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Abstract

The parameters of an h-type anti-slide pile are optimized and analyzed with respect to its structural characteristics. Based on laboratory
model tests, further analysis of its stress characteristics is carried out through numerical simulation methods. Then, the response
surface methodology (RSM) combined with the NSGA-II algorithm was employed to perform multiobjective optimization of the
reinforcement performance and engineering cost for h-type anti-slide piles regarding landslide consideration. Finally, the entropy
weight TOPSIS method was used for comprehensive evaluation to obtain the optimal structural parameters. The results show that
the bending moment distribution of the front and rear rows of h-type piles first increases and then decreases with increasing depth,
and the front soil pressure of the pile gradually increases. Using RSM-NSGA-II instead of finite element modeling can shorten the
optimization time, and the accuracy of the surrogate model reaches 94.8%. NSGA-II is much stronger than that of the particle swarm
optimization algorithm. The entropy weight method combined with the TOPSIS method can obtain the unique optimal solution from

the Pareto solution set without prior knowledge. The h-type anti-slide pile with the best structural parameters reduces the cost by

75.19%, while the slope safety factor increases by 47.39%. This method provides a new idea for structural optimization.
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1 Introduction

Due to the complex terrain and geomorphological envi-
ronment, there are a large number of slopes with thick
overlying soil layers and steep slopes in the western
region of China, which are prone to landslide disasters
along weak interfaces [1]. With the continuous develop-
ment of railway projects in China, it is difficult for rail-
ways to bypass the adverse geological conditions in the
western region. Therefore, the stability of the embank-
ment must be guaranteed during construction. As a result,
anti-slide piles have been widely used to mitigate landslide
issues [2]. Although anti-slide piles have good supporting
effects, their structure is simple, and there is significant
displacement at the pile top, with a relatively narrow con-
struction face [3]. In recent years, the structural forms of
anti-slide piles have been continuously optimized, result-
ing in the emergence of mini anti-slide piles [4], spatial
arc-shaped anti-slide piles [5], gantry-type anti-slide piles,
etc. [6]. The h-type anti-slide pile is a structural improve-
ment of the gantry-type anti-slide pile [7]. It arranges two

unequal-length anti-slide piles parallel to each other, con-
necting the top of the front pile with a certain position of
the back pile through a beam. The rear row of piles has
a cantilevered section for spatial support. Due to its resem-
blance to the lowercase letter "h", it is called an h-type
anti-slide pile [8].

In recent years, the h-type anti-slide pile has been
applied in many engineering projects. However, many of
its structural parameters are set based on empirical expe-
rience. It is necessary to optimize and analyze these struc-
tural parameters. Li et al. [9] conducted indoor model tests
and found that a smaller cantilever section length of the
h-type anti-slide pile leads to a larger horizontal displace-
ment at the pile top, and the optimal length of the connect-
ing beam is 5 times the cross-sectional diameter of the
pile. Liu et al. [10] analyzed the influence of different beam
stiffnesses and anchorage depths through model tests and
numerical simulations. They found that when the sliding
surface is small, the length of the connecting beam should
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be 9 times the pile diameter, and when the sliding surface
angle is large, the length of the connecting beam should
be 5 times the pile diameter, with the anchorage depth of
the front pile greater than that of the back pile. Details on
the h-type anti-slide pile research process are shown in
Table 1. Most existing studies have focused on optimiz-
ing the beam structure parameters, and the optimization
process only considers single-factor effects. However, in
practical structural work, multiple factors simultaneously
influence the performance. Therefore, this study adopts
the response surface methodology (RSM) to establish an
RSM model that investigates the effects of various struc-
tural parameter variations on response values, aiming to
consider a multifactor approach to structural optimization.
In engineering, cost is an essential factor to consider,
and there have been numerous studies on the structural
optimization problem that aim to minimize cost while
ensuring structural performance. Deng et al. [14] con-
ducted a three-objective optimization of the beam-pile
structure considering cost, load-bearing capacity, and
work efficiency using a genetic algorithm, achieving good
results. Tang et al. [15] and Yao et al. [16] both performed
multiobjective optimization analyses based on reinforce-
ment efficiency and cost efficiency for the diameter, pile
length, pile spacing, and pile position of anti-slide piles.
In this study, the influence of cost is fully taken into
account, and a multiobjective optimization model con-
sidering cost and slope safety factors is established using
the advanced NSGAII algorithm [17] in the genetic algo-
rithm. The optimal combination of structural parameters
is obtained by integrating the entropy weight method with
the TOPSIS (Technique for Order Preference by Similarity
to Ideal Solution) method for comprehensive evaluation.

