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Abstract 21 

The large deformation mechanical properties of slip zone soil play an important 22 

role in the stability evolution of landslide. The traditional landslide stability 23 

evaluation method can only be used to calculate a single stability factor, which cannot 24 

dynamically evaluate the landslide stability as it evolves. The large deformation 25 

mechanical properties of slip zone soil from Outang landslide in the Three Gorges 26 

Reservoir area are investigated by the indoor repeated direct shear test. Based on the 27 

damage theory, the shear damage behavior of slip zone soil with large shear 28 

displacement is analyzed, and a mechanical model describing the relationship 29 

between shear stress and shear displacement in accordance with the mechanical 30 

mechanism of landslide is established. Then, the stability of Outang landslide is 31 

dynamically evaluated by skillfully combining the mechanical model and the residual 32 

thrust method. The results show that the slip zone soil has obvious softening behavior 33 

and constant residual strength under the condition of large deformation. The model 34 

with clear physical meaning can reflect the large displacement shear mechanical 35 

properties of slip zone soil, which is consistent with the test results. The stability 36 

factor of Outang landslide gradually decreases and tends to be constant as landslide 37 

moves. The mechanical mechanism of the landslide stability evolving with 38 

deformation is the strain softening behavior of the slip zone soil, and the mechanical 39 

mechanism of the landslide stability evolving with water level is the reduction of 40 

effective stress in anti-sliding section under the influence of reservoir water. It is 41 

suggested that active measures should be taken in time in the prevention and control 42 

of landslide, and the construction of drainage engineering should be paid attention to 43 

for large-scale bank landslides.  44 

 45 

Keywords: Landslide evolution; Slip zone soil; Repeated direct shear test; 46 

Constitutive model; Shear mechanical behavior; Large deformation 47 
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1 Introduction 48 

The reservoir landslide is a common geological hazard in the reservoir area, and 49 

its instability has a serious impact on the operation of the reservoir area and the safety 50 

of ship navigation (Zhang et al. 2021a, b; Wang and Zhang 2021). Since the first 51 

impoundment of the Three Gorges Project in 2003, a large number of landslides in the 52 

reservoir area have revived. According to statistics, there are 4256 landslides on the 53 

bank from Yichang to Jiangjin in the Three Gorges Reservoir area (Tang et al. 2019), 54 

such as the Outang landslide that directly threatened the safety of more than 4,000 55 

residents in Anping Town (Luo and Huang 2020), the Huangtupo landslide that 56 

caused the relocation of Badong County (Tang et al. 2015a; Juang 2021) and the 57 

Qianjiangping landslide that made more than 1,000 people homeless (Jian et al. 2014). 58 

Large shear deformation of slip zone usually occurs in the process of reservoir 59 

landslide evolution (Zhang et al. 2020; Hu et al. 2021; Li et al. 2021), and affects the 60 

landslide stability (Kimura et al. 2014; Yin et al. 2016). 61 

The large shear deformation of slip zone soil is a continuous deforming process. 62 

Ring shear test is often used to study the shear mechanical behavior of slip zone soil 63 

with large displacement (Chen et al 2021; Sassa et al. 2014; Riaz et al. 2019; Vithana 64 

et al. 2012). However, the limited ring shear test can only be used to determine the 65 

shear mechanical properties of slip zone soil under the limited normal stress level, and 66 

the shear mechanical properties of slip zone soil based on the test level cannot be 67 

directly incorporated into the stability evolution analysis of landslide. Traditionally, 68 

the peak strength (Jian et al. 2009; Zhang et al. 2013; Loi et al. 2017; Tu et al. 2019) 69 

or residual strength (Yu et al. 2018; Ghahramani and Evans 2018) of slip zone soil is 70 

used in landslide stability analysis, which only considers the local shear mechanical 71 

behavior of the slip zone soil. However, the shear stress in the slip zone soil evolves 72 

with large shear deformation (Li et al. 2013; Vadivel and Sennimalai 2019; Stark and 73 

Hussain 2010; Kimura et al. 2014). Therefore, the stability of landslide evolves 74 
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gradually with deformation (Sun et al. 2015; Tang et al. 2015b; Tang et al. 2017), and 75 

dynamically evaluation of the landslide stability is required. 76 

Exploring the relationship between stress and deformation of slip zone soil and 77 

establishing the corresponding constitutive model is the prerequisite for landslide 78 

stability analysis (Su et al. 2021). Currently, many ideal plastic constitutive models 79 

are applied to numerical simulation, such as Mohr-Coulomb ideal plastic constitutive 80 

model (Dawson et al. 1999; Griffiths and Lane 1999; Wei and Cheng 2010) and 81 

Drucker-Prager ideal plastic constitutive model (An et al. 2019). Obviously, these 82 

models ignore the post peak deformation behavior of the soil. Therefore, many strain 83 

softening constitutive models have been proposed to consider the softening behavior 84 

of the soil (Lo and Lee 1973; Chai and Carter 2009; Yuan et al. 2020; Chen et al. 85 

1992). However, these strain softening models are simplified, which cannot well 86 

reflect the actual softening behavior of the soil. In fact, the landslide has large 87 

displacement shear deformation along the slip zone (Tan et al. 2018), the mechanical 88 

model that can describe the relationship between shear strength and shear 89 

displacement can more directly reflect the dynamic mechanical behavior of the 90 

landslide. Therefore, it is of great theoretical and practical significance to study the 91 

large displacement shear mechanical properties of slip zone soil and establish a shear 92 

constitutive model that can reflect the large displacement shear mechanical behavior 93 

of slip zone soil. 94 

In this study, the Outang landslide in the Three Gorges Reservoir area is taken as 95 

an example. The large displacement shear mechanical behavior of slip zone soil from 96 

