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Landslides have posed a huge threat to the ecological environment and human society all over the world. As the most
conventional reinforcement method, anti-slide piles are widely used in the reinforcement of slopes. Currently, more and more
attention has been paid to the low-cost and high-efficiency optimal design of anti-slide piles. However, limitations in the
method of the optimization design for slopes reinforced with piles still exist. In this paper, a new multi-objective
comprehensive optimization method was proposed for the optimization of the slope reinforced with anti-slide piles. The factor
of safety, internal force, and deflection of piles were selected as the optimization indexes, and the optimization index weight
was determined by integrating the subjective and objective weights. The influence of pile locations, pile lengths, and pile
spacings on the reinforcement effect of a homogeneous slope was analyzed via the numerical simulation. Through the
simulation case analysis, the proposed model had achieved good effects on the optimization design of anti-slide piles, which
could effectively reduce the engineering costs. The optimization results showed that the best reinforcement effect for the
homogeneous slope could be obtained when the anti-slide piles with the critical pile length and small pile spacing were located
in the middle of the slope. This provides a new solution for the optimization design of other types of complex slopes and has
broad application prospects.

1. Introduction

With the rapid development of global engineering construc-
tion, slope stability has become a worldwide significant
problem in engineering practice [1, 2]. The anti-slide piles
as the most conventional reinforcement method are widely
used due to the advantages of strong anti-sliding ability
and convenient construction [3–5]. Therefore, the design
of anti-slide piles is crucial. At present, the mainstream
design methods for anti-slide piles include the loading-
structure method [6], Viggiani method [7], Ito Tomio
method [8], and Poulos method [9], which are based on
limit equilibrium or displacement compatibility. The basic

idea for these methods is to determine the residual pushing
force and anti-slide force satisfied with the stability of the
slope firstly, then calculate the bending moment and shear
force for each pile, and finally give the suitable design
parameters such as the pile length, the pile spacing, and
the pile location [5]. However, these methods fail to consider
the interaction between pile and soil, which cannot accu-
rately reflect the true stability of the slope-pile system.

Recently, more and more scholars [3, 10–12] have real-
ized the fact that the pile length, pile location, pile spacing,
and other design parameters have a significant impact on
the reinforcement of the slope via limit equilibrium methods
and finite element methods. For example, the optimization
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results of pile length show that there is a critical pile length
that can achieve the optimal reinforcement effect, and exces-
sive pile length cannot increase the factor of safety of the
slope but will cause construction waste [11, 13–15]. The
researches on pile location reveal the fact that the best slope
reinforcement effect can be obtained when the anti-slide pile
is located in the middle of the slope [2, 3, 12, 16, 17]. Wei
and Cheng [4] even gave the precise pile location which is
0.2m above the middle of the slope. The studies about
optimal pile spacing show that the smaller spacing of the
anti-slide pile is, the better integrity of the reinforced slope
is, which is more conducive to the stability of the reinforced
slope [3, 18, 19], but the determination of pile spacing
mainly depends on the soil arching effect between piles in
practical engineering. Although these studies have a guiding
significance for the optimization design of anti-slide piles,
the optimization results may have some certain deviations
which are because only the factor of safety of reinforced
slope is taken as the only optimization objective.

In fact, the slope reinforced with piles is a complete
organism composed of the slope and anti-slide piles.
Numerous cases of reinforced slope instability [20, 21] show
that the optimization design for anti-slide piles needs to con-
sider not only the stability of the slope but also the safety of
anti-slide piles. Therefore, it is particularly important to
consider the internal force and deformation of the pile in
the optimization design process. Yang et al. [22] and Wang
et al. [23] revealed the internal force and deformation char-
acteristics of piles under various reinforcement schemes and
pointed out that the pile may not be in a safe state when the
slope obtained the maximum factor of safety. Zhu et al. [24]
fully considered the change of pile head displacement and
established the deformation prediction model for anti-slide
piles, which provided theoretical guidance for optimal
design. However, their studies failed to consider the coordi-
nation and contradiction of various pile elements and give
qualitative optimization results. Moreover, the analytic
hierarchy process (AHP) [25] and multi-objective compre-
hensive evaluation method [26] were used to optimize
the design of anti-slide piles based on the evaluation
indexes considered the factor of safety and internal force
of piles comprehensively, which is concordant with practi-
cal situation.

