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Studies show that prestressed anchor cable antislide piles have good antiseismic characteristics. As an important parameter in the
design of anchor-cable piles, the effect of anchor-cable inclination on the seismic response of the anchor-cable pile system has
been rarely studied so far. In the present study, the seismic response characteristics of the anchor-pulled pile under different
cable inclinations are studied using a large-scale seismic model test platform and numerical methods. The obtained results
show that the inclined angle of the anchor cable has a great influence on the seismic response of the pile-anchor system. It is
found that under the same seismic conditions, the axial force of the anchor cable becomes smaller as the anchor dip angle
increases, while the pile top displacement becomes larger. The dynamic earth pressure behind the pile changes from the sliding
surface to the pile top, indicating that the earth pressure near the sliding surface and the pile top is of active and passive earth
pressure types, respectively. This pressure decreases with the increase of the anchor dip angle, thereby affecting the

performance of the antisliding pile.

1. Introduction

Antislide piles can be mainly divided into composite and
noncomposite piles according to the combination form with
other structures. A noncomposite pile generally refers to a
single pile, independent of other structures. On the other
hand, a composite pile, such as a prestressed anchor cable
antislide pile, refers to a single pile combined with other
structures. As a common slope reinforcement measure, the
prestressed anchor cable antislide pile has superior charac-
teristics, including low cost and quick construction, so it
has been widely used in large-scale and extra-large slopes
and reinforcement of landslide optimization [1-7]. Analyz-
ing the damages of Wenchuan earthquake showed that the
slope reinforced by a prestressed anchor cable antislide pile
has promising antiseismic capabilities [8, 9].

With the rapid development of industrialization, numer-
ous investigations from different aspects have been carried
out on the seismic behavior of antislide piles. In order to
investigate the seismic characteristics of noncomposite piles,
Valsangkar et al. [10] performed shaking table tests on the
seismic response of partially supported single piles and
achieved earlier research time, accordingly. Moreover, Mak-
ris and Badoni [11] studied the nonlinear seismic response
of single piles. He et al. [12] studied the three-dimensional
limit analysis of seismic displacement of slope reinforced
by piles. Saez et al. [13] studied the seismic response of
pile-supported excavation in the Santiago gravel stratum.
Qu et al. [14] analyzed the seismic response characteristics
of the antislide pile using the elastic-plastic theory. Li et al.
[15] performed shaking table tests and studied the seismic
response of landslides reinforced by minipiles. Zhang et al.
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[16] carried out large-scale shaking table tests to study the
seismic behavior of the pile-foundation slope of the antislide
pile-reinforced bridge. It is worth noting that the seismic
analysis of these noncomposite piles provides a basis to
study composite piles. To study the seismic characteristics
of the combination of anchor-pull piles, Su and Zhang [17]
studied the influence of rock excavation blasting vibration
on the prestressed anchor cable on the high and steep slope
of the diversion tunnel of the Zipingpu project. Then Yang
et al. [18] analyzed the dynamic response characteristics of
anchor cables under a blasting load. However, further inves-
tigations revealed that there are essential differences between
blasting vibration and earthquake. Accordingly, the above-
mentioned analyses cannot be applied to the seismic design
of the prestressed anchor cable. Ye et al. [19] carried out
shaking table tests of slope reinforced by single-row antislide
pile and prestressed anchor cable under the earthquake
action. Lederer et al. [20] studied the interaction between
embedded an antislide pile and a prestressed anchor frame
beam. Qu et al. [21] studied the earth pressure distribution
on different parameters, including the seismic response
characteristics of the pile displacement, prestress of the
anchor cable, dynamic characteristics and acceleration
amplification effect of the reinforced slope, and seismic
response of an antislide pile with anchor cable. Zhou et al.
[22] and Yan et al. [23] analyzed the ultimate strength and
anchorage characteristics of prestressed anchor cable in bed-
ding rock slope. Fu et al. [24] carried out the shaking table
test and studied the seismic response of slope reinforced by
a pile-cable support structure. Furthermore, Chen et al.
[25] studied the influence of earthquake characteristics on
the seismic performance of anchored sheet pile quay with
barrette piles. Lin et al. [26] studied the seismic response of
beam-sheet-pile walls with anchor frames numerically and
experimentally. Huang et al. [27] simulated the seismic
response and failure mode of slope reinforced by the pile-
anchor structure. It should be indicated that although the
seismic study of these composite structures with anchor-
pull piles provides a theoretical basis for the seismic design
of composite structures, the influence of anchor cable incli-
nation angle on the seismic response of anchor-pull pile
composite structures is often neglected in the calculations,
thereby affecting the accuracy of the results.

