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ABSTRACT  23 

Yielding and wetting-induced collapse are two important interrelated aspects of 24 

unsaturated loess behaviour. Previous studies on loess are generally under a single 25 

temperature condition. The principal objective of this study is to investigate thermal 26 

effects on yielding and wetting-induced collapse of recompacted and intact loess. 27 

Isotropic compression tests were carried out to determine yield stress at different 28 

suctions (0 and 100 kPa) and temperatures (5, 23 and 50℃). Moreover, wetting tests 29 

were conducted at various temperatures and stresses. The results of wetting tests 30 

were interpreted using the measured yield stress at various suctions and temperatures. 31 

It is found that yield stress decreases with decreasing suction (wetting-induced 32 

softening). The wetting-induced softening of recompacted loess is more significant 33 

at a higher temperature. The observed thermal effects on wetting-induced softening 34 

are likely because with decreasing suction, the stabilizing inter-particle normal force 35 

decreases more at a higher temperature. On the other hand, when the applied stress 36 

reaches the yield stress during wetting, yielding and plastic volumetric contraction 37 

can be observed. More importantly, wetting-induced contraction of recompacted 38 

loess at 50℃ is about three times of that at 5℃. The larger contraction at 50℃ is 39 

mainly because the wetting-induced softening is larger at a higher temperature. 40 

 41 

Keywords: temperature; yielding; wetting; collapse; recompacted and intact loess 42 

 43 

 44 

INTRODUCTION 45 
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Unsaturated loess has a metastable structure, which can be maintained 46 

temporarily by suction (Ng et al., 2016c). During wetting process, the metastable 47 

structure may be destroyed, leading to volumetric collapse of loess. The 48 

wetting-induced collapse may induce excessive ground movements and serious 49 

damages to geotechnical structures (Gens, 2010). According to elasto-plastic theory 50 

for unsaturated soil (e.g., Alonso et al., 1990), wetting-induced collapse is closely 51 

related to the yielding behaviour. Hence, it is of great importance to fully understand 52 

the yielding behaviour and wetting-induced collapse of unsaturated loess.  53 

Many efforts have been made to investigate the yielding behaviour of 54 

unsaturated soil (Wheeler and Sivakumar, 1995; Cui and Delage, 1996; Villar, 1999; 55 

Lloret et al., 2003). A major conclusion from these previous studies is that the yield 56 

stress of unsaturated soil decreases with decreasing suction (wetting-induced 57 

softening). At a given suction, some researchers found that the yield stress decreases 58 

with increasing temperature (thermal induced softening) (Cekerevac and Laloui, 59 

2004; Tang et al., 2008; Di Donna and Laloui, 2015). As far as the authors are aware, 60 

however, previous researches seldom compared the degree of wetting-induced 61 

softening at various temperatures. Furthermore, the difference between 62 

wetting-induced softening of recompacted and intact specimens is not clear.  63 

As far as wetting-induced collapse is concerned, most previous studies focused 64 

on stress effects (Lawton et al., 1989, Pereire and Fredlund, 2000; Sun et al., 2007; 65 

Munoz-Castelblanco et al., 2011; Vilar and Rodrifues, 2011, Jiang et al., 2012). It is 66 

found that the maximum collapse occurs when the mean net stress equals to the 67 
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initial yield stress of unsaturated soil. Although thermal effects on soil behaviour are 68 

well recognized (Campanella and Mitchell, 1968; Abuel-Naga et al., 2007; 69 

Uchaipichat and Khalili, 2009; Zhou et al., 2015a; Ng et al., 2016a), as far as the 70 

authors are aware, only two studies have been reported to investigate thermal effects 71 

on wetting-induced collapse (Romero et al., 2003; Haghighi et al., 2011). Romero et 72 

al. (2003) found that, for recompacted loose Boom clay, wetting-induced volumetric 73 

strains measured at 22 and 80℃ are almost the same. Haghighi et al. (2011) found 74 

that the collapse volumetric strain of recompacted Kaolin clay at 20℃ is slightly 75 

larger than that at 50℃ and the maximum difference is about 4%. It should be noted 76 

that suction and temperature dependent yield stresses are not reported in the above 77 

two studies. Consequently, the observed thermal effects on soil collapse cannot be 78 

properly interpreted and fully understood within elastoplastic framework. Moreover, 79 

wetting-induced collapses of intact and recompacted loess were not compared by 80 

previous researchers. The difference between wetting-induced collapse of 81 

recompacted and intact loess specimens is not clear. 82 

In this study, a series of isotropic compression tests were conducted on 83 

recompacted and intact loess specimens at different suctions (0 and 100 kPa) and 84 

temperatures (5, 23 and 50℃). Moreover, a series of wetting tests were carried out 85 

on recompacted and intact loess specimens at different confining stresses (50 and 86 

