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Anti-slide piles play an important role in landslide control. However, owing to a limitation in
the slide—resist design concept, large landslides are difficult to control. Moreover, the
displacements of controlled projects are significant. In this paper, we propose an
improved anti-slide pile design concept that develops and utilizes the landslide body.
On this basis, we also design an arm-stretching-type anti-slide pile structure. We establish
formulas for calculating the internal forces of this structure. The results of a case study
indicate that the maximum shear force and bending moment of the arm-stretching-type
anti-slide pile body were reduced by 43.6% and 25.4%, respectively, compared with
those of a conventional single pile. Furthermore, the results of numerical modeling indicate
that the arm-stretching-type anti-slide pile could significantly reduce landslide
displacement. Thus, the proposed design is expected to solve the problems
encountered when using conventional anti-slide piles for landslide control and can
thereby become widely applicable in practice.

Keywords: anti-slide pile, design concept, landslide body development and utilization, arm-stretching-type anti-
slide pile, design and calculation

INTRODUCTION

For the control of both artificial (i.e., cut and fill) and natural slopes, anti-slide retaining measures are often
adopted. These measures mainly include retaining walls and anti-slide piles (Li et al., 2016; Li et al., 2019;
Chen et al., 2020; Liu et al,, 2021). A retaining wall is primarily used for the control of small, shallow
landslides (Trandafir et al., 2009; Jiang and Towhata, 2013; Muraro et al., 2015), and its construction
process has a significant impact on landslide stability. Furthermore, the cost of constructing retaining
walls is significantly higher than that of constructing anti-slide piles. Consequently, anti-slide piles have
been widely utilized for landslide control (Zhang et al., 2018; Liu et al., 2020; Lei et al., 2021).

Owing to the widespread use of anti-slide piles, various pile structures have been developed,
ranging from the single pile to the anchor cable anti-slide pile, the prestressed anti-slide pile, the
h-type pile, the door-type pile, and the other combined piles (Bo et al., 2017; Xu et al., 2020).
However, the slide-resist concept, which is the design principle for various anti-slide pile structures,
has remained unchanged. In other words, the landslide body continues to be regarded only as the
source of sliding failure thrust, which is directly resisted by the anti-slide pile (Chow, 1996). Methods
for calculating the landslide thrust acting on anti-slide piles embody the slide-resist concept of the
anti-slide pile design (Ausilio et al., 2001; He et al., 2015; Wang et al., 2020). Smethurst and Powrie
(2007) reported a railway embankment control project that was intended to achieve a high design
safety factor; the load transferred to the 0.6-m-diameter anti-slide pile was calculated to be 60 kN
using the limit equilibrium method.
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According to the slide-resist design concept, the cross-section
of an anti-slide pile must be designed to be particularly large;
however, because of this, it becomes difficult to control large-scale
landslides (Xie et al., 2021). Moreover, defects in the cantilever
structure of anti-slide piles can result in substantial deformation
under a large thrust (Wang et al., 2020b). Consequently, the use of
anti-slide piles is challenging in projects with stringent
displacement control requirements. These two factors limit the
application of anti-slide piles in landslide control and thus restrict
their further development. Notably, both these factors stem from
the limitation of the existing design concept of anti-slide piles.

To address this issue, an improved design concept for anti-
slide piles is proposed herein, which involves developing and
utilizing the landslide body in the anti-slide pile design. Based on
this improved design concept, the force of the landslide body can
be leveraged in a positive manner. Accordingly, the contradictory
relationship between the anti-slide pile and the landslide body can
be changed, while shifting away from the view that the landslide
body is only a hazard. Based on the proposed concept, a new type
of anti-slide pile with stretching arms—the arm-stretching-type
anti-slide pile—is designed. At the same time, calculation
formulas for determining the internal forces of the pile are
established. Furthermore, in addition to numerical simulations,
the proposed design is employed for a case study. The results
indicate that the novel pile can fulfill the proposed design concept
of developing and utilizing the landslide body advantageously.
The application of this novel anti-slide pile is expected to address
the problems that are encountered when using conventional anti-
slide piles.

