piles with 
different levels of thrust load are shown in Figs. 6 and 7, 
respectively. Because of the earth pressure cells’ failure at 
E8 and E9 (see Fig. 3), the earth pressure on the pile in the 
bedrock was not recorded; as a result, the following analy-
ses mainly aimed at the earth pressure distribution along 
the cantilever section of the pile above the sliding surface, 
where the positive value of the earth pressure denotes the 
landslide thrust (the earth pressure behind the pile) and the 
negative value of the earth pressure represents the earth 
resistance (the earth pressure in front of the pile).

As shown in Fig.  6, the landslide thrust generally 
increases gradually with increasing thrust load. When the 
thrust load was less than or equal to 7.8 kN, the landslide 
thrust behind the pile was distributed approximately in a 
rectangular shape, and the location of the maximum value 
of earth pressure was at a depth of 20 cm (between E5 

and E6). When the thrust load was greater than 7.8 kN, 
the landslide thrust distribution changed from a rectan-
gular shape to a parabolic shape with a large top and a 
small bottom, and the position of the maximum value of 
the earth pressure shifted to a depth of 15 cm (E5) and 
reached its maximum value of 89.5 kPa at a final thrust 
load of 18.0 kN. Furthermore, it can also be found that the 
resultant force action point of the landslide thrust moved 
upward as the thrust load was over 7.8 kN. The reason for 
the upward shift in the location of the maximum landslide 
thrust is that the inverse pulling effect of the anchor cable 
on the pile gradually increased as the thrust load increased, 
causing a stress concentration in the nearby soil at the 
anchor cable and resulting in an increase in the earth pres-
sure at E5, while the earth pressure cell at E5 was located 
near exactly where the anchor cable was set.

In addition, it is clear that the earth pressure at E4 declines 
abruptly at the thrust load of 18.0 kN, and this phenomenon 
is induced by the deflection of the earth pressure cell due 
to soil movement and upheaval (He et al. 2018). Moreo-
ver, cracks and soil uplift can be observed in the landslide 
model surface near E4, as shown in Fig. 8a, and it can be 
observed that the earth pressure at E7 was very small during 
the entire testing procedure, which may be caused by the 
friction between the sliding mass and sliding zone.

As illustrated in Fig. 7, due to the earth pressure cells’ 
failure at E2, the value of earth pressure at E2 was not 
included in Fig. 7. It is clear that the earth pressures at E1 
gradually are increased with increasing thrust load, while  
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the earth pressures at E3 remains almost unchanged. During  
the whole progressive loading process, the corresponding 
maximum values of negative earth pressures at E1 and E3 
are − 5.6 and − 2.6 kPa, respectively. Additionally, it is clear that  
the value of the earth resistance is very small compared with 
that of the landslide thrust, this is because the earth resistance  
is induced by compressing the soil in the front side of the  
pile due to the deflection of the piles, while the pile deforma-
tion is restricted effectively by the anchor. Consequently, the 
anti-sliding effect of ASPs can effectively reduce the trans-
mission of stress from the thrust plate to the soil at the front  
side of the pile, contributing to the stability of the sliding mass 
in front of the pile (see Fig. 8b). Furthermore, the result also 
illustrates that the earth resistance can be negligible (or as a 
safety reserve) in the design of an anchored stabilizing pile  
in landslides, especially for the condition of an unstable slid-
ing mass existing at the front side of the pile.

Internal forces in the piles

To evaluate the pile behavior in ASP structures during land-
slide evolution, the internal forces in the piles involving the 
bending moment, shear force, and distributed load along the 
piles were investigated.

The bending moment can be calculated by strain measure-
ments as follows (Lirer 2012; Zhang et al. 2018):

where M is the bending moment in the pile, EI represents 
the bending stiffness of the pile, ε+ and ε− correspond to the 
strain measurements at the uphill and downhill sides of the 
pile, respectively, and a denotes the distance between two 
strain gauges.

