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Abstract
This paper conducts a series of centrifuge model tests to evaluate the seismic response characteristics of an anchor-pile-slope 
system. A real reinforced nonhomogeneous slope that remained stable during the 2008 Wenchuan earthquakes is utilized 
as the reference prototype. The recorded ground motion near the slope is selected as the seismic input. The responses in 
terms of slope acceleration and deformation, earth pressure, pile deformation and bending moment, and the anchor cable 
axial force are measured. The results have demonstrated that the slope vertical settlements and pile head displacements 
increase with increasing motion intensity. The maximum acceleration amplification is observed around the pile head, and 
the accelerations around the bedrock surface are attenuated. The largest dynamic earth pressure occurs at the pile head and 
then decreases with increasing depth due to the decreased soil-pile relative deformation. The presence of the anchor cable 
inhibits the build-up of dynamic earth pressure and leads to a negative bending moment. The maximum bending moment 
appears around the soil-rock interface because of the significant stiffness difference. Experimental results also illustrate that 
the axial force of the anchor cable is proportional to the pile head deformation. This work provides experimental evidence 
on the seismic behavior of a slope reinforced by anchored piles and will be beneficial to the calibration of numerical models 
and design methods.
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Introduction

The seismic response of slopes in earthquake-prone areas 
arises much concern in design since the unfavorable seismic 
forces would lead to slope instability. The landslide caused 
by earthquakes is one of the major geo-disasters in the 
whole world, resulting in serious consequences in past and 
recent earthquakes (Huang et al. 2017; Huang and Li 2009; 
Kawashima et al. 2010; Keefer 1984; Sharma and Deng 
2019; Shrestha and Kang 2019; Tsai et al. 2018; Wartman 
et al. 2013). Although some slopes remained stable during 

the earthquake event, the slopes were locally cracked, hence 
increasing the potential risk of instability during rainfall, 
traffic loading, and other adverse conditions (Al-Defae et al. 
2013; Keefer 1994; Song et al. 2012; Tang et al. 2011; Yang 
et al. 2021; Yin et al. 2015). Consequently, it is an important 
issue to improve slope stability before and after earthquakes.

Different reinforcement techniques have been developed 
to prevent seismic-induced displacement (Bi et al. 2019; 
Kang et al. 2009; Usluogullari et al. 2016; Ye et al. 2019; 
Zhang et al. 2020). The choice of an appropriate reinforce-
ment technique should be consistent with the size of the pos-
sible landslides, the definition of seismic forces, as well as 
the budget. For preliminary design stages, stabilizing piles 
is a commonly utilized method. More recently, a new type 
of slope reinforcement technique named anchored pile has 
received increasing attention. It is believed that the addi-
tional use of an anchor cable allows for modifying the stress 
and deformation in a slope and will improve the workability 
of the reinforced pile. By utilizing an anchor, it is possible 
to produce smaller internal forces and deformations of a 
pile. As a result, the number and the size of piles decrease. 
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Therefore, the anchored pile is an economical and practical 
technique, as stated in the literature (Kang et al. 2009; Siller 
et al. 1991; Song et al. 2012). Qu et al. (2018) performed a 
shaking table test to investigate the seismic response charac-
teristic of an anchored sheet pile wall, considering uniform 
backfill soil. Based on centrifuge modeling tests, Huang 
et al. (2020a) studied the evolution of internal forces in terms 
of the pile bending moment and shear force, the anchor axial 
force during the progressive slide of a slope. They found that 
the presence of an anchor could modify the failure mode of 
the slope. The factor of safety and the permanent displace-
ment of a reinforced slope were analyzed numerically by 
Huang et al. (2020b). They concluded that the utilization of 
an anchor-pile structure would significantly reduce the prob-
ability of failure. Pai and Wu (2021) carried out a shaking 
table test on a soil slope model reinforced by multi-anchor 
piles. They found that the anchor cable in combination with 
the energy dissipation spring could effectively reduce the 
acceleration responses in the slope body behind piles. On the 
other hand, historical earthquakes have demonstrated that 
the slope reinforced by anchored piles showed better seismic 
performance. For example, Liu et al. (2016) and Zhang et al. 
(2020) reported some slopes reinforced using this technique 
remained stable during earthquakes, although the recorded 
accelerations were much higher than the design acceleration.

In the framework of pseudo-static, simplified design meth-
ods enable to assessment of the transient changes in internal 
forces in pile and anchor during shaking. For such methods, 
the amplitude and distribution of acceleration responses 
should be precisely determined. On the other hand, experi-
mental and numerical evidence of the permanent changes 
in the internal forces in the reinforced structures and defor-
mation of a slope has emphasized that a full dynamic time-
history analysis including soil-structure interaction and non-
linear soil behavior should be conducted to achieve the most 
reliable seismic design of an anchor-pile-slope system. When 
a sophisticated numerical model exists, the accuracy of the 
numerical analysis of an anchor-pile-slope system needs to be 
verified. Due to the lack of well-documented full-scale case 
histories, it is difficult to validate any given design methods 
and numerical models, and hence, a centrifuge study is nec-
essary. Since the available centrifuge study is very limited, 
some important issues are still unclear. In fact, due to the 
pronounced topographic effect and soil-structure interaction, 
the acceleration response should be very complicated under 
real ground motions, in comparison with that of an unrein-
forced homogeneous slope (Brennan and Madabhushi 2009).