110 kPa) and temperatures (5, 23 and 50℃). The results of wetting tests were 87 

analysed using the measured yield stress. 88 

  89 
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TEST PROGRAMME 90 

The principal objective of this study is to investigate thermal effects on yielding 91 

and wetting-induced collapse of recompacted and intact loess. To achieve this 92 

objective, two series of suction and temperature controlled isotropic tests were 93 

conducted. In the first series, eight compression tests were carried out to determine 94 

suction and temperature dependent yield stress and yielding behaviour. Three tests 95 

(RS0T5, RS0T23 and RS0T50) were conducted on saturated recompacted loess at 96 

different temperatures of 5, 23 and 50℃). Similarly, another three tests (RS100T5, 97 

RS100T23 and RS100T50) were carried out on recompacted loess at suction of 100 98 

kPa at different temperatures (5, 23 and 50℃). The other two tests (IS0T23 and 99 

IS100T23) were carried out on intact loess at room temperature (i.e., 23℃), but at 100 

different suctions of 0 and 100 kPa. Details of the suction and temperature controlled 101 

compression tests are summarized in Table 1. 102 

The second series of tests included six wetting tests with stress and temperature 103 

control. Three tests (R50T5, R50T23 and R50T50) were carried out on recompacted 104 

loess at confining stress of 50 kPa, but at different temperatures of 5, 23 and 50℃. 105 

To study stress effects on wetting-induced collapse of recompacted loess, a test 106 

(R110T23) was carried out at confining stress of 110 kPa under room temperature. 107 

Similarly, two tests (I50T23 and I110T23) were designed and conducted to 108 

investigate stress effects on wetting-induced collapse of intact loess. Details of the 109 

suction and temperature controlled wetting tests are summarized in Table 2. 110 

 111 
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TEST APPARATUS 112 

A suction- and temperature-controlled double cell triaxial apparatus (Ng et al., 113 

2016a) was used in this study. Fig. 1 shows a schematic diagram of this apparatus. 114 

The axis translation technique (Hilf, 1956) is adopted to control matric suction (𝑢𝑎 −115 

𝑢𝑤) of soil specimen by adjusting pore-air pressure 𝑢𝑎 and pore-water pressure 116 

𝑢𝑤  independently. 𝑢𝑎 is controlled through a low air-entry value (AEV) porous 117 

stone and 𝑢𝑤 is controlled through a saturated high AEV (5 bar) ceramic disk. 118 

Volumetric strain of soil specimen is measured by using double cell volume change 119 

measuring system (Ng et al., 2012), which has an accuracy of 0.03% for the tested 120 

specimens (76 mm in diameter and 20 mm in height). The water volume change of 121 

the soil specimen is measured by the water flow in and out through a ballast tube 122 

connected with an air trap and a burette.  123 

To control soil temperature, a heating/ cooling bath connected with a spiral 124 

copper tube installed between the inner cell and outer cell was installed. The heating/ 125 

cooling bath consists of a thermostat, a heating/ cooling unit, a water bath, an inbuilt 126 

pump and a thermocouple. The thermocouple is installed in the water of the inner 127 

cell. The thermostat is used to adjust the output of the heating/cooling unit according 128 

to current and target temperatures. Both the thermocouple and the heating/ cooling 129 

bath are connected to the thermostat, forming an automatic control and feedback 130 

system. In this study, 48 hours are allowed to reach the target temperature and to 131 

achieve the thermal equilibrium. After reaching thermal equilibrium, the temperature 132 

fluctuation is less than 0.2℃. More details of the temperature control system were 133 
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reported by Ng et al. (2016a). 134 

 135 

SOIL TYPE AND SPECIMEN PREPARATION 136 

In this study, a loess taken from Shaanxi Province of China is tested. The 137 

fractions of sand, silt and clay are 0.1%, 71.9% and 28.0%, respectively. The plastic 138 

and liquid limits are 19% and 36%, respectively. The maximum dry density and 139 

optimum water content determined from standard Proctor test are 1680 kg/m3 and 140 

18.1%, respectively. Index properties of this soil are summarized in Table 3. It is 141 

classified as a clay of low plasticity (CL) according to the Unified Soil Classification 142 

