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For the problems of unreasonable force and large deformation of traditional antislide structure system, three new arch antislide pile-
wall structure systems are designed for a loess landslide treatment project in Northern Shanxi province.-eworking performances of
four kinds of antislide structures are numerically simulated and analyzed to realize the optimization of the antislide structure system.
-e results show that the arch antislide pile-wall structure system is a rigid connection between the piles and cap beam, and the
antislide pile, cap beam, and sliding bed soil form a spatial nearly rigid structure. Cap beam can better transfer the bending moment
generated by the larger thrust in the landslide middle to the piles with less force on both sides of the landslide, so that the stress and
deformation of the whole antislide system tend to be uniform, whichmakes the antislide system “joint operation.” And this structural
form increases the overall stiffness and bending capacity and reduces the possibility that the middle pile is destroyed first and loses its
working capacity due to large thrust. Comparedwith the traditional antislide structure system (Model-1), the average displacement of
the pile head is reduced by about 60%, and the total control bending moment of the system is reduced by about 6%. -e purpose of
Model-3 andModel-4 (anchorage arch antislide pile-wall structure system and pull-rod arch antislide pile-wall structure system) is to
restrict the deformation of cap beam in both positive and negative directions of x-axis in arch antislide pile-wall structure system,
which plays a certain role in coordinating the deformation of antislide structure and better coordinating the stress of each pile. -e
arch antislide pile-wall structure system (Model-2), anchorage arch antislide pile-wall structure system (Model-3), and pull-rod arch
antislide pile-wall structure system (Model-4) can better adapt and adjust the unbalanced thrust between the landslide piles; therefore,
they have higher structural robustness than that of traditional antislide structure system. When achieving the management target
with a 95% structural reliability probability of the same landslide, the structural robust degrees ofModel-1,Model-2, andModel-4 are
0.58, 0.76, and 0.81, respectively.-erefore, the pull-rod arch antislide pile-wall structure system (Model-4) has the best performance
among the other antislide structures.-ese studies lay a foundation for the engineering structural optimization of arch antislide pile-
wall structure system.

1. Introduction

Landslide refers to the phenomenon of slopemovement with
a large horizontal displacement component attached to its
own weak structural plane [1, 2]. When the landslide
threatens the established project or human production and
life, the appropriate measures should be taken to treat the
landslide [3, 4]. With the rapid development of urban
construction, transportation, mining, environmental pro-
tection, and other industries, landslide treatment has be-
come an increasingly important project [5–9].

Generally, landslide treatment includes biological
treatment measures, drainage measures, slope cutting
presser foot measures, and structure supporting measures
[10, 11]. In terms of structural support, the reinforced
concrete antislide pile has been widely used with many
advantages of strong antislide force, flexible pile position,
small disturbance to landslide stability and geological en-
vironment, multiple piles constructed at the same time, and
safe and fast construction.-erefore, it has become the main
method for landslide geological disasters, especially for
large-scale landslide treatment [8, 12, 13]. Matsii et al.
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[14, 15] proposed a computational scheme for soil and the
pile interaction of single and two-row supporting structures
and analyzed the stress-strain state (SSS) of soil and the pile
interaction of two-row supporting structure. Zhang and Tan
[16] and Shooshpasha and Amirdehi [17] studied the sta-
bility analysis of reinforced with one row of free head piles by
shear strength reduction method and also analyzed the ef-
fects of pile location, pile length, pile spacing, pile bending
stiffness, and slope angle on the performance of reinforced
slope. Li et al. [18] and Wu et al. [19] presented a novel
analytical solution to determine an optimal isosceles trapezoid
cross section of stabilizing piles subjected to the lateral load.
Yang et al. [20] and Zhang et al. [21] performed a series of
laboratory model tests on the pile-reinforced slopes under
horizontal and vertical loading conditions to investigate the
pile reinforcement mechanism. Li et al. [22] adopted a
simplified analytical model to analyze double-row pile sta-
bilized slopes. Moreover, a framework is developed for an-
alyzing the optimal locations of multirow piles considering
multistage potential slip surfaces. Zhou et al. [23] established a
physicalmodel to study the phenomenon of the soil in front of
piles gradually separated from piles as piles deformed elas-
tically under reservoir operation, which can further under-
stand the pile-soil interaction. Liu et al. [24] established a
qualitative relationship between stress state and deformation
and thermal infrared temperature from experiments to study
the deformation and failure mechanism of a landslide sta-
bilized with piles. Xue et al. [25] established a 3D finite el-
ement model (FEM) of the test to study the stability failure
mechanism of PWFSs (pile-wall frame structures), which
evaluated the effects of framework width, pile spacing, pile
length, and diameter on structural stability. As the application
of micropiles being extended from foundation engineering to
landslide engineering, Wang and Yin [26], Ma et al. [27], and
Li et al. [28] focused on studying the effects and failure mode
of micropile in landslide reinforcement.

