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To evaluate the stability of a slope subjected to pile driving in nonhomogeneous and anisotropic soils, an upper-bound limit analysis
method is employed in this paper. A 3D rotational failure mechanism for soil slope is extended to account for different failure
patterns (i.e., toe failure and base failure). In order to avoid missing the global minimum, an efficient optimization method is
simultaneously employed to find the least upper bound to the factor of safety (FS). (e effectiveness and accuracy of the proposed
method is well demonstrated by comparing the results obtained from the proposed approach with the solutions from published
literatures.(e effects of key designing parameters are presented and discussed.(e optimal pile location and the three-dimensional
effect of the slope are discussed. In addition, these results highlight that the adverse effects of pile driving on slope stability should be
highly concerned during the design of geotechnical infrastructures, rather than emphasizing the reinforcement effect of a pile only.

1. Introduction

In geotechnical engineering, the stabilization of slopes by
placing piles has been one of the most innovative and ef-
fective reinforcement techniques in recent years. All slope
failures are 3D in nature, especially for the slopes with
constraints on width. It is therefore much desirable to
perform slope stability analysis in a 3D model, which is
closer to the scenarios in engineering practice than a 2D
model [1].

Current approaches for analyzing the stability of 3D
slopes can be mainly divided into three categories: (1) tra-
ditional limit-equilibrium method, (2) numerical ap-
proaches, and (3) limit analysis. (e most commonly used
limit-equilibrium approach for 3D slope stability analysis is
usually a direct extension from various 2D slice methods.
Nevertheless, the majority of these studies are based on the
assumptions relating to different internal force distributions,
which are not easily justified [2–5]. Over the past decades,
numerical approaches have also been widely used to estimate
3D slope stability. However, numerical analyses for 3D slope
stability are often time-consuming, especially when the

geology conditions are complex [6–10]. In contrast, due to
the simplicity and efficiency, the limit analysis method
(LAM) used in the 3D slope stability analysis has received
increasing attention over recent decades [11–14]. (e ad-
vantages of LAM mainly include that (i) it does not require
any assumption of stresses on the failure surfaces and the
critical failure surface can be determined automatically; (ii)
this method only involves one unknown parameter (i.e., FS).
However, the majority of existing LAMs were limited to
evaluate slopes without presence of piles. Reese [15] used the
p-y method to extend the analysis of piles under lateral
loading to the analysis of a single pile in rock and em-
phasized that the nonlinear behavior of piles must be
considered. Conte et al. [16] adopted appropriate consti-
tutive models that account for the nonlinearity of piles and
soil to analyze the response of reinforced concrete flexible
piles subjected to inclined loads based on the 3D finite el-
ement approach. However, these analyses are limited to
homogeneous and isotropic soils, while soils are heteroge-
neous and anisotropic in nature.

(is article presents a new method to estimate the FS of
3D slopes by using the upper-bound limit analysis. Based on
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the kinematic approach of limit analysis, the upper-bound
expression for the FS is defined as the ratio of the internal
energy dissipation rate to the external work rate. (e factor
of safety is obtained by optimizing the variables of 3D
mechanism. (e numerical results of different parameters
are calculated and listed in graphs, which can be used as a
useful tool in practical applications. (e accuracy and ef-
fectiveness of the method is demonstrated by comparing the
results obtained by the proposed method with its coun-
terparts obtained by Gao et al. [17] and Yang and Li [18]. In
addition, the sensitivity of key designing parameters, e.g.,
cohesion, friction angle, inclined angle, pile location,
maximum width of the 3D portion, heterogeneity, and
anisotropy on the stability of earth slopes are presented and
discussed.

2. Limit Analysis of 3D Nonhomogeneous and
Anisotropic Slopes during Pile Driving

2.1. Force-Increase Technique. In slope stability analysis, the
strength reduction method has been widely used to calculate
the FS [12, 19], where the FS is defined as a critical reduction
factor at which the shear strength of soil leads to the failure
state of slopes. In addition to the strength reduction method,
the force-increase technique has also been used for deter-
mining the FS [20, 21] by gradually increasing the external
forces until the failure of slope while the soil strength re-
mains constant.(e FS is defined as the ratio of the increased
external forces at failure to the initial external forces:

FS �
ccr

c
�

qcr

q
, (1)

where c and q � initial unit weight of soil and surcharge,
respectively, and ccr and qcr � corresponding external forces
at failure, respectively. Due to that the external work rate is a
linear combination of external forces, the FS is equivalent to
the ratio of the work rate done by the critical external forces
to the actual external work rate. As a result, the work rate
which is due to the critical external forces takes the following
form:

Wcr � W · FS, (2)

where W � actual external work rate and Wcr � critical ex-
ternal work rate.