In conclusion, it is unreasonable to ignore the safety state
of anti-slide piles to evaluate the stability of the slope rein-
forced. Therefore, in this paper, the multi-objective compre-
hensive optimization model based on improved fuzzy
comprehensive evaluation was developed to optimize the
design of anti-slide piles, and the optimization indexes sys-

tem and the comprehensive index weight were established,
the factor of safety, bending moment, shear force, and
deflection were selected as the optimization indexes.
FLAC3D software was used to establish a three-dimensional
numerical model which could reflect the interaction between
the slope and piles to analyze the changes in factor of safety
and the internal force and deformation of anti-slide piles
under various reinforcement schemes, and the proposed
method was used to optimize. Thus, the proposed optimiza-
tion model is expected to provide a reference for the optimi-
zation design of anti-slide pile engineering.

2. Multi-Objective Comprehensive
Optimization Model

2.1. Feasibility of the Method. Generally, most engineering
optimization design problems are multi-objective optimiza-
tion problems, and there are usually contradictions between
various optimization objectives. Therefore, the results of
optimization design based on a single factor merely are
unreliable. The multi-objective comprehensive optimization
model takes the research object as a whole, which has the
following advantages: (1) it can comprehensively consider
the mutual influence between various factors and (2) it can
quantify the impact of indexes on optimization goals. In fact,
the optimization design of anti-slide piles to strengthen the
slope is a multi-objective optimization problem, which could
be solved reliably by the multi-objective comprehensive
optimization model.

2.2. Optimization Design Process and Method. Figure 1
shows the flowchart of the multi-objective comprehensive
optimization model based on an improved fuzzy compre-
hensive evaluation method.

2.2.1. Determination of the Optimal Goals. In the design of
slope reinforced with anti-slide piles, factors such as pile
location, pile length, and pile spacing are usually considered
to achieve a good reinforcement effect. However, the overly
conservative design has led to high engineering costs in most
cases [27]. Therefore, the optimum design of anti-slide piles
aims to reduce as many engineering costs as possible while
satisfying the safety of supporting structures without affect-
ing the stability of the reinforced slope.

2.2.2. Construction of the Optimization Index System. The
stability of slopes, the safety of supporting structures, and
the economy must be taken into account in the selection of
evaluating index system, which will determine the accuracy
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Figure 1: Flowchart of the multi-objective comprehensive optimization model.
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of the optimization model. The index of safety factor reflects
the stability of a slope reinforced with piles; the indexes of
bending moment, internal force, and deflection reflect the
safety of anti-slide piles. The changes of the above indicators
correspond to different optimization schemes (such as
different pile locations, pile lengths, and pile spacings) and
will have an obvious impact on the construction difficulty
and engineering cost. Therefore, the factor of safety, bending
moment, shear force, and deflection of anti-slide piles are
selected as the main optimization indexes in this paper.

2.2.3. Construction of the Index Function. Suppose that there
are n optimization indexes to compose a sample set of
optimization indexes faði,jÞji = 1 ∼ n,j = 1 ∼mg for all m
schemes. In order to make the data highly comparable and
the modeling universal, this study adopts the percentage sys-
tem [28] and the maximum-minimum standardization
method to standardize the evaluating indexes aði,jÞ.

The standardized formula for the positive optimization
indexes that are positively correlated with the results, such
as the factor of safety, can be taken as follows:

r i,jð Þ = α + β ⋅ e a i, jð Þ−a i, jð Þ maxð Þ/ a i, jð Þ max−a i, jð Þ minð Þ, ð1Þ

The standardized formula for the negative optimization
indexes that are negatively correlated with the results, such

1
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3
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Figure 3: Mechanical model of pile (modified after Wang et al.
[23]). Spring A and spring B stand for the normal coupling
spring and the shear coupling spring, respectively. For
interpretation of the references to color in this figure, the reader
is referred to the electronic version of this page.
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Figure 2: Numerical model of slope reinforced with anti-slide piles. Lx, Lp, L, and S stand for the distance from the pile to the slope toe, the
horizontal length of the slope, the pile length, and the pile spacing, respectively. For interpretation of the references to color in this figure, the
reader is referred to the electronic version of this page.