Outang landslide is studied by indoor repeated direct shear test firstly. Based on the 97 

test results, the damage theory is introduced to analyze the shear damage behavior of 98 

the slip zone soil, and corresponding shear constitutive model is established. Finally, 99 

the evolution characteristics of Outang landslide are investigated by combining the 100 

shear constitutive model and residual thrust method, and the mechanical mechanism 101 
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of the evolution of the Outang landslide is analyzed. 102 

2 Materials and tests 103 

2.1 Materials 104 

The Outang landslide is located in Anping Town, Fengjie County, Chongqing 105 

City (Fig. 1 (a)), on the South Bank of the Yangtze River (Fig. 1 (b)). The landslide is 106 

1990 m long in the North-South longitudinal direction and 899 m wide in the 107 

East-West transverse direction, with a total area of 1.769 million m2 and an overall 108 

volume of 89.5 million m3. It is a typical large deep bedding bedrock landslide in the 109 

Three Gorges Reservoir area (Fig. 1 (c) and (d)) (Luo and Huang 2020; Wang et al. 110 

2021). From the Yangtze River to the mountain, the Outang landslide is composed of 111 

Slide 1, Slide 2 and Slide 3 (Fig. 1 (c) and (d)). The front elevation of the landslide is 112 

90 ~ 102 m, and the rear elevation of the landslide is 705 m. 113 

The slip zone soil used in the test was taken from the 1# drainage tunnel (Fig. 1 114 

(c)), where the slip zone of the Slide 1 is revealed (Fig. 1 (d)). The slip zone soil is 115 

mainly the argillization product of carbonaceous claystone and carbonaceous shale, 116 

which is black and gray black, with high clay content, luster and good toughness. The 117 

natural density of the slip zone soil is 2.037 g/cm3, the natural moisture content is 118 

19.9 %, and the specific gravity of the soil particles is 2.73. The liquid limit and 119 

plastic limit of the slip zone soil are 36.3(%) and 16.8(%), respectively. The plastic 120 

index IP is 19.5 and the liquid index IL is 0.16. The soil is hard plastic clay. 121 
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 122 

Fig. 1. Comprehensive geological map of Outang landslide. (a) and (b) are the 123 

geographical location of the landslide; (c) is plain view of the landslide; (d) is the 124 

main section of the landslide; (e) shows the overall view of the landslide; (f) shows 125 

the slip zone of the landslide (exposed in 1# drainage tunnel). 126 
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2.2 Repeated direct shear tests 127 

Landslides often undergo large shear deformation, and the simple direct shear 128 

test commonly used in engineering can only achieve the shear displacement of about 129 

10-12 mm. Although direct shear test can be used to determine the pre peak stage and 130 

part of the post peak stage in the shear deformation process of slip zone soil, it cannot 131 

be used to determine the residual strength of slip zone soil. The repeated direct shear 132 

test is developed based on the simple direct shear test. When the simple direct shear 133 

test is finished, it does not stop the test, but carries on the reverse shear to realize the 134 

repeated shear of the soil in turn (Chen and Liu 2014; Wen and Jiang 2017). The 135 

maximum shear displacement of each shear is 10-12mm. Theoretically, the infinite 136 

shear displacement can be achieved by repeated direct shear test. Generally, the 137 

residual strength of cohesive soil can be achieved only by repeated shearing for 3-4 138 

times. 139 

In order to obtain the whole shear deformation process of the slip zone soil, 140 

repeated direct shear tests were carried out by using strain controlled direct shear 141 

apparatus. Considering the in-situ geological conditions of the soil, the dry density 142 

and moisture content of the soil samples were controlled to be consistent with the 143 

undisturbed soil, that is, the remolded soil samples with dry density of 1.70g/cm3 and 144 

moisture content of 19.9% were prepared for repeated direct shear tests. The normal 145 

consolidation stress is set to 800kPa. After the consolidation is stable, the normal 146 

stress required for the test is set, and then the shear begins. The transmission device 147 

pushes the lower shear box at a constant rate to form a shear plane in the soil. In the 148 

first forward shear test, the shear displacement range of the direct shear apparatus 149 

should be reached to obtain the complete strain softening stage as far as possible. In 150 

the later shear tests, only for the purpose of obtaining the residual strength. When the 151 

shear stress changes little, the specimen can be pushed back for the next forward shear. 152 

Generally, the clay sample is repeatedly sheared for 3-4 times, and when the residual 153 

stress is basically constant, it can be considered that the slip zone soil has reached the 154 
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residual state, and the shear strength in this state is the residual strength of the slip 155 

zone soil. Each group of repeated direct shear test should not be less than four soil 156 

samples, that is, four different normal stresses should be set. The repeated direct shear 157 

test scheme is listed in Table 1. 158 

Table 1 Scheme of repeated direct shear test for the slip zone soil of Outang landslide 159 

Number Consolidation stress / (kPa) Normal stress / (kPa) 

RDS-1 800 100 

RDS-2 800 200 

RDS-3 800 300 

RDS-4 800 400 

 160 

The relationship between shear stress and shear displacement of the slip zone 161 

soil obtained from repeated direct shear test (τ-u curve) is shown in Fig. 2. After three 162 

times of repeated shear for each sample, the residual shear stress of the slip zone soil 163 

is basically constant. It can be considered that the slip zone soil has basically reached 164 

the residual strength state by the third shear. When the specimen is pushed back 165 

reversely, the specimen is also in the state of being sheared, but the direct shear test 166 

apparatus has no reverse force measuring device. In order to obtain the complete shear 167 

deformation and failure process curve, the missing reverse shear process can be 168 

approximately connected by spline curve based on the existing test data points (Fig. 2). 169 

Due to the main purpose of the last two shear tests is to obtain the residual strength of 170 

the slip zone soil, and the test results also show that the residual strength is almost 171 

constant, and the pre peak stage and part of the post peak stage of the τ-u curve have 172 

been completely controlled by the first forward shear test. Therefore, it is reasonable 173 

to obtain the whole shear deformation and failure process of the slip zone soil by 174 

repeated direct shear test. 175 
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 176 