-e above beneficial explorations in the structural form
of antislide piles open up new ideas to optimize antislide
structure system in space. However, the interaction between
the piles is not considered; the pile location is still in plane or
sectional plane layout. In essence, this optimization is car-
ried out in isolation from the perspective of single pile. From
the failure forms of some antislide pile structures, the main
manifestations are shear failure of the top beam of the
antislide pile, the bending failure of the antislide pile itself,
and the overall instability of the structure system due to the
insufficient bending stiffness [29]. In fact, all piles in
the same landslide should be studied as a whole. -erefore,
the antislide structure should have certain adaptability to the
above uncertainties of landslide, or they should be a system,
which can transfer the larger thrust on some piles to the
other antislide piles with a relatively small force, so as to
improve the reliability of the whole antislide structure.

In this paper, taking a loess landslide treatment project in
Northern Shanxi province as an example, three new arch
antislide pile-wall structure system models are numerically
simulated and analyzed to compare their working perfor-
mances with traditional antislide structure system model in-
cluding the tress, deformation, and failure characteristics. At the

same time, the concept of structural robustness is put forward
to evaluate four kinds of antislide structural systems. -us, it
lays a foundation for further research and engineering structure
optimization of arch antislide pile-wall structure system.

2. Landslide Prototype and Antislide Structure
System Design

2.1. Reconstruction of Prototype Landslide. -e prototype
landslide is an ancient loess landslide in Northern Shanxi
province, and the width and length of the tongue type
landslide are about 120m and 200m, respectively. -ere are
two erosion gullies on both sides, as shown in Figure 1.
Table 1 shows the physical and mechanical property indexes
of each constituent element of landslide according to the
geological exploration analysis.

-e slope will be converted into a two-stage platform as
an oil transportation station, and the platform elevation is
1282.00m and 1260.00m, respectively, as shown in Figure 1.
After the reconstruction, the slope of 1282.00m elevation
platform is in the limit stability state, and two storage tanks
with a diameter of 20m a height of 18m are arranged on this
platform. Each tank capacity of 5000 t is designed on the
expanded reinforced concrete substrate, the size of which is
52m (length), 22m (width), and 1.2m (thickness). After oil
storage tanks are filled, the rear edge slope will be unstable.

2.2. Model Design of Antislide Structure. For traditional
antislide structure, the force of the structure is uneven and
unreasonable. -erefore, the arch antislide pile-wall struc-
ture system, which is composed of the antislide piles and cap
beam on the top, is designed to transfer the larger thrust in
the landslide middle to the antislide piles on both sides of the
landslide through cap beam. -e purpose of this spatial arch
structure is to give full play to the advantages of high
compressive strength of cap beam concrete structure and the
restraint capacity of spatial structure to deformation.

According to the basic requirements of ensuring slope
safety and controlling slope deformation, the landslide is
treated by arch antislide structure system with a rise-span
ratio of 1 :10 in the platform leading edge. Four kinds of arch
antislide structure system are designed. And each physical
model is established to numerically simulate and analyze the
working performance, so as to find out the optimal arch
antislide structure system.

2.2.1. Model-1: Traditional Antislide Structure. -is struc-
ture is composed of 11 antislide piles which are arched
arrangement at platform leading edge as shown in
Figure 2(a). -e size of the antislide pile is 2.00m (with),
3.00m (height), and 21.00m (length), where the embedded
section length is 9.00m and the horizontal distance of the
antislide pile center is 7.50m.

2.2.2. Model-2: Arch Antislide Pile-Wall Structure System.
-e size design of the pile structure is the same as Model-
1. -e pile top is a rectangular cap beam with a sectional
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size of 3.00 m × 4.00 m. And cap beam and the piles are
rigidly connected as shown in Figure 2(b).

2.2.3. Model-3: Anchorage Arch Antislide Pile-Wall Structure
System. -e pile location, pile, and cap beam section
dimensions are the same as Model-2. However, piles P1
and P11 were enlarged into anchorage, and the sectional
area was enlarged to 3.00 m × 4.00 m as shown in
Figure 2(c).