The shear force in the pile can be obtained by the deriva-
tions of the bending moment as follows:

(1)M =
EI
(

�
+ − �

−
)

a

(2)F(x) = M
�

(x) = lim
h→0

M
(

xi + h
)

−M
(

xi
)

h

where xi represents the depth of the strain gauges. If h is 
small enough, then a centered difference formula can be uti-
lized to approximate the derivative (Hu et al. 2019):

In general, there is a lack of sufficient data to calculate 
an accurate derivative of a single point in practice. Thus, we 
treated discrete data utilizing the centered difference for-
mula and computed the derivative at point Mi by taking the 
average of the slopes between the point and its two closest 
neighbors (Hu et al. 2019).

Hence, the derivative function used to discrete data points 
can be denoted as

Similarly, the density of the distributed load on the pile 
can be computed by the derivations of the shear force, as 
shown in Eq. (5).

The bending moment distribution along the piles with 
different levels of thrust load is illustrated in Fig. 9. The 
positive and negative values of the bending moment denote 
the tensile strain on the external surface of the piles on the 
uphill and downhill sides of the piles, respectively. Gener-
ally, all curves of the bending moment distribution under 
each level of thrust load are approximately S-shaped, which 
is significantly different from that of the bending moment 
distribution obtained from the model experiment of a land-
slide reinforced by a common stabilized pile (Hu et al. 2019; 
Li et al. 2016). Moreover, it is clear that the maximum value 
of the positive bending moment occurred near the sliding 
surface, which is also observed for real ASPs in practical 
engineering (Kang et al. 2009).

Furthermore, the variation in the bending moment value 
with the thrust load shows three distinct phases: At the 

(3)F(x) = lim
h→0

M
(

xi + h
)

−M
(

xi − h
)

2h

(4)F(x) =
1

2
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Mi+1 −Mi

xi+1 − xi
+
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xi − xi−1

)

(5)q(x) =
1

2
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xi+1 − xi
+
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xi − xi−1

)

Fig. 8   Landslide model surface 
deformation: a behind the piles 
and b in front side of the piles
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initial loading stage, the bending moments of each monitor-
ing point were small because the pile itself did not undergo 
much deformation as the thrust loading is mainly consumed 
in the compaction process of the soil behind the pile. As the 
thrust load is further increased, the redundant thrust load is 
gradually transferred from the rear part of the sliding mass to 
the piles, and the bending moment of the piles increase dra-
matically, especially when the thrust load is increased from 
6.0 to 9.6 kN. Additionally, the maximum value of the posi-
tive bending moment is increased from 15.98 to 65.83 Nm. 
When the thrust load is greater than 9.6 kN, the increase 
rate of the maximum bending moment starts to decrease 
gradually.

Figure 10 shows the calculated shear force distribution of 
the pile at different levels of thrust load according to Eq. (4). 
It can be observed that the variation in the shear force value 
shows a similar trend with the variation in the bending 
moment value under progressive loading. The maximum 
positive shear force was up to 760 N, located at a depth of 
35 cm (near the sliding surface), and the minimum negative 
shear force was up to − 605 N, located at a depth of 54 cm. 
This result demonstrates that the landslide thrust above the 
sliding surface is carried by the stabilizing piles and is trans-
ferred to the stable bedrock, thus ensuring the stability of 
the system. In addition, it can be seen that the shear force in 
the pile ranges from 5 to 15 cm and shows a concave shape, 
which may be attributed to the inverse pulling effect of the 
anchor.

The calculated distributed load along the pile at differ-
ent levels of thrust load according to Eq. (5) is presented in 

Fig. 11. For the cantilever section of the pile, the distributed 
load behind the pile shows an approximately parabolic dis-
tribution, peaking at a depth of 27 cm. The earth resistance 
in front of the pile is very small compared with the landslide 
thrust behind the pile, which is consistent with the aforemen-
tioned observation results for the earth pressure along the 

0

10

20

30

40

50

60

-80 -40 0 40 80 120
Bending moment (N•m)

)
mc(

daeh
elip

eht
ot

ecnatsi
D

Sliding surface

Pile head 0.6 kN
2.4 kN
4.2 kN
6.0 kN
7.8 kN
9.6 kN
11.4 kN
13.2 kN
15.0 kN
16.8 kN
18.0 kN

Anchor (8 cm)

Fig. 9   Bending moment distribution along the piles

0

10

20

30

40

50

60

-600 -300 0 300 600 900
Shear force (N)