Table 1 Major research processes for h-type anti-slide pile
Year Author Ref. No.
2012 Ou et al.

Major contribution

First study of h-type anti-slide pile. [7]

In-situ experimental studies were

201 L 1.
017 uoeta conducted.

[8]

Analyze the differences between

the performance of h-type anti- [11]
slide pile and other structures.

2017 Zhao et al.

Some design suggestions of h-type

201 Li 1. L .
018 lucta anti-slide pile are proposed.

[10]
Proposing an improved calculation
method for the internal force of [12]
h-type anti-slide pile.

2022 Zhao et al.

Modeling of h-type anti-slide piles

2022 Li 1. . PR
0 teta with curved sliding surfaces.

9

A centrifuge model test was

conducted. [13]

2023  Zhang et al.

This study focuses on h-type anti-slide pile, establish-
ing a numerical model using finite element analysis and
validating its mechanical properties through experimen-
tation. It analyzes the impact of various structural param-
eters on slope reinforcement effectiveness and cost, uti-
lizing the RSM model and NSGA-II algorithm to identify
optimal structural parameters, providing guidance for
engineering application and optimization.

2 Model test and numerical simulation

2.1 Model test

A reduced-scale indoor model test was conducted based
on the actual slope condition in Wuqi County, Shaanxi
Province, China. The experiment is based on the prin-
ciple of similarity, with geometric dimension similar-
ity ratio (C,) as the first fundamental quantity, gravity
similarity ratio (Cy) as the second fundamental quantity,
and strain similarity ratio (C,) as the third fundamental
quantity. By using these three fundamental quantities as
a basis, other variables' similarity ratios can be derived,
as shown in the Similarity column in Table 2.

The experimental slope was divided into three parts:
sliding mass, sliding surface, and sliding bed. The sliding
mass was composed of natural loess and compacted in lay-
ers. The sliding surface was designed as an arc shape and
simulated using plastic film. Because the prototype slope
we tested did not experience sliding failure, we couldn't
determine its actual sliding surface. To obtain a more real-
istic sliding surface, we employed the strength reduction
method in ABAQUS to analyze the prototype slope with-
out pre-defined sliding surfaces, as shown in Fig. 1. Based
on these results, the predetermined sliding surface was
determined for the model test. The physical parameters of
the sliding zone were calculated based on the loading con-
ditions at the limit equilibrium state of the landslide [18],
resulting in a cohesive force of 14.8 kPa and an internal
friction angle of 13.1°.

The h-type anti-slide piles consisted of long piles (rear
piles) with a length of 700 mm and short piles (front piles)
with a length of 500 mm. The design spacing between

Table 2 Similarity ratio design

Similarity ratio

Physical quantity Similarity (Prototypes: Models)
Geometric dimension/L C, 10:1
Weight/y C7 1:1
Stress/o C,=CC, 10:1
Strain/e C 1:1

Displacement/o




PEMAG

(Avg: 100%)
+1.247e-01
+1.143e-01
+1.039¢-01
+9.350e-02
+8.311e-02
+7.272e-02
+6.234¢-02
+5.195e-02
+4.156e-02
+3.117e-02
+2.078e-02
+1.039e-02
+0.000e+00

p

Fig. 1 Diagram of landslide location

piles was 150 mm, and the row spacing was also 150 mm.
The front and rear piles were connected by a middle
beam through welding. The front piles of the anti-slide
piles were arranged at the middle position of the slope,
which had a slope angle of 45°. The measurement system
included a YTDZ0301 soil pressure cell, BFIK-3EB full-
bridge strain gauges, and Donghua DH3816 stress-strain
data acquisition instruments for collecting data on the soil
pressure in front of the piles and the internal forces of the
piles. The test was conducted using a slow and incremental
loading method, with a single-level load of 28.4 kPa and
eight levels gradually increasing to 227.2 kPa. The sche-
matic diagram of the test process is shown in Fig. 2, and the
layout diagram of the test is shown in Fig. 3. The parame-
ters of the soil and piles were obtained through measure-
ments, as shown in Table 3.