Table 1: Physical and mechanical parameters of the slope.

Material Young modulus E (MPa) Poisson ratio ν Unit weight γ (kN/m3) Cohesion c (kPa) Friction angle φ (°)

Soil 200 0.25 20 24 24
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as internal force and deflection of piles, can be taken as
follows:

r i,jð Þ = α + β ⋅ e a i, jð Þ min−a i, jð Þð Þ/ a i, jð Þ max−a i, jð Þ minð Þ, ð2Þ

where aði,jÞ min and aði,jÞ max are the minimum and maximum
values of the ith index in the jth scheme, respectively; rði,jÞ is
the standardized optimization value, that is, the relative
membership value of the ith index in the jth scheme is
subordinate to the optimal value; and α and β are constant
indicators for constructing the percentile system which
meets α + β = 100.

Thus, the fuzzy matrix can be determined as follows:

R =

r 1,1ð Þ r 1,2ð Þ ⋯ r 1,mð Þ

r 2,1ð Þ r 2,2ð Þ ⋯ r 2,mð Þ

⋮ ⋮ ⋮

r n,1ð Þ r n,2ð Þ ⋯ r n,mð Þ

2
666664

3
777775
n×m

, ð3Þ

2.2.4. Determination of Index Weight. The subjective weight
determined by the AHP and objective weight determined by
the entropy method are used to establish the comprehensive
weight of optimization indexes. Thus, the comprehensive
weight of evaluating index can be obtained as follows:

w ið Þ =
ws ið Þ ⋅wo ið Þ

∑n
i=1ws ið Þ ⋅wo ið Þ

, ð4Þ

where wsðiÞ and woðiÞ are the subjective weight and objective
weight, respectively. The objective weight woðiÞ can be calcu-
lated as follows:

wo ið Þ =
1 − e ið Þ

∑n
i=1 1 − e ið Þ
� � , ð5Þ

where eðiÞ is the entropy of the ith optimization index.

2.2.5. Analysis and Comparison of the Optimization Results.
The fuzzy comprehensive optimization value kðjÞ can be
obtained by synthesizing the weight of each optimization

index wðiÞ and the relative membership value rði,jÞ of the
corresponding optimization index in different schemes.

k jð Þ = 〠
n

i=1
〠
m

j=1
w ið Þ ⋅ r i,jð Þ, ð6Þ

Table 2: Physical and mechanical parameters of anti-slide piles.

Parameter Value Parameter Value Parameter Value

Young modulus (GPa) 30 Coupling-cohesion-shear (MPa) 19 Coupling-cohesion-normal (MPa) 19

Poisson ratio 0.21 Coupling-stiffness-shear (MN/m2) 100 Coupling-stiffness-normal (MN/m2) 100

Moi-z (m4) 2.0 Coupling-friction-shear (°) 22 Coupling-friction-normal (°) 22

Moi-y (m4) 4.5 Density (kg/m3) 2500 Coupling-gap-normal On

Moi-polar (m4) 6.5 Cross-sectional-area (m2) 6.0 Perimeter (m) 10
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Figure 4: Factors of safety for various pile lengths and pile
locations. For interpretation of the references to color in this
figure, the reader is referred to the electronic version of this page.
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Figure 5: Maximum factor of safety for various pile locations.
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The value of kðjÞ determines the optimal membership
degree of different schemes. Generally, the larger the value
kðjÞ is, the more reasonable the scheme is.

3. Determination of Optimization Indexes and
Values by Numerical Simulation

As mentioned above, the factor of safety, bending moment,
shear force, and deflection of anti-slide piles are selected as
the target value for the optimization design of anti-slide
piles, which will be significantly affected by the reinforce-
ment options such as pile lengths, pile location, and pile
spacing [3]. The precise acquisition of optimization values
is the key premise of comprehensive optimization. There-
fore, the numerical simulation method is applied to obtain
the accurate optimization index value and verify the reliabil-
ity of the proposed model.