System (ASTM, 2011).  143 

Intact block samples with 300 mm in length of the side were extracted from the 144 

depth of 3.5 m. Intact specimens were obtained by using a cutter ring with 76 mm in 145 

diameter and 20 mm in height. The initial void ratio is 1.15±0.03. The initial suction 146 

and initial water content were 200±20 kPa and 11%, respectively.  147 

For recompacted specimen, the size was also 76 mm in diameter and 20 mm in 148 

height. Each specimen is statically compacted in two layers. To be consistent with 149 

the intact loess, the compaction water content was about 11% and the initial void 150 

ratio is 1.17. After compaction, the initial suction of soil specimen was about 180 151 

kPa.  152 

 153 

TEST PROCEDURES 154 

Fig. 2 shows the thermo-hydro-mechanical path of each compression test. Each 155 
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compression test consists of suction equalisation stage, thermal equalisation stage 156 

and isotropic compression stage. After setting up in the double cell triaxial apparatus, 157 

the initial state of intact specimen was fixed at point A (initial suction of 200 kPa) 158 

and that of recompacted specimen was controlled at point A’ (initial suction of 180 159 

kPa). The suction equalisation stage is to ensure that the water content reaches its 160 

equilibrium state throughout soil specimen at the target suction value. For the tests 161 

RS100T5, RS100T23, RS100T50 and IS100T23, the soil specimens were wetted to 162 

100 kPa (A→B1, A’ →B1). Similarly, for the tests RS0T5, RS0T23, RS0T50 and 163 

IS0T23, the soil specimens were wetted to 0 kPa (A→B2, A’ →B2). When the water 164 

flow rate is less than 0.1 ml/day, the equilibrium state is considered to be reached 165 

(Ng et al., 2012). This stage usually takes 7-10 days for achieving the suction 166 

equilibrium. Following suction equilibrium, the second stage is for thermal 167 

equalisation. Soil specimens in tests RS100T50 and RS0T50 were heated to 50℃ 168 

(B1→C3; B2→C1). Similarly, soil specimens in tests RS100T5 and RS0T5 were 169 

cooled to 5℃ (B1→C4; B2→C2). For the two tests RS100T23 and RS0T23, the 170 

temperatures were kept at room temperature. This stage lasted for 2 days, which was 171 

found sufficient to achieve thermal equilibrium based on the readings of 172 

thermocouples. The last stage was to isotropically compress all soil specimens to 300 173 

kPa step by step (5-10-20-40-80-150-300 kPa) at drained condition (C1→D1; 174 

C2→D3; C3→D4; C4→D6; B1→D5; B2→D2). The detailed stress paths of each 175 

compression test are summarized in Table 1. 176 

Fig. 3 shows the thermo-hydro-mechanical path of each wetting test. Each test 177 



9 
 

consists of four stages: isotropic compression, wetting from initial suction to 100 178 

kPa, thermal equalisation and wetting from 100 to 0 kPa. Each specimen was first 179 

isotropically compressed to a target confining stress at drained condition. The 180 

confining stress was 50 kPa for tests R50T5, R50T23 and R50T50 and 110 kPa for 181 

tests R110T23 and I110R23. The second stage was to wet all specimens to 100 kPa 182 

(B→D1, B’→D1, C→D2, C’→D2). This stage needs 7-10 days for to satisfy the 183 

equilibrium criteria that the water flow rate is less than 0.1 ml/day. The following 184 

stage was to change soil temperature. Soil temperatures in tests R50T5 and R50T50 185 

were changed to 5 and 50℃, respectively (D1→E1, D1→E2). For the other six tests 186 

conducted at room temperature, the temperatures were kept constant. Similar to 187 

compression tests, two days were allowed for each specimen to achieve thermal 188 

equilibrium. The final stage is wetting from 100 to 0 kPa (E1→F3, E2→F4, D1→F1, 189 

D2→F2) at constant stress and temperature condition. During the wetting process, 190 

soil suction was decreased step by step (100-50-10-1-0 kPa). At each suction, the 191 

equilibrium state is reached. The stress paths of all tests are summarized in Table 2. 192 

 193 

INTERPRETATIONS OF EXPERIMENTAL RESULTS 194 

Thermal effects on yielding behaviour of recompacted loess 195 

Fig. 4 shows thermal effects on isotropic compression behaviour of recompacted 196 

loess. As expected, with increasing confining stress, the void ratio of each specimen 197 

decreases. Each compression curve clearly has two approximately linear segments. 198 

The pressure at the intersection of these two linear segments is defined as yield stress 199 
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(Sridharan et al., 1991). The determined yield stresses at different suctions and 200 

temperatures are also shown in the figure. At suction of 0 kPa, the yield stresses are 201 

about 13, 10 and 7 kPa at 5, 23 and 50℃, respectively. At suction of 100 kPa, the 202 

yield stresses are about 42, 40 and 38 kPa at 5, 23 and 50℃, respectively. Effects of 203 

suction and temperature on yield stress are further discussed later by analysing the 204 

stabilization effects of meniscus water on soil skeleton (Fisher, 1926). 205 

In addition, soil compressibility at various suctions and temperatures can be 206 

deduced from the compression behaviour shown in Fig. 4. The values of plastic 207 

compressibility index λ, which equals to the slope of the second linear segment of 208 

each curve, are 0.12 and 0.15 at suctions of 0 and 100 kPa, respectively. At a higher 209 

suction, the plastic compressibility index λ becomes slightly larger. On the other 210 

hand, thermal effects on λ are not obvious at each suction condition. The observed 211 

thermal effects on compressibility in this study keeps consistent with previous 212 

experimental results (Cekerevac and Laloui, 2004; Abuel-Naga et al., 2007; Tang et 213 

al., 2008; Di Donna and Laloui, 2015). 214 

Fig. 5 shows thermal effects on the loading collapse characteristics, which 215 

represents the relationship between suction and yield stress, of recompacted loess. 216 