METHODOLOGY
Pile Design Concept

The design concept of an anti-slide pile determines its structure,
and this structure, in turn, determines the effectiveness of the pile
in landslide control. The various anti-slide piles developed to date
are based on a single design concept, i.e., the slide-resist concept.
In this concept, the landslide body is regarded as a hazard, and the
landslide body and the anti-slide pile are perceived to be two
opposing forces; this limits further development and application
of anti-slide piles.

To improve the design concept of anti-slide piles, it is thus
necessary to determine whether the landslide body can be
employed in the control mechanism. If that is, the case, the
manner in which it can be applied must be elucidated.

Herein, we propose developing and utilizing the landslide body
with the aid of stretching arms. When a stretching arm is situated at
the back of the pile, it is called the back branch. When the back
branch stretches horizontally, it divides the landslide body and
unload. The landslide body is carried by this branch, such that
the soil pressure underneath is reduced, and the overturning
moment decreases accordingly. Simultaneously, the landslide
body on the branch generates a reverse moment that counteracts
the moment generated by the landslide body. This helps distribute
the internal force in the pile. When a stretching arm is situated at the
front of the pile, it is called the front branch. When the front branch
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FIGURE 1 | Arm-stretching-type anti-slide pile.

stretches horizontally, it provides a supporting force. In this case, the
branch utilizes the reaction force of the soil beneath it. Thus, the
disadvantage of the insufficient bending resistance of a cantilever pile
is alleviated. The structure of the proposed arm-stretching-type anti-
slide pile is illustrated in Figure 1.

Pile Calculation

Based on the elastic foundation theory (Wang et al., 2021), we
calculated the internal forces of the arm-stretching-type anti-slide
pile. The shear force and bending moment were determined using
the cantilever pile method (Conte et al, 2017). Herein, we
consider a single stratum as an example.

Load-Bearing Segment
Considering a resistance support in front of the pile, as shown in
Figure 2, the following expressions are obtained:

Qa=Er—Ep= (E,-FE,) xL, (1)
My=E,xLxhy—E,xLxHh,

1
—Eprxyxh3><Lb><(Lb+a). 2)

where Q, is the shear force at the sliding surface, M, is the
bending moment at the sliding surface, Er denotes the landslide
thrust acting on the back of the pile, E,, represents the landslide
thrust per meter of the pile setting site, and Er denotes the
residual anti-slide resistance acting on the front of the pile.
Furthermore, E; is the residual anti-slide resistance at the

n
front of the pile, hy represents the distance between the center
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FIGURE 2 | Simple representation of load-bearing segment calculation.
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FIGURE 3 | Simple diagram representing the anchorage segment
calculation.

gravity of the residual anti-slide resistance distribution diagram
and the sliding surface, L denotes the pile spacing, and h denotes
the distance between the center gravity of the landslide thrust
distribution diagram and the sliding surface. Moreover, y is the
soil volume weight, L; represents the length of the pile back
stretching arm, h3; denotes the distance between the ground and
the back stretching arm, B, denotes the pile calculation width,
and a is the pile height.

Anchorage Segment

The internal forces in the anchorage segment vary according to
the conditions of the stratum below the sliding surface. In this
study, the internal force of the rigid pile was calculated with the
considerations that the pile body is buried in a uniform stratum
with the same foundation coefficient of K, and that the bottom of
the pile is free.

Ground

S

=10 m

h,
600 kN/m

ARRERINIRERAEE

A Sliding surface

FIGURE 4 | Force diagram of the conventional single pile.

When Q4 and M 4 act on the pile, a rotation through an angle
Ag is generated; the distance between the rotation center and the
sliding surface is yo. The calculation process for the anchorage
segment is illustrated in Figure 3.