3.1. Establishment of Numerical Model. The homogeneous
slope models considered by many researchers [3, 4, 11] were

adopted and established by the finite difference software
FLAC3D except for some changes in the dimensions and gra-
dients of slope as shown in Figure 2. Various reinforced
schemes with anti-slide piles were designed considering
different pile locations, pile lengths, and pile spacings. The
uniform boundary conditions follow: The displacement of
the bottom boundary is completely fixed, the horizontal
displacement of the left and right boundary is restrained,
and the upper boundary is free to move. Mohr-Coulomb
constitutive model was selected to simulate the deformation
and failure behavior of slope soil. The initial stress field only
considers the self-weight stress field. The entire run-through
of the plastic zone is regarded as the criterion of slope insta-
bility. Details about the parameters of soil are shown in
Table 1. The factor of safety was calculated via the strength
reduction method (SRM) [29–31].

Considering that the internal force of any section can-
not be obtained directly with the solid element piles, and
the accuracy of the calculating results is affected by the
mesh size [32], the structural element pile was used to
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Figure 6: Maximum shear strain increment for various pile locations (the slope profile through the soil midway between the anti-slide piles).
(a) without piles; (b) Lx/Lp = 0:1, pile length L = 12m; (c) Lx/Lp = 0:3, pile length L = 18m; (d) Lx/Lp = 0:5, pile length L = 28m; (e) Lx/Lp = 0:7,
pile length L = 30m; (f) Lx/Lp = 0:9, pile length L = 24m (taking the pile spacing of S = 5m as an example). For interpretation of the references to
color in this figure, the reader is referred to the electronic version of this page.
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simulate the anti-slide pile with a cross-sectional dimen-
sion of 2m × 3m (width × height) due to the advantages
of easy modeling, high calculation efficiency, and guaranteed
accuracy [13, 33]. The mechanical model of the pile struc-
tural element is shown in Figure 3; the transfer of force and
bending moment between the pile element and the mesh ele-
ment could be realized by the normal coupling spring (Spring
A) and the shear coupling spring (Spring B) at the position of
the structural element node, which realizes the coupling
effect between pile and soil. Details about the parameters of
anti-slide piles are shown in Table 2.

3.2. Influence of Anti-Slide Pile Location on Slope
Reinforcement. The influence of the anti-slide pile reinforce-
ment location on the optimization indexes was studied with
the pile spacing of 5m. The pile location is defined by the
ratio of the pile horizontal distance from the slope toe (Lx)
to the horizontal length of the slope (Lp), which is shown
in Figure 2. The effects of various pile locations and pile
lengths on the factor of safety of the slope reinforced with
piles are shown in Figure 4, and the maximum factor of
safety for each pile location is shown in Figure 5. It can be
obtained from Figures 4 and 5 that the factor of safety isthe
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Figure 7: The critical slip surface for various pile lengths and pile locations. (a) Lx/Lp = 0:1; (b) Lx/Lp = 0:3; (c) Lx/Lp = 0:5; (d) Lx/Lp = 0:7;
(e) Lx/Lp = 0:9 (taking the pile spacing of S = 5m as an example). For interpretation of the references to color in this figure, the reader is
referred to the electronic version of this page.
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largest and the reinforcement effect is the best when the anti-
slide pile is located in the middle of the slope (Lx/Lp = 0:5);
on the contrary, the factor of safety is the smallest, and the
reinforcement effect is poor when the pile location is at the
toe of the slope (Lx/Lp = 0:1). The results obtained in present
research are similar to those of Cai and Ugai [3], Griffiths
et al. [13], and Yang et al. [22].

The distribution of the shear strain increment zone is
consistent with the large deformation area of the slope,
which can reflect the position of the critical slip surface
precisely. The effect of various pile locations on the maxi-
mum shear strain increment and the position of the criti-
cal slip surface obtained by FISH language is shown in
Figures 6 and 7, respectively. It is seen from Figures 6
and 7 that the change of pile location has a significant
impact on the distribution of critical slip surface. In other
words, the concentration region of shear strain increment