Considering all the previous statements, the objective 
of this study is to evaluate the seismic response charac-
teristics of an anchor-pile-slope system using centrifuge 
dynamic tests. A real reinforced nonhomogeneous slope 
that remained stable during the 2008 Wenchuan earthquakes 
is utilized as the reference prototype. The recorded ground 

motion is scaled to four PGAs and is inputted to the model 
slope accounting for influences of earthquake sequences. 
The responses in terms of slope acceleration and deforma-
tion, dynamic earth pressure, pile deformation and bending 
moment, and the axial force of the anchor cable are meas-
ured and discussed. This work will not only provide new 
experimental evidence for the effectiveness of anchored pile 
reinforcement of a slope but also address several limitations 
of existing centrifuge dynamic tests.

Geological background

The slope studied is located in the Hanyuan, a county of 
Ya’an City. During the 2008 Wenchuan earthquake, this 
county suffered severe damages including massive building 
collapse and landslides (Yin et al. 2009). The seismic inten-
sity of this county was up to VIII degree, with an estimated 
peak ground acceleration (PGA) of 0.38 g, much higher than 
the fortification intensity of VI degree corresponding to 
PGA = 0.05 g (Liu et al. 2016). The high acceleration ampli-
tude could be attributed to the significant amplification effect 
caused by site conditions (Liu et al. 2016).

Despite high ground acceleration recorded, the Bei-
houshan ancient landslide group (located on the west of 
Hanyuan County) remained stable during shaking with only 
three tension cracks. The boundary of the landslide group 
was in the shape of an armchair with clear wings and a 
trailing edge, as illustrated in Fig. 1. Before the earthquake 
event, two reinforcement projects utilizing the technique 
of anchored piles were conducted to improve the stability 
of this landslide group. In the present study, landslide I is 
chosen as the reference prototype. This landslide is larger, 
with a length of about 30 m and a height of about 25 m. In 

Fig. 1   Location of the Beihoushan ancient landslide group
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addition, detailed design information about this landslide is 
available, including the design parameters of the piles and 
the morphology of the bedrock surface, which can guide the 
model design.

Based on the geological survey, the overlying soil is com-
posed of yellowish-brown silty clay with varying thickness, 
while the underlying bedrock is the Xigeda formation (N2x) 
mudstone (Fig. 2a). The shape of the bedrock surface pre-
sents a trifold line with dips respectively of 54°, 35°, and 
11° from the top of the surface to the bottom. Seven concrete 
piles were arranged in a row, and the cross-section of the 
piles was rectangular with a size of 2.0 m × 1.5 m, with a 
length of 14 m (Fig. 2b).

Dynamic centrifuge tests

Test equipment

The dynamic centrifuge tests were carried out in the 
ZJU-400 large-scale geotechnical centrifuge at Zhejiang 
University (Fig. 3a). It consists of an electro-hydraulic 

servo-hydraulic driving shaking table, with a maximum 
centrifugal acceleration of 150 g and a maximum capacity 
of 400 gt. The centrifuge has an effective rotation radius of 
about 4.5 m, which rotates about a central vertical axis.

The dimension of this high-performance shaking table is 
800 mm × 600 mm (Fig. 3b). In the case of the maximum 
weight of 500 kg, it can provide a maximum vibration 
amplitude of 40 g at a maximum centrifugal acceleration 
of 100 g. The shaking table can generate the sinusoidal 
wave and real earthquake wave with different amplitudes, 
frequencies, and duration times at the table bottom.

A model container with a Perspex viewing window 
was used in the centrifuge tests. The utilization of this 
type of box enabled the slope deformations and cracks 
through the Perspex window to be observed and filmed 
by a fast digital camera and video. The model box was 
made of an aluminum alloy and had inside dimensions of 
600  mm × 400  mm × 500  mm (length × width × height). 
Concerning the box used in this research, DUXSEAL, a 
plastic, putty-like material that has a large damping ratio 
was applied to minimize the boundary effect on the slope 
model. The effectiveness of DUXSEAL as an absorbing 

Fig. 2   Details of the studied 
slope: a site condition and b 
anchored piles

Fig. 3   Test equipment: a centrifuge and b shaking table
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material has been proved in other centrifuge tests (Cilingir 
and Madabhushi 2011). In this research, the thickness of the 
absorbing material was 25 mm.

Model preparation and materials

The purpose of the model tests is to explore the seismic 
response characteristics of the anchor-pile-slope system 
based on a real nonhomogeneous slope. Therefore, most of 

the design characteristics of the slope model, such as the 
material of the slope mass, the design parameters of the 
pile, and the geometry of the bedrock surface, are consistent 
with those of the prototype according to the scaling laws (as 
shown in Table 1). The typical profile of the test model is 
presented in Fig. 4.