When y < yy, the displacement is

Ax = (yo — y)tanAg. (3)

As the value of Ag is extremely low, tanA¢ is approximately
equal to Ag. Hence,

Ax = (yo = y)Ag. (4)
The lateral force is
a, = K(yo - y)Ag. (5)
The shear force is
y
Q= Qu | K(yo=)AgBydy. ©
0

This can further be expressed as
1
Q, = Q4 — KA¢B,y,y + EKAchpyz. (7)

In addition, the bending moment is
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TABLE 1 | Internal force of load-bearing segment.
y(m) 0 2 4 6 8 10

Qy(kN) 0 480 960 1,440 1,920
My(kN - m) 0 480 1,920 4,320 7,680

2400(Qp)
12000(M,)

y Ly
My:MA+J KA(p(yO—y)prdy—J KxAgB,xdx +Q,y.
0 0
(®)
Thus,

1 1
M, =Ms+Qay- g1<BPA<p(3y0 -y)y’ - EKBPA<po3. 9)

When y > yy, the displacement is

Ax = (y — yo)tanAg. (10)

Similarly, we have
Ax = (¥ - yo)Ag. (11)
0y = K(y = yo)Ag. (12)

The shear force is

y

Yo
Q,=Qu- jo K(yo - y)AgB,dy - J K(yo—y)A¢B,dy.

(13)

y

Furthermore,
1 1
Q= Qu= 5 KByAgy; + 5 KByAp(yo - )", (14)
The bending moment is

Yo y
M, = My + L KA¢(yo— y)yBydy - J K(y - y0)ApyB,dy

Yo
Ly
- J KxA@B,xdx +Q,y.

0

(15)
Thus,
1 2 1 3

M, =Ms+Qay~- EKBPA¢(3)'0 -y)y’ - EKBPAgoLf . (16)

According to the static balance equation,

ZH:O. (17)
YM=o. (18)

We thus obtain
1 , 1 s
QA - EKBPAq)yO + EKBPA(P (y() - hz) =0. (19)

1 1
My +Qahy - gKBPA(p(syO —hy)h - gKB,,AqoL; =0. (20)

Anti-Slide Pile Design and Verification

TABLE 2 | Internal force and side stress of anchorage segment.

y (m) oy (KN/m?2) Qy (kN) M, (kN - m)
0 1597.4 2,400 12,000
0.557 12771 -1.6 126431
1 1022.4 -1529.6 12291.5
2 447.4 -3734.1 9515.9
2.778 0 -4256.2 6340
3 -127.7 -4213.7 5398.2
4 -702.7 -2968.2 1663.5
5 -1277.7 2.3 36.8
Ground
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FIGURE 5 | Force diagram of the arm-stretching-type anti-slide pile.

Upon solving the two equations, we obtain
_12M 4 +6Quh,

~ 4KB,L} + KB,h3’

_ 3M k3 +2Quh; + 2QuL f?
B 6MAh2 + 3QAh%

Ag (21)

Yo (22)

COMPARATIVE RESEARCH THROUGH A
CASE STUDY

One of the objectives of designing and applying the proposed
arm-stretching-type anti-slide pile is to reduce the need for a large
cross-section of piles, which will help control large-scale
landslides. For a given application, if the internal force of the
arm-stretching-type anti-slide pile is less than that of the
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TABLE 3 | Internal force of load-bearing segment.

y(m) 0 2 4 6 8 10
Q, kN) 0 480 960 1,440 1,920 2400(Qu)
M, (kN - m) 0 480 1,920 1,755 5,115 9435(Mp)

conventional single pile, the cross-section of the pile can be
reduced to realize control over large landslides. This section
presents a comparative study of project control.

Project Data

Above its sliding surface, a landslide is primarily composed of sandy
conglomerate and mudstone (The Second Survey and Design
Institute of the Ministry of Railways, 1983). These materials are
highly weathered and almost soil-like, and they are also
uniformly deformed throughout their height. In this case, y
is 19kN/m® and ¢ is 26°. Below the sliding surface, slightly
weathered mudstones and shales are present, which can be
considered a hard soil layer.

The thicknesses of the landslide body before and after the anti-
slide pile are similar. The landslide thrust, E,;, is 1000 kN/m, and
the residual anti-sliding resistance in front of the pile, E;, is
600 kN/m. The foundation coefficient, K, below the sliding
surface is 0.25 x 10° kN/m®, while the allowable compressive
strength of the sidewall [o] is 1700 kN/m?.