2.2 Numerical simulation

A numerical simulation model was established using
ABAQUS, with dimensions ten times larger than the model
test. The piles were defined as elastic, and the soil was
modeled using the Mohr—Coulomb constitutive model.
The parameters for the soil and piles were set based on the
measured values from the model test. Frictional contact
between the soil and piles was defined using "hard" con-
tact and a penalty function, with a friction coefficient of
0.25. To prevent rigid body movement in the simulation,
the normal displacement of the soil surrounding the model
and at the bottom was set to zero. The model was incre-
mentally loaded eight times to 227.2 kPa after achieving
stress equilibrium at the slope crest. The mesh division of
the model is shown in Fig. 4.

Tamping at the
base of a slope |

Fig. 2 Model test process
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Fig. 3 Model test layout; (a) Model size diagram; (b) Location of the

earth pressure box and strain gauge

Table 3 Material parameters

Weight/ Cohesive/ Friction Poisson's Elastic

(KN/m?) kPa angle/° ratio modulus/MPa
Loess 20.8 32.5 30.05 0.32 16.38
Pile 24.0 - - 0.20 3 x 10*

227.2KPa overload at the top of the slope

Slope modele

h type anti-slip pile model

Fig. 4 Finite element mesh division
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2.3 Model validation
The model test data were compared and analyzed with
the numerical simulation results (see Fig. 5). The research
objective of this paper is the h-type anti-slide pile; there-
fore, the focus was mainly on comparing the forces acting
on the pile body. The overall trend observed in the model
test was consistent with the numerical simulation results,
which verified the accuracy of the finite element model
and provided guidance for further numerical analysis.
The bending moment distribution along the pile body is
shown in Fig. 5(a). The numerical simulation results indi-
cated that the bending moment of the rear piles followed
an "inverse S-shaped" distribution along the height of the
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Fig. 5 Comparison of the test and finite element results; (a) Pile bending
moment; (b) Soil pressure before pile

pile, with the inflection point located at a distance of 5.5 m
from the pile bottom, i.e., the upper part near the connec-
tion beam. This suggests that under the load at the slope
crest, the bending moment at the top of the rear piles tends
to approach zero. Due to limitations in the experimental con-
ditions, strain gauges were not installed at the top of the piles
in the model test. As a result, the observed bending moment
values near the pile top tended to be positive and gradually
increased. For the front piles, under the load at the slope
crest, the bending moment along the height of the front piles
initially increased and then decreased. It reached its maxi-
mum value at a position approximately 1.5 m below the pile
top, and the bending moment at the pile bottom approached
zero, but it was not zero at the pile top. The model test results
were close to the numerical simulation, although the bend-
ing moment value at the pile top was missing.

The comparison analysis of soil pressure is shown in
Fig. 5(b). The soil pressure in front of the rear piles showed
a trend of decreasing and then increasing with increasing
pile height. At a section approximately 0.5 m below the
top of the rear piles, the soil pressure in front of the piles
approached zero, and it reached its peak value at the sec-
tion at the pile bottom. The variation in soil pressure in
front of the piles was significant within a certain range
both below the pile top and above the pile bottom. As the
soil in front of the piles is relatively thick and stable, it can
provide greater soil resistance, and the deeper the pile is,
the higher the self-weight of the soil. Therefore, a peak soil
pressure appears near the pile bottom. This pattern was
not observed in the model test, as pressure cells were not
installed at the pile top and bottom. In the case of the front
piles, due to the limited number of measuring points in the
model test, the soil pressure curve showed a smooth and
approximately linear distribution. However, the numerical
simulation results revealed that the soil pressure in front of
the piles at the pile top approached zero due to the thinner
soil layer, increased uniformly along the pile from the top
to the bottom, and experienced a sudden change at a dis-
tance of 0.8 m from the pile bottom, reaching its maximum
value at the pile bottom.

3 Univariate analysis

Combining the analysis above with relevant literature
studies [8—13], both the front and rear row piles, as well
as the beam structure of the h-type anti-slide pile, effec-
tively contribute to the anti-slide function. Therefore,
seven structural parameters of the h-type anti-slide pile
were selected for analysis, including the beam connection



length (H_,), cantilever section length (H,,), rear pile
length (H,,), front pile length (H,,,), beam stiffness (£,),
rear pile stiffness (£,,), and front pile stiffness (£,,),
as shown in Fig. 6. The structural parameters from indoor
model tests were taken as reference values for single-fac-
tor analysis. When considering the effect of one param-
eter, with the remaining parameters kept constant at the
reference values, as shown in Table 4. The main objective
of optimization is to increase the slope stability coefficient
FS and reduce construction costs. Numerical models cor-
responding to different structural parameters were estab-
lished, and the strength reduction method was used to cal-
culate the corresponding FS.