Based on the upper-bound limit analysis, equating the
work rate of critical external forces Wcr to the rate of internal
energy dissipation D and combining with equation (2) leads
to the expression of the FS as

FS �
D

W
. (3)

By employing the upper-bound limit analysis and
force-increase technique, the FS is defined as the ratio of

the internal energy dissipation rate to the external work
rate. It should be highlighted that the force-increase
technique used herewith has an advantage over the
strength reduction method when using three-dimensional
mechanism to analyze slope stability. (e force-increase
technique can provide an explicit expression of the FS,
while the strength reduction method can only provide an
implicit equation.

2.2. Failure Mechanism in Slopes. A slope as shown in
Figure 1 is considered in this analysis. (e surface of the
slope is composed of the horizontal ground AB and the
surface BC with inclined angle β. (e height of the slope
is H. Xf is the horizontal distance between the pile lo-
cation and the slope toe. (e 3D horn failure mechanism
can be determined by two log spirals on the plane, which
are AC,

r � r0e
θ− θ0( )tanφ, (4)

A′C′, and

r′ � r0′e
− θ− θ0( )tanφ, (5)

with r0 � OA, r0′ � OA′, and θ0 as illustrated in Figure 1.(e
3D horn mechanism is generated by rotating a circle with an
increasing diameter about the rotation center O. (us, the
failure mechanism has a shape of a curvilinear cone with
apex angle 2φ, and all cross-sections are circular. (e dis-
tance from the rotation center O to the circle center rm and
the radius R of a circle are given by

rm �
r + r′
2

,

R �
r − r′
2

.

(6)

As a result, the 3D failure mechanisms for slopes with
finite width B modified with a plane insert with the width b

could allow transition to the plane-strain mechanism as b

approaches infinity (Figure 2). It is noted that similar
concept has also been used in [22].

For 3D base-failure mechanism (Figures 1 and 2), the
geometry of failure surface can be determined by the angle
β′, as shown in Figure 1. (e 3D toe-failure mechanism is
a special case of the 3D base-failure mechanism when β′
equals the inclined angle β of slopes. However, the rate of
work done and dissipated in the portion of a rotating
block below the toe must be counted in the 3D base-failure
mechanism. Following the procedure similar to Micha-
lowski and Drescher [1] and Chen [22], the expressions of
W and D for the 3D base-failure mechanism are derived as
follows:
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(i) Gravity work of the insert block:

Wc � bcωr
3
0 f1 − f2 − f3 − f4( ,

f1 �
1

3 1 + 9 tan2 φ( 
3 tanφ cos θh + sin θh( e

3 θh− θ0( )tanφ − 3 tanφ cos θ0 + sin θ0(  ,

f2 �
1
6

L

r0
2 cos θ0 −

L

r0
 sin θ0,

f3 �
1
6

e
θh− θ0( )tanφ sin θh − θ0(  −

L

r0
sin θh  cos θ0 −

L

r0
+ cos θhe

θh− θ0( )tanφ ,

f4 �
H

r0
 

2 sin(β − β′)
2 sin β sin β′

cos θ0 −
L

r0
−
1
3

H

r0
(cot β′ + cot β) ,

L

r0
�
sin θ0 + β′ 

sin β′
− exp θh − θ0( tanφ 

sin θh + β′ 

sin β′
.

(7)
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Figure 1: 3D rotational failure mechanism.
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Figure 2: 3D failure mechanism with the plane insert.
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(ii) Gravity work of the 3D spiral structure:

We � 2ωc 
θB

θ0


X1

0


Y

g1

rm + y( 
2 cos θ dx dy dθ

+ 
θC

θB


X2

0


Y

g2

rm + y( 
2 cos θ dx dy dθ

+ 
θh

θC


X3

0


Y

g3

rm + y( 
2 cos θ dx dy dθ⎤⎦.