Pile Design
The length of the pile is 15 m, the load-bearing segment h; is
10 m, and the anchorage segment h;, is 5 m. The other parameters
are as follows:

Pile spacing L is 6 m.

Pile cross-sectional area: F =b xa =2 x 3 = 6m>.

Pile section inertia moment: I = Sba’® = 4 x 2 x 3° = 4.5m*.
Pile section modulus: W = }ba® = { x 2 x 3% = 3m’.

Pile elastic modulus (concrete 200): E = 26 x 10° kN/m?.
Pile flexural rigidity: EI = 26 x 10° x 4.5 = 117 x 106 kN - m2.
Pile calculation width: B, =b+1=3 m. .

Pile :ieformation coefficient: f3 = (/% = (52103 =
0.2m™.

Pile calculation depth: A, = 0.2 x 5 = 1.0, which implies that
a rigid pile or an elastic pile can be considered for the
calculation. In this case, the calculation is based on a rigid
pile. The bottom of the pile is considered as a free end.

External Force Calculation
The landslide thrust acting on each pile is

Er=E, x L =1000 x 6 = 6000 kN

According to the rectangular distribution, we obtain

E; 6000
=—=—=600kN/ .
=0 " 10 m
The passive earth pressure in front of the pile can be
expressed as

Anti-Slide Pile Design and Verification

TABLE 4 | Internal force and side stress of anchorage segment.

y (m) ay (kN/m?2) Qy (kN) M, (kN-m)
0 822.4372 2,400 2280.6075
1 557.4597 330.1548 3579.4405
1.2076 502.4504 0 3613.1281
2 292.4822 -944.7578 3205.8974
3 27.5047 —1424.7378 1954.9029
3.1038 0 -1429.0202 1806.7212
4 —237.4728 -1109.7852 621.3979
5 -502.4503 0.1000 0.3125
1 0 1 .26
E,= —yhftan2<45 + 9) =% 19 x 102 x tar?( 45" + =
2 2) "2 2
= 2433 kN / m,
and

E, =2433kN/m>E’, = 600 kN /m.

Therefore, the residual sliding resistance is considered the
stratum resistance acting at the front of the pile.

The residual anti-sliding resistance of each pile is expressed as
follows:

Er = E, x L =600 x 6 = 3600 kN.

According to the rectangular distribution, we obtain

,_ Er _ 3600

Conventional Single Pile
The calculation model is presented in Figure 4.

Load-Bearing Segment
The shear force is expressed as

Q= (bq-bq')y =240y.
The bending moment is

y
M,=Q,- 5= 12092,

The calculation results for each section are presented in
Table 1.

Anchorage Segment
The distance between the sliding surface and the rotation center
of the pile—denoted as y, —and the rotation angle Ap were
calculated to be 2.778 m and 0.0023 rad, respectively. The
maximum side stress is generated at y =0 on the sliding
surface, and it equals 1597.35 kN/m?.

The maximum side stress, 0muax = 1597.35 kN/m?, is lower
than the allowable compressive strength of the sidewall, which is
[0] = 1700 kN/m?2. Thus, the requirements are fulfilled.
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TABLE 5 | Model parameters of the anti-slide pile and the landslide used in the simulation.

Material type Unit weight Cohesion (kPa) Friction angle Young’s modulus Poisson’s ratio
(kN/md) () (MPa)

Landslide 20 10 20 10 0.25

Pile 24 — — 30,000 0.2

B
-
|

S S A S A S S AN S S
-

FIGURE 6 | Model parameters: (A) longitudinal section and (B) horizontal section.

PEMAG
(Avg: 75%)
+1.334e+00
+1.223e+00
+1.112e+00
+1.001e+00
+8.896e-01
+7.784e-01
+6.672e-01
+5.560e-01
- +4.448e-01
+3.336e-01
- +2.224e-01
+1.112e-01
+0.000e+00

FIGURE 7 | Landslide plastic strain cloud map.

The shear force and bending moment of the pile body are _ 1 N2
calculated using the following formula: My =Ma+Qay 6 KBybp(3y0 =)y

The calculated internal force and side stress of the anchorage

1
Q=Qu- EBP Kapy(2y0-7) segment are listed in Table 2.
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FIGURE 8 | Relationship between safety factor and horizontal
displacement at the slope toe node.