The yield stresses at various suctions and temperatures are obtained from Fig. 4. It 217 

can be seen that, at a given temperature, the yield stress increases significantly with 218 

increasing suction. This is because an increase in suction induces more meniscus 219 

water, which provides additional stabilizing effects on soil skeleton and minimize 220 

particle rearrangements (Wheeler et al., 2003). The stabilizing effects can be 221 
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described by suction-dependent inter-particle normal force ∆𝑁 . Assuming that 222 

contact angle is zero, ∆𝑁 between two spherical particles with the same radius can 223 

be expressed by the following analytical solution proposed by Fisher (1926): 224 

∆𝑁 =
𝜋𝑇𝑠

2

𝑠

(√9+
8𝑅𝑠

𝑇𝑠
−3)(√9+

8𝑅𝑠

𝑇𝑠
+1)

4
                                     (1) 225 

where 𝑇𝑠 is the surface tension coefficient of water; s is matric suction of soil; and 226 

R is the radius of spherical particles. Both 𝑇𝑠 and R can be considered as constant at 227 

an isothermal condition. It should be noted that equation (1) is a theoretical 228 

idealization, without considerations of complex shapes and arrangements of soil 229 

particles. This equation can be used to deduce general trends, but not to quantify 230 

thermal and suction effects on capillary forces. According to equation (1), ∆N 231 

increases with increasing suction, suggesting that stabilizing effects of suction 232 

become more significant with increasing suction (Gallipoli et al., 2003; Wheeler et 233 

al., 2003; Zhou et al., 2015b). Consequently, yield stress of unsaturated soil increases 234 

with increasing suction. The observed reduction of yield stress with decreasing 235 

suction is applicable at relatively low suction. At extremely high suctions with a 236 

degree of saturation below about 30%, the loss of water meniscus during drying 237 

would cause a reduction of suction-induced stabilizing effects (Wan et al., 2014). 238 

It can be also seen from the figure that yield stress at a given suction decreases 239 

with increasing temperature (thermal softening). This may be explained by thermal 240 

effects on 𝑇𝑠 and R in equation (1). According to Gittens (1969), surface tension 𝑇𝑠 241 

decreases with increasing temperature. For example, when temperature increases 242 

from 23 to 50C, 𝑇𝑠 decreases from 72.3 to 67.9 mN/m. At 5C, 𝑇𝑠 is 74.9 mN/m. 243 
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The variation of R can be estimated by using the thermal expansion coefficient of 244 

soil particles. According to Horseman and McEwen (1996), for clay particles, the 245 

thermal expansion coefficient is about 2.9×10-3%/C. Taking into account of thermal 246 

effects on 𝑇𝑠 and R, when temperature increases from 23 to 50C, ∆𝑁 decreases 247 

by 6.0% and 5.6% at suctions of 0 and 100 kPa, respectively. Similarly, when 248 

temperature decreases from 23 to 5C, ∆𝑁 increases by 3.4% and 2.1% at suctions 249 

of 0 and 100 kPa, respectively. ∆N decreases with increasing temperature, suggesting 250 

that stabilizing effects of suction become less significant with increasing temperature 251 

(Ng and Zhou, 2014). Thus, with increasing temperature, the yield stress at a given 252 

suction decreases. 253 

 254 

Comparison between the yielding characteristics of recompacted and intact loess  255 

Fig. 6 shows the isotropic compression behaviour of recompacted and intact 256 

loess at suctions of 0 and 100 kPa at 23C. At zero suction, the yield stress of 257 

recompacted specimen is around 10 kPa. When suction increases to 100 kPa, the 258 

yield stress of recompacted specimen is 4 times as large as that at zero suction (40 259 

kPa). For intact loess, the yield stress is about 25 kPa at suction of 0 kPa. When the 260 

suction becomes 100 kPa, the yield stress of intact specimen is 90 kPa, which is 2.6 261 

times larger than that at zero suction.  262 

As expected, at zero suction, the yield stress of intact specimen is 1.5 times 263 

larger than that of recompacted one. At suction of 100 kPa, the yield stress of intact 264 

specimen is 1.3 times larger than that of recompacted one. The difference between 265 
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recompacted and intact specimens is mainly attributed to more resistant soil fabric of 266 

intact specimen than recompacted one (Burland, 1990). As evidenced by 267 

microstructural observations (Ng et al., 2016b), there are more clay aggregates 268 

accumulated at inter-particle contacts in intact loess compared with recompacted one. 269 