Fig. 2. Shear stress - shear displacement curve in repeated direct shear test 177 

As shown in Fig. 2, in the first forward shear test (which can be regarded as 178 

conventional direct shear test), the shear strength of the soil gradually increases with 179 

shear deformation, but the increase rate of shear strength gradually slows down. After 180 

the shear stress reaches the peak value, the shear stress significantly decreases, and 181 

the decrease rate also gradually slows down. The soil shows obvious strain softening 182 

phenomenon. In addition, the slip zone soil has greater shear strength under the 183 

condition of high normal stress, but the shear stress decays more slowly in the process 184 

of strain softening. It shows that the strain softening phenomenon is less obvious 185 

under the condition of higher normal stress, which indicates that the strain softening 186 
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phenomenon is closely related to the over consolidation ratio of the soil, and the 187 

degree of strain softening decreases with the decrease of over consolidation ratio. In 188 

the last two shear tests, the shear strength of the soil decreased significantly due to the 189 

formation of shear plane. At the same time, the growth rate of the initial shear stress 190 

(the slope of the initial section of the curve) is also smaller than that of the first shear. 191 

In addition, the soil does not show the phenomenon of strain softening, and the shear 192 

stress in the soil remains constant or slightly increases under large displacement, 193 

which shows the phenomenon of strain hardening. The shear stress - shear 194 

displacement curves of the last two shears are basically the same, and tend to a stable 195 

residual strength. The slight strain hardening of the soil during the last two shear 196 

processes is mainly due to the macro shear surface has been generated in the soil, the 197 

cohesion in the soil has been basically lost, and the shear strength of the soil is mainly 198 

the friction strength, which is essentially the bite or sliding action between soil 199 

particles. After the shear surface is formed, the friction strength is basically 200 

unchanged, so the shear strength of the soil remains basically constant or slightly 201 

hardened as the deformation increases, rather than obvious strain softening like the 202 

first forward shear. 203 

Due to the reversal of the shear direction, the unloading process inevitably 204 

occurs in the repeated direct shear test. Usually, the unloading process will restore the 205 

elastic deformation. However, the landslide has large deformation, so the slip zone 206 

soil also has large displacement shear process. The elastic deformation in the large 207 

displacement shear process is so slight that it can be ignored compared with the total 208 

deformation. In addition, we mainly focus on the shear strength of the slip zone soil. 209 

After large displacement deformation, the slip zone soil basically reaches the residual 210 

strength stage, and the residual strength does not evolve with the deformation. 211 

Therefore, we believe that the unloading process does not affect our test results in the 212 

repeated direct shear test. 213 

According to the shear test results, no matter what kind of normal stress 214 
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conditions, the slip zone soil shows the same deformation and failure trend in the 215 

process of large displacement shear, which can be divided into five typical stages (Fig. 216 

3).  217 

(1) Pore shear compaction stage (oa section): during the initial deformation of 218 

the soil, the pores in the shear zone are compacted along the direction of shear stress 219 

under the action of shear stress. Compared with the elastic deformation stage, the soil 220 

has relatively large displacement deformation under smaller shear stress. The shear 221 

deformation caused by pore compaction in the soil is slight, so this section will be 222 

ignored in the later analysis. 223 

(2) Linear elastic deformation stage (ab section): the shear stress increases 224 

linearly with the shear displacement, and the slope of the straight line is defined as the 225 

shear stiffness Ks, which is a physical value describing the elastic shear deformation 226 

of the soil. There is no plastic deformation and damage in this stage. 227 

(3) Plastic hardening stage (bc section): the starting point b in this stage is the 228 

yield point, which means that the soil will undergo plastic deformation after this point. 229 

The corresponding shear displacement at this point is defined as shear yield 230 

displacement uy. The growth rate of shear stress in this stage gradually decreases. 231 

(4) Strain softening stage (cd section): the shear stress decreases significantly 232 

after point c, and the soil presents obvious strain softening phenomenon. The shear 233 

stress at point c reaches the maximum and the maximum shear stress is defined as the 234 

peak strength τp. The decrease of shear strength in this stage is mainly due to the 235 

formation of shear plane in the shear process, which leads to the decrease of the soil 236 

cohesion. At the same time, the directional arrangement of the soil particles also leads 237 

to the decrease of internal friction angle. 238 

(5) Residual strength stage (de section): the soil is in the failure stage, and the 239 

shear stress in the soil is basically constant, which is named residual shear strength τr. 240 
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 241 

Fig. 3. Whole shear deformation and failure process of the slip zone soil (Zou et al. 242 

2020) 243 

3 Model 244 

3.1 Shear damage analysis of the slip zone soil 245 

The evolution process of soil strength can be analyzed from the perspective of 246 

micro damage. In the process of the soil being sheared, the plastic deformation of the 247 

soil leads to micro damage of the soil structure, and the mechanism of plastic 248 

deformation is the loss of cementation in the soil and the directional arrangement of 249 

the soil particles, so the shear strength of the soil evolves with deformation. In fact, 250 

the slip zone soil also has the same shear damage process in the real landslide, which 251 

can be confirmed by the extrusion and wrinkling phenomenon of the slip zone and the 252 

mirror phenomenon of the slip zone soil observed in the field (Fig. 1(f)). According to 253 

the damage theory, the soil can be divided into many micro elements with the same 254 

size. Each micro element is composed of undamaged part (or intact part) and damaged 255 

part (Fig. 4). With the development of shear deformation of the soil, the undamaged 256 

part is transformed into the damaged part, and the damaged part cannot be 257 

transformed into the undamaged part due to irreversible plastic deformation. The 258 

stress analysis of a representative micro element in the shear state (Fig. 4) shows that 259 

the load in the micro element is jointly borne by the intact part and the damaged part 260 

(Yang et al. 2015). According to the static equilibrium condition in the x direction, the 261 

following equation holds:  262 
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 1 2= ' ''l l l  
 

