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Highlights 17 

1. Influence mechanisms of both the water content and the confining pressure on strength indexes 18 

of Xigeda formation are discussed. 19 

2. The statistical correlations between the shear strength index and the water content for Xigeda 20 

formation, soft rock and soil are analyzed. 21 

3. A damage constitutive model for the whole deformation process of Xigeda formation affected by 22 

the water content is established and is proved by the test data. 23 

 24 
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Abstract: The Xigeda formation is a set of Cenozoic lacustrine semi-rock discontinuously 25 

distributed in Southwest China. As a typical hard soil or soft/weak rock, the Xigeda formation causes 26 

problems when encountered in engineering practice due to its previously unknown mechanical 27 

behaviour. Typical samples taken from Zhaizi village along the Jinsha River have been studied. 28 

Influences of both the water content and the confining pressure on strength indices of the Xigeda 29 

formation were investigated by performing triaxial tests, and the statistical correlations between the 30 

shear strength index and the water content of the Xigeda formation, and its soft rock and soil are 31 

analysed. By introducing the tenets of the theory of damage mechanics, a damage constitutive model 32 

for the deformation of the Xigeda formation and the influence of the water content thereon was 33 

established. The results show that: (a) the peak strength, the cohesion and the friction angle decrease 34 

linearly with increasing water content; (b) the sensitivity of cohesion to water content is ranked (in 35 

ascending order) as: soft rock, the Xigeda formation, then soil, and the sensitivity of friction angle 36 

to water content is ranked (in ascending order) as: soil, the Xigeda formation, then soft rock; (c) the 37 

damage constitutive model requires few input variables, has a simple form, and can reflect the 38 

deformation and strength characteristics of the Xigeda formation under different confining pressures 39 

and water contents. The results provide a mechanism with which to understand and model (for both 40 

theoretical study and engineering application) the Xigeda formation. 41 

 42 

Keywords: Xigeda formation; mechanical behaviour; water; strength; damage constitutive model. 43 

 44 

1 Introduction 45 

Many geological hazards have been induced by a type of geological materials classified as hard 46 

soils and soft/weak rocks (Cecconi and Viggiani, 2001; McCammon, 1999; Moon, 1993; Tommasi 47 

et al. 2014; Vaughan, 1993). These hard soils and soft/weak rocks include hard clays and clay-shales, 48 

soft sedimentary rocks, weak pyroclastic rocks such as tuffs, cemented coarse-grained materials 49 

such as weak sandstones, residuals soils, and very weathered hard rocks (Gens et al., 2005). The 50 

hard soils and soft/weak rocks have different structural and mechanical characteristics from rock 51 

and soil, and the water content exerts a significant influence on their strength; because the 52 

engineering classification and mechanical behaviour are not clear, these hard soils and soft/weak 53 
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rocks have adverse effects in many practical cases (Abolmasov et al., 2014; Alonso and Pinyol, 54 

2014; Barla et al., 1998; Di Maio et al., 2014; Margherita et al., 2018; Rotaru, 2011). This problem 55 

has aroused the common concern and attention of many in the geo-engineering community and 56 

among scholars. Four symposia/workshops, held in 1993 and 2011 in Athens, and 1998 and 2013 in 57 

Naples, had been hold under the banner “Geotechnics of Hard Soils-Weak Rocks” (Kanji, 2014; 58 

Luciano, 2015). 59 

To define the hard soils and soft/weak rocks, several different classifications using strength have 60 

been proposed (BSI, 1981; IAEG, 1979; ISRM, 1982), but the upper and lower limits of soils and 61 

rocks differ due to different terms used. Using the uniaxial compressive strength for the upper limit 62 

and the undrained triaxial strength for the lower limit, Hawkins and Pinches (1992) proposed a 63 

classification for the entire range of soils and rocks, this classification acknowledges the continuum 64 

between soils and rocks, and Vaughan (1993) also suggested that soils and rocks should be regarded 65 

as continuously changing geological materials. At present, the boundary of the uniaxial compressive 66 

strength between the hard soil and the soft rock is recognised as being about 1 MPa (Marinos, 1997), 67 

however, complete agreement remains to be reached (Johnston and Novello, 1993). 68 

