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Abstract 29 

Landslides have posed a huge threat to the ecological environment and human society 30 

all over the world. As the most conventional reinforcement method, anti-slide piles are 31 

widely used in the reinforcement of slopes. Currently, more and more attentions have 32 

been paid to the low-cost and high-efficiency optimal design of anti-slide piles. 33 

However, limitations in the method of the optimization design for slope reinforced with 34 

piles still exist. In this paper, a new multi-objective comprehensive optimization method 35 

was proposed for the optimization of the slope reinforced with anti-slide piles. The 36 

factor of safety, internal force and deflection of piles were selected as the optimization 37 

indexes and the optimization index weight was determined by integrating the subjective 38 

and objective weight. The influence of the pile location, pile length and pile spacing on 39 

the reinforcement effect was analyzed by the numerical simulation. Through the 40 

simulation case analysis, the proposed model had achieved good effects on the 41 

optimization design of anti-slide piles, which could effectively reduce the engineering 42 

costs. The optimization results showed that the best reinforcement effect for the 43 

homogeneous slope could be obtained when the anti-slide piles with the critical pile 44 

length and small pile spacing was located in the middle of the slope. This provides a 45 

new solution for the optimization design of other types of complex slopes, and has 46 

broad application prospects. 47 

 48 

 49 
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1 Introduction 76 

With the rapid development of global engineering construction, slope stability has 77 

become a worldwide significant problem in engineering practice (Hassiotis et al. 1997; 78 

Li et al. 2020). The anti-slide pile as the most conventional reinforcement method is 79 

widely used due to the advantages of strong anti-sliding ability and convenient 80 

construction (Cai and Ugai 2000; Kanagasabai et al. 2011; Liu et al. 2020; Wei and 81 

Cheng 2009). Therefore, the design of anti-slide pile is crucial. At present, the 82 

mainstream design methods for anti-slide pile include loading-structure method (Price 83 

and Morgenstern 1967), Viggiani method (Viggiani 1981), Ito Tomio method (Ito and 84 

Matsui 1975) and Poulos method (Poulos 1973), which are based on limit equilibrium 85 

or displacement compatibility. The basic idea for these methods is to firstly determine 86 

the residual pushing force and anti-slide force satisfied with the stability of the slope, 87 

then calculate the bending moment and shear force for each pile, and finally give the 88 

suitable design parameters such as the pile length, the pile spacing and the pile location 89 

(Kanagasabai et al. 2011). However, these methods fail to consider the interaction 90 

between pile and soil, which can not accurately reflect the true stability of the slope 91 

reinforced with piles.  92 

Recently, more and more scholars (Ausilio et al. 2001; Cai and Ugai 2000; Li et al. 93 

2016; Nian et al. 2008; Won et al. 2005; Yang and Zhang 2020) have realized the fact 94 

that the pile length, pile location, pile spacing and other design parameters have a 95 

significant impact on the reinforcement of the slope via limit equilibrium methods and 96 

finite element methods. For example, the optimization results of pile length show that 97 

there is a critical pile length which can achieve the optimal reinforcement effect, and 98 

excessive pile length can not increase the factor of safety of the slope but will cause 99 

construction waste (Chen et al. 2020; Griffiths et al. 2010; Shooshpasha and Amirdehi 100 

2015; Won et al. 2005). The researches about pile location reveal the fact that the best 101 

slope reinforcement effect can be obtained when the anti-slide pile is located in the 102 

middle of the slope (Ausilio et al. 2001; Cai and Ugai 2000; Hajiazizi et al. 2017a; Li 103 

et al. 2012; Li et al. 2020; Zhang et al. 2017b), Wei and Cheng (2009) even gave the 104 
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precise pile location which is 0.2m above the middle of the slope. The studies about 105 

optimal pile spacing show that the smaller spacing of the anti-slide pile is, the better 106 

integrity of reinforced slope is, which is more conducive to the stability of the 107 

reinforced slope (Cai and Ugai 2000; Hajiazizi et al. 2017b; Jeong et al. 2003; 108 

Kourkoulis et al. 2011; Sun et al. 2016; Zhang et al. 2017a), but the determination of 109 

pile spacing mainly depends on the soil arching effect between piles in practical 110 

engineering. Although these studies have a guiding significance for the optimization 111 

design of anti-slide piles, the optimization results may have some certain deviations 112 

which are because the only the factor of safety of reinforced slope is taken as the only 113 

optimization objective.  114 

In fact, the slope reinforced with piles is a complete organism composed by the slope 115 

and anti-slide piles. Numerous cases of the reinforced slope instability (Hu et al. 2020; 116 

Li et al. 2010; Li et al. 2013; Liu et al. 2016) show that the optimization design for anti-117 

slide piles need to consider not only the stability of the slope, but also the safety of anti-118 

slide pile itself. Therefore, it is particularly important to consider the internal force and 119 

deformation of the pile in the optimization design process. Yang et al. (2011b) and Wang 120 

et al. (2015) revealed the internal force and deformation characteristics of pile under 121 

various reinforcement schemes, and pointed out that the pile may not be under a safe 122 

state when the slope obtained the maximum factor of safety. Zhu et al. (2017) fully 123 

considered the change of pile head displacement and established the deformation 124 

prediction model for anti-slide piles, which provided theoretical guidance for optimal 125 

design. However, their studies failed to consider the coordination and contradiction of 126 

various pile elements and give qualitative optimization results. Moreover, the analytic 127 

hierarchy process (AHP) (Xu 2013) and multi-objective comprehensive evaluation 128 

method (Li and Wei 2018) were used to optimize the design of anti-slide piles based on 129 

the evaluation indexes considered the factor of safety and internal force of piles 130 

comprehensively, which is concordant with practical situation. 131 

In conclusion, it is unreasonable to ignore the safety state of anti-slide piles to 132 

evaluate the stability of the slope reinforced. Therefore, in this paper the multi-objective 133 

comprehensive optimization model based on improved fuzzy comprehensive 134 
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evaluation was developed to optimize the design of anti-slide pile, and the optimization 135 

indexes system and the comprehensive index weight was established, the factor of 136 

safety, bending moment, shear force and deflection were selected as the optimization 137 

indexes. FLAC3D software was used to establish a three-dimensional numerical model 138 

which could reflect the interaction between the slope and piles to analyze the changes 139 

of factor of safety and the internal force and deformation of anti-slide piles under 140 

various reinforcement schemes, and the proposed method was used to optimize. Thus, 141 

the proposed optimization model is expected to provide a reference for the optimization 142 

design of anti-slide pile engineering. 143 

2 Multi-objective comprehensive optimization model 144 

2.1 Feasibility of the method  145 

Generally, most of the engineering optimization design problems are multi-objective 146 

optimization problems and there are usually contradictions between various 147 

optimization objectives. Therefore, the results of optimization design based on single 148 