The model consisted of four parts: slope mass, bedrock, 
piles, and anchor cables. The total height of the test model 
was 390 mm, while the slope height was 270 mm. The front 
and back edges of the slope were respectively 115 mm and 
195 mm in length, with a slope angle of about 25°. The 
bedrock lay below the slope mass with a three-part polyline 
and the dip angles were respectively 54°, 35°, and 11° from 
top to bottom.

The clayey soil for the slope body is collected from the 
landslide site and the soil is remodeled according to the 
same density and moisture content as the prototype. In the 
model tests, the bedrock was difficult to simulate using the 
prototype material, so a mixture of clay, cement, quartz sand, 
and water is used to represent the underlying bedrock, with 
the optimal weight mixing ratio of 1: 0.55: 1: 0.25, accord-
ing to several mixing tests. The geotechnical parameters of 
the slope body and bedrock are measured by laboratory tests, 
as shown in Table 2. Noted that the measured parameters of 
the prototype bedrock vary significantly due to the different 
weathering degrees, so the average value is used. As can 
be seen, the modulus and shear strength parameters of the 

Table 1   Scaling laws for the centrifuge tests

Physical quantity Symbol Similarity 
scale (model/
prototype)

Length L 1/50
Area A 1/502

Volume V 1/503

Displacement u 1/50
Axial force F 1/502

Bending moment M 1/503

Section moment of inertia I 1/504

Stress σ 1
Strain ε 1
Time (dynamic) t 1/50
PGA Amax 50
Frequency Freq 50

Fig. 4   Geometry of the rein-
forced slope
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model bedrock are slightly higher than the average value of 
the prototype bedrock.

In this study, the seismic response characteristic of the 
pile is the main research purpose, the crack, and fracture of 
the pile are not considered, thus the aluminum alloy hollow 
tube with a rectangular cross-section is utilized to simulate 
concrete piles. To ensure that the model pile reflects the 
true stress level of prototype one, the dimensions and flex-
ural stiffness of the model pile are designed based on the 
similarity law. Based on the geometric similarity, the height 
of the rectangular section of the model pile (hm) is 40 mm, 
the width (bm) is 30 mm, and the length of the pile (lm) is 
280 mm. Based on flexural stiffness similarity (Huang and 
Zhu 2016), the wall thickness of the model pile can be cal-
culated as follows:

where Ep and Ip are Young’s modulus and inertia moment 
of the prototype pile, Em is Young’s modulus of the model 
pile (i.e., 69 GPa). Based on Eq. 1, the wall thickness of the 
model pile (tm) is approximately 2.5 mm. Before the model 
construction, a specially designed device was used to fix the 
model pile at the designated location of the model box, and 
the fixed device was removed after the model was established. 
Five model piles were used in the test corresponding to the 
ratio of space to width (i.e., S/D) equals 3.33. The embedded 
and cantilever section of the pile was 90 mm and 190 mm, 
respectively. It should be noted that the design parameters of 
the prototype anchor cable are unknown, so the design of the 

(1)EPIP = N4Em(bmh
3

m
− (bm − 2tm)(hm − 2tm)

3∕12)

model anchor cable refers to existing model tests (Qu et al. 
2018; Huang et al. 2020b). The free and anchored sections of 
the anchor cable are modeled with steel strands (1-mm diam-
eter) and solid steel columns (4-mm diameter), respectively. 
The steel strand was arranged horizontally: one end was con-
nected to a bolt that was installed at the pile head and another 
end of the strand was embedded in the bedrock and linked 
with the anchorage. To avoid the pullout of the anchor cable 
during shaking, four barbs were manufactured at the fixed 
end to increase anchorage force. To avoid the generation of 
friction forces between the soil and the steel strand, the free 
section of the anchor was covered with a plexiglass casing 
(diameter of 3 mm). The detailed parameters of the model 
pile and anchor cable are presented in Table 3.

Measuring devices

Different kinds of measuring devices were used to collect 
the response data of the pile-anchor-slope system during 
earthquake loading, including micro-acceleration sensors, 
micro-earth pressure sensors, strain gauges, and LVDTs (lin-
ear variable differential transformers). Figure 5 shows the 
typical layout with the locations of sensors.

The model slope was instrumented with 16 horizontal 
accelerometers, located in the slide mass and the bedrock. 
The accelerometer A0 was tightly connected to the shak-
ing table, to measure the actual input motion at the rigid 
basement. To capture the pile bending moment, six pairs of 
strain gauges (Y1 ~ Y6) were pasted symmetrically on the 

Table 2   Properties of the slide mass and bedrock

Property Slope mass Bedrock (prototype) Bedrock (model) Slope-bedrock 
interface (model)

Unit weight γ (kN/m3) 17.9 18.6 18.6
Cohesion c (kPa) 48 244 257 3.58
Internal friction angle φ (°) 22 34.7 40.5 14.7
Young’s modulus E (Pa) 17.26 × 106 761 × 106 836 × 106