2.2.4. Model-4: Pull-Rod Arch Antislide Pile-Wall Structure
System. -e pile location, pile, and cap beam section
dimensions are the same as Model-2. However, a pull rod
made of 1320 grade steel strand of 24 bunches is set on
cap beam corresponding to piles P1 and P11 as shown in
Figure 2(d). -e cross-sectional area of steel strand is
1.6 ×104 mm2, and its tensile strength and elastic mod-
ulus are 1320MPa and 195 GPa, respectively.

-e concrete strength grade of antislide pile and cap
beam is C30, of which elastic modulus and compressive
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Figure 1: Schematic diagram of prototype landslide. (a) Plane engineering layout. (b) Cross-section engineering layout.

Table 1: Characteristics of landslide elements.

Category/location Lithologic characters Bulk density Strength
c (kN/m3) C (kPa) φ (°)

Sliding body Loessial soil 17.94 32 23

Sliding belt
Back Plastic∼soft plastic loess — 6.7 15
Middle Plastic loess — 8.0 16
Front Gravel soil — 8.0 6.7

Sliding bed
Back Old loess 20.1 96 24
Middle Old loess 20.1 96 24
Front Sandstone (with mudstone) 22 280 42
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strength are 30GPa and 14.3MPa. -e longitudinal tensile
reinforcement of antislide pile is 60E32mm with tensile
strength 360MPa, which is arranged in two rows of the pile,
and the action point of the longitudinal reinforcement is
200m away from the pile side; the longitudinal reinforce-
ment of the pile body away from the mountainside is
arranged according to the structure, and the pile control
bending momentMu� 43434 kN.m. Both sides of cap beam
are symmetrically reinforced, and each side has 90
HRB400 bars with a diameter of 32mm.

Notes. (1)-e models are symmetric structure. (2) Unit is m.
(3) -e pile numbers are P1, P2, P3. . .P10, and P11, re-
spectively from left to right. (4) Central coordinates of piles
P1∼P6 are (0, 0), (7.5, 2.73), (15, 4.85), (22.5, 6.32), (30, 7.2),
and (37.5, 7.5).

-e antislide structure systems inModel-2,Model-3, and
Model-4 are new complex spatial structure. -e cantilever
section is subject to the thrust of sliding body soil, and the
embedded section is constrained by the sliding bed soil.
With the increase of landslide thrust, the change and ad-
justment of structural internal force are affected by sliding
body, sliding bed, and structural system itself. In order to
study the working performance of the above four antislide
models (i.e., the stress characteristics, load transfer mode,
and deformation law of the system) during the storage
process of oil tank, the method of graded loading at trailing
edge of landslide is adopted for numerical simulation. -e
load of each time is shown in Table 2.

2.3. Physical Model of Antislide Structure. -e physical
models of four kinds of arch antislide pile walls are
established by ANSYS software, as shown in Figure 3(a).
-e ideal elastic-plastic constitutive model is adopted for
sliding bed soil, which obeys the D-P yield criterion. -e
bending moment of the pile and displacement of pile
head in the four models are numerically simulated and
comparatively analyzed, and then the reasonable arch
antislide structure is selected [30–32]. In these four
models, the horizontal constraint is applied at the back of
the sliding bed, the vertical constraint is applied at the
bottom of the model, and the left and right sides of the
model are stabilized by slope self-stabilization. When the
ANSYS software is used to establish the model, the pile-
soil contact element and parameter settings are shown in
Table 3. -e physical parameters of sliding bed soil and
sandstone with Solid45 unit are selected as shown in
Table 4. -e reinforcement is dispersively distributed in
Solid65 unit of reinforced concrete structure according
to reinforcement ratio. BISO model and Mises yield
criterion of isotropic strengthening are adopted for the
constitutive relation of concrete material, of which
Poisson’s ratio and tensile strength are 0.2 and 0.4MPa,
respectively. Multilinear MISO model of isotropic
strengthening is adopted for reinforcement, of which
Poisson’s ratio and elastic modulus are 0.18 and 200MPa,
respectively. According to different loading conditions,
the typical joint stresses of pile body and cap beam are

calculated numerically, and then the corresponding
bending moment is calculated with APDL language
programming.

3. Numerical Analysis of Different Arch
Antislide Structural Systems

-e bending moments in Y direction of model piles are
extracted every 1.0m from the position of −8m to 9m along
the Z direction, which are shown in Figures 4∼7 under
different loads. Herein, because the models are all sym-
metrical structure, six piles on one side are selected for
analysis. It can be seen from Figure 4 to 7 that the bending
moment of different model piles at the sliding belt is the
largest, which decrease rapidly toward both ends. And the
bending moment of the whole pile body is distributed in a
nearly triangular shape.