(8)

(iii) Internal energy dissipation of the insert block:

Dc � bω
θh

θ0
c rm + R( 

2dθ. (9)

(iv) Internal energy dissipation of the 3D spiral
structure:

De � 2ω 
θB

θ0


R

g1

rm + y( 
2

�������
R2 − y2

 cR dy dθ

+ 
θC

θB


R

g2

rm + y( 
2

�������
R2 − y2

 cR dy dθ

+ 
θh

θC


R

g3

rm + y( 
2

�������
R2 − y2

 cR dy dθ,

(10)

where ω� the angular velocity, φ� the internal frictional
angle, c � the cohesion, β� the slope angle, and H � the slope
height, and θ0, θB, θC, θh, and β′ are illustrated in Figure 1.
Besides that,

X1 �

������

R2 − g2
1



,

X2 �

������

R2 − g2
2



,

X3 �

������

R2 − g2
3



,

Y �
������
R2 − x2

√
,

g1 �
sin θ0
sin θ

r0 − rm,

g2 �
sin β + θh( 

sin(β + θ)
r0e

θh− θ0( )tanφ − rm,

g3 �
sin θh

sin θ
r0e

θh− θ0( )tanφ − rm,

θB � arctan
sin θ0

cos θ0 − A′
,

θC � arctan
sin θhe θh− θ0( )tanφ

cos θ0 − A′ − sin θhe θh− θ0( )tanφ − sin θ0 /tan β
,

A′ �
sin θh − θ0( 

sin θh

−
sin θh + β′ 

sin θh sin β′
e

θh− θ0( )tanφ sin θh − sin θ0 .

(11)

For the slope subjected to pile driving, the external work
rate and the energy dissipation rate also include the pile-
driving force rate Wp and the lateral forces work rate of piles
DP, respectively.

Following the concept presented by Fan [23], the pile
resistance RT is calculated as follows:

RT � Rs + Rp � 0.5 +
z

100
 Ps

πd2

4
+ πd 0.025Ps + 25( 

z

St

,

(12)

where Rs is the pile side resistance
(Rs � πd(0.025Ps + 25) · (z/St)) and Rp is the pile tip re-
sistance (Rp � ((0.5 + (z/100))Psπd2/4)). St and Ps repre-
sent sensitivity of soil and penetration resistance,
respectively.

Before the pile passes through the sliding surface,
the expression of the pile-driving force power WP is given
as

WP � ωrp cos θpRT(z). (13)
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After the pile passes through the sliding surface, only the
pile side resistance within the failure surface depth works.
(e pile-driving force power is then expressed as

WP � ωrp cos θpRs(h),

h � rp sin θp − rh sin θh + Xf tan β.
(14)

Following the procedure presented by Ito and Matsui
[24], the lateral forces acting on a pile can be expressed as

p(z) � cD1
D1

D2
 

N1/2
φ tanφ+Nφ− 1 1

Nφ tanφ
exp

D1 − D2

D2
Nφ tanφ tan

π
8

+
φ
4

   − 2N
1/2
φ tanφ − 1  +

2 tanφ + 2N1/2
φ + N− (1/2)

φ

N1/2
φ tanφ + Nφ − 1

⎧⎨

⎩

⎫⎬

⎭

− c D1
2 tanφ + 2N1/2

φ + N− (1/2)
φ

N1/2
φ tanφ + Nφ − 1

− 2D2N
− (1/2)
φ

⎡⎣ ⎤⎦ +
cz

Nφ
D1

D1

D2
 

N1/2
φ tan φ+Nφ− 1

· exp
D1 − D2

D2
Nφ tanφ tan

π
8

+
φ
4

   − D2
⎡⎢⎢⎣ ⎤⎥⎥⎦,

Nϕ � tan2
π
4

+
ϕ
2

 ,

(15)

where D1 and D2 are the center-to-center spacing and
boundary spacing between piles, respectively. (e main
purpose of this article is to evaluate the three-dimensional
stability of slopes during single pile driving. When calcu-
lating the lateral force, the center-to-center spacing in the
formula equals B and the boundary spacing between piles in
the formula equals (B − d), where B is the finite width of the
mechanism and d is the pile diameter. According to Gao
et al. [17], for simplicity, the rate of energy dissipation done
by the resistance of the piles is calculated as

Dp � ω
h

0
P(z)l(z)dz, (16)

l(z) � rh sin θh − Xf tan β + z. (17)