(1) 263 

where τ represents the shear stress in the micro element; τ' is the shear stress in the 264 

intact part, τ'' is the shear stress in the damaged part; l is the section length of the 265 

micro element; l1 and l2 are the section length of the undamaged part and the damaged 266 

part of the micro element, respectively,
 1 2l l l  . 267 

 268 

Fig. 4. Representative micro element damage mechanics model of the slip zone soil 269 

during shear 270 

The damage degree can be considered as the ratio of the cross-sectional area of 271 

the damaged part (l2dy in Fig. 4) to the total cross-sectional area of the micro element 272 

(ldy in Fig. 4) (Hamdi et al. 2011), i.e. 2lD
l

 , which can be regarded as the 273 

proportion of the damaged part in the soil in physical meaning. Divide both sides of 274 

Eq. (1) by l to obtain: 275 

 = ' 1 ''D D   ( )  (2) 276 

The physical meaning of Eq. (2) is the evolution process of shear stress in the slip 277 

zone soil during shear deformation and failure. The damage degree D is a physical 278 

value reflecting the evolution process, which varies with the shear deformation of the 279 

soil, ranging from 0 to 1. 280 
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3.2 Establishment of the model 281 

According to the above shear damage analysis, the shear strength of the 282 

undamaged part and the damaged part can be obtained from the shear test results. The 283 

undamaged part of the slip zone soil obeys linear elastic deformation, and Hooke's 284 

law is applicable. Therefore, the shear strength of the undamaged part is as follows:  285 

 '=G   (3) 286 

where G is the shear modulus, γ is the shear strain. 287 

According to the elastic theory, the shear strain can be expressed by geometric 288 

equation: 289 

 

= +
u v

y x
  

   

(4) 290 

where u and v are the displacements in x direction (shear direction) and y direction 291 

(normal direction) of the slip zone soil during shear deformation and failure, 292 

respectively (Fig. 4). 293 

In real landslide or shear test, the normal compression v is tiny compared with 294 

the landslide displacement or shear displacement u in the shear test, so the shear strain 295 

component 
v

x


  

caused by the normal displacement v can be neglected compared 296 

with the shear strain component 
u

y


  

caused by the shear displacement u. Therefore, 297 

the shear strain Eq. (4) can be simplified as 298 

 

=
u

y
 

  

(5) 299 

Substituting Eq. (5) into Eq. (3), the following equation can be obtained: 300 

 

'=
u

G
y

 
  

(6) 301 

Integrating Eq. (6) from 0 to h along the y direction and noting that the partial 302 

derivative 
u

y


  

can be written as the full derivative
d

d

u

y
, the following equation holds: 303 
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 0
' =

h

dy Gu  
(7) 304 

where h is the effective shear thickness of the slip zone or the shear zone in the shear 305 

test. 306 

From Eq. (7), it follows that 307 

 ' =h Gu  (8) 308 

Let s =
G

K
h

. Then, Eq. (8) can be simplified as 309 

 s'=K u
 

(9) 310 

Define Ks as the shear stiffness with a unit of kPa/mm. Ks is the slope of the linear 311 

elastic deformation stage in Fig. 3. 312 

In the residual strength stage, all intact elements in the slip zone soil have been 313 

transformed into damage elements, so the shear stress in the damaged part is the 314 

residual strength τr (Fig. 3): 315 

 r''= 
 

(10) 316 

Substituting Eq. (9) and Eq. (10) into Eq. (2) to obtain: 317 

 s r(1 )K u D D   
 

(11) 318 

From Eq. (11), the damage degree directly reflects the evolution of shear stress 319 

in the slip zone soil. The damage degree can be solved from the perspective of 320 

statistical damage theory. It is assumed that the micro element strength of the slip 321 

zone soil obeys Weibull probability distribution (Weibull 1951; Krajcinovic and Silva 322 

1982) in the process of shear damage (Lai et al. 2012): 323 

 

1

0 0 0

( ) ( ) exp[ ( ) ]m mm x x
p x

u u u

 
 

(12) 324 

where m is the shape parameter and u0 is the scale parameter. The meaning of the two 325 

parameters will be discussed in detail later. 326 

Assuming that the micro elements of the slip zone soil have the same size, the 327 

overall shear damage process of the slip zone soil is analyzed, and the overall damage 328 

degree is determined by the proportion of the number of damaged elements ND to the 329 
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total number of elements N: 330 

 

DN
D

N


 
(13) 331 

The micro element strength level of the slip zone soil reflects the risk degree of 332 

shear deformation and failure (Zou et al. 2020). With the shear process of the slip 333 

zone soil, the distribution variable x increases from 0 to U, and the damage micro 334 

element ND is expressed as follows:  335 

 

1

D
0

0 0 0 0

{ ( ) exp[ ( ) ]} {1 exp[ ( ) ]}
U

m m mm x x U
N N dx N

u u u u

    

 

(14) 336 

The damage degree is determined by combining Eq. (13) and Eq. (14): 337 

 0

1 exp[ ( ) ]mU
D

u
  

 

(15) 338 

where U is the distribution variable reflecting the risk degree of shear deformation of 339 

the slip zone soil. The shear displacement of the slip zone soil is the macroscopic 340 

reflection of its micro damage. In addition, whether in the shear test and landslide 341 

displacement monitoring, the shear displacement, as a parameter to intuitively 342 

describe the shear deformation of the slip zone soil, can be easily obtained from the 343 

shear test and landslide displacement monitoring. Therefore, the shear displacement u 344 

is selected as the distribution variable to represent the damage of the slip zone soil. 345 

When the shear deformation of the slip zone soil is before the yield point, that is, 346 

u< uy, only elastic deformation occurs in the soil, and the damage degree is equal to 347 

zero. The damage only occurs in the soil when the shear deformation exceeds the 348 

yield point. Therefore, according to Eq. (15), the damage degree D based on shear 349 

deformation is as follows: 350 

 

y

y

y

0

0, ( )