Reviewing the literature indicates that as an important
parameter in the design of anchor-cable pile, the effect of
anchor-cable inclination on the seismic response of the
anchor-cable pile system has not yet been studied so far. More
specifically, most investigations in this area only consider the
influence of static action on the prestressed anchor-cable incli-
nation [1, 2, 7]. Accordingly, it is of great theoretical value to
study the seismic response of antislide piles with different
inclination angles by performing shaking table tests and pro-
vide a scientific basis to improve and develop the aseismic
design method of the anchor cable antislide pile.

2. Model Design

2.1. Similarity Principle. According to similarity criteria, the
similarity of physical variables can be mainly divided into
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three categories, including general geometric similarity,
dynamic similarity, and kinematic similarity. General geo-
metric similarity refers to elementary geometric similarity
wherein the unit length is generally considered the dimen-
sion of physical variables. Combining similar characteris-
tics of various physical systems, the positions and
significances of three categories can be described as that
if any two systems are similar in geometry, dynamics,
and kinematics, then the two systems have similar perfor-
mances [28]. It is worth noting that among the three sim-
ilarity criteria, the geometric similarity is easier to be
achieved while reaching both the geometric and dynamic
similarity is required to have the kinematic similarity.
Accordingly, it is a challenge to reach the kinematic simi-
larity in complicated engineering problems. Any solution
obtained from the dynamic similarity under the condition
of geometric similarity should satisty the requirements of
the kinematic similarity.

In the present study, the geometric and dynamic similar-
ity of the anchor-pull pile supporting landslides is used as
the basic conditions. Due to limited data on the properties
of the prototype materials, including the standard values of
the characteristic parameters, it is an enormous challenge
to achieve complete similarity between the model materials
and the prototype materials. Consequently, it is a challenge
to reach an agreement between the test results and the pro-
totype results. Aiming at resolving this problem, the main
objective of the present study is to study the similarity laws
in the test model.

2.2. Experimental Equipment. In the present study, tests are
performed on the large shaking table (Yunnan Institute of
Engineering Aseismic, China). The table size was 4m x 4m
and has 3 degrees of freedom. The table can supply a maxi-
mum of 30 tons of load in the test. The maximum displace-
ment and velocity along the X and Y directions are 250 mm
and 0.8 m/s, respectively. Moreover, the maximum accelera-
tion along the X and Y directions with a load of 20 and 30
tons is 1g and 0.8 g, respectively. The operating frequency
is 0~100Hz, and the maximum overturning moment is
300 KN m.

Numerous materials, including landslide material, model
box, retaining plate, antislide pile, anchor cable, and con-
crete, are involved in the test. The landslide model consists
of three parts, including the sliding bed, sliding surface,
and sliding body. Silty clay is used as soil. The sliding-bed
soil is compacted before the test. To prepare the sliding sur-
face, the soil is first screened with a 2mm sieve. The
screened soil is then dried; impurities are picked out and
mixed with 50% fine sandy soil. The prepared sliding surface
soil is evenly distributed over the sliding bed with a thickness
of 5cm. Natural-grade silty clay is used as the sliding soil.
Instead of sieving, drying, and tamping, the silty clay is
stacked above the sliding surface and leveled evenly. The
bedrock of the anchoring section of the antislide pile is made
of C40 concrete. Table 1 shows the physical and mechanical
parameters of the test material.

A 60 cm long wooden antislide pile with a cross-section
of 80mm x 80mm is used in the tests. The bottom is
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TaBLE 1: Physical and mechanical parameters of the test material.