Poisson ratio ν 0.3 0.27 0.25
Uniaxial compression strength (MPa) - 6.3 11.7

Table 3   Parameters of the model pile and anchor cable

Structural elements Material Geometric parameters (model/prototype) Mechanical parameters (model/prototype)

Pile Aluminum alloy tube Cantilever length: 190 mm/9.5 m
Embedded length: 90 mm/4.5 m
Section size: 30 mm × 40 mm/1.5 m × 2 m
Thickness: 2.5 mm/-
Anchored section: 80 mm/4 m
Free section: 354 mm/17.7 m
Diameter: 1 mm/5 cm

EI = 4.9 × 10−3 MN·m2/3.0 × 104 MN·m2

Anchor cable Steel strand Tensile strength = 648 MPa/648 MPa
Tension force = 49N/122.5kN
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front and back surfaces of the pile with a vertical spacing of 
40 mm. Note that all the strain gauges were connected by a 
full-bridge type. Four T-type micro-earth pressure sensors 
(T1-T4) were inserted into the cantilever section of the pile 
with a vertical spacing of 40 mm. To reduce the soil arching 
effect, the earth pressure sensors and the measured pile were 
placed in the same plane. The detailed layout of the strain 
gauges and earth pressure sensors is shown in Fig. 6.

A sheet axial force sensor was used to measure the axial 
force of the anchor cable. It was made of aviation aluminum 
alloy and molded by wire-cutting technology. The thickness 
of the sensor was 1 mm, and the measuring element was a 

pair of strain gauges pasted on opposite sides of the sheet. 
To monitor the vertical settlement of the soil slope and the 
horizontal displacement of the pile head, two LVDTs and an 
ECT (eddy current transducer) were arranged on the slope 
top and pile head respectively (Fig. 5). Besides, a film sys-
tem with a fast digital camera and a video was used to record 
the slope damage process during shaking (Fig. 7).

Model earthquakes

Previous studies generally used sinusoidal waves to inves-
tigate the seismic response of slopes. However, recent 

Fig. 5   Layout of the reinforced 
slope

Fig. 6   Strain gauges and earth 
pressure transducers
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research highlighted that real ground motions, particularly 
for pulse-like waves and mainshock-aftershock sequences, 
could aggravate the seismic effect on the slopes (Al-Defae 
et al. 2013; Bao et al. 2021; Zhu et al. 2020, 2022). There-
fore, real ground motion is used in the tests. The input seis-
mic motion was the Qingxi ground motion (about 25 km 
far from Hanyuan County) in the NS direction, which was 
recorded in the Wenchuan earthquake. According to the scal-
ing laws for the centrifuge tests, the amplitude and duration 
of the prototype wave were amplified and shortened respec-
tively by 50 times to convert into the model ground motion. 
To consider the influence of ground motion intensity on the 
slope model, the amplitude of the input ground motion was 
adjusted, ranging from 0.1 to 0.4 g (prototype).

The tests were carried out when the centrifuge accelera-
tion was up to 50 g. As mentioned above, the actual input 
ground motions were recorded by accelerometer A0. As 
an example, Fig. 8 shows the measured acceleration time 

history and the corresponding Fourier amplitude spec-
trum for the EQ1 event. Table 4 shows the features of the 
earthquakes applied to the centrifuge tests, including the 
amplitude, predominant period, and 90% energy duration of 
each input ground motion for the prototype. Note that two 
ground motion scenarios are considered during the centri-
fuge model tests. The first one is the continuous loading, 
to study the effect of the motion intensity on the system’s 
seismic response. The motion intensity gradually increases 
as the seismic event increases, such as EQ1 ~ EQ3 and 
EQ4 ~ EQ5, with amplitudes increasing by 0.1 g. The second 
one is cumulative loading, to consider the cumulative effect 
of repeated ground motions (Al-Defae et al. 2013; Liang 
et al. 2015). The motion intensity for adjacent seismic events 
is the same, such as EQ3 ~ EQ4 and EQ5 ~ EQ7.

Fig. 7   Model container, fast camera, and model slope

Fig. 8   Measured acceleration time history and the Fourier amplitude spectrum (EQ1)

Table 4   Model earthquakes

Case No Amplitude (g) Predominant 
period (s)

Duration(s) Loading 
condition

EQ1 0.1 0.66 57.92 Continuous 
loading

EQ2 0.2 0.66 57.92 Continuous 
loading

EQ3 0.3 0.66 57.92 Continuous 
loading

EQ4 0.3 0.66 57.92 Cumulative 
loading

EQ5 0.4 0.66 57.92 Continuous 
loading

EQ6 0.4 0.66 57.92 Cumulative 
loading

EQ7 0.4 0.66 57.92 Cumulative 
loading
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Results

Model deformations

The vertical settlements of the slope top (LVDT2) and 
shoulder (LVDT1) and the horizontal displacement of the 
pile head (ECT) were recorded during earthquake loadings. 
The evaluations of the deformation of each measuring point 
corresponding to ground motion sequences EQ1-EQ7 are 
shown in Fig. 9a. In Fig. 9b, the peak and cumulative defor-
mations of slope shoulder and slope top are shown while 
Fig. 9c presents the peak and cumulative deformations of 
the pile head.