1 exp[ ( ) ], ( )m

u u

D u u
u u

u


 
  

  

(16) 351 

Eq. (16) is the damage evolution equation of the slip zone soil, which describes 352 

the cumulative growth process of damage degree with the increase of shear 353 
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deformation. By substituting Eq. (16) into Eq. (11), the shear stress evolution equation 354 

of the slip zone soil is obtained as follows (Zou et al. 2020): 355 

 

s y

y y

s r y

0 0

, ( )

exp[ ( ) ] + 1 exp[ ( ) ] ( )m m

K u u u

u u u u
K u u u

u u







     
      

   
,

 

(17) 356 

where the parameters Ks, uy and τr can be obtained by shear stress - shear 357 

displacement curve. The parameters u0 and m in the model can also be further 358 

determined based on the properties of the curve. 359 

3.3 Solution of parameters 360 

The model parameters u0 and m can be solved by adopting the property of peak 361 

point of τ - u curve in the shear test. The strength corresponding to the peak point is 362 

often used in engineering practice, and it is often considered that the soil begins to fail 363 

after the deformation reaches the peak point in the shear test. Therefore, the peak 364 

point of the curve is of great practical significance, and it is more reasonable to use 365 

the properties of the peak point to determine the model parameters u0 and m. It is 366 

considered that the model curve and test data reach the same peak point, and the 367 

following equation holds:  368 

 
p

p

p0,  
u u

u uu

  





 


 

(18) 369 

where up and τp are the shear displacement and shear stress corresponding to the peak 370 

point of the τ - u curve, respectively (Fig. 3). 371 

Substituting Eq. (11) into Eq. (18) produces the following equation: 372 

 

p p

p p

s r s

p s p r

(1 ) ( ) 0
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(19) 373 

From Eq. (16), the following equation is obtained: 374 
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(20) 375 

In combination with Eq. (16), Eq. (19) and Eq. (20), the parameters u0 and m can 376 
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be calculated as follows: 377 
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(21) 378 

where all parameters can be obtained by the shear test. 379 

3.4 Model validation 380 

According to the shear test results, the model test parameters were calculated. 381 

The pore shear compaction stage is ignored. The slope of the τ - u curve in the linear 382 

deformation stage is the shear stiffness Ks, the end of the linear deformation stage is 383 

the yield point, the displacement corresponding to the yield point is the yield 384 

displacement uy, and the displacement and stress at the peak point of the curve are 385 

determined as the peak displacement up and peak strength τp, the constant shear 386 

strength during the third shear is the residual strength τr. It should be noted that the 387 

repeated direct shear test is only to determine the residual strength of the slip zone soil, 388 

and other test parameters are obtained from the first forward shear test. Therefore, 389 

some data points in the whole process of deformation and failure that cannot be fully 390 

captured in the repeated direct shear test have no effect on the determination of 391 

parameters. The distribution parameters m and u0 are calculated by Eq. (21). 392 

According to Fig. 2, the calculation results of all parameters are listed in Table 2. 393 

 Table 2 Model parameters of slip zone soil of Outang landslide 394 

normal 

stress σn 

(kPa) 

shear 

stiffness 

Ks 

(kPa/mm) 

yield 

displacement 

uy (mm) 

peak 

displacement 

up (mm) 

Peak strength 

τp (kPa) 

residual 

strength 

τr (kPa) 

u0  

(mm) 
m 

100 43.787 1.5 5.4 87.0903 46.3243 1.8711 0.5842 

200 61.182 1.8 3.6 120.843 71.4201 1.5566 0.6712 

300 63.001 2.1 4.5 152.0955 106.3974 1.4826 0.6302 

400 68.678 2.4 5.1 191.8842 135.2886 1.7276 0.6463 
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The model curve can be obtained by substituting the calculated parameters 395 

(Table 2) into Eq. (17). In addition, the repeated direct shear test results are compared 396 

with the model curve, as shown in Fig. 5. 397 

As shown in Fig. 5, the model curve has the same deformation and failure trend 398 

as the test results, showing typical shear mechanical behavior consistent with the 399 

whole deformation and failure process, and the method of calculating Weibull 400 

parameters m and u0 based on peak point control has a clear physical meaning, so that 401 

the model curve completely consistent with the test data at the peak point. In addition, 402 

the damage evolution Eq. (16) used in the model is a ‘S’ type growth equation. Under 403 

large shear displacement, the damage degree evolves to 1, and the shear strength of 404 

the soil reaches a constant residual strength, which can be well shown in the 405 

comparison between the model curve and the test data, that is, the model curve and 406 

the test data reach the same residual strength. It should be noted that in the repeated 407 

direct shear test, the purpose of the latter two shear tests is only to achieve large 408 

displacement shear to obtain the residual strength stage of the soil, and the pre peak 409 

stage and partial strain softening stage of the τ-u curve are completely controlled by 410 

the first direct shear test. By comparing the model curve with the first direct shear test 411 

data and the residual strength stage test data, it can be seen that the model has good 412 

properties, especially under high normal stress (200kPa, 300kPa and 400kPa), the 413 

model curve is in good agreement with the test results. Under the condition of low 414 

normal stress (100kPa), due to the large overconsolidation ratio of the slip zone soil, 415 

its properties are more brittle, and the strain softening phenomenon is obvious, which 416 

leads to a large deviation between the model curve and the test data in the strain 417 

softening stage. However, the Outang landslide is a large-scale deep landslide, and the 418 

normal stress in the geological environment where the slip zone is located is basically 419 

high stress. Therefore, the model is reliable in the evaluation of the stability evolution 420 

of the Outang landslide, which will be discussed in detail in the following chapters. 421 
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 422 

Fig. 5. Comparison of model curves and shear test results 423 

3.5 Parameter study 424 

3.5.1 Shear test parameters 425 

In the shear test, the shear mechanical behavior of the slip zone soil is different 426 

under different normal stresses, that is, the shear test parameters are only related to the 427 

normal stress (Table 2). The relationship between shear test parameters and normal 428 

stress is analyzed, and the relationship is linearly fitted with reference to the classical 429 