The h-type anti-slide pile is a combination of rein-
forced concrete piles and beams, and the cost consider-
ations should include concrete strength grade and amount
of reinforcement. The parameter selection fully consid-
ers the influence of the pile and beam modulus of elas-
ticity, which reflects the rigidity of the materials. It can
be used as an important reference for selecting the con-
crete strength grade and reinforcing bar ratio. To simplify
the calculations, the cost (@') is defined as the product of
the volume and modulus of elasticity [14], as shown in
Eq. (1). To eliminate the difference in magnitude between
the volume and modulus of elasticity, they need to be nor-
malized before calculation.

e
Egp Hpp
Hep
Ecp
1
Hpp Epp Hip

Fig. 6 Schematic diagram of structure parameter selection

Deng et al.
Period. Polytech. Civ. Eng., 68(4), pp. 1201-1210, 2024

| 1205

o' =AE+(B+C)F+DG M

where 4 ~ G represent the code names of various struc-
tural parameters in Table 4.

The stability and cost of the slope are influenced by the
structural parameters, as shown in Fig. 7.
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Fig. 7 Influence of different structural parameters; (a) Slope stability;
(b) h-type pile cost

Table 4 Structural parameters

Structural parameters H_,/m H,,/m H,,/m H,,/m E,,/MPa E,,/MPa E_,/MPa
Code name A B C D E F G
Minimum value 0.6 0.6 3.0 3.0 1 x10* 1x10* 1 x 104
Reference value (median) 1.5 1.5 5.5 5.5 3 x 10* 3 x 10* 3 x 10
Max value 2.4 2.4 8.0 8.0 5% 104 5% 10* 5% 104
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Different structural parameters have significant dif-
ferences in their impact on slope stability. Among them,
the length of the cantilever section (/,;) has the greatest
influence on the FS. When the length is small, the h-type
anti-slide pile cannot effectively reinforce the slope, result-
ing in a safety factor of less than 1, indicating that the
slope is in an unstable state. However, as the length of the
cantilever section increases, the safety factor significantly
improves, reaching 2.16. The length of the beam (/) and
the length of the front row piles () also have a signif-
icant impact on the safety factor, which increases with
increasing length. This finding is in line with litera-
ture [10, 11]. On the other hand, when the length of the
rear row piles (H,,) is too long, the reinforcement effect
decreases, indicating that the anchor depth of the rear row
piles affects the anti-slide effect of the h-type pile.

The stiffness of the front and rear row piles and the
beam does not have a linear distribution in terms of its
impact on the safety factor. When the stiffness of the rear
row piles and the beam is relatively low, the reinforcement
effect on the slope is still significant, almost similar to the
effect when the stiffness is high. This is because the stiff-
ness of the two piles is almost the same, resulting in better
stiffness matching [9]. On the other hand, the stiffness of
the front row piles has a relatively average reinforcement
effect at lower stiffness, but it yields a higher safety factor
at a stiffness of 5 x 10* MPa due to the increased bending
moment it bears [13].

Therefore, the order of influence of the parameters of
the h-type anti-slide pile on the bearing capacity from
largest to most minor is H,, > H,, > H., > E,, > E,, >
HCB > HFP'

The cost increases as the structural parameters of the
h-type anti-slide pile increase, and the impact trends of
different structural lengths on cost are generally consis-
tent. According to Eq. (1), it can be observed that the stiff-
ness of the rear row piles (£,,) needs to match both the
length of the rear row piles and the length of the cantilever
section, making it the parameter with the greatest impact
on cost. When its value is small, the required cost is min-
imal, while for higher values, the corresponding cost is
maximum. Therefore, this parameter needs to be carefully
considered during the optimization process.

4 Optimization method

4.1 Method introduction

RSM is a commonly used experimental design and anal-
ysis method that focuses on response variables. It estab-

lishes mathematical models to describe the relationship
between response variables and input factors, facilitating
design and analysis. RSM consists of three main steps:
experimental design, modeling, and statistical analysis.
Experimental design obtains efficient data through appro-
priate sampling strategies and scheme settings, while the
modeling stage maps the data to mathematical models
based on regression analysis, exploring the relationship
between response variables and input factors. The statisti-
cal analysis verifies the established mathematical models.
The characteristics of RSM include efficiency, reliability,
ease of operation, and interpretability, making it widely
applied to various optimization tasks [19].