Concerning the vertical deformation of the slope, 
the measured settlement gradually accumulates dur-
ing the shaking events, with a maximum deformation of 
50 mm (prototype scale). Before EQ5, the slope shoulder 
shows a slightly large deformation than the slope top, as 
expected. However, the slope shoulder deforms less than 
the slope top for the cases of EQs 5 ~ 7, which can be 
partly explained by the occurrence and development of 
cracks. As shown in Fig. 10, a minor crack appears in 

the early stage of the shaking while with the increase of 
ground motion intensity, the number of cracks that have 
obvious width and depth increases on the slope top sur-
face and inside slope mass. It should be emphasized that 
the difference in deformation between the slope shoulder 
and slope top is minor since the reinforced model slope 
remains stable in this study, and large deformation and 
instability phenomena are not observed during shaking. 
In addition, the comparisons of slope deformations for 
EQ3 with EQ4 and of EQ5 with EQ6 and EQ7 underline 
the significant influence of loading types (i.e., continu-
ous loading vs cumulative loading) on the slope response. 
Even if the intensity of input ground motion is the same, 
cumulative loading appears to result in a decreased settle-
ment in comparison with continuous loading. For instance, 
the maximum settlement of EQ6 and EQ7 is respectively 
around 88% and 68% of the value of EQ5, although these 
three ground motions have the same intensity.

With regard to the horizontal deformation of the pile 
head, the measured time histories are similar to the 
input ground motions. With an increasing amplitude of 
input ground motions, violent vibration of the pile head 

Fig. 9   Responses of the slope and pile head: a time histories of the horizontal displacements of pile head and vertical settlements of the slope; b 
peak and cumulative permanent settlements of the slope; c peak and cumulative permanent displacements of the pile head
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(swaying from side to side) occurs during the shaking 
events with two distinct peaks of deformation. The pile 
head gradually deforms to the left with the maximum 
cumulative permanent deformation of up to 8 mm (pro-
totype scale). The deformation accumulation of the pile 
head is caused by the gradual settlement of the slope 
mass that is transmitted to the pile (kinematic effect), as 
indicated in Fig. 9a. Contrary to the peak deformation 
of the slope, cumulative loading constantly increases the 
peak deformation of the pile head in comparison with 
continuous loading for high motion intensity (i.e., 0.4 g). 
For example, the peak deformation of EQ6 and EQ7 
respectively increases from 14 mm of EQ5 to 16 mm and 
17 mm.

Accelerations

Acceleration records from the centrifuge tests show that the 
amplitude of accelerations in the reinforced model slope 
changes with the positions. To capture the distribution 
characteristic of acceleration in the reinforced model slope, 
these changes are evaluated utilizing the contour maps of 
PGA for seven EQ cases. Furthermore, recorded acceleration 
signals can be used to calculate the cumulative energy of 
the acceleration at different positions. Arias intensity (Ia) 
is a physical quantity representing earthquake energy that 
is commonly utilized in previous studies to measure the 
total intensity in the recorded ground motions (Arias 1970), 
which is defined as follows:

where g is the acceleration of gravity (m/s2) and t is the 
duration (s). To compare the amplification effect of the 
acceleration response, both the values of PGA and Ia are 
then normalized by the values of a reference position. The 
normalized amplification factor, α, is calculated using the 
following formula:

(2)Ia =
�

2g∫
t

0

a2(t)dt

where βxi is the measured value of the ground motion 
parameter at a certain measuring point xi, and βx0 is the 
measured ground motion parameter value recorded by sensor 
A0.

Contour maps of αPGA and αIa in the slope mass for seven 
EQ events are presented in Figs. 11 and 12, as the measured 
values are marked by pink points and then be interpolated 
to get a distribution map.

It can be seen that the amplification distributions of 
both PGA and Ia share similar characteristics. As shown in 
Figs. 11 and 12, the seismic energy is amplified for various 
degrees, depending upon locations, motion intensity, and 
loading types. From the aspect of morphology, the shape 
of the contours is wavy and extends obliquely from the 
cantilever section of the pile to the slope top. This form 
of the contour is much more nonlinear than that from the 
horizontal distribution of a homogeneous slope (Brennan 
and Madabhushi 2009). For each vertical array, the ground 
motion is amplified when it propagates from the bedrock to 
the slope surface. The amplification effect is more evident 
for the first and third vertical arrays due to the combined 
influence of site effect and topographic effect while the 
acceleration and cumulative energy are less amplified at the 
middle of the slope surface (second array) and the slope top 
(fourth array).