. r Es Cohesion ¢ Internal friction angle ¢
Material KN/m’ MPa “ kPa .
Sliding body 19 20 0.30 8 12
Sliding surface 18.8 20 0.30 10 8
Sliding bed 21 35 0.25 15 14
C40 244 3.25E4 0.2 Elastic material
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FIGURE 1: Top view of the physical model.

embedded in the concrete cast in a steel channel as the rock-
socketed depth of the antislide pile. Each antislide pile has a
15mm diameter hole at 5cm from the pile top to place
anchor rods. The retaining plate is 1.66 m long, 1.5 cm thick,
and 45 cm high. According to the experience, the dip angle
of the bolt should be 15°-25° and should not be less than
10°. Accordingly, the dip angle of the bolt was set to 11°,
14°, and 18°. The anchorage cable No. 1, 2, and 3 with a
diameter of 14mm and a total length of 2.65m, 2.12m,
and 1.68 m is connected to the antislide pile with an anchor
cable angle of 11°, 14°, and 18°, respectively. One end of all
bolts is connected to the bottom of the model box for
anchorage, and the prestressing force applied on each bolt
is 0.5kN. The height, length, and width of the model box
are 1.5m, 3.5m, and 1.66 m, respectively. The top view of
the physical model is shown in Figure 1.

An acceleration sensor is arranged on the top of each pile
to measure the acceleration and to convert the displacement
of the pile top to electrical signals. Furthermore, strain
gauges are arranged on four sides of the anchor cable 8 cm

FIGURE 3: Assembly of the acceleration sensors.

from the retaining plate to measure the applied axial force.
Figures 2 and 3 show the assembly layout of acceleration
SEensors.

The studied seismic wave in this experiment is an El
Centro wave as shown in Figure 4. Since the first seismic
wave successfully records the whole process data, the El
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FiGURE 4: El Centro wave under five sets of conditions.

Centro wave is extensive and representative. In this regard,
studies show that the horizontal component of the seismic
wave is the fundamental force that causes the crack propaga-
tion, failure of the landslide, and its retaining structure. In
the present study, five seismic conditions, including 7-
degree medium earthquake, 8-degree medium earthquake,
8-degree large earthquake, 9-degree large earthquake, and
over 9-degree earthquake, were designed. The control peak
of the horizontal acceleration of these conditions is 0.10g,
0.20g, 040g, 0.62g, and 1.00g, respectively. The data of
slope acceleration, pile tip displacement, and anchor shaft
force are collected in the test.

3. Analysis of the Test Results

3.1. Seismic Displacement Response. In the whole vibration
process, the sensor monitoring data were analyzed mainly

because the slope has been supported and no deformation
failure occurred. Acceleration sensors Al, A2, and A3 were
installed on the top of each antislide pile to measure the seis-
mic acceleration response of the pile top under the action of
the earthquake and obtain the time-history curves of pile top
displacement under five working conditions. Figure 5 shows
the displacement peaks of the pile top under pile-anchor sys-
tem No. 1, 2, and 3. It is observed that as the earthquake
power increases, the displacement of the pile top increases,
and the response intensifies. Moreover, it is found that the
displacement of the pile top increases rapidly before the
acceleration of the seismic wave reaches 0.62 g, and then it
increases slowly. The obtained results show that the aseismic
effect of the anchor pile is remarkable.

Figure 6 shows the displacement of the pile top with dif-
ferent anchorage dip angles under the same seismic condi-
tion. It is observed that the displacement of the pile top
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FIGURE 5: Peak displacement of the pile top under different working conditions.

with an 18" anchorage dip angle under the same seismic con-
dition is larger than that of the pile top with a 14° anchorage
dip angle. Meanwhile, the displacement of the pile top with a
14° anchorage inclination is always larger than that with an
117 anchorage inclination. It is concluded that as the anchor-
age angle increases, the corresponding displacement of the
pile top increases too.

3.2. Axial Force Response of the Anchor Rod. The axial force
peak values of three anchor cables with different inclination
angles under different working conditions are presented in
Figure 7.

Figure 7 shows that the axial force peak value of the
anchor cable increases with the input seismic acceleration
peak value, and the slope of the broken line of the axial force
of each anchor cable becomes larger, indicating that the axial
force grows faster and the response of the axial force
intensifies.

The comparison of the axial force of the anchor cable
under the same seismic condition with different inclination
angles reveals that as the inclination angle increases, the cor-
responding axial force reduces continuously.

Table 2 shows the statistical tables of the peak values of
the axial force and displacement of the anchor cable under
the combined support of different pile-anchor systems. It is
found that the axial force of the anchor cable is related to
the displacement of the antislide pile under the pile-anchor
combined support system. Figure 8 shows that under the
same seismic conditions, the axial force of anchor rod No.
1 is greater than that of anchor rod No. 2 and 3, but the dis-
placement of the pile top is just the opposite.