Coulomb formula (Fig. 6). Under the condition of low normal stress (100kPa), the 430 

peak displacement and normal stress deviate from the linear correlation, while the 431 



21 
 

linear correlation between peak displacement and normal stress is obvious under high 432 

normal stress. Generally, the normal stress plays a role in resisting the shear 433 

deformation, so as the normal stress increases, the soil is less prone to damage, that is, 434 

the displacement required to reach the peak stress is greater. In addition, the 435 

geological environment of the slip zone soil of the Outang landslide is in a state of 436 

high stress. Therefore, when studying the more general law between the peak 437 

displacement and the normal stress, only the data points under the higher normal 438 

stress (200KPa, 300kPa and 400kPa) are used for fitting analysis. 439 

Fig. 6 shows that the shear stiffness Ks is approximately positively correlated 440 

with the normal stress, and the mechanical mechanism of positive correlation between 441 

shear stiffness and normal stress is mainly the friction between the soil particles. The 442 

relationship between yield displacement uy, peak displacement up and normal stress is 443 

also linear positive correlation. Similarly, the mechanism of this positive correlation is 444 

also the restraining effect of normal stress on the shear deformation of the soil. The 445 

normal stress restrains the shear deformation of the soil macroscopically and the 446 

micro damage of the soil microscopically, so that the shear displacement required for 447 

the soil to reach the yield or failure state is larger. The relationship between shear 448 

strength and normal stress is the classical Coulomb formula. As shown in Fig. 6 (d), 449 

both peak shear strength and residual shear strength have good linear positive 450 

correlation with normal stress, and the corresponding shear strength parameters are as 451 

follows: peak cohesion cp=51.569kPa, peak internal friction angle φp=19.07°, residual 452 

cohesion cr=14.389kPa, residual internal friction angle φr=16.80°. The decrease of 453 

shear strength parameter is due to the gradual accumulation of damage in the slip zone 454 

soil with the formation of shear plane in the large displacement shear process. 455 
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 456 

Fig. 6. Parameter analysis of shear stress - shear displacement curve. (a) shear 457 

stiffness Ks, (b) yield displacement uy, (c) peak displacement up, (d) shear strength τ 458 

3.5.2 Model parameters of Weibull distribution 459 

The model test parameters including shear stiffness, yield displacement, peak 460 

displacement and shear strength have clear physical meanings and directly reflect the 461 

shear mechanical properties of the soil. For Weibull distribution parameters m and u0, 462 

the control variable method can be used to study their unique physical meaning. 463 

Taking the 200 kPa model curve as an example, other parameters except m remain 464 

unchanged. A series of model curves with different m values are obtained by using the 465 

model in this paper, as shown in Fig. 7. Fig. 7 shows that the parameter m has a 466 

significant effect on the strain softening behavior of the soil. As m increases, the slip 467 

zone soil has a faster attenuation rate from the peak stress to the residual stress, the 468 

strain softening phenomenon is more obvious, and the soil shows more obvious 469 

brittleness. In order to quantify the strain softening degree of the soil in the process of 470 
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strain softening, the slope of the model curve can be calculated. The slope of the τ-u 471 

curve in the strain softening stage reflects the attenuation rate of the shear strength of 472 

the soil. Since the shear strength of the soil in the softening stage gradually decays, 473 

the slope of the curve should be negative. Considering the softening stage, the 474 

derivation of the first equation of Eq. (17) is obtained: 475 

y y y1

s s r y

0 0 0 0

exp[ ( ) ] +( - ) ( ) exp[ ( ) ] ( )m m m
u u u u u ud m

K u K u u u
du u u u u

       
       

   
,

 

476 

  

(22) 477 

 478 

Fig. 7. Model curves under various m 479 

According to Eq. (22), the slope of the curve in Fig. 7 is shown in Fig. 8 (a). The 480 

part of the curve less than 0 in Fig. 8 (a) corresponds to the strain softening stage in 481 

Fig. 7. Obviously, the larger the m is, the larger the absolute value of the slope in the 482 

strain softening stage is, indicating that the faster the shear stress decay rate is, and the 483 

more brittle the soil is. Furthermore, the absolute value of the extreme value of the 484 

slope dτ/du of the softening stage curve reflects the extreme value of the strength 485 

decay rate of the soil, which can represent the equivalent of the strength decay rate of 486 

the soil, so the new brittle index IB of the slip zone soil is defined: 487 
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B

max 0

, 0
d

du
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(23) 488 



24 
 

According to Eq. (23), the brittleness index IB under different m is calculated, 489 

and the relationship between IB and m is plotted (Fig. 8 (b)). According to Fig. 8 (b), 490 

the brittleness index IB increases with the increase of m, and shows an obvious 491 

parabola correlation, which fully shows that the parameter m is a physical value 492 

influencing the strain softening degree or brittleness index of the slip zone soil in 493 

terms of shear mechanical properties. 494 

 495 

Fig. 8. Brittle analysis of the slip zone soil. (a) the slope dτ/du curve under various m 496 

(b) relationship between IB and m 497 

In addition, considering the stability of the landslide, since the stability of the 498 

landslide is directly related to the shear strength of the slip zone soil, the attenuation 499 

of the shear strength of the slip zone soil is also closely related to the attenuation of 500 

the landslide stability. If the slip zone soil has a large brittleness index, the stability of 501 

the landslide will decay faster, and this kind of landslide is a sudden landslide. On the 502 

contrary, if the slip zone soil has a small brittleness index, the stability of the landslide 503 

will decline more slowly, and this kind of landslide is a creep landslide. Therefore, on 504 

the level of landslide evolution, m is a physical value that affects the evolution rate of 505 

the landslide stability.  506 

Similarly, in order to analyze the role of parameter u0 in the model, a series of 507 