)
mc(

daeh
elip

eht
ot

ecnatsi
D

0.6 kN 2.4 kN
4.2 kN 6.0 kN
7.8 kN 9.6 kN

11.4 kN 13.2 kN
15.0 kN 16.8 kN
18.0 kN

Sliding surface

Pile head

Anchor(8 cm)

Fig. 10   Shear force distribution along the piles

0

10

20

30

40

50

60

-10 -8 -6 -4 -2 0 2 4 6 8
The distributed load (kN/m) 

)
mc(

daeh
elip

eht
ot

ecnatsi
D

0.6 kN
2.4 kN
4.2 kN
6.0 kN
7.8 kN
9.6 kN
11.4 kN
13.2 kN
15.0 kN
16.8 kN
18.0 kN Sliding surface

Pile head

Rotation center

Anchor (8 cm)

Fig. 11   The distributed load along the piles

7514 C. Wang et al.



1 3

pile. This finding might be attributed to the inverse pulling 
effect of the anchor cable on the pile. For the embedded 
section of the pile, the distributed load on the pile shows an 
approximately inversed triangular distribution, peaking near 
the sliding surface. Additionally, the rotation center of the 
pile below the sliding surface can be judged preliminarily 
from the diagram of the distributed load along the embedded 
section of the pile, and it is located at a depth of 58 cm (see 
Fig. 11). It can also be seen clearly that the pile resistance 
is mainly provided by the sliding bed at the front side of the 
pile (above the rotation center), while the earth resistance 
behind the pile is small and mainly distributed near the pile 
bottom (below the rotation center). This result indicates that 
the thrust load is transferred into the bedrock by the piles to 
maintain the stability of the landslide, which is in agreement 
with the results reported by Hu et al. (Hu et al. 2019).

Anchor tension analysis

Figure 12 shows the anchor tension versus the thrust load. 
The variation trend of the anchor tension is similar to that 
of the maximum positive bending moment in the pile. The 

trend also shows three distinct phases. At the initial load-
ing stage, the anchor tension remains almost unchanged and 
stable at the initial prestress load of 200 N. With further 
increasing thrust load, an apparent increment of the anchor 
tension occurs, in which the anchor tension increases rapidly 
from 200 to 800 N as the thrust load increases from 6.0 to 
9.6 kN. When the thrust load is > 9.6 kN, the increase rate of 
the anchor tension begins to decrease slightly, and the anchor 
tension finally reaches 1479.6 N at the end of the tests. This 
result indicates that most of the thrust load was consumed 
in the compaction process of the soil between the pile and 
rigid thrust plate at the initial loading stage, thus the thrust 
load transferred to the pile was small. After that, the lateral 
earth pressures on the pile increase substantially after the 
soil was compacted by the continuing increase of the load 
on the thrust plate, and the anchor tension was gradually 
mobilized to share the landslide thrust with the pile.

Numerical analysis

In this section, the calibrations of the numerical model are 
performed first, followed by a parametric study, which may 
contribute to the design optimization of the ASP structures 
in landslides.

Establishment of the numerical model

A 3D numerical model of the landslide-ASP system was 
established using FLAC3D, as shown in Fig. 13. The identi-
cal model dimensions and boundary conditions used in the 
model tests were adopted in the numerical model. In the 
initial stress equilibrium stage, the full boundary constraint 
was applied to the bottom boundary of the numerical model, 
displacements along the directions normal to surfaces on four 
sides of the model were also fixed, and the boundary in the 
upper part is the free boundary. During the progressive load-
ing stages, the displacement constraint boundary in the rear 
surface of the landslide mass of the model was removed, and 
the uniform thrust surface load same as that in the model 
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Fig. 13   Numerical model of a 
landslide-anchored stabilizing 
pile system
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test is applied on the rear surface of the landslide mass of 
the model, as shown in Fig. 13. The stabilizing piles were 
modeled by an elastic constitutive model, and the soils in the 
landslide model were modeled by a standard Mohr–Coulomb 
constitutive model. The adopted material properties for cal-
culations are listed in Table 3.