It is possible to see that the maximum amplification fac-
tor for PGA and Ia is measured at A6 for each EQ case. 
More specifically, the PGA amplification factor increases 
from 2.11 of EQ1 to 3.25 of EQ7 while the Ia amplification 
factor increases from 5.11 to 9.1. It appears that the ampli-
fication effect is aggravated by increased motion intensity. 
The focusing of seismic energy within convex topographies 
(corner of the slope) certainly plays a significant role in the 
observed amplification effects. On the other hand, the soil-
pile kinematic interaction may also contribute to such a high 
amplification factor. As shown in Fig. 9, the pile deforms 

(3)�xi =
�xi

�x0

Fig. 10   Development of the 
cracks during earthquake load-
ings: a side view and b top view
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significantly during the shaking events, which appears to 
amplify the ground motion nearby. The amplification of 
ground motion caused by the kinematic effect was also 
observed in the centrifuge test performed by Cilingir and 
Madabhushi (2011) in evaluating the soil-tunnel seismic 
interaction. For the measured points close to the bedrock, the 
ground motions are always de-amplified. This is generally 
more evident at point A14, with the amplification ratios of 
PGA changing from 0.29 to around 0.54 while the Ia ampli-
fication ratios vary from 0.09 to 0.18. This is understandable 
because the soil deposit with a thin thickness amplifies less 
the incoming waves. The inclined bedrock surface (steep dip 
angle 53°) also significantly reflects the seismic wave and 
restrains the shaking amplitude of the soil particle thus lead-
ing to a small amplitude in the horizontal direction.

To figure out in which frequency range the ground motion 
is amplified or de-amplified, the spectral ratios are pre-
sented for two typical locations in which the maximum or 
the minimum amplification effect is respectively observed. 
Figure 13 thus presents the A6 to A0, A14 to A0 spectral 

ratios, together with the corresponding Fourier spectra of 
A0, A6, and A14. These results show very clearly that these 
spectral ratios are less sensitive to the motion intensity than 
the location. In the main frequency ranges (around 1.7 Hz, 
3.0 Hz), the amplitudes of spectral ratio at A6 range between 
2 and 3, while A14 spectral ratios range between 0.2 and 0.5 
only. The higher frequency narrowband amplification peaks 
observed at around 6 Hz are not due to the large amplitude 
of the Fourier spectrum but to the very small amplitude of 
A0 around this frequency point. The resonance effect asso-
ciated with the model slope leads to narrowband amplifica-
tion of about 12 times for A6 and 2 times for A14 for the 
case of EQ1. Concerning the influence of motion intensity, a 
larger spectral ratio is calculated for higher motion intensity, 
but the frequency corresponding to the peak is almost the 
same for EQ1 and EQ7 cases. This explains why the ground 
motion amplification is a little bit large for high motion 
intensity. In addition, the very similar shapes of the spectral 
ratios for two motion intensities implicitly indicate that the 
slope suffers ignorable stiffness degradation during shaking.

Fig. 11   Contour maps of the PGA amplification factors
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Static and dynamic earth pressures

Before the shaking events, the earth pressures acting on 
the pile are measured when the centrifugal acceleration 
increases from 0 to 50 g. As shown in Fig. 14, the maxi-
mum static earth pressure is measured at T1 (158.64 kPa) 
while the minimum one appears at T4 (39.41 kPa). In cur-
rent design practice, a uniform distribution of earth pressure 
(blue dash line in Fig. 14) is generally assumed for a pile-
reinforced cohesion soil slope. However, this assumption 
may be inappropriate according to the centrifuge data per-
formed in the present study. For the test model, the resultant 
force of 628 kN can be calculated according to the area of 
the distribution.

An empirical equation is recommended in the design code 
GB/T 38509–2020 (2020) to estimate the resultant force 
of the theoretical landslide thrust, which is related to the 
inclination of the bedrock surface, the strength parameters 
of the soil-rock surface, and the self-weight of the slope 
mass, as follows:

(4)Ei = Ei−1�i + Ti − Ri∕Fs

(5)�i = cos(�i−1 − �i) − sin(�i−1 − �i)tan�
�

i
∕Fs

where Ei is the residual sliding force of the soil strip i 
(Fig. 15); ψi is the transfer coefficient of the sliding thrust 
between soil strips; αi is the inclination of soil strip i; Ti 
and Ri is the sliding force and anti-sliding force of soil strip 
i, respectively; Wi is the gravity of soil strip i; c′ and φ′ is 
the cohesive and internal friction angle at the slope-bedrock 
interface (Table 3); and Fs is the safety factor; a value of 
1.2 is adopted here according to the design report of the 
Beihoushan slope reinforcement engineering.

Accordingly, the theoretical resultant force is 534 kN. The 
differences between the measured thrust and the theoretical 
one should be attributed to the anchor cable action and 
soil arching effect. The landslide thrust formed by the 
self-weight of the slope acts on the pile, resulting in the 
outward deformation of the pile. The tension of the anchor 
cable makes the pile-soil squeeze each other, affecting the 
distribution of earth pressure. In addition, the soil between 
the model piles is not reinforced by any baffles, which leads 
to the redistribution of earth pressure (so-called arching 
effect), and thus affects the pile behavior. The combined 
effect raised by these factors complicates the distribution 
form of the pile earth pressure, resulting in the maximum 

(6)Ti = Wisin�i

(7)Ri = Wicos�itan�� + ci�bisec�i

Fig. 12   Contour maps of the Ia 
amplification factors
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passive earth pressure at T1 and the minimum passive earth 
pressure at T4.