The enlargement of contact area minimizes slippages at silt contacts and stiffens the 270 

soil skeleton. 271 

The plastic compressibility indices λ of recompacted soil specimens at suctions 272 

of 0 and 100 kPa are 0.12 and 0.15, respectively. For intact soil specimens, the 273 

plastic compressibility indices λ are 0.13 and 0.17 at suctions of 0 and 100 kPa. The 274 

larger λ of intact specimens may be because different from recompacted loess, there 275 

are some extra-large pores with a diameter over 200 μm in intact loess (Bai et al., 276 

2014; Ng et al., 2016a). These extra-large pores collapse easily under compression, 277 

inducing a larger compressibility for intact loess.  278 

 Fig. 7 compares the loading collapse characteristics of recompacted and intact 279 

loess at 23C. The data points in this figure are yield stresses obtained from Fig. 6. 280 

As expected, wetting-induced softening is observed in both recompacted and intact 281 

loess specimens. Wetting-induced softening of intact loess is more significant than 282 

that of recompacted one. This is likely because there are more clay aggregates 283 

accumulated at inter-particle contacts in intact specimens, evidenced by 284 

microstructural observations and discussed above. The clay aggregates accumulated 285 

at inter-particle contacts can provide stronger support to soil skeleton at unsaturated 286 

state, with the contributions of capillary force (Barden et al., 1973; Li et al., 2016). 287 
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As a result, wetting-induced softening of intact loess specimen is larger than that of 288 

recompacted one. 289 

 290 

Thermal effects on wetting-induced collapse of recompacted loess 291 

Fig. 8 shows thermal effects on wetting-induced collapse of recompacted loess 292 

during wetting from 100 to 0 kPa. The volumetric strain 𝜀𝑣 during this process is 293 

calculated using the following equation: 294 

𝜀𝑣 = −
𝑒100−𝑒𝑖

1+𝑒100
              (2) 295 

where 𝑒100 is the void ratio at suction of 100 kPa; 𝑒𝑖 is the void ratio at a given 296 

suction value during the wetting process. Before wetting from 100 to 0 kPa, 297 

contractive volumetric strains of about 9% have been observed in the three 298 

specimens during the process of compression to 50 kPa and wetting from initial 299 

suction to 100 kPa. It is reasonable to assume that all the three specimens are 300 

normally consolidated at the stress state with suction of 100 kPa and confining stress 301 

of 50 kPa.  302 

It can be seen from the figure that, with decreasing suction, the wetting-induced 303 

volumetric strain of recompacted loess increases, at an increasing rate. Moreover, 304 

with increasing temperature, the cumulative collapse strain increases. When wetting 305 

to 0 kPa, the cumulative collapse volumetric strain at 5℃ is about 4%, which is 20% 306 

less than that at room temperature (about 5%). The collapse volumetric strain at 50℃ 307 

is around 12%, which is three times of that at 5℃. The thermal effects on 308 

wetting-induced collapse can be explained using the yielding characteristics reported 309 
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in Fig. 5. As can be seen from Fig. 5, the wetting-induced softening becomes more 310 

significant with increasing temperature. The coupled effects of suction and 311 

temperature on yield stress can be explained using equation (1). When suction 312 

decreases from 100 to 0 kPa, ∆𝑁 decreases by about 8.4%, 9.9% and 10.3% at 5, 23 313 

and 50C, respectively. With a larger reduction of the stabilizing inter-particle 314 

normal force at a higher temperature, the wetting-induced softening becomes larger 315 

at 50C than at 5C. 316 

According to elasto-plastic model for unsaturated soil (e.g. Alonso et al., 1990), 317 

there is a positive relationship between incremental volumetric strain 𝑑𝜀𝑣  and 318 

incremental yield stress: 319 

dεv =
λ(0)

1+e

dpc
0

pc
0                                                   (3) 320 

where 𝜆(0) is the plastic compressibility index at zero suction; e is void ratio; 321 