The cable structural element in FLAC3D was used to 
simulate the anchor of the ASP structure. The grout cohesive 
strength between the bonded section of the anchor and the 
bedrock was 0.25 MN/m, and the cohesive strength between 
the free section of the anchor and the soil was neglected.

To simulate the interaction behavior at the pile-soil inter-
face, an interface was established between the pile and the 
soil. The main parameters of the pile-soil interface elements, 
as shown in Table 4, were determined based on the recom-
mendation in the FLAC3D manual (ITASCA Consulting 
Group 2012), which is given below:

in which kn and ks denote the normal and shear stiffness of 
the interface, respectively; K and G are the bulk and shear 
moduli of the material connecting to the interface, respec-
tively; and Δz represents the minimum size of the element 
in the normal direction. The K and G of the sliding mass are 
3.03 and 1.56 MPa, respectively; the K and G of sliding zone 
are 2.88 and 1.48 MPa, respectively; the K and G of sliding 
bed are 175.78 and 340.91 MPa, respectively.

Model calibration

The bending moment in the pile, anchor tension, and earth 
pressures behind the pile obtained from the experiment were 
used to calibrate the numerical model established above. A 
comparison between the measured and simulated bending 

(4)k
n
= k

s
= 10max

(

K +
4

3
G

Δz

)

moments in the pile at a thrust loads of 6.0, 9.6, 13.2, and 
18.0 kN are presented in Fig. 14. In both numerical calcula-
tions and model test, the bending moment distributions in 
the pile are all approximately S-shaped under each level of 
thrust load. Additionally, it is clear that the maximum value 
of the positive bending moment occurred near the sliding 
surface. In general, the numerical calculations are in good 
agreement with the experimental measurements. The sig-
nificant difference between the value of bending moment 
obtained from numerical results and experimental data is 
mainly in the cantilever section of the pile, which is probably 
caused by the definitions of pile-soil interface parameters.

Figure 15 shows a comparison between the anchor ten-
sions measured experimentally and calculated numerically. 
The variation curves of the anchor tension obtained from 
numerical analyses are generally consistent with the experi-
mental results. Moreover, it is also clear that the signifi-
cant difference between the measured and simulated values 
mainly occurred in the second phase of the anchor tension 

Table 3   Material properties 
adopted in the numerical model

Object Unit weight 
(kN/m3)

Young’s  
modulus (MPa)

Poisson’s ratio Cohesion (kPa) Friction (°)

Sliding mass 20.0 4.0 0.28 10.5 22.9
Sliding zone 19.2 3.8 0.28 8.4 22.6
Sliding bed 25 450 0.2 250 38
Stabilizing piles 9.5 1.4 × 103 0.2 N/A N/A
Anchor cable 78 1.95 × 105 N/A N/A N/A

Table 4   The main parameters of the pile-soil interface in the numeri-
cal models

Items Normal stiffness 
(MPa)

Shear stiffness 
(MPa)

Cohesion 
(kPa)

Friction (°)

Interface 7330 7330 8.4 18.3
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curves (see Fig. 15) and that the simulated values are smaller 
than the measured values. This result may be caused by the 
soil uplifts and cracks in the model test, especially for the 
soil around the stabilizing piles and anchor, leading to the 
pile tilting outward, which cannot be reflected in the numeri-
cal calculation.

A comparison of the simulated and measured earth pres-
sures behind the pile at a thrust loads of 6.0, 9.6, 13.2, and 
18.0 kN are shown in Fig. 16. The distribution pattern of 
earth pressures behind the pile obtained by numerical cal-
culations were generally the same with model test results. 
Moreover, the values of earth pressures determined by 
numerical simulation are in good agreement with that of 
model test, except for that the earth pressure at E4 when 
thrust load is 18.0 kN. The earth pressure at E4 declines 
abruptly at the thrust load of 18.0 kN in the experiment, this 
is induced by the deflection of the earth pressure cell due 
to soil movement and upheaval, while this cannot be well 
reflected in the numerical simulation.

In summary, the bending moment in the pile, anchor 
tension, and earth pressures behind the pile from the 
above two analyses are in reasonable agreement, which 
proves that the present numerical model is rational and 
effective for the analysis of the behavior of the ASPs in 
landslides.