Figure 4 shows the bending moments of the traditional
antislide structure (Model-1) under different loads. -e
position of the largest bending moment of the pile is about
1.0m below sliding belt, and there is no negative bending
moment in these piles. Moreover, the bending moments of
the piles P4, P5, and P6 in the landslide middle are larger
than those of the piles P1, P2, and P3 on the side of the
landslide. Because the uneven landslide thrust cannot be
transmitted among the piles, the distribution of bending
moment makes the piles in the middle of the system destroy
first (pile P6, the bending moment of pile has exceeded the
control bendingmoment at the 5th loading; that is, the pile is
destroyed), and then the adjacent piles are damaged grad-
ually (piles P4 and P5 are destroyed at the 7th loading).

Figure 5 shows the bendingmoments of arch antislide pile-
wall structure system (Model-2) under different loads. Com-
pared with the traditional antislide structure (Model-1), the
negative bendingmoment occurs within a certain length of pile
top in arch antislide pile-wall structure system (Model-2).
Under different loads, the negative bending moment of pile P6
top is the largest; then it gradually decreases to both sides of
landslide, that is, P5 and P7, P4 and P8, P3 and P9, and P2 and
P10. -e sequence of the negative moment appearance and its
length range of the pile conform to the above rules.-e sum of
all negative bending moments at the interface between pile and
cap beam is related to the inhomogeneous degree of landslide
thrust in the antislide structure system. -e more serious the
inhomogeneous degree of landslide thrust is, the greater the
total negative bending moment of pile top is. According to the
bending moment superposition principle [33], the negative
bending moment at the pile top is beneficial to reduce the
bending moment of model piles with larger thrust in the
system and transfer it to the pile with less thrust on both sides,
which makes the bending moment of piles on both sides in-
crease. -e absolute value of bending moment reduction of
some piles is the same as the increment of other piles; that is,
the occurrence of negative bendingmoment will not reduce the
total bending moment of the system. -e appearance of
negative bending moment changes the stress state of model
pile, which makes key position of bending moment action
further closer to the sliding belt. Compared with the traditional
antislide structure (Model-1), the bending moment of pile P6
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exceeds the control bending moment at the 6th loading, while
the bending moment of piles P4 and P5 exceeds the control
moment at the 7th loading, which means that arch antislide
pile-wall structure system (Model-2) is better than the tradi-
tional antislide structure (Model-1).

Figure 6 shows the bending moments of anchorage arch
antislide pile-wall structure system (Model-3) under dif-
ferent loads. Compared with arch antislide pile-wall struc-
ture system (Model-2), the negative bending moment of the
piles in the landslide middle after adding anchorages no
longer successively appears with the increase of loading. And
with the load increasing, the negative bending moment of
piles P2 and P10 increases rapidly and approaches that of
pile P6, which is a comprehensive reflection of the
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Figure 2: Physical model of arch antislide structure. (a) Model-1. (b) Model-2. (c) Model-3. (d) Model-4. (1) -e models are symmetric
structure; (2) Unit m; (3)-e pile number are P1, P2, P3. . .P10, P11 respectively from left to right. (4) Central coordinates of pile P1~P6 are
(0, 0), (7.5, 2.73), (15, 4.85), (22.5, 6.32), (30, 7.2), (37.5, 7.5).

Table 2: Load of each time.

Load times 1 2 3 4 5 6 7
Load/t 2000 4000 6000 8000 10000 12000 14000
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Figure 3: Arch antislide structure system models and grid mesh generation. (a) Model-1. (b) Model-2. (c) Model-3. (d) Model-4.

Table 3: Pile-soil contact pattern.

Pile and soil
Unit type

Parameter
Interface Target surface

Pile side and soil CONTA171 TARGE169 Friction coefficient� 0.30 KEYOPT,9,0 KEYOPT, 12,2
Pile tip and soil CONTA171 TARGE169 Friction coefficient� 0.30 KEYOPT,9,0 KEYOPT, 12,2

Table 4: Physical parameters of landslide.