From the theoretical mechanics’ viewpoint, the experi-
mental results are in agreement with the theoretical ones.
It is found that the angle between the pile and the anchor
cable decreases with the increase of the inclination of the
anchor cable and the decrease of the angle between the pile
and the anchor cable. In this case, the seismic component

of the anchor cable decreases, and the axial force of the
anchor cable reduces, thereby weakening the pulling effect
of the anchor cable and increasing the pile top displacement.

4. Validation of the Numerical Simulation

In this section, the flac3D software, which is a widely
adopted software in geotechnical engineering, is applied to
carry out numerical simulations. In this regard, three models
are established, and each model has three antislide piles. The
inclination angles of the three models are 11°, 14", and 18°,
respectively. In each model, the antislide pile in the middle
position was selected for data analysis to avoid the influence
of boundary conditions.

To increase the calculation accuracy and efficiency, the
retaining plate, antislide pile, and anchor cable are treated
as elastic materials. Table 3 shows the physical and mechan-
ical parameters of model materials. Figure 9 shows that the
established model is meshed using 5,634 elements and
9,789 nodes.

4.1. Analysis of the Displacement Response of the Pile Top.
Three antislide piles are established in each model, and the
time-history curve of the top displacement of middle anti-
slide piles is selected for analysis. Figure 10 shows the distri-
bution of the peak displacement of the pile top. It is observed
that under the same seismic condition, the largest and smal-
lest peak displacements of the pile top occur at an inclina-
tion angle of 18%and 11°, respectively. Furthermore,
Figure 10 reveals that the peak displacement of the pile top
increases with the increase of the anchor cable inclination.
This is consistent with the obtained results from the shaking
table test.

4.2. Analysis of the Axial Force Response of the Anchor Cable.
Figure 11 shows the time-history curve of the axial force of
the anchor cable at the same position at different anchor
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FIGURE 7: Peak axial force of the anchor cable under different working conditions.

TaBLE 2: Axial force and peak displacement of anchor piles under different working conditions.

Working Peak _ No. 1 . . No. 2 . . No. 3 _

conditions acceleration (g) Axial force Peak displacement Axial force Peak displacement Axial force Peak displacement
(N) (mm) (N) (mm) (N) (mm)

1 0.1 51.73 14.42 40.33 14.61 31.41 15.03

2 0.2 67.43 28.45 53.27 28.69 42.18 29.22

3 0.4 129.01 59.09 114.23 59.79 100.99 60.78

4 0.62 261.41 89.16 224.15 89.75 204.75 91.29

5 1 571.15 97.09 464.01 97.38 384.88 98.99

inclination angles. It is observed that as the anchor inclina-
tion angle increases, the corresponding axial force decreases,
which is in good agreement with the test results. It is also
consistent with the theoretical deduction that the higher
the inclination of the anchor cable, the lower the intersection
angle between the pile and the anchor cable, the smaller the

seismic component of the anchor cable, the lower the axial
force of the anchor cable, and the weaker the anchor cable.

4.3. Response Analysis of Dynamic Earth Pressure behind the
Pile. In this section, the dynamic earth pressure along the x
-axis behind the anchored pile is monitored. During the



Geofluids

15.2
A=0.1g 18°
15 1

14.8
14.6

11°
14.4

Displacment of pile top (mm)
%

14.2 T T 1
0 20 40 60

Peak axial force of anchor cable (N)

61
18°

A=0.4
60.5 - &

60
59.5

11°
59 7

Displacment of pile top (mm)

58.5 T T 1
80 100 120 140

Peak axial force of anchor cable (N)

957 A-Log

99 - 18°

98.5 -
98
97.5 14°

11°
97 A

Displacment of pile top (mm)

96.5 T T 1

300 400 500 600

Peak axial force of anchor cable (N)

7
294
E j92 A=02g «I8°
a,
2 29 A
=
a, i
< 28.8 140
8 286
§ 11°
-(—*% 28.4
A 28.2 T T 1
20 40 60 80
Peak axial force of anchor cable (N)
91.5 A
_ 18°
g A=0.62g
E 911
o
1]
© 90.5 A
A
S
< 90 A
g 14°
=)
& 89.5 1
5 i
1) ; ; .
150 200 250 300

Peak axial force of anchor cable (N)

FIGURE 8: Distribution of axial force of the anchor cable against the pile top displacement.