factor merely are unreliable. The multi-objective comprehensive optimization model 149 

takes the research object as a whole, which has following advantages: 1) it can 150 

comprehensively consider the mutual influence between various factors; 2) it can 151 

quantify the impact of indexes on optimization goals. In fact, the optimization design 152 

of anti-slide piles to strengthen the slope is a multi-objective optimization problem, 153 

which could be solved reliably by the multi-objective comprehensive optimization 154 

model. 155 

2.2 Optimization design process and method 156 

Figure 1 shows the flowchart of the multi-objective comprehensive optimization 157 

model based on an improved fuzzy comprehensive evaluation method. 158 

 159 

Fig. 1 Flowchart of the multi-objective comprehensive optimization model.  160 

 161 

2.2.1 Determination of the optimal goals 162 

In the design of slope reinforced with anti-slide piles, factors such as pile location, 163 
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pile length, and pile spacing are usually considered in order to achieve a good 164 

reinforcement effect. However, the overly conservative design has led to high 165 

engineering costs in most cases (Hu et al. 2020; Zhao et al. 2006). Therefore, the 166 

optimum design of anti-slide piles aims to reduce as many engineering costs as possible 167 

while satisfying the safety of supporting structure without affecting the stability of 168 

reinforced slope. 169 

2.2.2 Construction of the optimization index system 170 

The stability of slope, the safety of supporting structure and the economy must be 171 

taken into account in the selection of evaluating index system, which will determine the 172 

accuracy of the optimization model. The index of safety factor reflects the stability of 173 

slope reinforced with piles; the indexes of bending moment, internal force and 174 

displacement reflect the safety of anti-slide piles. The changes of the above indicators 175 

correspond to different optimization schemes (such as different pile locations, pile 176 

lengths and pile spacings), and will have an obvious impact on the construction 177 

difficulty and engineering cost. Therefore, this paper selects the factor of safety, 178 

bending moment, shear force and deflection of anti-slide piles as the main optimization 179 

indexes. 180 

2.2.3 Construction of the index function 181 

Supposing that there are n optimization indexes to compose a sample set of 182 

optimization indexes  ( , ) | 1 ~ , 1 ~
i j

a i n j m= = for all m schemes. In order to make 183 

the data highly comparable and the modeling universal, this study adopts the percentage 184 

system (Liu et al. 2019) and the maximum-minimum standardization method to 185 

standardize the evaluating indexes a(i, j). 186 

The standardized formula for the positive optimization indexes that are positively 187 

correlated with the results, such as the factor of safety, can be taken as follows:  188 

( , ) ( , ) max

( , ) max ( , ) min

( , )

i j i j

i j i j

a a

a a

i j
r α β e

−

−= +                        (1) 189 

The standardized formula for the negative optimization indexes that are negatively 190 

correlated with the results, such as internal force and deflection of piles, can be taken 191 
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as follows: 192 

   
( , ) min ( , )

( , ) max ( , ) min

( , )

i j i j

i j i j

a a

a a

i j
r α β e

−

−= +                        (2) 193 

where ( , )mini j
a and ( , )maxi j

a are the minimum and maximum values of the ith index in the 194 

jth scheme, respectively; ( , )i j
r  is the standardized optimization value, that is, the 195 

relative membership value of the ith index in the jth scheme is subordinate to the 196 

optimal value; α and β are constant indicators for constructing the percentile system 197 

which meet α+β=100. 198 

  Thus, the fuzzy matrix can be determined as follows: 199 

  

(1,1) (1,2) (1, )

(2,1) (2,2) (2, )

( ,1) ( ,2) ( , )

m

m

n n n m n m

r r r

r r r
R

r r r


 
 
 =
 
 
  

                    (3) 200 

2.2.4 Determination of index weight  201 

The subjective weight determined by the AHP and objective weight determined by 202 

the entropy method are used to establish the comprehensive weight of optimization 203 

indexes. Thus, the comprehensive weight of evaluating index can be obtained as 204 

follows: 205 

( ) ( )

( )

( ) ( )
1

s i o i

i n

s i o i

i

w w
w

w w
=


=


                        (4) 206 

where ( )s i
w   and ( )o i

w   are the subjective weight and objective weight, respectively. 207 

The objective weight ( )o i
w  can be calculated as follows: 208 

   ( )

( )

( )
1

1

(1 )

i

o i n

i

i

e
w

e
=

−
=

−
                         (5) 209 

where ( )ie  is the entropy of the ith optimization index.  210 

2.2.5 Analysis and comparison of the optimization results  211 

The fuzzy comprehensive optimization value k(j) can be obtained by synthesizing the 212 

weight of each optimization index w(i) and the relative membership value r(i, j) of the 213 
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corresponding optimization index in different schemes. 214 

   ( ) ( ) ( , )
1 1

n m

j i i j

i j

k w r
= =

=                          (6) 215 

The value of k(j) determines the optimal membership degree of different schemes. 216 

Generally, the larger the value k(j) is, the more reasonable the scheme is. 217 

3 Determination of optimization indexes and values by numerical 218 

simulation 219 

As mentioned above, the factor of safety, internal forces and deflection of the pile 220 

are selected as the target value for the optimization design of anti-slide piles, which will 221 

be significantly affected by the reinforcement options such as pile lengths, pile location 222 

and pile spacing (Cai and Ugai 2000). Therefore, the acquisition of optimization values 223 

is the key premise of comprehensive optimization. For this reason, numerical 224 

simulation method is selected to obtain the accurate optimization index value and verify 225 

the reliability of the proposed model. 226 

3.1 Establishment of numerical model 227 

The homogeneous slope models of different reinforcement schemes with anti-slide 228 

piles have been established by the finite difference software FLAC3D as shown in Fig. 229 

2, and the reinforced slope model considered by many researchers (Cai and Ugai 2000; 230 

Wei and Cheng 2009; Won et al. 2005) is adopted excepts some changes in the 231 

dimensions and gradients of slope. The uniform boundary conditions follow: the 232 

displacement of bottom boundary is completely fixed, the horizontal displacement of 233 

left and right boundary is restrained, and the upper boundary is free to move. Mohr-234 

Coulomb constitutive model is selected to simulate the deformation and failure 235 

behavior of slope soil. The initial stress field only considers the self-weight stress field. 236 

The entirely run-through of plastic zone is regarded as the criterion of slope instability. 237 

Details about the parameters of soil are shown in Table 1. The factor of safety is 238 

calculated via the strength reduction method (SRM) (Griffiths and Lane 1999; Matsui 239 

and San 1992; Wei et al. 2009; Zheng and Zhao 2004; Zienkiewicz et al. 1975). 240 