and the run-through critical slip surface tends to form
behind the anti-slide piles gradually when the pile location
is located at the lower-middle part of the slope
(Lx/Lp = 0:1, 0:3); however, the concentration region of
shear strain increment and the run-through critical slip
surface tends to form in front of the anti-slide piles even-
tually when the pile location is located at the upper-
middle part of the slope (Lx/Lp = 0:7, 0:9). Therefore, it is
concluded that there are three different failure modes of
slope reinforced with piles. These failure modes are as fol-
lows: (1) slide will originate from the posterior surface of
the piles when the pile location is located in the lower-
middle part; (2) the critical slip surface is divided into
two disconnected parts and slide is not easy to originate
when the pile location is locked in the middle part; and
(3) slide will originate from anterior of the piles when
the pile location is located in the upper-middle part.
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Figure 8: Anti-slide pile behaviors for various pile locations. (a) Bending moment. (b) Shear force; and (c) Deflection. For interpretation of
the references to color in this figure, the reader is referred to the electronic version of this page.
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The effect of various pile locations on behaviors of anti-
slide piles is shown in Figure 8. The bending moment, the
shear force, and the deflection of the pile increase at first
and then decrease with the pile location from the toe
upwards to the crest of the slope, and the maximum points
of both pile behaviors appear in the pile located at the
middle part of the slope. It should be noted that the depth
of maximum bending moment or the shear force valued zero
at each pile location has a good correspondence with the
position of the critical slip surface. Thus, the various pile
locations not only affect the factor of safety of the slope
reinforced but also change the distribution of the interforce
of piles.

3.3. Influence of Anti-Slide Pile Length on Slope
Reinforcement. The determination of pile length is the key
to the optimization design of anti-slide piles. Too short pile
length is not conducive to slope stability [19], and too long
pile length will increase the engineering costs [22]. Figure 4
shows the effect of the pile length on the factor of safety of

the slope reinforced with anti-slide piles. Taking the pile
location of Lx/Lp = 0:3 as an example, as expected, the factor
of safety of the reinforced slope increases with increasing the
pile length. However, when the pile length exceeds a certain
length (18m in the present study) which is named the criti-
cal pile length [13], the factor of safety is close to a constant
gradually, and this is because enough anti-sliding force can
be provided by the embedded length of piles in stable stra-
tum to resist the sliding force.

In order to further study the effect of various pile lengths
on the slope reinforcement, the maximum shear strain
increment and the critical slip surface are obtained at the pile
location of Lx/Lp = 0:3, as shown in Figures 7(b) and 9. It can
be observed that with increasing the pile length, the zone of
maximum shear strain increment is gradually divided into
two parts that are not disconnected, but when the pile length
exceeds 18m, the run-through zone of maximum shear
strain increment is reformed (Figures 9(e) and 9(f)). As
shown in Figure 7(b), the critical slip surface becomes deeper
with increasing the pile length, and the failure mode of
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Figure 9: Maximum shear strain increment for various pile lengths (the slope profile through the soil midway between the anti-slide piles).
(a) Pile length L = 6m. (b) Pile length L = 10m. (c) Pile length L = 14m. (d) Pile length L = 16m. (e) Pile length L = 18m. (f) Pile length
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color in this figure, the reader is referred to the electronic version of this page.
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reinforced slope changes from shallow sliding to deep slid-
ing. This is mainly because the complex structure formed
by pile-soil interaction improves the strength of soil around
the pile. However, when the pile length is more than 18m,
the critical slip surface suddenly becomes shallow and passes
through the top of the pile. The main reason for this is that
deep sliding needs more energy due to the reinforcement of
anti-slide piles, while shallow sliding only requires less
energy to produce.

The effect of various pile lengths on the pile behaviors is
shown in Figure 10. It can be seen that, when the pile length
is less than the critical pile length (18m), the bending
moment (Figure 10(a)) increases with increasing the pile
length and the position of the maximum bending moment
is continuously away from the top of piles, which corre-
sponds well to the position of the critical slip surface
(Figure 7(b)); the positive shear force of piles (Figure 10(b))
increases as the pile length increases; the pile deflection
increases with increasing of the pile length, but it should be
noted that the distribution of deflection is almost linearly
(Figure 10(c)) when the pile length is short, which indicates
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Figure 11: Factors of safety for various pile spacings under the
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of this page.
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that the pile is prone to overturning failure under too short
pile length. When the pile length exceeds the critical pile
length, the bending moment, shear force, and deflection all
tend to be a stable distribution, which is consistent with the
change law of the factor of safety.