Considering the need to consider nonlinear situations,
this study employs second-order RSM, as shown in Eq. (2),
as a universal model:

k k k-1 k
Y:ﬂ0+zﬁiXi+zlﬁiiXi2+ZlZﬁinin_Fg? (@)
i=1 i= i=1 i=j+1
where Y represents the predicted response value (£S, w);
X, represents the independent variables; B, is a constant;
B B, and /31.]. are coefficients; and ¢ denotes the error term.

NSGA-II is a fast nondominated sorting genetic algo-
rithm with an elitism strategy. It stratifies the popula-
tion based on the noninferior level of individuals while
considering the crowding distance calculation and elit-
ism strategy. Adopting the crowding distance compari-
son operator reduces the computational complexity of the
algorithm and avoids local convergence during the opti-
mization process [20]. The basic procedure of NSGA-II
is as follows: First, in the initialization stage, a random
initial population is created. Then, based on the nondom-
inated sorting strategy and crowding distance operator,
a portion of the population is selected as candidate solu-
tions for the next generation. New solutions are generated
through crossover and mutation and added to the can-
didate solution set. Finally, the candidate solution set is
sorted and filtered using the nondominated sorting strat-
egy and crowding distance operator to generate the next
generation population.

The entropy weight method is a multiattribute deci-
sion-making analysis method aimed at determining the
weights of each attribute. Its basic idea is to measure the
uncertainty level relative to the ideal state using entropy
values and calculate the weight of each attribute [21].
The entropy weight method does not require any prior
knowledge and only relies on the information of the data
itself, ensuring more objective weight determination.



TOPSIS is a multiattribute decision-making analy-
sis method. The steps involved are as follows: First, the
decision matrix needs to be defined, which arranges the
candidate solutions into a matrix according to differ-
ent attributes. Then, the entropy weight method is used
to determine the weights and identify the maximum and
minimum values for each attribute as positive and nega-
tive ideal solutions. The distance from each solution to the
positive and negative ideal solutions is calculated, and the
ranking of the solutions based on their degrees of supe-
riority is determined, resulting in the optimal solution.
TOPSIS can simultaneously consider multiple factors,
improving decision-making efficiency and accuracy [22].

4.2 Main process
Structural parameter optimization is a repetitive iterative
process. Numerical simulation can alleviate the burden
of extensive experiments by establishing numerous mod-
els and conducting calculations. However, as the accu-
racy requirements for simulations increase, it is com-
mon for the optimization process to become excessively
time-consuming or even ineffective. To address this issue,
this study utilizes numerical simulation combined with
RSM to establish surrogate models for the relationship
between structural performance and various parameters.
Subsequently, during the search for the optimal results
under multiple objectives using the NSGA-II genetic algo-
rithm, the RSM model is employed instead of finite ele-
ment calculations, significantly reducing computation
time and enhancing optimization efficiency [23].

The main workflow of this study is illustrated in Fig. 8.
The main workflow is as follows:

Model test

verify l
Numerical h-type anti-slip pile
calculation force characteristics

[ Univariate [ Effects of seven
\__analysis \_ structural parameters

J

Slope stabilization capacity model

! \'
—— \
| RSM )—[: I
‘ } Engineering Cost Model

NSGAIL Entropy We}ght TOPS.IS
comprehensive evaluation

Contrast Optimal structural parameters

Fig. 8 Optimization of the technical route of the h-type anti-slide pile
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1. We validated the accuracy of numerical calculations
through model test and analyzed the force character-
istics of h-type anti-slide piles.

2. Based on the parameter design univariate analysis of
model test, we selected seven structural parameters
and two dependent variables: slope stability coeffi-
cient and the cost of h-type anti-slide piles.

3. Two response surface models were established based
on the structural parameters and dependent vari-
ables, and the slope stability coefficient was obtained
through numerical calculations.

4. Based on the established response surface mathe-
matical models, NSGA-II was used for multi-objec-
tive optimization. After obtaining the optimal solu-
tion set through the genetic algorithm, it is necessary
to determine a unique optimal solution. This study
adopts the entropy weight method to determine the
weights corresponding to FS and w. The TOPSIS
method is then employed for a comprehensive eval-
uation to seek the ideal solutions within the Pareto
optimal frontier.