Parameters Bulk density (kN/m3) Poisson’s ratio Internal friction angle (°) Cohesion (kPa)
Sliding bed soil 17.94 0.26 24 88
Sandstone 24 0.22 32 280
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Figure 4: Continued.
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Figure 4: Bending moments of antislide structural piles of Model-1 in Y direction. (a) Pile number of P1. (b) Pile number of P2. (c) Pile
number of P3. (d) Pile number of P4. (e) Pile number of P5. (f ) Pile number of P6.
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Figure 5: Bending moments of antislide structural piles of Model-2 in Y direction. (a) Pile number of P1. (b) Pile number of P2. (c) Pile
number of P3. (d) Pile number of P4. (e) Pile number of P5. (f ) Pile number of P6.
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uncoordinated deformation among piles. As the deformation
stiffness of piles P1 and P11 is enlarged, the incoordinate
deformation between P1 and P2 and P11 and P10 is clearly
highlighted. -e larger negative bending moment changes the
stress state of the model pile, which makes the key position of
bending moment action in the middle pile further closer to the
sliding belt, and so are piles P1 and P11, and that makes the
distribution of the bending moment closer to a triangle shape.
Compared with arch antislide pile-wall structure system
(Model-2), the bending moment of pile P6 in anchorage arch
antislide pile-wall structure system (Model-3) only exceeds the
control bending moment at the 7th loading, and so is pile P5,
and the bending moment of pile P4 is still within the control
bending moment.-erefore, anchorage arch antislide pile-wall
structure system (Model-3) is better than arch antislide pile-
wall structure system (Model-2).

Figure 7 shows the bending moments of pull-rod arch
antislide pile-wall structure system (Model-3) under dif-
ferent loads. Compared with arch antislide pile-wall struc-
ture system (Model-2) and anchorage arch antislide pile-wall

structure system (Model-3), after adding the pull rod, all the
piles including piles P1 and P11 have the negative bending
moment, which increases with the increase of loading. -is
phenomenon is not caused by the uncoordinated defor-
mation among piles in Y direction. -e reason is that each
pile has a forward rotation angle as each pile is stressed,
while cap beam with the enhancement of deformation
stiffness can effectively limit the rotation trend [33]. As a
result, the negative bending moment occurs in the upper
part of the pile, which is beneficial to reduce the bending
moment of each pile; however, it also puts forward the
requirements for reinforcement on the backside of each pile
[34]. Compared with arch antislide pile-wall structure sys-
tem (Model-2) and anchorage arch antislide pile-wall
structure system (Model-3), the bending moment of pile P6
in pull-rod arch antislide pile-wall structure system (Model-
4) only exceeds the control bending moment at the 7th
loading, and so is pile P5, and the bendingmoment of pile P4
is still within the control bending moment. -erefore, pull-
rod arch antislide pile-wall structure system (Model-4) is
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Figure 6: Bending moments of antislide structural piles of Model-3 in Y direction. (a) Pile number of P1. (b) Pile number of P2. (c) Pile
number of P3. (d) Pile number of P4. (e) Pile number of P5. (f ) Pile number of P6.
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better than arch antislide pile-wall structure system (Model-
2).

From Figures 4 to 7, it is found that anchorage arch
antislide pile-wall structure system (Model-3) and pull-rod
arch antislide pile-wall structure system (Model-4) are better
than arch antislide pile-wall structure system (Model-2) and
the traditional antislide structure (Model-1).

Figure 8 shows the bending moment of each pile at
sliding surface of four models with the increase of loading.
It can be seen from Figure 8(a) that the traditional antislide
structure (Model-1) has no transfer of force and bending
moment among the piles, and the bending moment of each
pile is a direct reflection of landslide thrust on the pile body.
However, arch antislide pile-wall structure system (Model-
2) can transfer the bending moment generated by the larger
thrust in the landslide middle to the piles with less thrust on
both sides of the landslide, so that the bending moment of
the whole antislide system tends to be uniform (as shown in
Figure 8(b)). In Figure 8(c), when piles P1 and P11 are