3.4. Influence of Anti-Slide Pile Spacing on Slope
Reinforcement. Taking the pile location of Lx/Lp = 0:3 and
the critical pile length (18m) as an example, the effect of
various pile spacings on the reinforced slope is studied.
Figure 11 shows the change of factors of safety under var-
ious pile spacings; it can be seen that the factor of safety

of the reinforced slope decreases with increasing the pile
spacing.

The effects of various pile spacings on the maximum
shear strain increment and the critical slip surface are shown
in Figure 12. It can be seen that when the pile spacing is
small, the critical slip surface between two anti-slide piles
is shallow and almost passes over the top of the pile. With
increasing the pile spacing, the critical slip surface gradually
becomes deeper, and the instability mode has changed.
When the pile spacing is large enough (Figure 12(a4)), a
complete and run-through critical slip surface is formed
gradually, which is nearly close to the critical slip surface
of the slope unreinforced (Figure 6(a)). This may be
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Figure 12: Contour of shear strain increment and the critical slip surface for various pile spacings under the critical pile length (the slope
profile through the soil midway between the anti-slide piles). (a1), (b1) Pile spacing S = 4m. (a2), (b2) Pile spacing S = 5m; (a3), (b3) Pile
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For interpretation of the references to color in this figure, the reader is referred to the electronic version of this page.
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related to the evolution of soil arch under various pile
spacings.

The effect of various pile spacings on the pile behaviors is
shown in Figure 13. It can be concluded that the bending
moment (Figure 13(a)) and the shear force (Figure 13(b))
increase with increasing the pile spacing. This can be
explained by the fact that the anti-slide piles act as the retain-
ing walls and the integrity and strength of the pile and soil are
improved significantly while the pile spacing decreases so that
soil would not reach the limit state until the soil with large
deformation [3], which can be demonstrated by the pile
deflection (Figure 13(c)); soil arch between piles disappears
gradually when the pile spacing increases, and only a single
anti-slide pile works at this moment.

To sum up, the interaction between pile and soil is
fully considered with the numerical simulation method,

and the factor of safety, bending moment, shear force,
and deflection of anti-slide piles obtained under various
reinforcement options are more realistic, which is in good
agreement with previous studies [3, 18, 34]. Therefore, it is
feasible to obtain the optimization index values by the
numerical simulation and to optimize designs combined
with the proposed multi-objective comprehensive optimi-
zation model.

4. Results and Discussion

The factor of safety and the bending moment, shear force,
and deflection of piles were obtained based on the numer-
ical simulation under various reinforcement schemes, and
results were analyzed with the proposed multi-objective
comprehensive optimization model.
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4.1. Results Analysis

4.1.1. Calculation Results of Indicator Value and Weight. The
indicator value of the optimization system was determined
by the numerical simulation. It should be noted that the
factor of safety of reinforced slope belongs to the positive
optimization index, and the bending moment, shear force
and deflection belong to the negative optimization indexes,
so Equations (1) and (2) are used for normalization calcu-
lation, respectively. The calculation results of indicator
values under different reinforcement schemes are shown
in Tables S1-S5 in Supplemental Files.

Decision-making AHP method was adopted to determine
the subjective weight of optimization indexes. Considering
intentions of decision-makers, engineering experience, and
judgements of geological hazard experts, 1-9 ratio scaling
method was taken to define the relative importance and
subjective weight of each optimization index, as shown in
Table 3. According to the principle of AHP [35], the maxi-
mum eigenvalue of judgment matrix (λmax) is 4.25, the consis-
tency index (CI) is 0.08, and the consistency ratio (CR) equals
0.09 and is less than 0.1, which meets the consistency
requirements.

The objective weight is calculated by Equation (5) based
on the entropy method, and the results are shown in Table 4.

The comprehensive weight of each evaluating index is
calculated via Equation (4) as shown in Table 4. Among
them, the weight of the factor of safety is the largest, and
the shear force of pile is the smallest.

