
1 

Effects of temperature and thermal cycles on the elastic shear modulus 1 

of saturated clay 2 

Authors: O. T. Bentil and C. Zhou* 3 

*Corresponding author4 

5 

Name: Obed Takyi Bentil 6 

Title: PhD Student 7 

Affiliation: Department of Civil and Environmental Engineering, The Hong Kong 8 

Polytechnic University, Hung Hom, Kowloon, Hong Kong 9 

Email: o-t.bentil@connect.polyu.hk  10 

11 

Name: Chao Zhou 12 

Title: Assistant Professor 13 

Affiliation: Department of Civil and Environmental Engineering, The Hong Kong 14 

Polytechnic University, Hung Hom, Kowloon, Hong Kong 15 

Email: c.zhou@polyu.edu.hk  16 

17 

Manuscript Click here to access/download;Manuscript;Main text.docx

This material may be downloaded for personal use only. Any other use requires prior permission of the American Society of Civil Engineers. This 
material may be found at https://doi.org/10.1061/(ASCE)GT.1943-5606.0002822.

This is the Pre-Published Version.

mailto:o-t.bentil@connect.polyu.hk
mailto:c.zhou@polyu.edu.hk
https://www.editorialmanager.com/jrngteng/download.aspx?id=638029&guid=1421a68f-e3a0-405a-8cf7-bce37f1be324&scheme=1
https://www.editorialmanager.com/jrngteng/download.aspx?id=638029&guid=1421a68f-e3a0-405a-8cf7-bce37f1be324&scheme=1


2 

 

ABSTRACT 18 

Thermo-mechanical behaviour of soils has attracted great attention in recent years, because of 19 

its great importance in some emerging geotechnical applications such as energy piles. So far, 20 

the thermo-plasticity (e.g., the influence of temperature on the yield surface) has been well 21 

understood, but the thermo-elasticity has not been purposely studied. In this study, a 22 

temperature-controlled oedometer equipped with bender elements was developed and then 23 

used to mainly investigate effects of temperature and thermal cycles on the elastic shear 24 

modulus (G0) of a saturated lateritic clay. In addition, one test was performed on kaolin clay to 25 

investigate the influence of thermal cycles on G0. Two types of thermo-mechanical paths were 26 

considered at different temperatures (5-60ºC) and stresses (30-400 kPa), including constant-27 

temperature loading-unloading and constant-stress cyclic heating-cooling. Results from these 28 

tests consistently reveal that at a given stress, G0 is smaller at a higher temperature. This can 29 

be attributed to the reduction of interparticle force during the heating of saturated clay, 30 

according to the double layer theories. Furthermore, G0 of the lateritic clay increases by about 31 

12% and 16% after four thermal cycles for overconsolidated and normally consolidated 32 

specimens, respectively. This can be due to soil densification and particle rearrangement during 33 

the heating-cooling cycles. These results are useful for improving the modelling of thermo-34 

elasticity and also for the analysis of thermally active structures such as energy piles.  35 

KEYWORDS 36 

Temperature; thermal cycles; elastic shear modulus; lateritic soil; clays.  37 
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INTRODUCTION 39 

Thermal effects on soil behaviour have attracted great attention in recent years because of their 40 

relevance to some emerging research areas like energy geo-structures (Laloui and Di Donna 41 

2013; McCartney et al. 2016). Most of the previous studies focused on temperature effects on 42 

the shear strength, yielding and thermal strain of soil (Abuel-Naga et al. 2007; Cekerevac and 43 

Laloui 2004; Ghahremannejad 2003; Graham et al. 2001; Hueckel and Baldi 1990; Ng et al. 44 

2017, 2019b; Pan et al. 2020). Some valuable findings have been reported in the literature. For 45 

example, it is well recognized that the thermal strain of soil is greatly dependent on the 46 

overconsolidation ratio (OCR). Normally consolidated and slightly overconsolidated soils 47 

generally show irreversible contraction under heating and thus lead to thermal hardening. With 48 

increasing number of thermal cycles, there is an accumulation of plastic deformation at a 49 

decreasing rate (Campanella and Mitchell 1968; Di Donna and Laloui 2015). In contrast, 50 

heavily overconsolidated soil exhibits reversible expansion during the heating process. It has 51 

been also found that the yield stress decreases with an increase in temperature at 52 

overconsolidated state, which is commonly referred to as thermal softening (Cekerevac and 53 

Laloui 2004, Tang et al. 2008).  54 

So far, very little attention has been paid to the influence of temperature and thermal 55 

cycles on soil stiffness, which is crucial for analysing the serviceability limit state of energy 56 

piles, underground thermal energy storage facilities, etc. Cekerevac and Laloui (2004) carried 57 

out a series of triaxial tests to determine the secant Young’s modulus of a saturated kaolin clay 58 

at an axial strain of 0.5%. They considered two temperatures (i.e. 22 and 90°C) and seven over 59 

consolidation ratios (OCRs) ranging from 1 to 12. All specimens had a preconsolidation 60 

pressure of 600 kPa. It was observed that at each OCR, the secant modulus slightly increased 61 

with a temperature increase from 22 to 90°C. Zhou et al. (2015) measured the secant shear 62 

modulus of a silt from Hong Kong in the strain range of 0.003% to 1% at 20 and 60°C. All 63 
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specimens were normally consolidated with a preconsolidation pressure of 100 kPa. When the 64 

deviator strain was less than 0.3%, the modulus at 60°C was consistently lower than that at 65 

20°C and the difference was smaller at a higher strain. When the deviator strain was higher 66 

than 0.3%, the thermally induced difference was negligible. Note that the above contradictory 67 

results cannot be well explained by the influence of OCR, because Cekerevac and Laloui 68 