2.3. Heterogeneity and Anisotropy of Soil. As mentioned
above, the soils are assumed to be homogeneous and isotropic
with uniform strength parameters in the majority of existing
studies. However, in reality, every mass of natural soil exhibits
some anisotropy in the shear direction and some non-
homogeneity in the depth direction, which could significantly
affect the shear strength of the soil, thereby leading to the
changes in the factor of safety of slope stability. In this paper,
the Mohr–Coulomb yield criterion is employed for the slope
stability analyses, which includes two parameters: cohesion c

and internal friction angle φ. Various scholars concluded that
the influence of anisotropy of the internal friction angle on
stability of slope can be ignored [25–27]. Meanwhile, it be-
comes so complex mathematically that the nonhomogeneity of
the internal friction angle is taken into consideration in con-
ventional kinematic analysis of slope stability. Qin and Chian
[28] have concluded that the influence of linear increasing with
depth in the internal friction angle is analogous to cohesion that
a larger internal friction angle is of great benefit to the slope
stability. Hence, for simplicity, it is assumed that only the

cohesive c is nonuniform and anisotropic, and the internal
friction angle φ remains uniform and isotropic.

In terms of the geometric relationship illustrated in
Figure 3, the cohesion of slope surface can be expressed as

cf � n0c, θ0 ≤ θ≤ θB,

cf � c n0 +
hf

H
1 − n0(  , θB ≤ θ≤ θC,

cf � c, θC ≤ θ ≤ θh,

(18)

where

H � rh sin θh − r0 sin θ0,

hf � rf sin θ − r0 sin θ0,
(19)

where rf � the distance between the rotation center O and
slope face and H � the height of the slope. (e expression of
rf is given as

rf �
r0rh sin θh − θ0( 

r0 sin θ − θ0(  − rh sin θ − θh( 
. (20)

(e cohesion of the 3D spiral structure can be expressed as

c �
y − a

R − a
cb +

R − y

R − a
n0c, θ0 ≤ θ ≤ θB,

c �
y − d

R − d
cb +

R − y

R − d
n0 +

hf

H
1 − n0(  c, θB ≤ θ≤ θC,

c �
y − e

R − e
cb +

R − y

R − e
c, θC ≤ θ ≤ θh,

cb � c n0 +
hb

H
1 − n0(  ,

hb � r sin θ − r0 sin θ0,
(21)
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where cb � the cohesion of the slide surface and hb � the
distance between slide surface and slope crest. More details
are presented in [29]. Following the concept presented by
Chen [22], the anisotropy of soil cohesion in the slope can be
described as

ci � cv 1 −
1 − k

k
cos2 i , (22)

where i � θ + δ − (π/2) − φ, δ � (π/4) + (φ/2).

2.4. Factor of Safety. Based on the force-increase technique,
the safety factor FS can be expressed as

FS �
D

W
�

Dc + De + Dp

Wc + We + Wp

. (23)

In order to obtain the minimum FS and the corre-
sponding sliding surface, the parameters describing the
shape of slope (θ0, θh, (r0′/r0), b, β′) are optimized by
MATLAB. (e objective function and constraints of the
optimization can be expressed as follows:

minf � f θ0, θh, r0′/r0( , b, β′  s.t.

0< θ0 < π/2

θ0 < θh < π

0< r′/r0 < 1

0< b<B

0< β′ < β

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

.

(24)

3. Validation

In order to verify the effectiveness and accuracy of the
proposedmethod, the FS is compared with that calculated by
Gao et al. [17] and Yang and Li [18]. Noted that, for
comparison, the same values of parameters used in the
literature were also used in this paper. Without consider-
ation of piles driving, it is found that the results obtained
from the proposed method and the approach by Yang and Li
[18] are in a very good agreement as presented in Table 1.

Taking piles driving into consideration, the FS obtained in
this paper is compared with that calculated by Gao et al. [17].
It can be seen from Table 2 that the FS calculated by two
methods has qualitative agreement with each other, which
verifies the effectiveness and accuracy of the method pro-
posed in this paper. Meanwhile, the FS obtained in this paper
is smaller. Reasons are as follows: (i) Gao et al. [17] con-
sidered the effect of group piles on the stability of a slope
while the effect of single pile driving on the stability of a
slope is discussed in this paper; (ii) from the perspective of
mathematics, the rate of dissipation for piles is simplified.
(e dissipation rate of two end parts is omitted; (iii) the
work rate done by single pile driving is considered through
adding an additional item into external work rate.