𝑝c
0 is the initial yield stress at zero suction and 𝑑𝑝𝑐

0 is the incremental yield stress at 322 

zero suction. To determine the values of 𝑝c
0 and 𝑑𝑝𝑐

0 in equation (3), the yield stress 323 

of recompacted loess before and after wetting are shown in Fig. 9. As discussed above, 324 

the soil specimens at different temperatures are all normally consolidated before 325 

wetting from 100 to 0 kPa. The stress states of each specimen should be located on the 326 

corresponding loading collapse (LC) curves. In the current study, it is assumed that 327 

the shape of loading collapse curve remains the same before and after wetting. This 328 

assumption is supported by the experimental results of Nowamooz and Masrouri 329 

(2008) on a bentonite/silt mixture. It was found that the loading collapse curves are 330 

almost parallel in a similar suction range (0 to 100 kPa) as that in current study. Under 331 
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this assumption, the LC curves before wetting from 100 to 0 kPa are obtained by 332 

parallelly shifting those shown in Fig. 5. During the following wetting process, all the 333 

three LC curves at different temperatures shift to the right. After wetting to 0 kPa, the 334 

stress state at each stress and temperature condition is on the corresponding LC curves. 335 

Then, the ratio 𝑑𝑝𝑐
0/𝑝𝑐

0 can be obtained. As can be seen from Fig. 9, 𝑑𝑝𝑐
0/𝑝𝑐

0 336 

induced by the wetting process increases with increasing temperature. Consequently, 337 

based on equation (3), the wetting-induced yielding and volumetric contraction are 338 

larger at a higher temperature, as shown in Fig. 8. This observation implies that at a 339 

higher temperature, wetting-induced soil contraction and ground movement would be 340 

much larger. Through a series of stress-controlled wetting tests at room temperature, 341 

Sun et al. (2007) found that wetting-induced collapse strain is more sensitive to 342 

variations in the degree of saturation than variations in the suction. The degrees of 343 

saturation of each specimen before and after wetting from 100 to 0 kPa are listed in 344 

Table 2. It can be found that the incremental degree of saturation and collapse 345 

volumetric strains of the tested loess are consistently larger at a higher temperature. 346 

This result suggests that the finding of Sun et al. is applicable to different 347 

temperatures. 348 

 349 

 350 

Comparisons between wetting-induced collapse of recompacted and intact loess  351 

Fig. 10 shows the volumetric collapse of recompacted and intact during wetting 352 

from 100 to 0 kPa at various stresses and at 23℃. The volumetric strain 𝜀𝑣 during 353 



17 
 

this wetting process is also calculated using equation (2). For the recompacted loess 354 

specimens, there are 9% and 12% volumetric strain have been observed at confining 355 

stress of 50 and 100 kPa at previous compression and wetting stages, respectively. 356 

The recompacted specimens can be regarded as normally consolidated prior to 357 

wetting from 100 to 0 kPa. The intact specimen at confining stress of 110 kPa shows 358 

similar behaviour to recompacted specimens. Before wetting from 100 to 0 kPa, the 359 

specimen can be assumed as normally consolidated. On the contrary, the intact loess 360 

specimen at stress of 50 kPa shows almost zero volumetric strain at previous 361 

compression and wetting stages. This implies that this intact specimen can be 362 

regarded as overly consolidated before wetting from 100 to 0 kPa.  363 

It can be found from the figure that for recompacted specimens, when confining 364 

stress increases from 50 to 110 kPa, the volumetric strain induced by wetting from 365 

100 to 0 kPa decreases from around 5.5% to 2.4%. On the contrary, in the same 366 

confining stress range, the wetting-induced volumetric strain of intact specimen 367 

increases from about 1.6% to 3.5%. Furthermore, at confining stress of 50 kPa, the 368 

wetting-induced volumetric strain of recompacted specimen is about 3.4 times as 369 

large as that of intact one. At confining stress of 110 kPa, the wetting-induced 370 

volumetric strain of recompacted specimen is 30% less than that of intact one. 371 

The wetting-induced collapse of recompacted and intact loess can be explained 372 

using the measured yielding characteristics shown in Fig. 7. Fig. 11(a) shows the 373 

change of yield stress of recompacted specimens before and after wetting from 100 374 

to 0 kPa at different stresses. As discussed above, the recompacted specimen at 375 
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confining stress of 50 and 110 kPa are normally consolidated before wetting from 376 

100 to 0 kPa. The stress states are on the corresponding LC curves. Thus, the LC 377 

curves before wetting from 100 to 0 kPa are obtained by shifting the initial LC curve 378 

of recompacted specimen shown in Fig. 7. During the following wetting process, the 379 

LC curve keeps shifting to the right-hand side. After wetting to 0 kPa, soil stress 380 

states are on the corresponding shifted LC curves at both stresses of 50 and 110 kPa. 381 