 241 
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Fig. 2 Numerical model of slope reinforced with anti-slide piles. Lx, Lp, L and S stand for the distance 242 

from the pile to the slope toe, the horizontal length of the slope, the pile length and the pile spacing, 243 

respectively. For interpretation of the references to color in this figure, the reader is referred to the 244 

electronic version of this page.  245 

 246 

Fig. 3 Mechanical model of pile (modified after Wang et al. (2015)). Spring A, spring B stand for 247 

the normal coupling spring and the shear coupling spring, respectively. For interpretation of the 248 

references to color in this figure, the reader is referred to the electronic version of this page. 249 

 250 

Table 1 Physical and mechanical parameters of the slope 251 

 252 

Considering that the internal force of any section can not be obtained directly with 253 

the solid element piles, and the accuracy of the calculating results is affected by the 254 

mesh size (Chen et al. 2019), the structural element pile was used to simulate the anti-255 

slide pile due to the advantages of easy modeling, high calculation efficiency and 256 

guaranteed accuracy (Griffiths et al. 2010; Lee et al. 2014). The mechanical model of 257 

pile structural element is shown in Fig. 3, the transfer of force and bending moment 258 

between the pile element and the mesh element could be realized by the normal 259 

coupling spring (Spring A) and the shear coupling spring (Spring B) at the position of 260 

structural element node, which realizes the coupling effect between pile and soil. 261 

Details about the parameters of anti-slide piles are shown in Table 2. 262 

 263 

Table 2 Physical and mechanical parameters of anti-slide piles 264 

 265 

3.2 Influence of anti-slide pile location on slope reinforcement 266 

The influence of the anti-slide pile reinforcement location on the optimization 267 

indexes is studied with the pile spacing of 5m. The pile location is defined by the ratio 268 

of pile horizontal distance from the slope toe (Lx) to the horizontal length of the slope 269 

(Lp), which is shown in Fig. 2. The effects of various pile locations and pile lengths on 270 

the factor of safety of the slope reinforced with piles are shown in Fig. 4, and the 271 
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maximum factor of safety for each pile location is shown in Fig. 5. It can be obtained 272 

from the Figs. 4 and 5 that the factor of safety is the largest and the reinforcement effect 273 

is the best when the anti-slide pile is located in the middle of the slope (Lx/Lp=0.5); on 274 

the contrary, the factor of safety is the smallest and the reinforcement effect is poor 275 

when the pile location is at the toe of the slope (Lx/Lp=0.1). The results obtained in 276 

present research are similar to those of Cai and Ugai (2000), Griffiths et al. (2010) and 277 

Yang et al. (2011b). 278 

 279 

Fig. 4 Factors of safety for various pile lengths and pile locations. For interpretation of the references 280 

to color in this figure, the reader is referred to the electronic version of this page. 281 

 282 

Fig. 5 Maximum factor of safety for various pile locations 283 

 284 

The distribution of shear strain increment zone is consistent with the large 285 

deformation area of the slope, which can reflect the position of the critical slip surface 286 

precisely (Zheng 2012). The effect of various pile locations on the maximum shear 287 

strain increment and the position of critical slip surface obtained by FISH language is 288 

shown in Figs. 6 and 7, respectively. It is seen from Figs. 6 and 7 that the change of pile 289 

location has a significant impact on the distribution of critical slip surface. In other 290 

word, the concentration region of shear strain increment and the run-through critical 291 

slip surface tends to form behind the anti-slide piles gradually when the pile location is 292 

located at the lower-middle part of the slope (Lx/Lp=0.1, 0.3), however, the 293 

concentration region of shear strain increment and the run-through critical slip surface 294 

tends to form in front of the anti-slide piles eventually when the pile location is located 295 

at the upper-middle part of the slope (Lx/Lp=0.7, 0.9). Therefore, it is concluded that 296 

there are three different failure modes of slope reinforced with piles. These failure 297 

modes are as follows: (1) slide will originate from posterior surface of the piles when 298 

the pile location is located in the lower-middle part; (2) the critical slip surface is 299 

divided into two disconnected parts and slide is not easy to originate when the pile 300 

location is locked in the middle part; (3) slide will originate from anterior of the piles 301 
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when the pile location is located in the upper-middle part. 302 

 303 

Fig. 6 Contour of maximum shear strain increment for various pile locations. a without piles; b 304 

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 305 

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 306 

an example). For interpretation of the references to color in this figure, the reader is referred to the 307 

electronic version of this page. 308 

 309 

Fig. 7 The critical slip surface for various pile lengths and pile locations. a Lx/Lp=0.1; b Lx/Lp=0.3; 310 

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 311 

interpretation of the references to color in this figure, the reader is referred to the electronic version 312 

of this page. 313 

 314 

The effect of various pile locations on anti-slide pile behaviors is shown in Fig. 8. 315 

The bending moment, the shear force and the deflection of the pile increase at first and 316 

then decrease with the pile location from the toe upwards the top of slope, and the 317 

maximum points of both pile behaviors appear in the pile located at the middle part of 318 

the slope. It should be noted that the depth of maximum bending moment or the shear 319 

force valued zero at each pile location has a good correspondence with the position of 320 

critical slip surface. Thus, the various pile locations not only affect the factor of safety 321 

of the slope reinforced, but also change the distribution of the inter force of pile. 322 

 323 

Fig. 8 Anti-slide pile behaviors for various pile locations. a Bending moment; b Shear force; c 324 

Deflection. For interpretation of the references to color in this figure, the reader is referred to the 325 

electronic version of this page.  326 

 327 

3.3 Influence of anti-slide pile length on slope reinforcement 328 

The determination of pile length is the key to the optimization design of anti-slide 329 

piles. Too short pile length is not conducive to the slope stability (Kourkoulis et al. 330 

2011), and too long pile length will increase the engineering costs (Yang et al. 2011b). 331 
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Figure 4 shows the effect of the pile length on the factor of safety of the slope reinforced 332 

with anti-slide piles. Taking the pile location of Lx/Lp=0.3 as an example, as expected, 333 

the factor of safety of reinforced slope increase with the increasing of the pile length. 334 

However, when the pile length exceeds a certain length (18m in present study) which 335 

is named the critical pile length (Griffiths et al. 2010), the factor of safety is close to a 336 

constant gradually, and this is because the enough anti-sliding force can be provided by 337 

the embedded length of pile in stable stratum to resist the sliding force.  338 

In order to further study the effect of various pile lengths on the slope reinforcement, 339 

the maximum shear strain increment and the critical slip surface are obtained at the pile 340 

location of Lx/Lp=0.3, as shown in Figs. 9 and 7b. It can be observed that with the 341 

increase of pile length, the zone of maximum shear strain increment is gradually divided 342 

into two parts which are not disconnected, but when the pile length exceeds 18m, the 343 

run-through zone of maximum shear strain increment is reformed (Fig. 9e). As shown 344 

in Fig. 7b, the critical slip surface becomes deeper with the increase of pile length, and 345 

the failure mode of reinforced slope changes from shallow sliding to deep sliding. This 346 

is mainly due to the complex structure formed by pile-soil interaction improves the 347 

strength of soil around the pile. However, when the pile length is more than 18m, the 348 

critical slip surface suddenly becomes shallow and passes through the top of pile. The 349 

main reason for this is that deep sliding needs more energy due to the reinforcement of 350 

anti-slide piles, while the shallow sliding only requires less energy to produce.  351 