5. Particle swarm optimization algorithm is added in
the optimization algorithm section as a comparative
analysis of the advantages of NSGA-II.

5 Results and discussion

5.1 RSM model

Since the use of Eq. (2) to calculate the cost of anti-slip
piles requires the normalization of all parameters, which
does not give better results when only a small amount of
data is calculated or when the total number of data sets
that need to be calculated cannot be predicted, the RSM
method is used here to build a proxy model for it. Taking
the parameters with strong sensitivity selected from
Section 3 as independent variables, a seven-factor three-
level RSM model correlating the slope stability coeffi-
cient FS with the cost @ of h-type anti-slide piles is estab-
lished based on Table 3. The RSM experimental points are
designed using Design-Expert software combined with
the Box—Behnken experimental design method, result-
ing in a total of 62 sets of experiments. The FS values
are obtained through numerical simulation, while the w
values are calculated using Eq. (2). Eventually, the RSM
models are formulated as follows, this RSM proxy model
is used in the subsequent content to calculate F'S and w:

®=-1.041x10" +1.73x10> (4 + B)
+0.47x107°(C+D)+1.734x10°"E 3
+8.671x107"*(F +G),
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FS =-0.9228+0.1914+0.0191B +0.297C
+0.444D +7.57x10°E+1.25x10° F
~7.65x10"°G —0.1534AB —0.0484C
+0.044A4AD +1.62x107° AE +6.56x107° 4AF
+3.96x10° 4G +0.04BC —0.074BD
—2.1x10°BE —2.09x10" BF

+1.12x10* BG—-0.043CD -1.07x10* CE
+6.67x10™"' CF +7.85x107° CG
~1.1x10° DE -1.97x10° DF
-5.95x10"°DG -3.19x10"°EF
+8.69x10"" EG+2.02x10™"° FG

—0.0334% +0.023B*> —6.4x107°C?
-5.8x10*D* -6.54x10"" E?
+7.66x1077 F? +4.41x1077 G*.

Q)

Since the w values are calculated from data obtained
from the equation and do not possess discrete character-
istics, their correlation coefficient is 0.99. Therefore, only
the 7S model is tested using the complex correlation coef-
ficients R? and adjusted complex correlation coefficients
R?, N comparison graph illustrating the predicted values
of the RSM model and the calculated values obtained from
numerical simulation is plotted, as shown in Fig. 9.

The predicted values and simulated values are con-
centrated on both sides of the regression line and are uni-
formly distributed, with errors within 6%. The correlation
coefficients of the response values are close to 1, and the
difference between R? and R?_ 4; 18 small, indicating that the
fitting accuracy of this model is high.

5.2 Multiobjective optimization and evaluation

To minimize the overall construction cost while achieving
maximum slope stability, the NSGA-II genetic algorithm
is employed for multiobjective optimization analysis.
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Fig. 9 Predicted value vs. calculated value of S

In Section 5.2, two objective optimization functions are
used: the mathematical models FS(4, B, C, D, E, F, G) and
w(d4, B, C, D, E, F, G)) are established based on RSM to
establish FS and @ concerning seven structural parame-
ters. The multiobjective optimization mathematical model
is formulated based on the objective functions and the
range of variable values:

~FS(A,B,C,D,E,F,G
i { ( ), ®)

o(4,B,C,D,E,F,G)

0.6<(4,B)<2.4,(4,B)0.1x N,
ILEE (C,D)<8.0,(C,D)e0.25xN,
T l1x10* <(E,F,G) < 5x10%,
(E,F,G)e5xx10°N

, (6)

where N is a natural number.

Setting up the more widely used particle swarm optimi-
zation algorithm for comparison with the NSGA-II algo-
rithm. The algorithms is implemented using MATLAB
for optimization analysis. After debugging, the population
size is set to 200, the crossover probability is set to 0.8,
the mutation probability is set to 0.08, and the maximum
evolution generation is set to 200. Through NSGA-II mul-
tiobjective optimization, a set of Pareto optimal frontiers
can be obtained, but a specific optimal parameter combi-
nation cannot be determined. Therefore, the weight distri-
butions of FS and w are first determined to be 53.43% and
46.57%, respectively, using the entropy weighting method.
Then, the corresponding evaluation coefficients are calcu-
lated and ranked using the TOPSIS method. The obtained
optimal Pareto solution set is shown in Fig. 10. The smooth-
ness and uniformity of the Pareto solution set obtained by
the particle swarm optimization algorithm is much smaller
than that of NSGA-II, proving that it has poor diffusivity

4.9

4.8

w (x107%)
& s
W (=)}

>
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T
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Optimal solution in NSGAII
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Fig. 10 Pareto solution set and optimal solution
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in the feasible domain. Meanwhile, the w of all the solu-
tions obtained by the particle swarm optimization algo-
rithm is higher than NSGA-II, and the FS are smaller than
NSGA-II, so it can be considered that the optimization
effect of NSGA-II algorithm is much stronger than that of
the particle swarm algorithm.