With the efforts of the geo-engineering community and various scholars, the mechanical behaviour 69 

of some typical hard soils and soft/weak rocks have been extensively investigated (Aversa and 70 

Evangelista, 1998; Clayton and Serratrice, 1993; Hornig and Klapperich, 2011; Shao, 1998; 71 

Sitarenios et al., 2011; Tatsuoka and Kohata, 1995). To describe the mechanical behaviour, 72 

constitutive models based on theories of elasticity, plasticity, and visco-plasticity, and micro-fracture 73 

and damage mechanics can be employed (Desai and Faruque, 1984; Gens and Nova, 1993). Gens 74 

et al. (2005) combined a framework used for soils with another intended for quasi-brittle materials 75 

and presented an elastoplastic constitutive law to reproduce a number of transitional behaviours in 76 

hard soils and soft rocks. Vukadin (2007) postulated a theoretical framework based on the observed 77 

similarity of the stress-strain behaviours for different materials ranging from soils to rocks and 78 

developed a model for hard soils and soft rocks named S_BRICK. 79 

In the present work, a typical hard soil and soft/weak rock body known as the Xigeda formation 80 

distributed across Southwest China, was studied. The Xigeda formation is also called “Huntan 81 

formation”, is named after Xigeda village in Hongge Township, Yanbian County, Panzhihua City, 82 

Sichuan Province by Yuan in 1958. This formation mainly includes fine-grained sandstone, clay, 83 
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and conglomerate (Zhang, 2009). Scholars pointed out that water will weaken the physical and 84 

mechanical properties of the Xigeda formation, which may affect the stability of the geotechnical 85 

engineering works therein (Ling et al., 2015; Sun et al., 2012; Wang et al., 2018; Yang et al., 2020; 86 

Zhou et al., 2017). At present, In Southwest China, especially Yunnan and Sichuan, many large 87 

geotechnical projects are under construction or about to be built, and some of them are executed in 88 

the Xigeda formation. Thus, studies are warranted to have better understanding of the Xigeda 89 

formation. To investigate the mechanical behaviour of the Xigeda formation, samples thereof from 90 

Zhaizi village, Yunnan Province, China, have been studied. Section 2 presents the geological 91 

evolution and field investigation of the Xigeda formation. Section 3 describes the mechanical 92 

behaviour of the Xigeda formation under different confining pressures and water contents. A 93 

damage constitutive model is introduced to describe the stress-strain behaviour in Section 4, and 94 

Section 5 proves the validity of the damage constitutive model using test data. 95 

 96 

2 Geological evolution and field investigation of the Xigeda formation 97 

At present, research into on geological evolution of the Xigeda formation mainly includes its 98 

mechanism of occurrence, age of the formation, and its distribution. Previous studies attributed the 99 

occurrence of the Xigeda formation to either large-scale glacier development in the Pliocene or 100 

tectonic deformation that formed a series of lakes, where the barrier lake deposition can explain the 101 

dispersion of the Xigeda formation in plane and elevation (Li et al., 2012; Quaternary Glacier 102 

Survey Group, 1977). Based on the studies of the Xigeda formation in different sites, such as at 103 

Xichang City, Luding City, Panzhihua City, etc., the formation occurred at about 1.0 Ma ~ 4.2 Ma, 104 

which is between the Pliocene of the tertiary system and the Pleistocene of the quaternary system 105 

(Kong et al., 2012; Xu and Liu, 2011). In Southwest China, the Xigeda formation is spread from 106 

Songpan County of Sichuan Province in the north to Zhaizi village of Yunnan Province in the south, 107 

and it is mainly distributed in bands and flakes with an area of 2.1 × 105 km2. As shown in Figure1, 108 

as a set of river-lake facies sediments in quiet water, the Xigeda formation can be found in the 109 

valleys of many watersheds, such as the Jinsha River, the Yalong River, the Dadu River, the Min 110 

River, etc., in western Sichuan Province and northern Yunnan Province. In different sites, the extent 111 

of diagenesis of the Xigeda formation may be different. Due to the insufficient compaction and 112 
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cementation in the process of diagenesis, the density and strength of the Xigeda formation are 113 

generally smaller than that of the rock, thus the Xigeda formation has the characteristics of rock-114 

like non-rock and soil-like non-soil, and the geologists called it semi-rock (Liu and Nie, 2014). 115 