Parametric study

The parametric study for several critical parameters in the 
design of the ASPs was carried out based on the above vali-
dated numerical model, including the embedded lengths of 
the stabilizing pile, the initial prestress of the anchor cable, 
and the number of anchor levels. The mechanical param-
eters, boundary, and loading conditions are identical to those 
of the numerical model described above. It is noted that due 
to the calculation of the landslide, CSP model (the number 

of anchor levels is 0) does not converge when the thrust load 
on the rear of the model is over 12.0 kN; thus, the following 
comparative analysis of pile deflection and bending moment 
are based on the calculated results at a load of 12.0 kN. The 
variables and their ranges considered in the parametric study 
are listed in Table 5.

Effect of the embedded lengths of stabilizing pile

Four ASPs with different embedded lengths of piles, i.e., 
20 cm, 26 cm, 32 cm, and 38 cm, were simulated to inves-
tigate the effect of embedded lengths on pile deflection and 
bending moment. The variations in the deflections of piles 
with different embedded lengths of piles are presented in 
Fig. 17. The corresponding absolute value of lateral dis-
placements at the pile heads of different embedded pile 
lengths (20 cm, 26 cm, 32 cm, and 38 cm) are 3.67 mm, 
3.41 mm, 3.72 mm, and 4.04 mm, respectively. It is clear 
that there is a critical value (critical embedded length of 
piles) regarding the influence of the embedded length of 
piles on pile deflection. When the embedded length of the 
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Table 5   Variables and ranges adopted in the parametric study

Variable Range

Embedded length of the pile 20 cm, 26 cm, 32 cm, 38 cm
Initial prestress of the anchor cable 0 N, 200 N, 400 N, 600 N
Number of anchor levels 0, 1, and 2
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pile is smaller than the critical value, the pile deflection 
decreases as the embedded length of the piles increases. 
However, when the embedded length of the pile exceeds the 
critical value, the pile deflection increases as the embed-
ded length of the piles increases. Figure 18 shows the vari-
ation in the bending moment along the pile with different 
embedded lengths of the pile. The bending moment of piles 
increases with the increase in the embedded length of the 
piles but with a small increment, which is in agreement with 
the results by Yang et al. (2011). The maximum values of 
the positive and negative bending moments increase by 13% 
and 9%, respectively, as the embedded length of the piles 
increases from 20 to 38 cm. The similar law of variation 
was also obtained by Xu and Huang (2021). Furthermore, 
it is seen that the bending moment of the pile tends to zero 
on the section of the pile near the bottom when the embed-
ded length of the pile is 38 cm. This finding indicates that a 
longer embedded length is redundant and not conducive to 
achieving better economy.

Effect of the initial prestress of the anchor cable

Four series of numerical models with identical proper-
ties and various initial prestresses of the anchor were per-
formed to investigate the influence of the initial prestress 
of the anchor on the pile deflection and bending moment. 
The effects of the initial prestress of the anchor on the pile 
deflection and bending moment are shown in Figs. 19 and 
20, respectively. As shown in Fig. 19, the pile deflection 
decreases almost linearly with increasing initial prestress 
of the anchor. The corresponding absolute value of lateral 
displacements at the pile heads with different initial pre-
stresses of the anchor (0 N, 200 N, 400 N, and 600 N) are 
3.77 mm, 3.41 mm, 2.99 mm, and 2.61 mm, respectively. 
The maximum deflection of the pile (lateral displacement 
at the pile head) is reduced by more than 31% when the 
initial prestress of the anchor increases from 0 to 600 N. 
This result indicates that the increase in the initial pre-
stress of the anchor in a reasonable range can more effec-
tively limit the deflections of the pile.
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Figure 20 shows the variation in the bending moment 
distribution of the pile with different initial prestresses 
of the anchor. In general, little change in the value and 
distribution of the pile bending moment occurred with the 
variation in the initial prestress. Specifically, the value of 
the bending moment in the pile decreases slightly with 
increasing initial prestress of the anchor. The maximum 
value of the positive bending moment decreases from 
92.8 to 77.7 N·m when the initial prestress of the anchor 
increases from 0 to 600 N, while the maximum value of 
the negative bending moment decreases from − 77.34 
to − 66.9 N·m. This finding demonstrates that the increase 
in the initial prestress of the anchor in a reasonable range 
can optimize the internal force in the piles to some extent.