The optimal structural parameters are as follows: beam
length of 0.6 m, cantilever segment length of 0.7 m, rear pile
length of 3 m, front pile length of 3 m, rear pile stiffness of
1 x 10* MPa, front pile stiffness of 1 x 10* MPa, and beam
stiffness of 5 x 10* MPa. The slope stability coefficient under
the optimal structural parameters is 2.886, which is 47.39%
higher than the baseline value (1.958). The cost is 0.434
(these data are obtained by normalizing the optimal and base-
line parameters), which is 75.19% lower than the baseline
value of 1.749. The performance of the structure has signifi-
cantly improved compared to before optimization, indicating
that the RSM-NSGA-II method can effectively optimize the
h-type anti-slide pile structure with remarkable results.

6 Conclusion

In this paper, structural optimization of the h-type antis-
lide pile was carried out by RSM combined with NSGA-II,
and the main conclusions were obtained as follows:

1. The bending moment distribution of the h-type anti-
slide pile is obtained through indoor model tests
and numerical simulations: the bending moment
along the height of the rear pile exhibits an "inverted
S-shaped" distribution, while the bending moment of
the front pile increases first and then decreases from
the bottom to the top of the pile. The distribution of
soil pressure shows that the maximum pile front soil
pressure of the rear pile occurs at the bottom of the
pile, and the pile front soil pressure of the front pile
approaches zero at the top of the pile.

2. The sensitivity of the structural parameters of the
h-type anti-slide pile varies in terms of the reinforce-
ment effect on the slope and the engineering cost.
Almost all parameters have an impact on both the
slope reinforcement effect and the engineering cost,
and their influence increases with the increase in the
parameters. The length of the cantilever segment has
the most significant influence on the slope safety fac-
tor, while the stiffness of the rear pile has the most
significant influence on the engineering cost.

3. The second-order RSM is suitable for establish-
ing mathematical models that relate the parameters
of the h-type anti-slide pile to the safety factor and
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cost, providing a high degree of fit. Using the RSM-
NSGA-II method for optimization instead of finite
element analysis can save a considerable amount of
time and simultaneously consider the optimal cost
and safety factor as multiple objectives, demonstrat-
ing high practical value.

4. Compared to NSGA-II, the particle swarm optimiza-
tion algorithm is less diffuse in the feasible domain,
and the optimization effect of NSGA-II is much
stronger than that of the particle swarm optimization
algorithm.

5. By combining the entropy weighting method and
the TOPSIS method, the optimal solution in the
Pareto solution set can be obtained conveniently.
The optimized solution for the h-type anti-slide pile
is as follows: H., = 0.6 m, H,, = 0.7 m, H,, =3 m,
H,,=3m,E,,=1x10*MPa, E,, = 1 x 10* MPa,
E., =5 x 10* MPa. Compared to before optimiza-
tion, the safety factor increased by 47.39%, and the
cost decreased by 75.19%.

The limitations of this study primarily stem from the
limited data collected during model test, which resulted
in some data being insufficiently compared with finite
element results. Additionally, it should be noted that this
research mainly considers the conditions of loess slopes in
areas with good soil quality, and caution should be exer-
cised when applying these conclusions to slopes with dif-
ferent soil or rock.

Nomenclature

RSM Response Surface Methodology

C, Geometric dimension similarity ratio
Cy Gravity similarity ratio

C, Strain similarity ratio

C, Stress similarity ratio

C; Displacement similarity ratio
H, /A Beam connection length

H, /B Cantilever section length
H,,/C Rear row pile length

H,./D Front row pile length

E. /G Beam stiffness

E,JE Rear row pile stiffness

E.JF Front row pile stiffness
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FS Slope stability coefficient

0] Cost of h-type anti-slide pile

R? Complex correlation coefficients

R, " Adjusted complex correlation coefficients
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