 116 

Figure 1 Distribution of the Xigeda formation. Modified from Xu and Liu (2011). 117 

 118 

As shown in Figure 2, the Xigeda formation has an obvious horizontal bedding structure, mainly 119 

composed of clay, silt, and silty fine sand (Xu, 2011). The Xigeda formation in Zhaizi village along 120 

the Jinsha River is a typical deposit caused by a barrier lake. During the construction of the Taoyuan 121 

Jinsha River suspension bridge, which forms a key part of the Dali-Yongsheng Expressway, the 122 

Xigeda formation is exposed in the foundation pit of the gravity anchorage of the suspension bridge. 123 

The foundation pit is in Zhaizi village, Taoyuan Township, Yongsheng County, Lijiang City, Yunnan 124 
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Province. Figure 3(a) shows an aerial photograph of the site taken by a drone: the Xigeda formation 125 

is located in the Southwest foundation pit, and the foundation pit is about several hundred metres 126 

from the reservoir area of the Ludila Hydropower Station along the Jinsha River. The base elevation 127 

of the foundation pit is 1229.462m, and the highest reservoir water level is 1223.0 to 1225.0 m. 128 

Figure 3(b) shows a photograph of in-situ sampling operations: the Xigeda formation is brown/light 129 

yellow, medium dense, slightly wet, mainly composed of the weak cementation of silt and sand. 130 

  131 

(a) Jingjiu Twonship of Sichuan Province (Xu, 2011)      (b) Zhaizi village of Yunnan Province 132 

Figure 2 Structural characteristics of the Xigeda formation. 133 

 134 

(a) The site photographed by a drone 135 
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 136 

(b) Field sampling 137 

Figure 3 Field investigation and sampling of the Xigeda formation exposed in a foundation pit. 138 

 139 

3 The mechanical behaviour of the Xigeda formation 140 

3.1 Sample testing 141 

The X-ray diffraction tests show that the mineral composition of the Xigeda formation in Zhaizi 142 

village is mainly quartz (31%~51%), followed by clay minerals, including illite (11%~38%), 143 

montmorillonite (8%~9%), and clinochlore (5%~14%), in addition to a small amount of calcite 144 

(8%~12%), albite (0~12%), and other minerals. 145 

Using samples with diameter of 39.1 mm and a height of 80 mm, a series of triaxial compression 146 

tests have been conducted to study the mechanical behaviour of the Xigeda formation. Five different 147 

gravimetric water contents (17.79%, 20.58%, 24.86%, 26.52%, and 30.83%) were used, wherein, 148 

the last represented a saturated sample and the others were obtained at different locations in the field. 149 

Figure 4 shows the typical samples at different water contents. At each water content, samples under 150 

four confining pressures (200 kPa, 400 kPa, 600 kPa, and 800 kPa), were tested. The strengths and 151 

deformation indices under different water contents and confining pressures are listed in Table 1, 152 

respectively, where ω is the water content, σ3 represents the confining pressure, σf is the peak 153 

strength, Ea is the average elastic modulus, c denotes the cohesion, and φ is the friction angle. 154 

             155 
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  (a) 17.79%        (b) 20.58%        (c) 24.86%        (d)26.52%        (e) 30.83% 156 

Figure 4 Samples with different water contents for triaxial compression testing. 157 

Table 1 Strength and deformation indices at different water contents and confining pressures. 158 

ω /% σ3 /kPa σf /kPa Ea /MPa c /kPa φ /(°) 

17.79 

200 711.25 124.81 

125.74 16.53 

400 1012.8 107.84 

600 1453.42 123.04 

800 1761.35 112.81 

20.58 

200 639.21 77.43 

119.77 14.57 

400 961.2 83.50 

600 1362.19 79.73 

800 1620.19 87.48 

24.86 

200 553.96 66.00 

98.39 12.36 

400 879.36 46.32 

600 1135.76 50.19 

800 1498.16 68.41 

26.52 

200 479.56 33.52 

83.89 8.96 

400 720.32 37.21 

600 1036.09 40.86 

800 1286.86 47.14 

30.83 

200 358.41 15.95 

55.43 5.50 

400 623.29 20.35 

600 834.16 24.03 

800 1096.04 34.32 

 159 

3.2 Strength indices 160 

Figure 5 shows the relationship between the peak strength and the confining pressure: the results 161 