 352 

Fig. 9 Contour of maximum shear strain increment for various pile lengths. a Pile length L=6m; b 353 

Pile length L=10m; c Pile length L=14m; d Pile length L=16m; e Pile length L=18m; f Pile length 354 

L=22m (Taking the pile location of Lx/Lp=0.3 and the pile spacing of S=5m as an example). For 355 

interpretation of the references to color in this figure, the reader is referred to the electronic version 356 

of this page.  357 

 358 

The effect of various pile lengths on the pile behaviors is shown in Fig. 10. It can be 359 

seen that, when the pile length is less than the critical pile length (18m), the bending 360 

moment (Fig. 10a) increases with the increase of the pile length, and the position of the 361 
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maximum bending moment is continuously away from the top of piles, which 362 

corresponds well to the position of the critical slip surface (Fig. 7b); the positive shear 363 

force of piles (Fig. 10b) increases as the pile length increases; the pile deflection 364 

increases with the increase of the pile length, but it should be noted that the distribution 365 

of deflection is almost linearly (Fig. 10c) when the pile length is short, which indicates 366 

that the pile is prone to overturning failure under too short pile length. When the pile 367 

length exceeds the critical pile length, the bending moment, shear force and deflection 368 

all tend to be a stable distribution, which is consistent with the change law of the factor 369 

of safety.  370 

 371 

Fig. 10 Anti-slide pile behaviors for various pile lengths. a Bending moment; b Shear force; c 372 

Deflection. For interpretation of the references to color in this figure, the reader is referred to the 373 

electronic version of this page. 374 

 375 

3.4 Influence of anti-slide pile spacing on slope reinforcement 376 

Taking the pile location of Lx/Lp=0.3 and the critical pile length (18m) as an example, 377 

the effect of various pile spacings on reinforced slope is studied. Figure 11 shows the 378 

change of factors of safety under various pile spacings, it can be seen that the factor of 379 

safety of the reinforced slope decreases with the increase of pile spacing.  380 

 381 

Fig. 11 Factors of safety for various pile spacings under the critical pile length. Fos, S stand for the 382 

factor of safety and the pile spacing, respective. For interpretation of the references to color in this 383 

figure, the reader is referred to the electronic version of this page. 384 

 385 

The effects of various pile spacings on the maximum shear strain increment and the 386 

critical slip surface is shown in Fig. 12. It can be seen that when the pile spacing is 387 

small, the critical slip surface between two anti-slide piles is shallow and almost passes 388 

over the top of the pile. With the increasing of the pile spacing, the critical slip surface 389 

gradually becomes deeper and the instability mode has changed. When the pile spacing 390 

is large enough (Fig. 12a4), a complete and run-through critical slip surface is formed 391 
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gradually, which is nearly close to the critical slip surface of slope unreinforced (Fig. 392 

6a). This may be related to the evolution of soil arch under various pile spacings. 393 

 394 

Fig. 12 Contour of shear strain increment and the critical slip surface for various pile spacings under 395 

the critical pile length. a1, b1 Pile spacing S=4m; a2, b2 Pile spacing S=5m; a3, b3 Pile spacing 396 

S=6m; a4, b4 Pile spacing S=7m (Taking the pile location of Lx/Lp=0.3 and the critical pile length 397 

(L=18m) as an example). For interpretation of the references to color in this figure, the reader is 398 

referred to the electronic version of this page.  399 

 400 

The effect of various pile spacings on the pile behaviors is shown in Fig. 13. It can 401 

be concluded that the bending moment (Fig. 13a) and the shear force (Fig. 13b) increase 402 

with the increase of pile spacing. This can be explained by the fact that the anti-slide 403 

piles act as the retaining walls and the integrity and strength of the pile and soil are 404 

improved significantly while the pile spacing decreases, so that soil wouldn't reach the 405 

limit state until the soil with large deformation (Cai and Ugai 2000), which can be 406 

demonstrated by the pile deflection (Fig. 13c); soil arch between piles disappears 407 

gradually when the pile spacing increases and only a single anti-slide pile works at this 408 

moment. 409 

 410 

Fig. 13 Pile behaviors for various pile spacings under the critical pile length. a Bending moment; 411 

b Shear force; c Deflection. For interpretation of the references to color in this figure, the reader is 412 

referred to the electronic version of this page.  413 

 414 

To sum up, the interaction between pile and soil is fully considered with the 415 

numerical simulation method and the factor of safety, internal force and deformation of 416 

piles obtained under various reinforcement options are more realistic, which is in good 417 

agreement with previous studies (Cai and Ugai 2000; Gao et al. 2015; Hajiazizi et al. 418 

2017b; Jeong et al. 2003; Sun et al. 2016; Yang et al. 2011b). Therefore, it is feasible to 419 

obtain the optimization indexes values by the numerical simulation and to optimize 420 

designs combined with the proposed multi-objective comprehensive optimization 421 
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model.  422 

4 Results and discussion 423 

The factor of safety and the bending moment, shear force and deflection of piles were 424 

obtained based on the numerical simulation under various reinforcement schemes, and 425 

results were analyzed with the proposed multi-objective comprehensive optimization 426 

model. 427 

4.1 Results analysis 428 

4.1.1 Calculation results of indicator value and weight  429 

The indicator value of optimization system was determined by the numerical 430 

simulation. It should be noted that the factor of safety of reinforced slope belongs to the 431 

positive optimization index and the bending moment, shear force and deflection belong 432 

to the negative optimization indexes, so Eqs. (1) and (2) were used for normalization 433 

calculation, respectively. The calculation results of indicator value under different 434 

reinforcement schemes are shown in Tables 3-7. 435 

 436 

Table 3 The standardized values of optimization indexes (Pile location Lx/Lp=0.1) 437 

 438 

Table 4 The standardized values of optimization indexes (Pile location Lx/Lp=0.3) 439 

 440 

Table 5 The standardized values of optimization indexes (Pile location Lx/Lp=0.5) 441 

 442 

Table 6 The standardized values of optimization indexes (Pile location Lx/Lp=0.7) 443 

 444 

Table 7 The standardized values of optimization indexes (Pile location Lx/Lp=0.9) 445 