enlarged into anchorages, their bending moments increase
significantly. -e closer the pile is to the anchorage, the
larger the reduction of bending moment is, and the farther
away from the anchorage the pile is, the smaller the re-
duction of moment decreases. -is change results in the
increase of the bending moment difference between pile P6
and another pile (except P1 and P6), and the difference
tends to increase with the increase of loading. -is is
obviously not in line with the principle of “joint operation”
of all the piles in arch antislide system, nor can it give full
play to the advantages of high compressive strength of
concrete structure cap beam, which will cause the waste of
reinforcement of cap beam and the materials of piles P2,
P10, P3, and P9. From Figure 8(d), after adding pull rods,
the bending moments of piles P1 and P11 increase, while
the bending moments of other piles slightly reduce. -e
total control bending moment of the whole system de-
creases due to more mobilization of the sliding bed soil
effect.
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Figure 7: Bending moments of antislide structural piles of Model-4 in Y direction. (a) Pile number of P1. (b) Pile number of P2. (c) Pile
number of P3. (d) Pile number of P4. (e) Pile number of P5. (f ) Pile number of P6.
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Figure 9 shows the pile head displacement of four models
with different loadings. It can be seen from Figure 9 that the
pile head displacement of each pile in different models in-
creases with the increase of loading, and the displacement of
middle pile (P6) is the largest. Here, in the traditional antislide
structure (Model-1, in Figure 9(a)), there is no constraint and
coordination effect of cap beam on the stress and deformation
of each pile; the deformation disharmony among the piles is
significant; that is, it is “individual combat” of all the piles,
which leads to obvious displacement of pile head in the
landslide middle; and the displacement of pile head on both

sides also increases significantly with the increase of loading.
However, when cap beam is adopted in the antislide structure
(in Model-2, Model-3. and Model-4), cap beam has a certain
restraint and coordination effect on the uneven force and
deformation of each pile, and the pile head displacement
decreases significantly (as shown in Figures 9(b)–9(d)) with
the increase of loading. -e pile head displacement is closely
related to the pile position in the antislide system, and the
displacement of pile head in the landslide middle in the
system is always greater than that of the pile in other posi-
tions. In summary, from Figures 9(b) to 9(d), the
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Figure 8: -e bending moment of each pile at Z� 0 (sliding surface) in different models with different loadings. (a) Model-1. (b) Model-2.
(c) Model-3. (d) Model-4.
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displacement of each pile head in Model-3 is slightly smaller
than that in Model-2, which may be the reason for the in-
sufficient rigidity of cap beam. However, the displacement of
each pile head in Model-4 is obviously smaller than that in
Model-2.

Figure 10 shows the average displacement of pile head of
three kinds of arch antislide pile-wall structure system with
cap beam (Model-2, Model-3, and Model-4) and the tradi-
tional antislide structure (Model-1). It can be seen from
Figure 10(a) that the uncoordinated deformation of the pile
and cap beam gives rise to their mutual constraint in arch

antislide pile-wall structure system, which causes the average
pile head displacements inModel-2, Model-3, andModel-4 to
be significantly smaller than that in Model-1. However, the
reduction degree of the average pile head displacement is not
a fixed value but is related to the loading.-e ratio of pile head
displacement between arch antislide pile-wall structure sys-
tems (Model-2, Model-3, and Model-4) to that of traditional
antislide structure (Model-1) is shown in Figure 10(b). It can
be seen from Figure 10(b) that with the increase of load the
ratio decreases rapidly and then tends to be stable. From the
3rd load, the ratios of Model-2 to Model-1, Model-3 to
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Figure 9: Displacement variation law of each pile head with different loadings. (a) Model-1. (b) Model-2. (c) Model-3. (d) Model-4.
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Model-1, and Model-4 to Model-1 are 37.4%, 34.6%, and
32.5%, respectively, and the reduction degree of arch antislide
structure system with pull rod is the most significant.

4. Robustness Evaluation of
Antisliding Structure

4.1. Structural Robustness. According to the importance of
landslide treatment project and the severity of possible
consequences after its structural failure, the traditional
safety factor method is adopted to carry out the corre-
sponding engineering classification, which is used to
determine the safety factor (K) satisfying the requirement.
And the ratio (R/S) of structural resistance (R) to action
effects (S) is used to evaluate engineering safety. -e long-
term engineering practice has proved that this stability
analysis method is effective; however, its most obvious
shortcoming is without considering the influence of
uncertain factors; that is, it does not consider the ran-
domness of actual parameters, which will bring unpre-
dictable error to the safety evaluation of landslide
treatment structure based on safety factor [35, 36].
-erefore, structural reliability with fully considering the
uncertainty of various parameters is developed to evaluate
the probability of completing the scheduled function.
According to the required function of engineering
structure, the relevant factors affecting the structural
reliability are taken as the basic variables X1, X2, . . ., Xn,
which form the function of the structural performance
called the structural reliability (RS):

RS � gx X1, X2, . . . , Xn( . (1)

If the basic variables affecting the structural action are
combined with the comprehensive action effect (S) and the

basic variables of resistance are combined with the com-
prehensive resistance (R), the function of structural per-
formance can be expressed as RS �R–S. -us, three possible
states of the structure in service are defined as reliability
state, failure state, and limit state.