follow the Mohr-Coulomb criterion. At different water contents, the peak strengths of Xigeda 162 

formation materials increase with confining pressures. For example, when the water content is 163 
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17.9%, as the confining pressure is increased from 200 kPa to 800 kPa, the peak strength increases 164 

from 711 kPa to 1761 kPa. 165 

Figure 6 illustrates the relationship between the peak strength and the water content, and the results 166 

illustrate that the peak strengths decrease linearly with increasing water content. For example, when 167 

the confining pressure is 200 kPa, and the water content is increased from 17.79% to 30.83%, the 168 

peak strength decreases from 711 kPa to 358 kPa. 169 

 170 

Figure 5 Relationship between peak strength and confining pressure. 171 

 172 

Figure 6 Relationship between peak strength and water content. 173 
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 174 

Figure 7 shows the relationship between cohesion and friction angle of the Xigeda formation and 175 

the water content, the results illustrate that both the cohesion and friction angle decrease linearly 176 

with increasing water content. When the water content is increased from 17.79% to 30.83%, the 177 

cohesion decreases from 126 kPa to 55 kPa, and the friction angle decreases from 16.53° to 5.5°. 178 

From the micro-scale perspective, the reasons for this can be considered as follows: the influence 179 

of water content on cohesion is mainly due to the chemical reaction of water with illite and 180 

montmorillonite. Absorption of the water molecules leads to the increase of the clay aggregate 181 

volume, resulting in swelling, and the cemented structure is destroyed. The influence of water 182 

content on friction angle is mainly attributed to the effect of the water film formed between the 183 

particles under the action of molecular forces, which rounds the surfaces of the particles, and 184 

lubricates them. 185 

 186 

Figure 7 Relationship between cohesion, friction angle, and water content. 187 

 188 

The relationships between the shear strength indices and the water contents of the Xigeda formation 189 

samples taken from six locations (nine soils and eight soft rocks) were investigated (Huang et al., 190 

2005; Wen et al., 2005; Zhang et al., 2011; Zhou et al., 2014). Figure 8 shows the relationship 191 

between the cohesion and the water content. The results show that the cohesion of such geotechnical 192 

materials decrease with increasing water contents, and the sensitivity of cohesion to water content 193 

is ranked (in ascending order) as: soft rock, the Xigeda formation, then soil. According to the range 194 



12 
 

of distribution of cohesion and water content, nine regions are used to characterise the formation. 195 

The soft rock is mainly distributed in region ①, the Xigeda formation is mainly distributed in 196 

regions ④ and ⑤, and the soil is mainly distributed in regions ④, ⑤, ⑦, ⑧, and ⑨, which 197 

indicate that the main distribution of cohesion and water content is as follows: 0.2~20 MPa and ω 198 

< 17% for soft rock, 30~200 kPa and ω < 40% for the Xigeda formation, and 2 ~ 200 kPa and ω < 199 

50% for soil. Figure 9 shows the relationship between the friction angle and the water content. The 200 

results show that the friction angles of these geotechnical materials decrease with increasing water 201 

content, the distributions have no obvious boundaries, and the sensitivity of friction angle to water 202 

content is ranked (in ascending order) as: soil, the Xigeda formation, then soft rock. The statistical 203 

correlation between the shear strength index and the water content reflects that the strength 204 

characteristics of the Xigeda formation are different from those of both soil and soft rock, which 205 

indicates that the Xigeda formation is a special kind of geotechnical material somewhere between 206 

soil and soft rock. 207 

 208 

Figure 8 Relationship between cohesion and water content: the Xigeda formation, soil. and soft rock. 209 
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 210 

Figure 9 Relationship between friction angle and water content: the Xigeda formation, soil, and soft 211 

rock. 212 

4 A damage constitutive model 213 

4.1 Introduction to the damage constitutive model 214 

Under the actions of external forces, the fractures of geotechnical materials continuously propagate, 215 

and this process presents a complex stress-strain relationship and is irreversible (Desai, 2005). Using 216 

the principle of irreversible thermodynamics and the continuum mechanics, Lemaitre (1984) 217 

established the theory of damage mechanics, which allows assessment of the evolution of damage 218 

in many materials, and is appropriate to describe the mechanical behaviour of geotechnical materials. 219 