Effect of the number of anchor levels

The first and second anchor levels locate at a distance of 8 
and 16 cm from the pile head, respectively. The effects of 

the number of anchor levels on the pile deflection and bend-
ing moment are shown in Figs. 21 and 22, respectively. As 
shown in Fig. 21, the pile deflection tends to decrease with 
an increasing number of anchor levels, as expected, which is 
in agreement with the findings of anchored sheet pile walls 
by Wang (Wang et al. 2020). The corresponding absolute 
value of lateral displacements at the pile heads with differ-
ent numbers of anchor levels (0, 1, and 2) are 24.68 mm, 
3.41 mm, and 1.89 mm, respectively. It is evident that the 
maximum pile deflection experienced a sharp decrease from 
25 to 3.5 mm as the number of anchor levels increases from 
0 to 1, which indicates that the anchor plays a critical role in 
limiting the pile deformation.

As presented in Fig. 22, as the number of anchor levels 
increases, the maximum positive bending moment in the 
pile obviously decreases. The decrease in the maximum 
value of the positive bending moment can be as much as 
63% (decreasing from 160.4 to 59.8 N·m) when the num-
ber of anchor levels increases from 0 to 2. In addition, it is 
observed that the bending moment distribution along the pile 
changes from spoon-shaped to S-shaped, with the number of 
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anchor levels increasing from 0 to 1. These results indicate 
that the anchor can effectively amend the cantilever state of 
the pile and optimize the stress concentration near the slid-
ing surface, which has also been validated under seismic 
conditions by other researchers (Huang et al. 2020a; Ma 
et al. 2019).

Discussion

Comparison with a model without anchor

A further comparison with another model without an anchor 
was conducted by numerical analysis. The ASP and CSP 
models represent landslides reinforced with ASPs and CSPs, 
respectively. A comparison of the pile deflection with two 
levels of thrust load at 10.8 and 12.0 kN of the ASP and 
CSP models is presented in Fig. 23. It is clear that the pile 
deflections in the CSP model are all obviously greater than 
those in the ASP model under two different levels of thrust 
load, especially for the lateral displacement at the pile head. 

This result further suggests that the deflection of piles can 
be well restrained in the ASP model due to the installation 
of the anchor.

Figure 24 shows a comparison of the variation rule in the 
safety factor during the entire progressive loading of the ASP 
and CSP model systems. In general, the evolution law of the 
safety factor in the ASP model is much different from that 
in the CSP model, especially when the landslide model is 
approaching instability. To be specific, in the ASP model, the 
safety factor experiences a sharp decrease during the initial 
loading stage and then is decreased gradually as a long pro-
cess continues to decrease to 1.0. However, in the CSP model, 
the safety factor rapidly decreases at the initial loading and 
continues until the landslide model approaches failure. This 
behavior demonstrates that the failure of the landslide-ASP 
system is progressive, whereas that the landslide-CSP sys-
tem may experience a sudden failure. Additionally, the safety 
factor for the CSP model is always smaller than that for the 
ASP model under the same thrust load. Meanwhile, the ASP 
model can sustain a higher thrust load (18.0 kN) than the 
CSP model (9.0 kN).
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Combined retaining mechanism of the stabilizing 
piles and anchor

To further understand the combined retaining mechanism 
of the stabilizing piles and prestressed anchor cable in land-
slides, the deformation and mechanical behaviors of the 
ASPs were analyzed in relation to the thrust load during 
landslide evolution. Figure 25 shows the variations in the 
lateral displacement at the pile head, maximum bending 
moment in the pile, maximum earth pressure behind the 
pile and anchor tension with the thrust load. In general, all 
curves have a similar trend and show three distinct phases. 
At the first loading phase, the maximum earth pressure on 
the pile increases only slightly due to the compaction of the 
soil between the pile and rigid thrust plate. In addition, it is 
also evident that the maximum bending moment increases 
with the maximum earth pressure, while the anchor tension 
is mobilized later due to the increase of the pile deflections. 
This behavior is because for the ASP, the stabilizing pile is a 
direct bearing structure, while the anchor is mobilized owing 

to pile deformation. With a further increase in thrust load, 
the maximum bending moment and the anchor tension all 
increase rapidly with increasing maximum earth pressure, 
which demonstrates that the increasing landslide thrust is 
borne by the stabilizing pile and anchor together after the 
anchor is mobilized, and finally transmitted to stable bed-
rock to ensure the stability of the landslide. This finding also 
further indicates that the effectiveness of the ASPs to carry 
the landslide thrust is attributed to the combined effect of 
the stabilizing pile and anchor.