The typical time histories of dynamic earth pressures 
are presented in Fig. 16, corresponding to the case of EQ7. 
The dynamic earth pressures are obtained by subtracting the 
earth pressures measured at the end of the previous event 
(i.e., EQ6) from those at the end of the current event (i.e., 
EQ7). It is possible to see that the earth pressures change 
rapidly for T1 and the earth pressures reach a maximum 
value at the time of maximum deformation of the pile head. 
A residual earth pressure is also observed at the end of 
shaking but the value is relatively small compared to the 
maximum one. On the other hand, the positive residual earth 
pressure indicates that the pile prevents the deformation of 
the slope. The time histories of earth pressure measured 
at the other three positions show a similar trend, but with 
decreased amplitudes.

Figure  17 shows the distribution of the maximum 
dynamic earth pressure (absolute values) on the pile during 
the earthquake loadings. Maximum dynamic earth pressure 
is defined as the maximum incremental earth pressure ever 

experienced at that specific position during shaking events. 
It is clear to see that the maximum earth pressure increases 
with increasing motion intensity. For each event, the dis-
tribution of maximum earth pressure follows an inverted 
trapezoidal distribution. The earth pressure is expected to 
increase with the increase in height of the model pile, with 
the maximum earth pressure occurring at the pile head 
(T1). For example, the measured earth pressures are rela-
tively small and show less variation along with the pile with 
the maximum earth pressure of around 20 kPa in the case 
of 0.1 g (EQ1). A dramatic increase in the earth pressure 
appears with increasing motion intensity, particularly for 
the pile head at which the maximum earth pressure is up to 
180 kPa in the case of 0.4 g (EQ7). The earth pressures on 
the pile vary significantly, reaching a difference of around 9 
times between T1 and T4.

To compare the dynamic earth pressure of the 
continuous loadings with the cumulative loadings for 
all the investigated cases, the dimensionless parameter 
named variation rate of dynamic earth pressure (VRDEP) 
is calculated using the following formula:

Fig. 13   Fourier spectra of three measured points and the corresponding spectral ratios
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Fig. 14   Schematic diagram of 
pile deformation and earth pres-
sure distribution before shaking

Fig. 15   Schematic diagram of 
landslide thrust calculation
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Fig. 16   Time histories of dynamic earth pressure measured in event EQ7

Fig. 17   Absolute maximum dynamic earth pressures on the model 
pile

Fig. 18   Calculated VRDEP values for different EQ events



Bulletin of Engineering Geology and the Environment (2024) 83:64	 Page 15 of 19  64

where γi is the maximum earth pressure measured by sensor 
Tx (x = 2, 3, 4) during the earthquake events and the VRDEP 
is equal to 0 for the EQ1 event.

The results of VRDEP are shown in Fig. 18. It is possi-
ble to divide these values into two categories. The first cat-
egory is the VRDEP of T1 for which the maximum of 250% 
appears for EQ2, while significantly decreasing with increas-
ing motion intensity. The positive values calculated for EQ4, 
EQ6, and EQ7 indicate that the cumulative loading results 
in additional earth pressure due to the cumulative deforma-
tion of the slope (Fig. 9b). The remaining values relevant to 
sensors T2–T4 are the second category for which the motion 
intensity and loading type significantly affect the values. 
For continuous loading cases (EQ1 ~ EQ3, EQ4 ~ EQ5), the 
dynamic earth pressures increase sharply with increasing 
motion intensity. The influence is more evident for T3, with 
a maximum value of around 300%. However, for cumulative 
loading cases (EQ3 ~ EQ4, EQ5 ~ EQ7), the earth pressures 
are generally reduced to a certain degree. The comparison of 
earth pressures of T1 with other sensors highlights that the 
anchor cable has capable of inhibiting the build-up of earth 
pressure around the pile head. This helps to maintain the 
integrity of the slope, but can also lead to further dynamic 
compression between the pile and the soil, resulting in a 
rapid increase in local earth pressure (e.g., T2 and T3).

Dynamic bending moments

Bending moments acting on the pile are measured at six 
discrete positions during shaking events. Figure 19 shows 
the variation of dynamic bending moments for event EQ7. 
These bending moments are additional incremental values 
over the previous shaking events as previously mentioned 
for the dynamic earth pressures. The positive value means 
the pile deforms toward the slope and vice versa. Similar to 
the dynamic earth pressure, the time histories of bending 
moment also capture two peaks during shaking and have 
small residual bending moments at the end of the shaking 
event.

Figure 20 shows the distribution of maximum dynamic 
bending moments in the model pile during EQ1-EQ7. Maxi-
mum bending moment is defined as the maximum incre-
mental bending moment ever experienced at that specific 
position during the current shaking event. Both the negative 
and positive bending moments are evaluated rather than the 
absolute one; in this way, the stress state in the model pile 
can be assessed.