Arm-Stretching-Type Anti-Slide Pile

The calculation model is illustrated in Figure 5.

Load-Bearing Segment
The shear force is

Q, = (bg-bq')y = (600 —360)y = 240y
When y <5, the bending moment is
M, = 120y*
Moreover, when y > 5, the bending moment is
M, = 120y" — 2565.

The calculation results for each section are presented in
Table 3.

Anchorage Segment
The distance between the sliding surface and the rotation center
of the pile according to Eq. 22 is

Yo = 3.1038 m.

The rotation angle of the pile according to Eq. 21 is

Anti-Slide Pile Design and Verification

A¢ =0.00105991 rad.

The side stress of the pile according to Eq. 5 or Eq. 12 is
0, = 822.4372 —264.9775y.

The maximum side stress occurs at y =0 on the sliding
surface, and it equals 822.4372kN/m?. Moreover, the
maximum side stress 0 pqx = 822.4372 kN/m? is less than the
allowable compressive strength of the sidewall, which is
[6] = 1700 kN/m?. Thus, the requirements are fulfilled.

The pile body shear force according to Eq. 7 or Eq. 14 is

Q, = 2400 — 2467.3115 y + 397.4663 y*.

The pile body bending moment according to Eq. 9 or Eq. 16 is
M, = 132.4888 y* — 1233.6558 y* + 2400 y + 2280.6075.

The calculated internal force and side stress of the anchorage
segment are listed in Table 4.

By comparing the calculated internal forces of the
conventional single pile and the proposed arm-stretching-type
anti-slide pile, it can be concluded that the stretching arms
improve the internal force distribution in the pile body and
reduce the shear force and bending moment. In the anchorage
segment of the pile, the maximum shear force decreases from
4256.2kN to 2,400 kN, while the maximum bending moment
decreases from 12643.1 kN m to 3613.1281 kN m. Thus, the effect
of the stretching arms is significant.

COMPARATIVE RESEARCH THROUGH
NUMERICAL SIMULATIONS

Another objective of designing and applying the proposed arm-
stretching-type anti-slide pile is to alleviate the impact of defects
in the cantilever structure of anti-slide piles. Such defects can
result in large displacements under the landslide thrust action. In
this regard, a comparative simulation study in terms of project
control was conducted.

Model Parameters

To verify the engineering applicability of the proposed arm-
stretching-type anti-slide pile, the conventional single pile and
the proposed pile type were applied in the same project to
perform numerical analyses (Shooshpasha and Amirdehi,
2015; Han et al, 2019). A typical three-dimensional landslide
anti-slide pile control model was established using ABAQUS
(Muraro et al,, 2014; Tang et al., 2018; Li and Du, 2021). The
mechanical parameters of the landslide and the anti-slide pile are
listed in Table 5.

Figure 6A presents the geometrical parameters of the
landslide and the pile. The main pile body has a length of
22m, width of 1.5m, and height of 2 m. The stretching arm
has a length of 3 m, width of 1.5m, and height of 1 m. In the
numerical simulation, the shaded half-pile model shown in
Figure 6B was analyzed on the basis of symmetry (Cai and
Ugai, 2000; Li et al., 2015; Yamin et al., 2020; Chen et al., 2021).
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Field-1, Magnitude
+2.779e-01
+2.547e-01
+2.316e-01
+2.084e-01
+1.853e-01

+2.316e-02
+0.000e+00

Field-1, Magnitude

+3.231e-01
+2.423e-01
+1.616e-01
- +8.078e-02
+0.000e+00

|
=
-
=l
=
=

FIGURE 9 | Landslide body incremental displacement cloud map: (A) conventional single pile and (B) arm-stretching-type anti-slide pile.