The key of damage mechanics is to establish a reasonable damage model. Some mechanical models 220 

for quasi-brittle materials such as rock and concrete have been established (e.g., the Krajcinovie 221 

damage model (1982) and Frantzikonis damage model (1987)). These models divide the stress-222 

strain curve into several segments, assume the segments have different mechanical properties, and 223 

the modelled constitutive curves are consistent with the experimental results. In addition, Cao et al. 224 

(1998, 2010) studied the deformation of rock by combining mesoscopic damage mechanics with 225 

mathematical statistics, and this approach uses statistical variation of rock properties at a small scale 226 

to generate realistic behaviour at a larger scale. 227 
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At present, the damage model based on the strain equivalent hypothesis is more commonly used 228 

(Lemaitre, 1984), 229 

 
n =

S S
D

S

 %
 (1) 

 =
1 D
σσ%  (2) 

 
 

=
1

E
D E



σε σ%  (3) 

  = 1 D Eσ ε  (4) 

where, 
nD  represents the damage variable on the cross-section with normal direction n, D is the 230 

damage variable of isotropic material, S is the apparent cross-sectional area, S%  is the effective 231 

cross-sectional area, σ% is the effective stress tensor, σ is the total stress tensor, ε is the strain tensor, 232 

E is the elastic modulus. D = 0 indicates the undamaged state, while D = 1 means the damaged part 233 

of the material has no bearing capacity, which is unrealistic. To address this problem, Shen (1993) 234 

and Cao (2012) developed a new damage model for geotechnical materials under triaxial 235 

compression conditions, 236 

  1 1 r1 D D      (5) 

where, 
1

   is the axial effective stress, 
r

  is the residual strength. The new damage model can 237 

reflect the fact that residual strength does not change with deformation in the process of strain 238 

softening of geotechnical materials, but two assumptions should be satisfied. The first assumption 239 

is that the material damage only occurs in the cross-section whose normal direction is the axial 240 

direction, the cross-section whose normal direction is the lateral direction is always in an undamaged 241 

state during the loading process. The second assumption is that the stress-strain relationship of the 242 

undamaged part of the material obeys Hooke’s law. 243 

 244 

4.2 Determination of the model parameters 245 

To use the new damage model to describe of the mechanical behaviour of the Xigeda formation, it 246 

is necessary to determine the model parameters in formula (5). According to the hypothesis of strain 247 

equivalence, under triaxial compression, 248 

 1 r 1      (6) 

According to the first assumption of the new damage model, 249 
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 2 2    (7) 

 3 3    (8) 

According to the second assumption of the new damage model, and in combination with formulae 250 

(6) to (8), 
1 can be obtained, 251 

    1 1 2 3 1 2 3E E                  (9) 

where μ is the Poisson’s ratio. The residual strength of the Xigeda formation satisfies the Mohr-252 

Coulomb criterion, and r
 can be obtained thus, 253 

  r 3 r r

r

r

1 sin 2 cos

1 sin

c  



 




 (10) 

where c and φ are the cohesion and friction angle, respectively, and the subscript r represents the 254 

residual value. Combining formulae (5), (9), and (10), 255 

    1 1 2 31 D E DB          (11) 

where, 256 

    r 3 r r

2 3

r

1 sin 2 cos

1 sin

c
B

  
  


 

  


 (12) 

To establish the relationship between damage variable D and stress-strain, the mesoscopic element 257 

strength is introduced (Tang et al. 1993). The mesoscopic element strength F reflects the risk of 258 

failure of a mesoscopic element. 259 

In the triaxial test, the confining pressure remains unchanged, and the accumulation of the axial 260 

effective stress increment of the undamaged part of the material can reflect the risk of failure of the 261 

geotechnical material. Thus, the accumulation of the axial effective stress increment in the 262 

undamaged part of the material is taken as the mesoscopic element strength. The differential form 263 

of formula (9) is as follows, 264 

  1 1 2 3d d d dE         (13) 