 446 

Decision-making AHP method was adopted to determine the subjective weight of 447 

optimization indexes. Considering intentions of decision makers, engineering 448 

experience and judgements of geological hazard experts, 1-9 ratio scaling method was 449 

taken to define the relative importance and subjective weight of each optimization index, 450 

as shown in Table 8. According to the principle of AHP (Brunelli 2015), the maximum 451 
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eigenvalue of judgment matrix (λ max) is 4.25, the consistency index (CI) is 0.08, the 452 

consistency ratio (CR) equals 0.09 and is less than 0.1, which meets the consistency 453 

requirements. 454 

 455 

Table 8 Subjective weight determination for optimization indexes 456 

 457 

The objective weight was calculated by Eq. (5) based on the entropy method, and the 458 

results are shown in Table 9. 459 

The comprehensive weight of each evaluating index was calculated via Eq. (4) as 460 

shown in Table 9. Among them, the weight of factor of safety is the largest and that of 461 

shear force of pile is the smallest. 462 

 463 

Table 9 Comprehensive weight determination for optimization indexes 464 

 465 

4.1.2 Optimal results analysis  466 

  The fuzzy comprehensive optimization value k (j) was calculated according to Eq. 467 

(6) (where α=60 and β=40). The comprehensive optimization results is shown in Fig. 468 

14. It can be seen that the results under various reinforcement schemes are significantly 469 

different. According to the principle of optimal judgement, the comprehensive 470 

optimization value corresponding to scheme 35 is the highest, that is, the anti-slide pile 471 

located in the middle of slope, with the pile length of 28m and pile location of 4m is 472 

the most reasonable choice. In addition, more details could be drawn as follows: 473 

 474 

Fig.14 Optimization results based on the multi-objective comprehensive optimization model. S, 475 

Lx/Lp stand for the pile spacing and the pile location, respectively. For interpretation of the references 476 

to color in this figure, the reader is referred to the electronic version of this page. 477 

 478 

(1) When the anti-slide pile is located in the middle or upper-middle part (Lx/Lp=0.7) 479 

of the slope, the effect of slope reinforced with piles is obviously better than that of the 480 

toe or shoulder of the slope, which is in good agreement with the numerical simulation 481 
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(Section 3.2) and results obtained by Hassiotis et al. (1997) and Yang et al. (2011a). 482 

(2) The increase of pile length can significantly improve the reinforcement effect of 483 

the slope, but it does not mean that the longer the pile length, the better the 484 

reinforcement effect. For example, when the pile is located in the lower-middle part 485 

(Lx/Lp=0.3) with the pile spacing of 5m, the value of k (j) increases slightly or even 486 

decreases when the pile length exceeds 18m (Fig. 14), this is mainly because excessive 487 

pile length leads to the increase of internal force of anti-slide piles under the premise of 488 

meeting design requirements of factor of safety, which is not conductive to the safety 489 

of piles. 490 

(3) The smaller pile spacing is, the better reinforcement effect is. In addition, the 491 

reinforcement effect of piles located in the location of Lx/Lp=0.7 with pile spacing of 492 

5m is significantly better than that in the location of Lx/Lp=0.5 with pile spacing of 6m, 493 

therefore, the pile spacing can be appropriately reduced to improve the reinforcement 494 

effect in actual engineering when the anti-pile is located in non-middle position. 495 

4.2 Discussion  496 

4.2.1 Comparisons with results under various α and β values 497 

In order to make the evaluating indexes more comparable and keep as much 498 

information as possible about the changes in the optimization index values, the 499 

constants α and β were introduced to construct the normalization functions (Eqs. (1) 500 

and (2)) based on the percentage system. Figure 15 presents the effect of various 501 

combinations of α and β on the optimization results of anti-slide piles. The result 502 

indicates that curves of the optimization result under various values of α and β present 503 

the approximately parallel relationship and have exactly the same changing law. 504 

Besides, the larger the value of α is, the greater the optimization value for the 505 

corresponding scheme. However, the changes of α and β only change the absolute value 506 

of optimization results and amplitude of variation of curves, but have no effects on the 507 

final optimization results. 508 

 509 

Fig.15 Comparison of optimization results with different α and β values (Refer to Tables 3-7 or Fig. 510 

14 for detailed reinforcement scheme corresponding to scheme number). For interpretation of the 511 
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references to color in this figure, the reader is referred to the electronic version of this page. 512 

 513 

4.2.2 Comparisons with results under various weights 514 

The final optimization results under various index weight types are shown in Fig. 16. 515 

It can be seen that, the result (Red line in Fig. 16) by using the subjective weight only 516 

indicates that scheme 35 is the optimal reinforcement option, which is basically 517 

consistent with the conclusion drawn via the proposed method in this article, but the 518 

optimization values of each scheme have little difference, which is easy to make wrong 519 

decisions due to the human factors implications and inaccurate data. The optimization 520 

result (Blue line in Fig. 16) obtained only by the objective weight reveals that the 521 

reinforcement effect is the worst when the anti-slide pile is located in the middle part 522 

of the slope, which is totally at variance with the practical engineering experience, this 523 

may be the reason that the index weight of entropy method is determined according to 524 

the variation degree of the index, which ignores the importance of the index itself. 525 

Comparison of the three different optimization results shows that the comprehensive 526 

weight proposed in this article make the optimization results more scientific and 527 

reasonable. Therefore, with the continuous development of habitable earth construction, 528 

the proposed multi-objective comprehensive optimization model will play an important 529 

role in the design of slopes reinforcement. 530 

 531 

Fig.16 Comparison of optimization results with different weights (Refer to Tables 3-7 or Fig. 14 for 532 

detailed reinforcement scheme corresponding to scheme number). For interpretation of the 533 

references to color in this figure, the reader is referred to the electronic version of this page.  534 

 535 

4.2.3 Limitation of the proposed method  536 

In the current study, the numerical simulation method was used to obtain the values 537 

of evaluating indexes in the multi-objective comprehensive optimization model. 538 

Although more reasonable optimization results had been achieved, more engineering 539 

cases and field monitoring data are still needed to further study to verify the accuracy 540 

and applicability of this proposed model. Besides, the comprehensive weight used in 541 
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this article considers the advantages of both subjective and objective weight, and 542 

minimizes the adverse effects of shortcomings of two on optimization results, but it is 543 

still unavoidable that the weight obtained goes against the actual situation, which leads 544 

to make an absurd decision-making. Therefore, it is necessary to further optimize the 545 

index weight based on methods of big data, machine learning and deep learning. 546 