The Mohr-Coulomb criterion was applied to the landslide
during the analysis, and the pile is an isotropic elastic material.
The C3D8 unit was used for modeling both the landslide and
the pile. The surface-to-surface contact type was adopted to
simulate the pile-soil interaction. The pile around and the pile
bottom were defined as two surface sets, accordingly,
surrounding the soil surfaces were defined. For the normal
interaction property, hard contact was used, while the
tangential interaction property is defined by the friction
coefficient (Liang et al., 2010). Normal constraints were
applied to the front, rear, left side, and right side of the
model, while the bottom was constrained as fixed.

Result Analysis

The landslide safety factor is 0.922, when the calculation is
terminated based on the strength reduction method. Figure 7
shows a cloud map of the plastic strain.

The safety factor of the controlled project increased to
1.159 and 1.638 following the conventional single pile
treatment and the arm-stretching-type anti-slide pile
treatment, respectively. Figure 8 shows the relationship

between the safety factor and the horizontal displacement
at the slope toe node; this relationship was determined by
adopting the two types of piles individually to control the
landslide. As shown in Figure 8, regardless of whether the
non-convergence of the calculation or the displacement
inflection point was employed as the safety factor
evaluation criterion, the controlled project safety factor of
the arm-stretching-type anti-slide pile is larger than that of
the conventional single pile. Furthermore, under the same
safety factor, the landslide displacement when using the arm-
stretching-type anti-slide pile is significantly smaller than that
when using the conventional single pile. Therefore, the new
arm-stretching-type anti-slide pile is highly suitable for
railway embankments and other projects with stringent
requirements in terms of displacement control.

Figure 9 shows the incremental displacement of the
landslide when the calculation is terminated. The figure
indicates a difference between the sliding surfaces when
using the respective conventional single pile and the arm-
stretching-type anti-slide pile. This suggests that the
stretching arms can alter the distribution of the landslide
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FIGURE 10 | Internal forces of conventional single pile and arm-stretching-type anti-slide pile: (A) shear force and (B) bending moment.
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forces, and the landslide body can thereby be developed and
utilized.

Figure 10 shows the shear force and the bending moment of
the pile when the strength reduction analysis step is
terminated. It is evident that the shear force and bending
moment of the arm-stretching-type anti-slide pile decrease
significantly along the main pile body. The great improvement
could be result of the synergistic action of the front branch’s
supporting effect and the back branch’s unloading effect. The
shear force decreases from a maximum of 1,250 kN-482 kN,
whereas the bending moment decreases from a maximum of
8,570 kN m-1,290 kN m.

SUMMARY AND CONCLUSION

The present study aimed to address the disadvantages of the
existing slide-resist concept for designing anti-slide piles: 1)
under the existing concept, it is difficult to control large
landslides, and 2) this concept is not suited to projects with
strict displacement control requirements. To resolve these
issues, an improvement to the present single design concept
of anti-slide piles was proposed. The new concept addresses
the limitation of the slide-resist concept, which deems the
landslide body as only a hazard and considers the pile and

landslide body to be opposing entities. The proposed concept,
in contrast, serves to develop and utilize the landslide body. In
accordance with this design concept, the following steps were
performed:

(1) An arm-stretching-type anti-slide pile that can realize the
proposed design concept of an anti-slide pile was designed,
and formulas for calculating the internal forces of the pile
body were established.

The internal forces in the conventional single pile and the
arm-stretching-type anti-slide pile were investigated and
compared through a case study. The results indicated that
compared with the maximum shear force of the conventional
single pile, that of the arm-stretching-type anti-slide pile
decreased by 43.6%, while the maximum bending moment
decreased by 25.4%. The cross-section of the arm-stretching-
type anti-slide pile can be reduced to less than that of the
conventional single pile, which can enable control of large
landslides.

Numerical simulations revealed that compared with the
internal force of the conventional single pile, that of the
arm-stretching-type anti-slide pile is lower and more
uniformly distributed. Furthermore, the safety factor of
the control project is increased, and the displacement
decreases significantly under the same safety factor. The

)

©)
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arm-stretching-type anti-slide pile can be adopted for
projects  with  stringent  displacement  control
requirements.

On the basis of these findings, the arm-stretching-type
anti-slide pile shows significant potential for practical
applications. Considering construction processes, this new
type of pile is expected to be particularly suitable for treating
filled slopes.
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