4. Parametric Study

4.1. Anisotropic and Nonhomogeneous Coefficient.
Figure 4 shows the effect of anisotropic coefficient k on the
FS during the pile-driving process. (e parameters used in
the calculations are as follows: unit weight c � 19 kN/m3,
soil cohesion c � 30 kPa, internal friction angle φ � 20°,
slope angle β � 45°, nonhomogeneity coefficient n0 � 1, the
ratio (B/H) � 1, pile location (Xf/LX) � 0.7, pile width
d � 1.5m, sensitivity of soil St � 1.6, and penetration re-
sistance Ps � 1.2MPa. To investigate the effect of anisotropy
of soil, various values of k are used. It is observed that
throughout the pile-driving process, the FS decreases sig-
nificantly with decreasing values of k, which indicates that
the anisotropic property of soil has an unfavorable effect on
the stability of the slope during pile driving. As seen from
Figure 4, when k � 0.7, the values of FS are much smaller
than those are when k � 1, and the slope tends to collapse.
Similarly, to characterize different extents of non-
homogeneity, various values of n0 are used in Figure 5. It can
be found that during the whole process of pile driving, the FS

of the slope decreases substantially as the nonhomogeneous
coefficient decreases from 1 to 0.7. As shown in Figure 5, the
values of FS corresponding to n0 � 0.7 are much smaller than
those corresponding to n0 � 1. (erefore, it is of great the-
oretical value to consider the anisotropy and heterogeneity
of soil.

4.2. SoilCohesionandInternalFrictionAngle. Figures 6 and 7
present the effect of cohesion c and internal friction angle φ
on slope stability considering the pile-driving process. As
shown in Figure 6, a substantial increase in the FS can be
observed with increasing value of c, but the overall trend of
each curve follows the similar pattern. It can be seen from
Figure 7 that the internal friction angle of soil largely in-
fluences the FS, especially when the friction angle is relatively

A

A′

B

CD

D′

O

rm

R

H
β′

θ0
θB

θCθh

c

hb
hf

n0c

z

β

Figure 3: Nonhomogeneous slope.

Table 1: Comparisons of the factor of safety
(H � 20, c � 19, c � 38,φ � 20°, β � 45°).

B/H 2 5 10 2D
FS [18] 1.9556 1.7405 1.6771 1.6177
FS (in this paper) 1.9544 1.7402 1.6769 1.6177
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high (e.g., φ� 20° and 25°), but the change rule of the FS

during pile driving remains unchanged for various angles. In
addition, β′ is always equal to β throughout the pile-driving
process, which indicates that the toe failure occurs. (is is
consistent with the description of Chen [22].

4.3. 8e Inclined Angle. Figure 8 illustrates the effect of
various values of inclined angle β on assessment of slope

stability during the pile-driving process. Nonhomogeneity and
anisotropy are still in consideration (n0 � 0.7 and k � 0.9). As
described in Figure 8, with the increase of β, the values of FS

decrease rapidly, especially when the inclined angle is changing
from 25° to 45°. For steep slopes, the inclined angle of a slope
has a significant influence on the factor of safety of a slope,
which means the effect of pile driving on slope stability cannot
be neglected. For gentle slopes, the process of single pile driving
has little effect on the FS.

4.4. 8e Ratio (B/H). As shown in Figure 9, the change of
the FS is sensitive to the change of ratio (B/H), especially
when the ratio of (B/H) is relatively small (e.g., (B/H) � 1, 2,
and 5). (e values of FS decrease significantly as ratio (B/H)

increases from value 1 to 10. Figure 9 shows that as the ratio

1 2 3 4 5 6 7 8 9 10 11 120
Pile depth Z (m)

n0 = 1.0
n0 = 0.9

n0 = 0.8
n0 = 0.7

1.2

1.3

1.4

1.5

1.6

F s

Figure 5: Effects of the nonhomogeneous coefficient on the sta-
bility of 3D slopes.

1 2 3 4 5 6 7 8 9 10 11 120
Pile depth Z (m)

φ = 10°
φ = 15°

φ = 20°
φ = 25°

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4
F s

Figure 7: Effects of the friction angle of soil on the stability of 3D
slopes.

Table 2: Comparisons of the factor of safety (H � 10, c �

19.63, c � 23.94,φ � 10°, β � 45°, (B/H) � 2).

Xf/LX 0.3 0.4 0.5 0.6
FS [17] 1.487 1.582 1.680 1.762
FS (in this paper) 1.455 1.478 1.502 1.512

1 2 3 4 5 6 7 8 9 10 11 120
Pile depth Z (m)

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

F s

k = 1.0
k = 0.9

k = 0.8
k = 0.7

Figure 4: Effects of the anisotropy coefficient on the stability of 3D
slopes.