(8)VRDEP =

⎧
⎪
⎨
⎪
⎩

0

�i−�i−1

�i−1
× 100%

i = 1

i = 2, 3… 7

As can be seen, the bending moments are generally 
positive, except Y1, due to the slope deformation acting 
on the model pile, as discussed in Fig. 9. The negative 
bending moment in the pile head (Y1) is caused by the 
kinematic constraint that comes from the anchor cable. 
However, due to the high rigidity of the model pile and no 
obvious slope deformation during shaking, resulting in this 
bending moment is small. Along with the pile, there is a 
conversion point with a value of zero between Y1 and Y2, 
and the positive bending moments gradually increase and 
reach a maximum value near the interface between bedrock 
and soil layers. In general, the maximum bending moment 
is measured by Y4 because of the significant stiffness 
difference between the soil and bedrock. For the pile part 
that is fixed in the bedrock, the bending moments (Y5 and 
Y6) appear to gradually decrease.

The distribution of the dynamic bending moments 
depends on the pattern of deformation the model pile 
experiences during the shaking events. The maximum 
bending moment increases with increasing ground motion 
intensity, except in the case of EQ4. As shown in Fig. 9c, 
the peak deformation of the pile head in the EQ4 event 
is relatively small compared to the one in the EQ3 case. 
Oppositely, the cumulative loadings lead to a considerable 
increase in the maximum bending moment for high motion 
intensity (0.4 g), the maximum bending moment increases 
from 4.7 MN·m of EQ5 to around 5.4 MN·m of EQ7, with 
a percent increase of 15%.

Axial forces of anchor cable

The axial force of the anchor cable is measured at the 
cable’s left head using strain gauges as previously men-
tioned. Figure 21 presents the peak axial force for each EQ 
event, together with the time histories of axial force for 
EQ7. It appears that the peak axial force of the anchor cable 
increases with increasing motion intensity. This is more evi-
dent for the cumulative loading case due to the increased 
cumulative deformation of the pile head as shown in Fig. 9c. 
Residual axial force lefts on the anchor cable, indicating the 
anchor cable is in an extension state to remain stable of the 
pile at the end of shaking.

Regression analyses are also performed to figure out how 
the pile head deformation and slope settlement affect the 
axial force of the anchor cable. The results are shown in 
Fig. 22. It is possible to see that the axial force of the anchor 
cable and peak deformation of the pile head have a very 
strong linear correlation. It shows that the goodness of fit of 
the first-order linear equation is close to 0.92. The increase 
of axial forces with increasing slope settlements is generally 
observed, but they show a large variation with a coefficient 
of determination less than 0.6. It is understandable since the 
settlements measured in this study are not mainly caused by 
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slope instability, the soil densification, and cracks developed 
during shaking contribute a lot. The results highlight that it 
is possible to estimate the axial force of anchor cable based 
on the deformation of the pile head for a specific reinforced 
slope. It also indicates that the coordinated deformation 
between pile and anchor cable still exists during earthquake 
events.

Conclusions

A series of centrifuge shaking table tests were performed to 
investigate the seismic response of a slope with a polyline 
bedrock surface reinforced by anchored piles. The response 
characteristics in terms of deformations of pile and slope, 
distributions of the PGA and Ia amplification factors, earth 

Fig. 19   Time histories of dynamic bending moment on the pile in EQ7
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pressures, bending moments of the pile, and axial forces 
of anchor cable were measured and analyzed, accounting 
for different motion intensities and loading types. The main 
conclusions can be summarized as follows:

1.	 The vertical settlement of the slope and deformation of 
the pile head increased gradually with increasing motion 
intensity due to soil densification and cracks developed 
during the shaking events. In addition, cumulative 
loading constantly increased the peak deformation of 
the pile head for high motion intensity. The increased 
peak deformation of the pile head was caused by the 
increased slope settlement.

2.	 Due to the combined effects of the site and topographic, 
the amplification factors near the slope surface were 
more evident, particularly at the position near the pile 
head. The soil-pile kinematic interaction may also 
contribute to such a high amplification effect. This 
led to a wavy-form distribution of acceleration. The 
spectral ratios for two motion intensities indicated that 
the slope suffers ignorable stiffness degradation during 
the shaking events.

3.	 The distribution of the peak dynamic earth pressure 
of the cantilever section of the pile was presented as 
the “inverted trapezoid,” and the maximum one was 
measured at the pile head. The maximum earth pressure 
tended to increase with increasing motion intensity. 
Also, the cumulative loadings resulted in a higher 
dynamic earth pressure compared to the continuous 
loadings.

4.	 The bending moments were significantly affected by the 
presence of the anchor cable and the soil-rock interface. 
Near the pile head, negative bending moments were 
observed due to the restrain caused by the anchor cable, 
with the bending moments increased with depth, and 
the maximum value was measured around the soil-rock 
interface due to the large stiffness difference.

5.	 The axial force of anchor cable can be well estimated 
based on the peak deformation of the pile head, rather 
than the settlement of the slope. Residual axial force 
observed at the end of the shaking showed that the 
anchor cable is in an extension state to remain the 
stability of the pile.

Fig. 20   Maximum dynamic bending moment acting on the pile

Fig. 21   Axial force–time history of the anchor cable and the relation-
ship between the peak axial force and motion intensity
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