Based on the initial and final LC curves, the value of 𝑑𝑝𝑐
0/𝑝𝑐

0 is deduced and shown 382 

in the figure. It is clear that 𝑑𝑝𝑐
0/𝑝𝑐

0 in equation (3) is larger at a smaller stress. 383 

Hence, the wetting-induced yielding and volumetric contraction decreases with 384 

increasing stress in the confining stress range, as shown in Fig. 10. 385 

Fig. 11(b) shows the change of yield stress of intact specimens before and after 386 

wetting from 100 to 0 kPa at different stresses. The collapse volumetric strain of 387 

each specimen, induced by wetting from suction of 100 to 0 kPa, is calculated using 388 

equation (3) and summarized in Table 2. For recompacted loess, this equation 389 

underestimates wetting-induced strain by 57% and 63% at confining stress of 50 and 390 

110 kPa, respectively. For intact loess, the wetting-induced strain is overestimated by 391 

22% at confining stress of 50 kPa, but underestimated by 20% at confining stress of 392 

110 kPa. The discrepancy is likely because this equation predicts soil volume 393 

changes based on initial and final conditions of suction and stress only, but it ignores 394 

the influence of stress, suction history and path, and the degree of saturation (Alonso 395 

et al., 1990; Ng and Xu, 2002; Sun et al., 2007). During the following wetting 396 

process, the LC curve is touched and shift to the right. The intact specimen at 397 
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confining stress of 110 kPa is similar to the two recompacted specimens, as 398 

illustrated in Fig. 11(a). Before and after wetting from 100 to 0 kPa, the stress states 399 

are both on the LC curve. As can be seen from the figure, 𝑑𝑝𝑐
0/𝑝𝑐

0 at confining 400 

stress of 110 kPa is larger than that at confining stress of 50 kPa. Based on equation 401 

(3), it can be found that the wetting-induced yielding and volumetric contraction of 402 

intact specimen increases with increasing confining stress, as shown in Fig. 10. 403 

The collapse volumetric strain of each specimen, induced by wetting from 100 404 

to 0 kPa, is calculated using equation (3) and summarized in Table 2. For 405 

recompacted loess, this equation underestimates wetting-induced strain by 57% and 406 

63% at confining stress of 50 and 110 kPa. For intact loess, the wetting-induced 407 

strain is overestimated by 22% at confining stress of 50 kPa, but underestimated by 408 

20% at confining stress of 110 kPa. The discrepancy is likely because this equation 409 

predicts soil volume changes based on initial and final conditions of suction and 410 

stress only, but ignores the influence of stress and suction path and degree of 411 

saturation (Alonso et al., 1990; Sun et al., 2007). 412 

 On the other hand, at confining stress of 50 kPa, recompacted loess specimen is 413 

normally consolidated and intact one is overly consolidated. Hence, recompacted 414 

loess has a larger 𝑑𝑝𝑐
0/𝑝𝑐

0 than intact loess at stress of 50 kPa, resulting in a larger 415 

wetting-induced collapse in recompacted loess. The initial void ratios of intact and 416 

recompacted specimens are about 1.130.02 and 1.17, respectively. The maximum 417 

difference in the initial void ratio between the intact and recompacted specimens is 418 

about 4%. The influence of initial void ratio on wetting-induced collapse was 419 
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investigated by some previous researchers (Sun et al., 2007; Kholghifard et al., 2012) 420 

on Pearl clay and silty clay, which are also classified as clay of low plasticity (same as 421 

loess). Based on their experimental results, when void ratio increases by 4%, the 422 

wetting-induced collapse volumetric strain increases by 10% to 20% in the stress 423 

range of 0 to 100 kPa. This 10% to 20% increase of wetting-induced collapse 424 

volumetric strain is almost negligible, considering that the collapse volumetric strain 425 

of recompacted loess is about 2.5 times larger than that of intact specimen. Hence, it 426 

is reasonable to expect that the difference in initial void ratios would not affect any 427 

key conclusion drawn in this study. At confining stress of 110 kPa, both recompacted 428 

and intact loess specimens are normally consolidated. Due to larger wetting-induced 429 

softening of intact specimen than recompacted one (see Fig. 7), 𝑑𝑝𝑐
0/𝑝𝑐

0 of intact 430 

specimen is larger than that of recompacted one during the wetting process. 431 

Consequently, the wetting-induced yielding and volumetric contraction of normally 432 

consolidated intact specimen is more significant than that of normally consolidated 433 

recompacted one. 434 

Moreover, according to the degrees of saturation listed in Table 2, it is found that 435 

a larger increment of degree of saturation does not always induce a higher collapse 436 

strains when comparing intact and recompacted loess specimens. It seems that the 437 

finding of Sun et al. cannot be generalized for both intact and recompacted loess 438 

specimens, likely because the influence of degree of saturation is much less 439 

significant compared with structure effects. In addition, the degrees of saturation of 440 

each specimen before and after wetting from 100 to 0 kPa listed in Table 2 can also be 441 
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used to interpret the experimental results using effective stress analysis. 442 