5 Conclusion 547 

The multi-objective comprehensive optimization model for the design of slope 548 

reinforced with anti-slide piles was proposed based on the traditional fuzzy 549 

comprehensive evaluation method, and the reliability of the model was verified by finite 550 

element numerical simulation. The main conclusions are as follows: 551 

(1) According to the numerical simulation results, various pile locations, pile lengths 552 

and pile spacings have significant effects on the slope reinforced. The best 553 

reinforcement effect could be obtained when the pile is located in the middle part of the 554 

slope. The increase of the pile length can increase the reinforcement effect obviously, 555 

but it will not continue to increase the slope stability when the pile length exceeds the 556 

critical pile length. The larger the pile spacing is, the worse the stability of the slope 557 

and safety of the anti-slide pile are. 558 

(2) The factor of safety, internal force and deflection of the anti-slide pile were 559 

selected as the optimization index system to ensure that the optimized reinforcement 560 

scheme could meet the stability of the pile-slope system. Meanwhile, the 561 

comprehensive weight was determined combined with the subjective and objective, 562 

which is more in line with practical engineering cases. 563 

(3) Based on the three-dimensional slope numerical model, the proposed multi-564 

objective comprehensive optimization model was applied to optimize various 565 

reinforcement schemes, which obtained reasonable optimization results. This provides 566 

a new solution for the optimization design of other types of complex slopes, and has 567 

broad application prospects. 568 

 569 

 570 
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Table list 706 

Table 1 Physical and mechanical parameters of the slope 707 

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 

 708 
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Table 2 Physical and mechanical parameters of anti-slide piles 709 

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 

 710 
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Table 3 The standardized values of optimization indexes (Pile location Lx/Lp=0.1) 711 

Schemes Optimization indexes 

Scheme 
number 

Pile 
length 

(m) 

Pile 
spacing 

(m) 

Factor of 
safety 

Standardized 
value 

Bending moment 
(MN·m) 

Standardized 
value 

Shear force 

(MN)  

Standardized 
value 

Deflection 

(mm) 
Standardized 

value 

1 4 

4 

1.086 74.7152  0.0095  100.0000  0.0074  100.0000  4.8118  99.4518  

2 6 1.117 75.7793  0.0417  99.6925  0.0226  98.5427  8.4043  98.4878  

3 8 1.117 75.7793  0.0442  99.6688  0.0213  98.6627  3.9533  99.6857  

4 10 1.117 75.7793  0.0532  99.5826  0.0223  98.5667  3.1692  99.9005  

5 12 1.117 75.7793  0.0608  99.5106  0.0226  98.5423  2.8076  100.0000  

6 4 

5 

1.102 75.2551  0.0175  99.9236  0.0129  99.4631  6.5990  98.9692  

7 6 1.117 75.7793  0.0543  99.5728  0.0288  97.9629  6.6706  98.9500  

8 8 1.117 75.7793  0.0609  99.5098  0.0293  97.9093  4.9446  99.4157  

9 10 1.117 75.7793  0.0638  99.4828  0.0271  98.1150  3.3483  99.8513  

10 12 1.117 75.7793  0.0721  99.4038  0.0272  98.1127  2.8712  99.9825  

11 4 

6 

1.09 74.8483  0.0138  99.9584  0.0103  99.7188  6.5623  98.9791  

12 6 1.113 75.6378  0.0595  99.5228  0.0321  97.6549  11.8975  97.5731  

13 8 1.113 75.6378  0.0615  99.5043  0.0300  97.8458  4.6817  99.4871  

14 10 1.113 75.6378  0.0816  99.3142  0.0344  97.4396  3.9269  99.6929  

15 12 1.113 75.6378  0.0922  99.2144  0.0389  97.0341  3.8866  99.7039  
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Table 4 The standardized values of optimization indexes (Pile location Lx/Lp=0.3) 713 

Schemes Optimization indexes 

Scheme 
number 

Pile 
length 

(m) 

Pile 
spacing 

(m) 

Factor of 
safety 

Standardized 
value 

Bending moment 
(MN·m) 

Standardized 
value 

Shear force 

(MN)  

Standardized 
value 

Deflection 

(mm) 
Standardized 

value 

16 12 

4 

1.160  77.3839  0.1821  98.3779  0.0504  96.0076  14.2851  96.9604  

17 16 1.215  79.6764  0.6264  94.4982  0.1123  90.9501  33.3707  92.4087  

18 18 1.270  82.2712  0.7789  93.2585  0.1303  89.6197  26.1902  94.0514  

19 20 1.300  83.8280  0.8090  93.0197  0.1325  89.4608  17.0491  96.2636  

20 24 1.300  83.8280  0.8404  92.7722  0.1313  89.5469  11.6363  97.6407  

21 12 

5 

1.133  76.3583  0.1649  98.5366  0.0498  96.0617  9.6011  98.1719  

22 16 1.246  81.0993  0.6604  94.2182  0.1265  89.8973  12.2886  97.4720  

23 18 1.289  83.2449  0.9646  91.8099  0.1619  87.4226  14.0635  97.0168  

24 20 1.293  83.4553  1.0041  91.5100  0.1640  87.2829  14.2040  96.9810  

25 24 1.300  83.8280  1.4549  88.2801  0.1645  87.2477  15.8044  96.5757  

26 12 

6 

1.160  77.3839  0.3075  97.2409  0.0766  93.7729  31.0931  92.9209  

27 16 1.230  80.3525  0.7946  93.1336  0.1570  87.7515  24.2187  94.5168  

28 18 1.258  81.6773  0.9650  91.8071  0.1699  86.8879  25.4380  94.2282  

29 20 1.258  81.6773  0.9748  91.7318  0.1704  86.8555  17.2764  96.2069  

30 24 1.258  81.6773  1.0455  91.1986  0.1645  87.2477  14.4811  96.9105  

 714 



A confidential manuscript submitted to Natural Hazards 

30 
 

Table 5 The standardized values of optimization indexes (Pile location Lx/Lp=0.5) 715 

Schemes Optimization indexes 

Scheme 
number 

Pile 
length 

(m) 

Pile 
spacing 

(m) 

Factor of 
safety 

Standardized 
value 

Bending moment 
(MN·m) 

Standardized 
value 

Shear force 

(MN)  

Standardized 
value 

Deflection 

(mm) 
Standardized 

value 

31 16 

4 

1.180  78.1849  0.2541  97.7203  0.0602  95.1560  25.6001  94.1900  

32 20 1.300  83.8280  0.8677  92.5579  0.1292  89.7043  62.4966  86.5192  

33 24 1.418  91.0819  1.8774  85.5549  0.2116  84.2840  106.3539  79.6067  

34 26 1.418  91.0819  1.8824  85.5242  0.2127  84.2177  61.3435  86.7306  

35 28 1.530  100.0000  2.8983  80.0042  0.2743  80.8337  123.5003  77.4232  

36 16 

5 

1.145  76.8064  0.3022  97.2879  0.0721  94.1499  28.0213  93.6247  

37 20 1.293  83.4553  1.1134  90.6947  0.1666  87.1045  76.4857  84.0838  

38 24 1.395  89.5128  2.1853  83.7351  0.2588  81.6380  100.0991  80.4696  

39 26 1.478  95.5792  2.2550  83.3420  0.2587  81.6456  66.7549  85.7528  

40 28 1.508  98.0663  3.8532  75.9089  0.3673  76.6011  84.9950  82.7132  

41 16 

6 

1.176  78.0218  0.3864  96.5426  0.0874  92.8965  37.9742  91.3974  

42 20 1.285  83.0364  1.3168  89.2330  0.1927  85.4354  90.5684  81.8580  

43 24 1.400  89.8471  2.4538  82.2550  0.2895  80.0747  103.3196  80.0207  

44 26 1.387  88.9858  2.7704  80.6271  0.3193  78.6676  78.3015  83.7846  

45 28 1.473  95.1808  4.1784  74.7152  0.4166  74.7152  145.3559  74.9888  
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Table 6 The standardized values of optimization indexes (Pile location Lx/Lp=0.7) 717 