Reliability state:

RS � R − S � gx X1, X2, . . . , Xn( > 0. (2)

Failure state:

RS � R − S � gx X1, X2, . . . , Xn( < 0. (3)

Limit state:

RS � R − S � gx X1, X2, . . . , Xn(  � 0. (4)

Assuming that the structural reliability (RS) obeys
normal distribution, the average value is μz, and the standard
deviation is σz, then the structural failure probability (Pf ) is
as follows:

Pf � 
0

−∞

1
���
2π

√
σz

exp −
RS − μz( 

2

2σ2z
 dRS. (5)

Herein, the structural reliability index (β) is defined as
β� μz/σz, and then the structural reliability probability (Ps) is
expressed as

Ps � 1 − Pf � 1 −Φ(−β) � Φ(β),

Pf � Φ(−β),
(6)

where Φ(·) is the probability density function of standard
normal distribution. And the structural reliability index (β)
is a positive correlation with the structural reliability
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Figure 10: Average displacement of pile head with different loading. (a) -e average displacement of pile head. (b) Comparison of average
displacement of pile head.
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probability (Ps) and a negative correlation with the structural
failure probability (Pf ). In practice, it is relatively convenient
to obtain the structural reliability index (β), which is often
used as an indirect index of structural reliability.

-us, both the structural safety factor (K) and the
structural reliability index (β) reflect the relationship between
the action effect (S) and the structural resistance (R), which
are the signs of the ability of the structure to perform the
preset work. At present, the design of antislide structure is
carried out based on the structural safety factor method, and
sometimes, it is combined with the structural reliability index
[37]. However, some scholars point out that the influence of
parameter uncertainty will make several stochastic models
with the same safety factor (K) have different structural re-
liability index (β), and the smaller the parameter discreteness,
the larger the structural reliability index (β) [38].

For the antislide structure, it is hard to change the fact as
a random model which is determined by the uncertainty of
the parameters such as slippery surface morphology, sliding
belt property, groundwater distribution, and slope external
shape. In order to study and compare the adaptability and
adjustment ability of different antislide structures to pa-
rameter uncertainty, in this paper, the concept of “structural
robustness” is introduced to describe the adaptability and
adjustment ability of structures to parameter randomness,
and its magnitude is expressed by the structural robust
degrees (DS), which is related to the structural reliability
(RS), the default of structural reliability index (βt), the
structural working environment [g((μz, σz), St)], and the
condition of the structure itself (St):

DS � f RS, βt, g μz, σz( , St( ( , K, (7)

where RS is the structural reliability, which obeys normal
distribution and satisfies that the structure is in a safe state
(RS> 0). βt is the default of structural reliability index; that is,
the comparison of the structural robust degrees (DS) should
be conducted among different structures with the same re-
liability index or the same structure with different reliability
indexes. g((μz, σz), St) is the combination of the function and
structural performance; that is, the comparison of the
structural robust degrees (DS) should be conducted in the
same working environment. K is the structural safety factor.

When two structures are in the same working envi-
ronment and have the default of structural reliability index
(βt), the reciprocal (1/K) of structural safety factor (K) be-
comes the only index of structural robustness, and it can be
expressed as

DS �
1
K

. (8)

4.2. Comparative Analysis on Structural Robust Degrees of
Four Models. Due to pile P1 and P11 enlarging into an-
chorages in anchorage arch antislide pile-wall structure
system (Model-3), they have different pile section size, re-
inforcement amount, and material consumption with other
antislide structures, which causes its ultimate resistance (R) to
be different and its structural reliability is difficult to compare

with other models. Moreover, the above analysis has shown
that the function of Model-3 is inferior to that of Model-4.
-erefore, Model-3 is not considered for the comparison of
structural robust degrees in the following analysis.

-e other three structural styles, namely, traditional
antislide structure (Model-1), arch antislide pile-wall
structure system (Model-2), and pull-rod arch antislide pile-
wall structure system (Model-4), serve the same landslide,
and Earth pressure of pile body in different antislide
structure models is completely equal, which can be con-
sidered that the above four antislide structures have the same
working environment. And in each model, the ultimate
resistance (R) of each pile is the same because the pile section
size, pile material, and reinforcement amount are consistent.
-erefore, the three kinds of antislide structure have the
same safety factor (K) according to the traditional deter-
ministic model analysis method. However, three kinds of
models have different structural robust degrees (DS), which
causes the structural reliability indexes (β) to be not equal
during the loading process.