 443 

CONCLUSIONS 444 

Yield stress of loess decreases significantly with decreasing suction 445 

(wetting-induced softening), because stabilizing inter-particle normal force reduces 446 

during wetting. Moreover, the wetting-induced softening of recompacted loess 447 

become larger at a higher temperature. The thermal effects are likely because with a 448 

given suction reduction, reduction of the stabilizing inter-particle normal force is 449 

larger at a higher temperature. In addition, the wetting-induced softening of intact 450 

loess is more significant than that of recompacted one.  451 

Under wetting from 100 to 0 kPa at a confining stress of 50 kPa, the 452 

wetting-induced volumetric strain of recompacted loess increases from 4.1% at 5℃ to 453 

11.7% at 50℃. This is mainly because the wetting-induced softening is larger at a 454 

higher temperature, resulting in more significant yielding and volumetric collapse 455 

during wetting. This observation implies that at a higher temperature, wetting-induced 456 

soil contraction and ground movement would be much larger.  457 

When confining stress increases from 50 to 110 kPa, the wetting-induced 458 

volumetric strain of intact specimen increases from about 1.6% to 3.5%. This is 459 

because prior to wetting, soil specimen is overly consolidated at 50 kPa but normally 460 

consolidated at 110 kPa. On the contrary, the wetting-induced volumetric strain of 461 

recompacted specimen decreases from around 5.5% to 1.6% when confining stress 462 

increases from 50 to 110 kPa. This is most probably because prior to wetting from 100 463 
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to 0 kPa, recompacted specimen at both stresses are normally consolidated. Soil 464 

specimen at a stress of 110 kPa has a higher density and thus a smaller 465 

wetting-induced collapse. 466 

At a lower stress of 50 kPa (similar to in situ stress level), wetting-induced 467 

softening of intact soil is much smaller than that of recompacted soil. This is because 468 

after many drying and wetting cycles in the field, intact soil has a larger yield stress 469 

and more resistant structure. At a higher stress of 110 kPa (much higher than in situ 470 

stress level), at which both intact and recompacted soils become normally 471 

consolidated, wetting-induced volumetric contraction of intact specimen is about 30% 472 

larger than that of recompacted specimen. This is mainly because the wetting-induced 473 

softening of intact loess is more significant than that of recompacted one.  474 
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Table 1 Details of suction and temperature controlled compression tests 

Test ID 
Specimen 

type 

Suction 

(kPa) 

Temperature 

(°C) 

Stress path 

(See Fig. 2) 

a. Thermal effects on compression behaviour of recompacted loess at suction of 0 kPa 

RS0T5 Recompacted 0 5 A’→B2→C2→D3 

RS0T23 Recompacted 0 23 A’→B2→D2 

RS0T50 Recompacted 0 50 A’→B2→C1→D1 

b. Thermal effects on compression behaviour of recompacted loess at suction of 100 kPa 

RS100T5 Recompacted 100 5 A’→B1→C4→D6 

RS100T23 Recompacted 100 23 A’→B1→D5 

RS100T50 Recompacted 100 50 A’→B1→C3→D4 

c. Compression behaviour of intact loess at suctions of 0 and 100 kPa 

IS0T23 Intact 0 23 A→B2→D2 

IS100T23 Intact 100 23 A→B1→D5 
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Table 2 Details of stress and temperature controlled wetting tests 

Test ID 
Specimen 

type 
p (kPa) T (°C) e (initial) 

Stress path 

(See Fig. 3) 

εv calculated using 

equation (3) (%) 

Sr  

Before (%) After (%) 

a. Thermal effects on wetting-induced collapse of recompacted loess 

R50T5 Recompacted 50 5 1.17 A’→B’→D1→E1→F3 2.6 46.9 95.2 

R50T23 Recompacted 50 23 1.18 A’→B’→D1→F1 2.4 44.9 92.4 

R50T50 Recompacted 50 50 1.17 A’→B’→D1→E2→F4 2.3 41.9 90.1 

b. Wetting-induced collapse of recompacted loess at varies stresses 

R110T23 Recompacted 110 23 1.17 A’→C’→D2→F2 0.9 49.5 93.6 

c. Wetting-induced collapse of intact loess at varies stresses 

I50T23 Intact 50 23 1.12 A→B→D1→F1 2.0 30.4 89.1 

I110T23 Intact 110 23 1.13 A→C→D2→F2 2.8 60.0 95.7 
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Table 3 Index properties of tested loess 

Index test Measured value 

Standard compaction tests  

Maximum dry density: kg/m
3
 1680 

Optimum water content: % 16.3 

Grain size distribution  

Percentage of sand: % 0.1 

Percentage of silt: % 71.9 

Percentage of clay: % 28.0 

Specific gravity 2.69 

Atterberg limit  

Liquid limit: % 36 

Plastic limit: % 19 

Plasticity index: % 17 
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