1 2 3 4 5 6 7 8 9 10 11 120
Pile depth Z (m)

c = 38 (kPa)
c = 34 (kPa)

c = 30 (kPa)
c = 26 (kPa)

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

F s

Figure 6: Effects of soil cohesion on the stability of 3D slopes.
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(B/H) increases, the values of FS decrease significantly.
When the slope is constrained in a narrower width, the slope
is more stable, which means the three-dimensional effect of
the slope cannot be ignored. To be specific, the failure
mechanism consists of the three-dimensional spiral parts
and the plane insert part. (e gravity work rate of 3D spiral
parts is smaller than the plane insert part with a same width,
and the energy dissipation work rate of 3D spiral parts is
greater. While the width of 3D spiral parts is relatively stable,
the increase of the slope width results in a decrease in the
ratio of internal work rate to external work rate, and the
factor of safety of a slope decreases.

4.5. Pile Location. Figure 10 describes the effect of various
values of the ratio (Xf/LX) on the FS during pile driving.
Figure 10 also shows that the position of the pile has great

influences on the FS. (e closer the pile position is to the
bottom of the slope, the smaller the reduction in the FS is
and the earlier the FS reaches the maximum. (e reason is
that when the pile is near the bottom of the slope, the pile can
pass through the sliding surface earlier, and then the FS

reaches the maximum and becomes stable. When the pile is
near the top of the slope, the vertical distance of the sliding
surface to the slope reaches the maximum. Before the pile
reaches the sliding surface, as the depth of the pile increases,
the FS continues to decrease and finally reaches the mini-
mum value, and the time required for the pile to reach the
sliding surface is longer. For the overall consideration, the
optimum location for pile sinking is about (Xf/LX) � 0.7.
Due to that, at this location, the reduction of FS at the initial
stage of pile sinking is relatively small, and the reinforcement
effect of the pile is high.

(e reason for the best reinforcement effect at
(Xf/LX) � 0.7 can be explained as follows: when the pile is
near the bottom of the slope, the force arm is large, but the
lateral force distribution range is small, and when the pile is
near the top of the slope, the force arm is small, but the
lateral force distribution range is large. According to formula
(16), when (Xf/LX) � 0.7, the work rate of lateral force
between piles is the largest, which means the pile rein-
forcement effect is the best.

4.6. Summary. Figures 4–10 show that, at the initial state of
the pile-driving process when the pile body is jacked into the
soil, the FS is reduced suddenly. Since the pile starts to sink
into the soil, the equivalent pile tip resistance and equivalent
pile side resistance begin to work and the external work rate
WP increases, which subsequently leads to a decrease in the
FS. In contrast, after the pile passes through the sliding
surface, the FS tends to rise dramatically, thereafter it re-
mains stable. It is because the pile is passing through the
sliding surface that the equivalent pile tip resistance does not
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Figure 9: Effects of the B/H ratio on the stability of 3D slopes.
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Figure 10: Effects of pile location Xf/LX on the stability of 3D
slopes.
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Figure 8: Effects of the inclined angle of soil on the stability of 3D
slopes.
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work and the lateral force of the pile begins to work, which
subsequently leads to an increase in the FS.

5. Conclusions

(is article presents a new method to estimate the factor of
safety (FS) of slopes during pile driving based on the 3D horn
mechanism. By employing the upper-bound theorem and
force-increase technique, the explicit expression of the FS is
obtained. (e lowest solution among all possible results is
sought by an optimization program developed in MATLAB.
(e effectiveness and accuracy of the proposed method is
well demonstrated by comparing the results obtained from
the proposed approach and the solutions from published
literatures. In particular, the anisotropy and heterogeneity of
soil have been taken into account in the analysis.

(e estimation of the FS is very important for the sta-
bility analysis of the slope during pile driving. (e values of
the FS depend on the soil properties, the geometries of 3D
slopes, and pile location. (e results of this study indicate
that, the anisotropy and heterogeneity of soil have adverse
effect on slope stability; for steep slopes, the effect of pile
driving cannot be neglected in assessment of the stability of
slopes. In the process of pile driving, the FS decreases sig-
nificantly until the pile tip reaches the failure surface of the
slope, while the FS increases dramatically after the pile passes
through the failure surface, thereby revealing the pile re-
inforcement effect.(e optimal pile location is found to be at
(Xf/LX) � 0.7. (ese observations highlight that the adverse
effects of the pile-driving process should be highly con-
cerned during the design of geotechnical infrastructures,
rather than emphasizing the reinforcement effect of a pile
only.
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