τ-u curves under various u0 are shown in Fig. 9. Fig. 9 shows that the peak strength 508 

and peak displacement of the model curve increase with parameter u0, while the 509 

residual strength tends to converge to a constant value. Different from the effect of 510 

parameter m, the shear strength decay rate of the model curve in the strain softening 511 
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stage is basically the same under different u0. The parameter u0 mainly affects the 512 

peak displacement and peak strength. Quantitatively, the relationship between peak 513 

displacement, peak strength and u0 is plotted in Fig. 10. Fig. 10 shows that with the 514 

increase of u0, the peak displacement and peak strength of the slip zone soil show an 515 

increasing trend. Therefore, it can be concluded that u0 is a physical value reflecting 516 

the peak displacement and peak strength. 517 

 518 

Fig. 9. Model curve under various u0 519 

 520 

Fig. 10. Relationship between peak strength, peak displacement and u0 521 
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4 Applications 522 

4.1 Dynamic evaluation method of landslide stability 523 

Generally, the peak strength or residual strength of slip zone soil is used to 524 

calculate a single stability factor to evaluate the stability of landslide. Therefore, the 525 

traditional landslide stability analysis method fails to consider the strain softening 526 

behavior of the slip zone soil, and it cannot be used to study the evolution process of 527 

landslide with deformation. The shear constitutive model that fully considers the large 528 

displacement shear mechanical behavior of slip zone soil can be used to evaluate the 529 

stability evolution of landslide. Since the sliding surface of Outang landslide is not a 530 

regular arc shape, but a multi-level and multi-segment broken line shape, the residual 531 

thrust method can be well applied to the stability analysis of the landslide with a 532 

broken line sliding surface (Zhang and Zhang 2008). Therefore, the shear constitutive 533 

model is combined with the residual thrust method to realize the dynamic evaluation 534 

of Outang landslide stability considering the large displacement shear deformation. 535 

The shear strength of the slip zone soil evolves with the displacement, which 536 

leads to the stability factor of landslide evolves with the displacement. The typical 537 

main section of Outang landslide (Fig. 1(d)) is selected as the calculation section. 538 

According to the force balance condition of the landslide slice along the sliding 539 

surface direction (Fig. 11), the residual thrust Pi of slice i based on the strength 540 

reduction method is as follows: 541 

 1 1 rcos( ) /
i i i i i i

P P T R F     
 

(24) 542 

where Pi-1 represents the residual thrust of slice i-1; αi-1 and αi are the inclination 543 

angles of the sliding surface at slice i-1 and slice i, respectively, and the inclination 544 

angle of the sliding surface at the anti - warping part of the landslide is negative; Ti 545 

represents the sliding component of the gravity of the slice i, Ti=Wisinαi; Wi is the 546 

gravity of slice i, and the soil and water are analyzed as a whole. When the sliding 547 

force is calculated under the condition of stable seepage field, the saturated gravity 548 
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should be used; When the landslide is submerged below the reservoir water level, 549 

there is no stable seepage field below the groundwater level, and the effective gravity 550 

should be used for the gravity of the soil below the water level when calculating the 551 

sliding force, that is, Wi=W1i+W2i, W1i is the gravity of the part of slice i above the 552 

groundwater level, W2i is the gravity of the part of slice i below the groundwater level 553 

(calculated by saturation gravity or effective gravity based on whether a stable 554 

seepage field exists or not); Ri is the anti - sliding force of slice i (Fig. 11); Fr is the 555 

overall strength reduction factor. 556 

 557 

Fig.11. Force analysis of the slices of Outang landslide 558 

The anti - sliding force Ri of the slice i in Eq. (24) can be calculated by the shear 559 

strength: 560 

 i i i
R l

 
(25) 561 

where τi represents the shear strength provided by the slip zone at the slice i, which is 562 

related to the normal stress σni and shear displacement u, and can be calculated by the 563 

shear constitutive model; li represents the length of the slip zone at the slice i (Fig. 564 

11). 565 

Considering the effect of the thrust Pi transferred from the previous slice, the 566 

effective normal force Ni on the slip zone at the slice i is as follows: 567 

 -1 1sin( ) 'cos
i i i i i i

N P W    
 

(26) 568 

where Wi’ is the effective gravity of slice i, Wi’=W1i+W2i’, and W2i’ is the effective 569 

gravity of the part of slice i below the groundwater level, that is, the effective gravity 570 
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of the soil below the water level is used to calculate the anti - sliding force regardless 571 

of whether there is stable seepage field or not. 572 

Thus, the normal stress σni on the slip zone at the slice i is obtained according to 573 

Eq. (26): 574 

 

-1 1sin( ) 'cos
i i i i i

ni

i

P W

l

     


 

(27) 575 

Under the condition of the preset strength reduction factor Fr, the residual thrust 576 

is calculated one by one from the first slice at the rear edge of the landslide by Eq. 577 

(24), and the residual thrust Pn of the slice n at the front edge of the landslide can be 578 

obtained. When the residual thrust Pn is equal to 0, the landslide is in a critical state 579 

between stability and instability, which is called limit equilibrium state. According to 580 

the strength reduction method, the strength reduction factor Fr in this state is defined 581 

as the stability factor Fs of the landslide. 582 

Since the Eq. (24) for solving the residual thrust contains the shear strength τi, 583 

and the equation of the shear strength τi is the shear constitutive model (Eq. (17)), 584 

which is an exponential function. In the shear constitutive model, all parameters are 585 

only related to the normal stress σni, so the evolution of shear strength τi with 586 

displacement u is only related to the normal stress σni, and each landslide slice has 587 

different normal stress. Therefore, the solution of landslide stability factor is a highly 588 

nonlinear problem, and the analytical expression of stability factor cannot be obtained, 589 

which can be calculated by iterative method. The detailed flow of landslide dynamic 590 

stability evaluation method is shown in Fig. 12. 591 
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 592 