During the axial loading process, 
2 3d d 0   , and it is assumed that 

1 0   is the initial state, 265 

the mesoscopic element strength can be obtained thus, 266 

 
1 1 1d dF E E       (14) 

It is assumed that the mesoscopic element strength follows a Weibull distribution, and the damage 267 

variable can be obtained by integrating its probability density function (Tang et al. 1993), 268 
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 m

01 exp[ ( / ) ]D F F    (15) 

where F0 and m are the distribution parameters pertaining to mesoscopic element strength. F0 and 269 

m can be determined according to the extremum characteristics of the peak strength of triaxial test. 270 

The peak strength of triaxial test of geotechnical materials is 
f , and the corresponding strain is 271 

f , then 272 

 

1 f 1 f

1

1 ,

0

   




 





 (16) 

From the partial differentiation of formula (11), it can be concluded that, 273 

    1
1

1 1

1
D

D E B E
 
 

 
   

 
 (17) 

Combining formulae (14) and (15), it can be obtained that, 274 

 -1

1 0 0 0

1
= exp

m m

D F F
E m

F F F

                       
 (18) 

Combining formulae (16) to (18), it can be obtained that, 275 

 
   

f

f fln 1

F
m

B E D


 
 (19) 

   1

0 f fln 1
m

F F D


      
(20) 

where 
fF  is the mesoscopic element strength when 

1 f   , 
fD  is the damage variable when 276 

1 f  , and formula (14) can be written as 277 

 
f fF E  (21) 

Substituting 
1 f   and 

1 f   into formula (11), 278 

  f f 2 3

f

3

E
D

B E

    


  



 (22) 

The peak strength of the material comprising the Xigeda formation satisfies the Mohr-Coulomb 279 

criterion, 280 

  f 3 f f

f

f

1 sin 2 cos

1 sin

c  



 




 (23) 

where the subscript f represents the peak value. Based on the triaxial test results of samples taken 281 

from the Xigeda formation, it is assumed that there is a linear relationship among the axial strain 282 

corresponding to peak strength 
f , the confining pressure, and the water content, 283 

  3 50

f

+
=

100

a b c  


 
 (24) 
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where a, b, and c are constants, which can be obtained by least squares regression of test data. 284 

Table 2 presents the axial strains corresponding to peak strengths of the test data, a = 0.6422, 285 

b = 1.088 × 10-3 kPa-1, and c = 8.078 × 10-2. 286 

By substituting formulae (21) to (24) into formulae (19) and (20), m and F0 can be obtained. Then, 287 

formulae (19) and (20) can be substituted into formula (15), and the functional expression of the 288 

damage variable can be obtained. Finally, by substituting the damage variable into formula (11), a 289 

damage constitutive model for the whole deformation process of material in the Xigeda formation, 290 

as affected by water content, is constructed. 291 

Table 2 Axial strain corresponding to peak strength. 292 

ω/% 

εf/% 

σ3 = 200 kPa σ3 = 400 kPa σ3 = 600 kPa σ3 = 800 kPa 

17.79 1.03 1.22 1.41 1.58 

20.58 1.31 1.49 1.75 1.99 

24.86 1.56 1.74 1.93 2.19 

26.52 1.78 2.01 2.23 2.39 

30.83 2 2.25 2.52 2.78 

 293 

5 Validation of the damage constitutive model 294 

The deformation parameters of the Xigeda formation obtained from the mechanical tests are as 295 

follows, E = 120 MPa and μ = 0.26. At water contents of 17.79%, 20.58%, 24.86%, 26.52%, and 296 

30.83%, and confining pressures of 200 kPa, 400 kPa, 600 kPa, and 800 kPa, the whole deformation 297 

processes of the Xigeda formation under different conditions is revealed. Figures 10 and 11 show 298 

comparisons of the test data and the model results. 299 

The comparisons indicate that the damage constitutive model can reflect the variation of strength 300 

under different confining pressures and water contents. The peak strength and residual strength 301 

increase with the confining pressure, the peak strength decreases significantly with increasing water 302 

content, and the residual strength decreases to a lesser extent with increasing water content, which 303 

is consistent with the variation seen in test data. 304 

The comparisons also indicate that the damage constitutive model can reflect the variation of 305 
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deformation under different confining pressures and water contents. The axial strain corresponding 306 