4.1.2. Optimal Results Analysis. The fuzzy comprehensive
optimization value kðjÞ is calculated according to Equation
(6) (where α = 60 and β = 40). The comprehensive optimiza-
tion results are shown in Figure 14. It can be seen that the
results under various reinforcement schemes are signifi-
cantly different. According to the principle of optimal judg-
ment, the comprehensive optimization value corresponding
to scheme 35 is the highest, that is, the anti-slide pile located
in the middle of slope, with a pile length of 28m and pile
location of 4m, is the most reasonable choice. In addition,
more details could be drawn as follows.

(1) When anti-slide piles are located in the middle or
upper-middle part (Lx/Lp = 0:7) of the slope, the
effect of the slope reinforced with piles is obviously
better than that of the toe or crest of the slope, which
is in good agreement with the numerical simulation
(Section 3.2) and results obtained by Hassiotis et al.
[1] and Yang et al. [36]

(2) The increase in pile length can significantly improve
the reinforcement effect of the slope, but it does not
mean that the longer the pile length, the better the
reinforcement effect. For example, when the pile is
located in the lower-middle part (Lx/Lp = 0:3) with
the pile spacing of 5m, the value of kðjÞ increases
slightly or even decreases when the pile length
exceeds 18m (Figure 14); this is mainly because
excessive pile length leads to the increase of internal
force of anti-slide piles under the premise of meeting
design requirements of the factor of safety, which is
not conducive to the safety of piles

(3) The smaller pile spacing is, the better reinforcement
effect is. In addition, the reinforcement effect of piles
located in the location of Lx/Lp = 0:7 with pile
spacing of 5m is significantly better than that in
the location of Lx/Lp = 0:5 with pile spacing of 6m;
therefore, the pile spacing can be appropriately
reduced to improve the reinforcement effect in
actual engineering when the anti-pile is located in
non-middle position

4.2. Discussion

4.2.1. Comparisons with Results under Various α and β
Values. In order to make the evaluating indexes more com-
parable and keep as much information as possible about the
changes in the optimization index values, the constants α
and β were introduced to construct the normalization func-
tions (Equations (1) and (2)) based on the percentage sys-
tem. Figure 15 presents the effect of various combinations
of α and β on the optimization results of anti-slide piles.
The result indicates that curves of the optimization result
under various values of α and β present the approximately
parallel relationship and have exactly the same changing
law. Besides, the larger the value of α is, the greater the

Table 4: Comprehensive weight determination for optimization
indexes.

Optimization
indexes

Subjective
weight

Objective
weight

Comprehensive
weight

Factor of safety 0.5570 0.3984 0.7216

Bending moment 0.2693 0.1485 0.1301

Shear force 0.0532 0.1334 0.0231

Deflection 0.1205 0.3197 0.1252

Table 3: Subjective weight determination for optimization indexes.

Optimization indexes Factor of safety Bending moment Shear force Deflection Subjective weight

Factor of safety 1 3 7 6 0.5570

Bending moment 1/3 1 5 4 0.2693

Shear force 1/7 1/5 1 1/4 0.0532

Deflection 1/6 1/4 4 1 0.1205
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optimization value for the corresponding scheme. However,
the changes of α and β only change the absolute value of
optimization results and amplitude of variation of curves
but have no effects on the final optimization results.

4.2.2. Comparisons with Results under Various Weights. The
final optimization results under comprehensive weight, sub-
jective weight, and objective weight are shown in Figure 16.
It can be seen that the result (red line in Figure 16) by using
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the subjective weight only indicates that scheme 35 is the
optimal reinforcement option, which is basically consistent
with the conclusion drawn via the proposed method in this
article, but the optimization values of each scheme have little
difference, which is easy to make wrong decisions due to the
human factors implications and inaccurate data. The opti-
mization result (blue line in Figure 16) obtained only by
the objective weight reveals that the reinforcement effect is
the worst when the anti-slide pile is located in the middle
part of the slope, which is totally at variance with the practi-
cal engineering experience; this may be the reason that the
index weight of entropy method is determined according
to the variation degree of the index, which ignores the
importance of the index itself. A comparison of the three dif-
ferent optimization results shows that the comprehensive
weight proposed in this article makes the optimization
results more scientific and reasonable. Therefore, with the
continuous development of habitable earth construction,
the proposed multi-objective comprehensive optimization
model will play an important role in the design of slope
reinforcement.