Schemes Optimization indexes 

Scheme 
number 

Pile 
length 

(m) 

Pile 
spacing 

(m) 

Factor of 
safety 

Standardized 
value 

Bending moment 
(MN·m) 

Standardized 
value 

Shear force 

(MN)  

Standardized 
value 

Deflection 

(mm) 
Standardized 

value 

46 20 

4 

1.211  79.4999  0.3937  96.4782  0.0732  94.0553  32.0181  92.7119  

47 24 1.336  85.8405  1.0760  90.9715  0.1330  89.4261  75.6355  84.2252  

48 28 1.457  93.9356  2.0822  84.3294  0.1997  84.9990  125.5488  77.1791  

49 30 1.480  95.7399  2.6618  81.1717  0.2387  82.7269  122.7642  77.5117  

50 32 1.488  96.3897  2.9517  79.7496  0.2556  81.8113  103.0020  80.0645  

51 20 

5 

1.200  79.0228  0.4453  96.0301  0.0832  93.2364  33.7602  92.3218  

52 24 1.324  85.1514  1.3312  89.1322  0.1662  87.1340  82.7357  83.0693  

53 28 1.430  91.9335  2.4631  82.2050  0.2432  82.4798  118.0213  78.0931  

54 30 1.470  94.9439  3.3541  77.9320  0.3105  79.0716  137.2803  75.8460  

55 32 1.465  94.5526  3.2635  78.3262  0.2992  79.6064  99.8248  80.5083  

56 20 

6 

1.227  80.2154  0.7506  93.4853  0.1230  90.1551  76.1495  84.1396  

57 24 1.309  84.3159  1.5558  87.6040  0.1944  85.3250  86.4370  82.4888  

58 28 1.395  89.5128  2.8636  80.1714  0.3007  79.5317  113.0908  78.7179  

59 30 1.434  92.2224  3.9434  75.5683  0.3672  76.6034  148.0320  74.7152  

60 32 1.434  92.2224  4.0986  74.9994  0.3759  76.2567  119.7689  77.8767  
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Table 7 The standardized values of optimization indexes (Pile location Lx/Lp=0.9) 719 

Schemes Optimization indexes 

Scheme 
number 

Pile 
length 

(m) 

Pile 
spacing 

(m) 

Factor of 
safety 

Standardized 
value 

Bending moment 
(MN·m) 

Standardized 
value 

Shear force 

(MN)  

Standardized 
value 

Deflection 

(mm) 
Standardized 

value 

61 20 

4 

1.184  78.3495  0.2075  98.1443  0.0426  96.7041  26.5008  93.9786  

62 22 1.223  80.0341  0.3840  96.5639  0.0594  95.2280  37.1647  91.5729  

63 26 1.254  81.4829  0.9130  92.2062  0.0995  91.9336  34.1422  92.2369  

64 28 1.258  81.6773  1.1250  90.6095  0.1173  90.5810  31.4219  92.8465  

65 30 1.262  81.8735  1.2151  89.9549  0.1244  90.0488  28.7058  93.4666  

66 20 

5 

1.176  78.0218  0.2396  97.8525  0.0490  96.1354  26.2770  94.0310  

67 22 1.227  80.2154  0.5513  95.1253  0.0776  93.6928  51.5052  88.6042  

68 26 1.238  80.7225  1.1881  90.1491  0.1294  89.6878  42.1948  90.4981  

69 28 1.246  81.0993  1.3405  89.0674  0.1421  88.7823  35.4616  91.9454  

70 30 1.246  81.0993  1.4169  88.5392  0.1472  88.4215  31.7616  92.7697  

71 20 

6 

1.195  78.8097  0.4345  96.1232  0.0721  94.1487  67.1803  85.6775  

72 22 1.211  79.4999  0.6530  94.2790  0.0918  92.5473  53.6024  88.1941  

73 26 1.230  80.3525  1.3353  89.1033  0.1513  88.1436  44.3365  90.0516  

74 28 1.238  80.7225  1.6504  86.9846  0.1803  86.2146  44.0597  90.1089  

75 30 1.238  80.7225  1.4539  88.2873  0.1574  87.7222  30.4846  93.0592  
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Table 8 Subjective weight determination for optimization indexes 721 

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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Table 9 Comprehensive weight determination for optimization indexes 723 

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 
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Figure captions 725 

Fig. 1 Flowchart of the multi-objective comprehensive optimization model.  726 

Fig. 2 Numerical model of slope reinforced with anti-slide piles. Lx, Lp, L and S stand for the distance 727 

from the pile to the slope toe, the horizontal length of the slope, the pile length and the pile spacing, 728 

respectively. For interpretation of the references to color in this figure, the reader is referred to the 729 

electronic version of this page.  730 

Fig. 3 Mechanical model of pile (modified after Wang et al. (2015)). Spring A, spring B stand for 731 

the normal coupling spring and the shear coupling spring, respectively. For interpretation of the 732 

references to color in this figure, the reader is referred to the electronic version of this page. 733 

Fig. 4 Factors of safety for various pile lengths and pile locations. For interpretation of the references 734 

to color in this figure, the reader is referred to the electronic version of this page. 735 

Fig. 5 Maximum factor of safety for various pile locations 736 

Fig. 6 Contour of maximum shear strain increment for various pile locations. a without piles; b 737 

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 738 

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 739 

an example). For interpretation of the references to color in this figure, the reader is referred to the 740 

electronic version of this page. 741 

Fig. 7 The critical slip surface for various pile lengths and pile locations. a Lx/Lp=0.1; b Lx/Lp=0.3; 742 

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 743 

interpretation of the references to color in this figure, the reader is referred to the electronic version 744 

of this page. 745 

Fig. 8 Anti-slide pile behaviors for various pile locations. a Bending moment; b Shear force; c 746 

Deflection. For interpretation of the references to color in this figure, the reader is referred to the 747 

electronic version of this page.  748 

Fig. 9 Contour of maximum shear strain increment for various pile lengths. a Pile length L=6m; b 749 