TaBLE 3: Physical and mechanical parameters of model materials.

Material kN;m3 I\/JISIS’a U Notes
Retaining plate 22 1.2E3 035

Antislide pile 23 3.0E3 0.30  Elastic material
Anchor rod 78 2.0E4 020

analysis, the earth pressure increased in the process of earth-
quake action, without considering the earth pressure under
static action. Therefore, monitoring points are set after the
initial balance to monitor the variations of the earth pressure
behind the antislide piles when applying seismic waves. In
this simulation, a total of 9 monitoring points are set up,
and 3 points are set after each pile. Figure 12 shows that
the monitoring points are set at 20 cm intervals above the
sliding surface.

FIGURE 9: Three-dimensional model of the anchor pile.

In this analysis, 0.35 g El Centro waves are considered as
the input seismic waves. Figures 13-15 show the time-
history curves of the dynamic earth pressure behind the piles
detected at W1, W2, and W3 of antislide piles No. 1, 2, and
3, respectively.
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The comparison of time-history curves of the dynamic
earth pressure at different heights after three antislide piles
indicates that the properties of the dynamic earth pressure
behind piles change from the sliding surface to the top of
the pile. More specifically, the dynamic earth pressure near
the sliding surface (W1) is active, while the dynamic earth
pressure near the pile top (W2, W3) is passive. This is
because W1 is located near the sliding surface, so it is sub-
jected to a large thrust of the sliding body of the pile, while
W2 and W3 are subjected to the reverse pressure on the soil
because of the anchor pulling action. Meanwhile, W3 is near
the pile top, where the largest anchor pulling action and the
biggest passive earth pressure occur.

Sliding body

Sliding surface
Anchor rod

Sliding bed

FIGURe 12: The monitoring points of dynamic earth pressure at
postpile.
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The distributions of the earth pressure behind the pile at
the same location with different anchorage angles are shown
in Figures 16-18. It is observed that variations of different
anchor inclination angles at the same position are basically
the same. It is found that as the anchorage angle increases,
the active earth pressure increases, and the passive earth
pressure decreases near the pile top. This is because as the
inclined angle of the anchor cable increases, the intersection
angle of the pile and the anchor cable decreases, the seismic
component of the anchor cable reduces, the effect of the
anchor cable weakens, and the passive earth pressure of the

pile on the soil reduces. The obtained results verify the rela-
tionship between the displacement of the pile top and the
anchorage dip angle.

5. Conclusion

In the present study, a large-scale model test platform was
used to investigate the seismic response characteristics of
anchor piles with different slope angles of anchor cables.
Based on the obtained results, the main achievements can
be summarized as follows:
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(1) The inclined angle of the anchor cable has a great

influence on the seismic response of the pile-
anchor system. As the inclined angle of the anchor
cable increases, the axial force of the seismic
response decreases while the displacement of the pile
top increases. Moreover, as the inclination of the
anchor cable increases, the intersection angle of the
pile and the anchor cable decreases, the seismic com-

ponent of the anchor cable decreases, the axial force
of the anchor cable decreases, the effect of the anchor
cable on the piles weakens, and the pile top displace-
ment increases

(2) With the increase of the earthquake power, the peak

displacement of the pile top and the axial force of
the anchor cable increase, and the seismic response
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FiGure 18: Distribution of dynamic earth pressure at W3 under different anchor angles.

intensifies. Accordingly, when the acceleration of
the seismic wave is less than 0.62g, the pile top
displacement increases rapidly. However, when
the earthquake power exceeds 0.62g, the displace-
ment increases slowly

(3) The performed numerical simulation shows that the
dynamic earth pressure of anchor piles is active near
the sliding surface and increases with the increase of
the anchor dip angle. Moreover, it is passive at the

pile top and decreases with the increase of the
anchor dip angle. This is because with the increase
of the inclined angle of the anchor cable, the inter-
section angle of the pile and the anchor cable
decreases, the seismic component of the anchor
cable reduces, the effect of the anchor cable weakens,
and the passive earth pressure of the pile to the soil
reduces. Accordingly, the correlation between the
pile top displacement and the angle of the anchor
cable is verified
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