4.2.3. Limitation of the Proposed Method. In the current
study, the numerical simulation method was used to obtain
the values of evaluating indexes in the multi-objective com-
prehensive optimization model. Although more reasonable
optimization results had been achieved, more engineering
cases and field monitoring data are still needed to further
study to verify the accuracy and applicability of this
proposed model. Besides, the comprehensive weight used
in this article considers the advantages of both subjective
and objective weight and minimizes the adverse effects of
shortcomings of two on optimization results, but it is still
unavoidable that the weight obtained goes against the actual

situation, which leads to make an absurd decision-making.
Therefore, it is necessary to further optimize the index
weight based on methods of big data, machine learning,
and deep learning. Besides, we note that multilayered struc-
tures of slopes significantly change the distribution of critical
slip surfaces and the actual force situation of anti-slide piles.
Further, these changes are more visually reflected in the var-
iation of the factor of safety, deflection, bending moment,
shear force, and so on. These parameters are consistent with
the evaluation index system in new optimization model.
Therefore, the proposed new evaluation optimization model
could be applied to the optimal design of anti-slide piles in
multilayer complex slopes in theory. A further research
could be focused on the applicability of the new optimiza-
tion method in more complex types of slopes.

4.2.4. Research Prospect. The deterministic analysis method
was used in a multi-objective comprehensive optimization
model to solve the optimization design parameters based
on the numerical simulation. In fact, the physical and
mechanical parameters of slopes or anti-slide piles exhibit
strong heterogeneity affected by temperature, gravity stress,
and spatial distribution [37]. For example, the cohesion usu-
ally shows an increasing trend while for internal friction
angle a decreasing trend with soil depth due to the increase
of confining pressure [38]. Previous research related to the
optimal design of anti-slip pile reinforced slopes has shown
that the results of slope stability, the evolution of slip surface,
and the failure modes considering the friction and cohesion
of slope soil as lognormally distributed random variables
and the compression strength and pile width as normally
distributed random variables are more consistent with the
reality compared with the deterministic model [39]. There-
fore, a further modification could be focused on the
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influence of the selection of random variables (e.g., sensitiv-
ity analysis), the distribution type of random variables (e.g.,
Gaussian distribution or Weibull distribution), the variation
coefficient, the multilayer structure of slope on the slope
stability, and the optimization design of anti-slide pile,
which to obtain more accurate and repeatable optimization
index parameters, make objective and comprehensive
optimization evaluation, and provide the more reasonable
reinforcement schemes. In addition, how to combine the
advanced geotechnical probabilistic methods, such as the
Monte Carlo simulation (MCS) [40], the first-order reliabil-
ity method (FORM) [41], and weighted uniform simulation
[42, 43], with our comprehensive optimization model to
improve the efficiency of optimization should be properly
dealt with in future studies.

5. Conclusion

The multi-objective comprehensive optimization model for
the design of slope reinforced with anti-slide piles was
proposed based on the fuzzy comprehensive evaluation
method, and the reliability of the model was verified by finite
difference numerical simulation. The main conclusions are
as follows:

(1) According to the numerical simulation results, vari-
ous pile locations, pile lengths, and pile spacings
have significant effects on the slope reinforced. The
best reinforcement effect could be obtained when
the pile is located in the middle part of the slope.
The increase of the pile length can increase the rein-
forcement effect obviously, but it will not continue to
increase the slope stability when the pile length
exceeds the critical pile length. The larger the pile
spacing is, the worse the stability of the slope and
safety of the anti-slide pile is

(2) The factor of safety, bending moment, shear force,
and deflection of the anti-slide pile were selected as
the optimization index system to ensure that the
optimized reinforcement scheme could meet the
stability of the pile-slope system. Meanwhile, the
comprehensive weight was determined combined
with the subjective and objective, which is more in
line with practical engineering cases

(3) Based on the three-dimensional slope numerical
model, the proposed multi-objective comprehensive
optimization model was applied to optimize various
reinforcement schemes, which obtained reasonable
optimization results. This provides a new solution
for the optimization design of other types of complex
slopes and has broad application prospects
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