-e reliability index of pull-rod arch antislide pile-wall
structure system (Model-4) is slightly greater than that of
arch antislide pile-wall structure system (Model-2). And the
reliability indexes of Model-2 and Model-4 are obviously
greater than that of the traditional antislide structure
(Model-1), as shown in Figure 11.

Taking the 6th loading as an example, the relationship
between the structural safety factor and structural reliability
index is shown in Figure 12. If the default value of reliability
index (βt) is taken as 1.70 (here, the corresponding structural
reliability probability is about 95%), from the fitting relation,
the safety factors (K) are 1.72, 1.32, and 1.23 for traditional
antislide structure (Model-1), arch antislide pile-wall
structure system (Model-2), and pull-rod arch antislide pile-
wall structure system (Model-4). -e corresponding
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relationships among the default values of reliability index
(βt), the structural safety factor (K), and the structural robust
degree (DS) can be listed in Table 5. It can be seen from
Table 5 for the default of structural reliability index
(βt � 1.70) that the different adaptability and adjustment
ability of four structural models are different from the
discreteness of the random parameters. Compared with the
traditional antislide structure, the other two structural
models with cap beam can better adapt and adjust the
unbalanced landslide thrust among the piles; therefore, they
have bigger structural robust degrees. And the traditional
antislide structure with a smaller structural robust degree
must have a larger safety factor (K) to satisfy the same default
of structural reliability index (βt).

5. Conclusion

Taking a loess landslide treatment as an example, four kinds
of antislide structures with a rise-span ratio of 1 :10 are
designed and modeled to numerically analyze their stress
characteristics, load transfer mode, and deformation failure
law; the following conclusions can be obtained according to
the research results.

(1) Compared with traditional antisliding structure, cap
beam in arch antislide pile-wall structure system can
transfer the bending moment produced by the larger
thrust in the landslide middle to the piles with less
thrust on both sides, so that the stress and

deformation of the whole antislide system tend to be
uniform, which makes all the piles “joint operation.”
-e spatial near rigid structure composed of the pile,
cap beam, and sliding bed soil increases the overall
stiffness and bending capacity of the antislide
structure, which effectively reduce the displacement
of pile head. -e arch antislide pile-wall structure
system has the ability to adjust the internal force of
each part of the structure to adapt to the fuzzy and
changeable slope problems.

(2) After piles P1 and P11 enlarged into anchorages,
arch antislide pile-wall structure system (Model-2) is
transformed into anchorage arch antislide pile-wall
structure system (Model-3). -e bending moments
of anchorage P1 and P11 increase significantly;
however, the bending moments of adjacent piles P2,
P3, P10, and P9 decrease obviously, and the control
moments of piles P5, P6, and P7 located in the
landslide middle have little change. As a result, the
difference of the bending moment between side piles
P2 and P10 andmiddle pile P6 becomes larger, which
does not conform to the principle of “joint opera-
tion” of piles.

(3) After adding a pull rod between piles P1 and P11,
arch antislide pile-wall structure system (Model-2) is
transformed into pull-rod arch antislide pile-wall
structure system (Model-4). -is structure limits the
displacement of cap beam in X direction and
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Figure 12: Relationship between structural reliability index and safety factor in different models.

Table 5: -e relationship between the default of structural reliability index, safety factor, and structural robust degree.

Structure type Default of structural reliability index βt Safety factor K Structural robust degree DS

Model-1 1.70 1.72 0.58
Model-2 1.70 1.32 0.76
Model-4 1.70 1.23 0.81
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enhances the restraint capacity to the incompatible
stress and deformation of each pile. -e control
moment of each pile in the system is more balanced,
and the sliding bed soil is more involved in the
antislide system.

(4) According to the analysis of pile bending moment
with different loading, it is found that Model-3 and
Model-4 are better than Model-2 and Model-1. And
the average displacements of pile head of Model-2
and Model-3 and Model-4 are about 37.4%, 34.6%,
and 32.5% of Model-1. Obviously, the degree of
reduction of arch antislide structure system with pull
rod is the most significant.

(5) Structural robust degree is used to evaluate the
adaptability and adjustment ability of the structure
to the randomness of parameters. Model-2 and
Model-4 can better adapt and adjust the unbalanced
landslide thrust among the piles, so they have bigger
structural robust degrees than that of Model-1.
Compared with Model-1, as the failure probability of
the same landslide treatment is 5%, the structural
robust degrees of Model-2 andModel-4 improved by
31.03% and 39.65%, respectively.
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