Fig.12. Flow of landslide dynamic stability evaluation method 593 

Different from the traditional limit equilibrium method based on strength 594 

parameters, cohesion c and internal friction angle φ, the landslide dynamic stability 595 

evaluation method in this paper is realized by calculating the shear stress evolution 596 

curve with known normal stress and combining with the residual thrust method, rather 597 

than directly using cohesion c and internal friction angle φ to calculate the landslide 598 

stability. The advantage of this method is that the strength parameters are implicitly 599 

included in the model, and the evolution of the shear strength of the slip zone with 600 
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displacement is also fully considered. 601 

4.2 Stability evolution characteristics of Outang landslide 602 

In order to study the effect of reservoir water level on the stability of Outang 603 

landslide and provide theoretical guidance for the drainage engineering of Outang 604 

landslide, the stability evolution of Outang landslide without considering groundwater 605 

condition and 175m water level condition is analyzed respectively. Since the pre peak 606 

stage of the τ-u curve of the slip zone soil has little reference significance, and the 607 

maximum peak displacement is predicted to be about 17 mm within the range of the 608 

maximum normal stress (2000 kPa) where the slip zone of Outang landslide is located, 609 

so the evolution law of the landslide stability with the displacement after the 610 

displacement reaches 17 mm is studied (Fig. 13). Fig. 13 shows that with the increase 611 

of landslide displacement, the landslide stability factor decreases at a gradually 612 

decreasing attenuation rate, and the stability factor tends to a constant value under 613 

large displacement, which is consistent with the strain softening phenomenon of the 614 

slip zone soil: the shear strength gradually decreases with displacement and tends to 615 

be constant until reaching the residual strength stage. Fig. 13 shows that the 616 

displacement required for a constant stability factor is greater than the displacement 617 

required for the slip zone soil to reach the residual strength stage. This reason is that 618 

the Outang landslide is a deep giant landslide, and the normal stress at the location of 619 

the slip zone is high stress, up to 2000kPa, the strain softening phenomenon of the slip 620 

zone soil is less obvious under large normal stress, and the displacement required to 621 

decay from peak strength to residual strength increases. 622 
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 623 

Fig. 13. Stability evolution characteristics of Outang landslide 624 

Without considering the reservoir water level, the stability factor of Outang 625 

landslide gradually decreases from 1.587 to 1.316 and remains constant, indicating 626 

that the landslide deformation has a significant impact on the stability of the landslide. 627 

Therefore, it is suggested that active reinforcement and protection should be 628 

implemented in time to prevent the deformation of the landslide, otherwise the 629 

gradual reduction of its stability factor leads to more difficult in prevention and 630 

control. Under the condition of 175 m reservoir water level, the landslide stability 631 

factor gradually evolves from 1.434 to 1.168, and then remains constant. Compared 632 

with the condition without considering the water level, the landslide stability factor 633 

decays faster, and it only takes about 500 mm displacement for the stability factor to 634 

decay to a constant value. From the perspective of mechanical mechanism, the main 635 

reason for the faster decline rate of landslide stability is that the reservoir water leads 636 

to the decrease of the effective gravity of the front slip mass, the decrease of the 637 

gravity of the front slide mass leads to the decrease of the normal stress, and the strain 638 

softening phenomenon of the slip zone soil is relatively obvious, resulting in the faster 639 
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decline of landslide stability factor.  640 

Comparing the stability of the landslide with or without considering the reservoir 641 

water, it is concluded that the reservoir water has a significant impact on the stability 642 

of Outang landslide, and the attenuation amplitude of the peak stability factor with the 643 

water level ΔFs-w is 0.153, and the attenuation amplitude of residual stability factor 644 

with the water level ΔFs-w is 0.148. The main reason for the effect of reservoir water 645 

on landslide stability is that the reservoir water causes the reduction of the effective 646 

gravity of the anti-sliding section of the landslide. The front part of the Outang 647 

landslide has a small inclination angle and even an inverted section, which is the main 648 

anti-sliding section. Affected by the reservoir water, the effective gravity of the 649 

anti-sliding section decreases, resulting in the reduction of the effective normal stress 650 

and anti-sliding force of the landslide, which leads to the reduction in the landslide 651 

stability factor. Therefore, the drainage engineering is a feasible measure for 652 

preventing and controlling the large-scale landslide. 653 

5 Conclusion 654 

In this study, the shear mechanical properties of the slip zone soil from Outang 655 

landslide under large displacement are studied by repeated direct shear tests. A shear 656 

constitutive model of the slip zone soil is established based on damage theory. By 657 

combining the residual thrust method, the stability evolution of the Outang landslide 658 

without considering the reservoir water and 175m water level is studied. The main 659 

conclusions are as follows:  660 

(1) The repeated direct shear test can be well applied to realize the large 661 

displacement shear which cannot be realized by the traditional direct shear test, and 662 

can well study the residual strength behavior of slip zone soil. 663 

(2) The established shear constitutive model can well reflect the large 664 

displacement shear mechanical behavior of the slip zone soil. The parameters in the 665 

model have clear physical meaning. The model parameter m has a positive parabolic 666 
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correlation with the brittleness index, which reflects the strain softening degree of the 667 

slip zone soil, and the parameter u0 has an effect on the peak displacement and peak 668 

strength. 669 

(3) The stability factor of Outang landslide gradually decreases and tends to be 670 

constant with the deformation of the landslide. The mechanical mechanism of 671 

landslide stability evolving with deformation is the strain softening behavior of the 672 

slip zone soil. The stability of the landslide under the 175m water level condition is 673 

obviously lower than that under the condition without considering the water level, and 674 

the stability factor decays faster with the displacement. The mechanical mechanism of 675 

the landslide stability evolving with the water level is mainly that the reservoir water 676 

affects the effective stress in the anti - sliding section. 677 

(4) It is suggested to strengthen the active prevention and control measures in the 678 

landslide prevention and control engineering, and strengthen the construction of 679 

drainage engineering for large reservoir bank landslide. 680 
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