to the peak strength increases with both confining pressure and water content. In the softening stage, 307 

the stress decreases with increasing water content. At a low water content, after reaching the peak 308 

strength, the stress decreases rapidly to the residual strength, and the strain softening characteristics 309 

are obvious, which reflect the characteristics of the rock in the Xigeda formation. When the water 310 

content is close to that at saturation, the rate of change of stress after reaching the peak strength is 311 

low, and the difference between the peak and residual strengths is small, suggesting that strain-312 

softening is less obvious, reflecting the soil-like characteristics of the Xigeda formation. 313 

 314 

(a)  ω=17.79% 315 

 316 

(b)  ω=20.58% 317 
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 318 

(c)  ω=24.86% 319 

 320 

(d)  ω=26.52% 321 

 322 

(e)  ω=30.83% 323 

Figure 10 Comparisons of test data and model results at different water contents. 324 
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 325 

(a)  σ3=200kPa 326 

 327 

(b)  σ3=400kPa 328 

 329 

(c)  σ3=600kPa 330 
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 331 

(d)  σ3=800kPa 332 

Figure 11 Comparisons of test data and model results at different confining pressures. 333 

 334 

6 Conclusion 335 

The geological evolution and distribution characteristics of the Xigeda formation were investigated, 336 

by in-situ sampling of material from the Xigeda formation in Zhaizi village along the Jiasha River 337 

and triaxial tests were conducted at different gravimetric water contents. Using the test data, the 338 

influences of both the water content and the confining pressure on strength were assessed, a damage 339 

constitutive model for the whole deformation process of the Xigeda formation affected by water 340 

content was established. The main conclusions are as follows: 341 

(a) The peak strength of material in the Xigeda formation increases linearly with the confining 342 

pressure, following the Mohr-Coulomb criterion. The peak strength, the cohesion, and the friction 343 

angle decrease linearly with increasing water contents. The microscopic mechanism can be 344 

considered as one in which that the hygroscopic expansion of illite and montmorillonite is generated, 345 

thus destroying the cemented structure therein and reducing the cohesion; the particle surface tends 346 

to become more rounded, and the friction angle decreases due to the lubricating effect of the water 347 

film. 348 

(b) The statistical correlation between the shear strength index and the water content reflects the fact 349 

that the strength characteristics of the Xigeda formation differ from those of soil and soft rock. The 350 

cohesion and friction angle of soft rock, the Xigeda formation, and soil decrease with increasing 351 
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water content; the sensitivity of cohesion to water content is ranked (in ascending order) as: soft 352 

rock, the Xigeda formation, the soil, and the sensitivity of friction angle to water content is ranked 353 

(in ascending order) as: soil, the Xigeda formation, then soft rock. 354 

(c) The damage constitutive model can reflect the deformation process of material from the Xigeda 355 

formation under different confining pressures and water contents. The peak strength, residual 356 

strength, and axial strain corresponding to the peak strength calculated by the damage constitutive 357 

model agree with the test data. The form of the damage constitutive model is simple, and the input 358 

variables are few, thus the damage constitutive model of the Xigeda formation is convenient for 359 

wider engineering application. 360 
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Figures

Figure 1

Distribution of the Xigeda formation. Modi�ed from Xu and Liu (2011). Note: The designations employed
and the presentation of the material on this map do not imply the expression of any opinion whatsoever
on the part of Research Square concerning the legal status of any country, territory, city or area o bbnhjr



of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.

Figure 2

Structural characteristics of the Xigeda formation.



Figure 3

Field investigation and sampling of the Xigeda formation exposed in a foundation pit.



Figure 4

Samples with different water contents for triaxial compression testing.

Figure 5



Relationship between peak strength and con�ning pressure.

Figure 6

Relationship between peak strength and water content.



Figure 7

Relationship between cohesion, friction angle, and water content.



Figure 8

Relationship between cohesion and water content: the Xigeda formation, soil. and soft rock.



Figure 9

Relationship between friction angle and water content: the Xigeda formation, soil, and soft rock.



Figure 10

Comparisons of test data and model results at different water contents.



Figure 11

Comparisons of test data and model results at different con�ning pressures.