Based on the above analysis, it can be inferred that there 
is an adaptive dynamic balance process existing in the land-
slide-anchored stabilizing pile system subjected to the thrust 
load. Meanwhile, this is also the most superior feature of the 
ASPs over other stabilizing structures. Additionally, a suf-
ficient safety reserve should be provided for the anchor in 
the design of an ASP to carry the increased anchor tension 
due to the increase in landslide thrust.
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Conclusions and future studies

In this paper, the behavior and retaining mechanism of ASPs 
in landslides were investigated by both a model test and 
numerical analysis. A 1:50 similitude ratio model test of 
landslide reinforced by ASPs under progressive loading was 
completed. In addition, a validated numerical model based 
on model test results was utilized to carry out the paramet-
ric study of ASPs. Furthermore, a comparison was made 
with results from a model without an anchor by numerical 
analysis, and the results show that compared with the CSP, 
the ASP can sustain higher thrust loads and better stabilize 
a landslide. Finally, the behaviors of the ASPs in relation 
to the thrust load were further analyzed and discussed to 
reveal the combined retaining mechanism of the stabilizing 
piles and prestressed anchor cable. The major conclusions 
are as follows:

1.	 The landslide thrust distribution behind the piles 
changes from a rectangular shape to a parabolic shape 
with a large top and a small bottom during progressive 
loading. The position of the maximum value of the land-
slide thrust moves upward with increasing thrust load 
on the rear of the model, which is a result of the inverse 
pulling effect of the anchor cable on the pile gradually 
increasing as the thrust load increases. The value of the 
earth’s resistance is very small compared with that of the 
landslide thrust.

2.	 The bending moment in the pile is approximately 
S-shaped, and the maximum value of the positive bend-
ing moment occurs near the sliding surface. The vari-
ations in the maximum positive bending moment and 
anchor tension all show three distinct phases: stable, 
rapid growth, and slow increase, which reflects the 
dynamic mechanical characteristics of ASPs during 
landslide evolution.

3.	 The bending moment in the pile, anchor tension, and 
earth pressures behind the pile obtained from numerical 
analysis are generally consistent with the experimental 
results, which proves that the present numerical model 
is rational and effective for the analysis of the behavior 
of the ASPs in landslides.

4.	 There is a critical value (critical embedded pile length) 
regarding the influence of the embedded length of piles 
on the pile deflection and bending moment, which can 
achieve a balance between the pile behavior and eco-
nomic benefit. The initial prestress of the anchor in a 
reasonable range can more effectively limit the deflec-
tions of the pile and optimize the internal force in the 
piles to some extent. The number of anchor levels has a 
significant effect on both the pile deflection and bending 
moment.

5.	 By comparing the differences in pile deflection and evo-
lution law of the safety factor between the landslide-ASP 
and landslide-CSP systems, it was found that the ASP 
can sustain higher thrust loads and better stabilize the 
landslide than the CSP.

6.	 The combined retaining mechanism of the stabilizing 
piles and prestressed anchor cable can be summarized as 
follows: the landslide thrust is mainly carried by the pile 
initially, and the anchor tension is gradually mobilized 
with increasing earth pressure to share the landslide 
thrust together with the pile and transferred to stable 
bedrock to ensure the stability of the landslide.

7.	 Due to the prototype landslide has more complex condi-
tions than the physical model test, and a half landslide 
model test is adopted in this study in the meantime, thus, 
the results obtained from the model tests are still difficult 
to directly applied to the prototype case.

Nevertheless, the influence of reservoir water was not 
considered in this study. Thus, more experiments will be 
conducted in the future to further investigate the long-
term stability of landslide-ASP systems under reservoir 
conditions.
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