Pile length L=10m; c Pile length L=14m; d Pile length L=16m; e Pile length L=18m; f Pile length 750 

L=22m (Taking the pile location of Lx/Lp=0.3 and the pile spacing of S=5m as an example). For 751 

interpretation of the references to color in this figure, the reader is referred to the electronic version 752 

of this page.  753 
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Fig. 10 Anti-slide pile behaviors for various pile lengths. a Bending moment; b Shear force; c 754 

Deflection. For interpretation of the references to color in this figure, the reader is referred to the 755 

electronic version of this page. 756 

Fig. 11 Factors of safety for various pile spacings under the critical pile length. Fos, S stand for the 757 

factor of safety and the pile spacing, respective. For interpretation of the references to color in this 758 

figure, the reader is referred to the electronic version of this page. 759 

Fig. 12 Contour of shear strain increment and the critical slip surface for various pile spacings under 760 

the critical pile length. a1, b1 Pile spacing S=4m; a2, b2 Pile spacing S=5m; a3, b3 Pile spacing 761 

S=6m; a4, b4 Pile spacing S=7m (Taking the pile location of Lx/Lp=0.3 and the critical pile length 762 

(L=18m) as an example). For interpretation of the references to color in this figure, the reader is 763 

referred to the electronic version of this page.  764 

Fig. 13 Pile behaviors for various pile spacings under the critical pile length. a Bending moment; 765 

b Shear force; c Deflection. For interpretation of the references to color in this figure, the reader is 766 

referred to the electronic version of this page.  767 

Fig.14 Optimization results based on the multi-objective comprehensive optimization model. S, 768 

Lx/Lp stand for the pile spacing and the pile location, respectively. For interpretation of the references 769 

to color in this figure, the reader is referred to the electronic version of this page. 770 

Fig.15 Comparison of optimization results with different α and β values (Refer to Tables 3-7 or Fig. 771 

14 for detailed reinforcement scheme corresponding to scheme number). For interpretation of the 772 

references to color in this figure, the reader is referred to the electronic version of this page. 773 

Fig.16 Comparison of optimization results with different weights (Refer to Tables 3-7 or Fig. 14 for 774 

detailed reinforcement scheme corresponding to scheme number). For interpretation of the 775 

references to color in this figure, the reader is referred to the electronic version of this page.  776 
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Figure list 777 

 778 

 779 

 780 

Fig.1 Flowchart of the multi-objective comprehensive optimization model.  781 
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 782 

 783 

Fig. 2 Numerical model of slope reinforced with anti-slide piles. Lx, Lp, L and S stand for the distance 784 

from the pile to the slope toe, the horizontal length of the slope, the pile length and the pile spacing, 785 

respectively. For interpretation of the references to color in this figure, the reader is referred to the 786 

electronic version of this page.  787 
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 788 

 789 

Fig. 3 Mechanical model of pile (modified after Wang et al. (2015)). Spring A, spring B stand for 790 

the normal coupling spring and the shear coupling spring, respectively. For interpretation of the 791 

references to color in this figure, the reader is referred to the electronic version of this page. 792 
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 793 

 794 

Fig. 4 Factors of safety for various pile lengths and pile locations. For interpretation of the references 795 

to color in this figure, the reader is referred to the electronic version of this page. 796 
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 797 

 798 

Fig. 5 Maximum factor of safety for various pile locations 799 
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 800 

 801 

Fig. 6 Contour of maximum shear strain increment for various pile locations. a without piles; b 802 

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 803 

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 804 

an example). For interpretation of the references to color in this figure, the reader is referred to the 805 

electronic version of this page. 806 
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 807 

 808 

Fig. 7 The critical slip surface for various pile lengths and pile locations. a Lx/Lp=0.1; b Lx/Lp=0.3; 809 

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 810 

interpretation of the references to color in this figure, the reader is referred to the electronic version 811 

of this page.812 
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 813 

 814 

Fig. 8 Anti-slide pile behaviors for various pile locations. a Bending moment; b Shear force; c 815 

Deflection. For interpretation of the references to color in this figure, the reader is referred to the 816 

electronic version of this page. 817 
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 818 

 819 

Fig. 9 Contour of maximum shear strain increment for various pile lengths. a Pile length L=6m; b 820 

Pile length L=10m; c Pile length L=14m; d Pile length L=16m; e Pile length L=18m; f Pile length 821 

L=22m (Taking the pile location of Lx/Lp=0.3 and the pile spacing of S=5m as an example). For 822 

interpretation of the references to color in this figure, the reader is referred to the electronic version 823 

of this page.  824 
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 826 

Fig. 10 Anti-slide pile behaviors for various pile lengths. a Bending moment; b Shear force; c 827 

Deflection. For interpretation of the references to color in this figure, the reader is referred to the 828 

electronic version of this page.  829 
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 830 

 831 

Fig. 11 Factors of safety for various pile spacings under the critical pile length. Fos, S stand for the 832 

factor of safety and the pile spacing, respective. For interpretation of the references to color in this 833 

figure, the reader is referred to the electronic version of this page.  834 
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 835 

 836 

Fig. 12 Contour of shear strain increment and the critical slip surface for various pile spacings under 837 

the critical pile length. a1, b1 Pile spacing S=4m; a2, b2 Pile spacing S=5m; a3, b3 Pile spacing 838 

S=6m; a4, b4 Pile spacing S=7m (Taking the pile location of Lx/Lp=0.3 and the critical pile length 839 

(L=18m) as an example). For interpretation of the references to color in this figure, the reader is 840 

referred to the electronic version of this page. 841 



A confidential manuscript submitted to Natural Hazards 

49 
 

 842 

 843 

Fig. 13 Pile behaviors for various pile spacings under the critical pile length. a Bending moment; 844 

b Shear force; c Deflection. For interpretation of the references to color in this figure, the reader is 845 

referred to the electronic version of this page. 846 
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 847 

 848 

Fig.14 Optimization results based on the multi-objective comprehensive optimization model. S, 849 

Lx/Lp stand for the pile spacing and the pile location, respectively. For interpretation of the references 850 

to color in this figure, the reader is referred to the electronic version of this page. 851 
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 852 

 853 

Fig.15 Comparison of optimization results with different α and β values (Refer to Tables 3-7 or Fig. 854 

14 for detailed reinforcement scheme corresponding to scheme number). For interpretation of the 855 

references to color in this figure, the reader is referred to the electronic version of this page. 856 
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 857 

 858 

Fig.16 Comparison of optimization results with different weights (Refer to Tables 3-7 or Fig. 14 for 859 

detailed reinforcement scheme corresponding to scheme number). For interpretation of the 860 

references to color in this figure, the reader is referred to the electronic version of this page.  861 