(2004) reported consistent results at various OCRs. The contradiction may be attributed to the 69 

differences of stresses, temperatures and strains in the two studies. A possible reason is that 70 

Cekerevac and Laloui (2004) applied a larger temperature increment and used a soil with a 71 

higher plasticity. The heating-induced volumetric contraction was about five times of that in 72 

the study of Zhou et al. (2015). Therefore, in the study of Cekerevac and Laloui (2004), heating-73 

induced soil densification played a more important role, compensated other effects of 74 

temperature such as thermal softening, and resulted in a higher modulus at 90°C. In addition, 75 

the data of Zhou et al. (2015) revealed that thermal effects on soil stiffness are strain-dependent. 76 

The conclusion about secant modulus may depend on the strain level. It should be pointed out 77 

further studies are required to verify the above postulations and fully understand the coupled 78 

influence of OCR, stress, temperature and strain on soil stiffness. 79 

The above studies of soil stiffness focused on the secant modulus, which is likely affected 80 

by both thermo-elasticity and thermo-plasticity (e.g. thermal effects on yielding and dilatancy), 81 

rather than the elastic stiffness at very small strains (typically below 0.001%). A good 82 

understanding of the elastic shear modulus G0 is important for several reasons. Firstly, G0 is an 83 

important parameter for predicting the ground movement and the serviceability limit state of 84 

geo-structures. Secondly, G0 is a critical parameter to model the degradation curve of shear 85 

modulus with strain (Ng et al. 2015) which is often used in the geotechnical analysis. Lastly, 86 

the elastic law is an important component in elastoplastic constitutive models. Only recently, 87 

Vahedifard et al. (2020) measured G0 of a silt using bender elements in a temperature-88 
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controlled triaxial. They found that G0 decreased as soil temperature increased from 23 to 43°C. 89 

Their study mainly focused on unsaturated conditions and the explanations of experimental 90 

results were mainly based on thermal effects on the air-water surface tension. There are only 91 

two data points at saturated condition and therefore no solid conclusion can be drawn for 92 

saturated soils. Moreover, to the best of the authors’ knowledge, there is no study of the cyclic 93 

thermal effects on G0 in the literature. 94 

In this study, a new temperature-controlled oedometer equipped with bender elements 95 

was developed. Using this apparatus, a saturated and compacted lateritic clay was mainly tested 96 

to investigate temperature and thermal cycles effects on the G0. In addition, one test was carried 97 

out to study the influence of thermal cycles on G0 of kaolin clay. 98 

TESTING APPARATUS 99 

A new temperature-controlled oedometer equipped with bender elements was developed in this 100 

study, as shown in Figure 1. To control soil temperature, it used a temperature control system 101 

manufactured by PolyScience to circulate heated/cooled water in a spiral copper tube 102 

surrounding the specimen. A thermocouple was installed inside the oedometer to monitor soil 103 

temperature. To minimize the energy loss, an insulating material was used to wrap the 104 

oedometer. Based on a calibration test equipped with three thermocouples (one in the specimen 105 

centre, one at the specimen edge and the last one in the water surrounding the oedometer), 6 106 

hours were sufficient to achieve a steady and uniform temperature in the specimen. The 107 

accuracy of temperature control was 0.1ºC. In addition, bender elements were applied to 108 

measure the shear wave velocity and then calculate G0. 109 

It should be noted that the temperature change may have an impact on the measuring 110 

devices such as bender element and dial gauge. Some calibration/trial tests were carried out to 111 

address this problem. On the one hand, a calibration test was carried out to determine the 112 

influence of thermal expansion/contraction of the oedometer and loading rod on the dial gauge. 113 
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The apparatus without a specimen was subjected to several heating-cooling cycles, during 114 

which the reading of dial gauge was monitored and used to correct the measured thermal strain 115 

of soil specimen. In addition, a long loading rod was purposely used to minimize the 116 

temperature variation of dial gauge pin. On the other hand, it was found from some trial tests 117 

that the bender element works well when the temperature is below 60°C. At temperatures above 118 

60°C, the quality of received signal begins to reduce with increasing temperature. This can be 119 

attributed to an increase in the electrical resistance of the wires connected to the bender 120 

element. Hence, temperatures considered in the test program do not exceed 60°C. Moreover, 121 

after thermal and mechanical equilibrium at each test condition, several wave propagation 122 

measurements were done. The variability of shear wave velocities is less than 1%. 123 

TEST SOIL, PROGRAM AND PROCEDURES 124 

A lateritic clay was tested in this study. Its basic properties are summarized in Table 1 and 125 

detailed description of this soil was reported by Ng et al. (2019). Soil specimens were statically 126 

compacted at 19.5% water content (i.e., the optimum moisture content (OMC)). The density 127 

was 1.62 g/cm3 dry density (void ratio of 0.65), corresponding to 95% of the maximum dry 128 

density (MDD) obtained from the standard proctor compaction. The diameter and height of 129 

each specimen were 150 and 60 mm, respectively. To saturate the specimens, they were 130 

submerged in water for 48 hours at a low vertical effective stress of about 12 kPa.  131 

Two types of stress- and temperature-controlled tests were carried out using the lateritic 132 

clay. First of all, two 1D compression tests were performed at 5 and 40ºC, as shown in Figure 133 

2(a). In each test, the predefined temperature was firstly applied (i.e., O-A and O-B). After 134 

thermal equalisation, the vertical effective stress was increased from 30 to 400 kPa stepwise 135 

and then decreased to 30 kPa (as indicated by the short dashes and solid symbol between A-136 

A2 and B-B2, respectively). The consolidation in each stage was considered to be completed 137 

when the dial gauge reading stayed constant for 24 hours. Secondly, two cyclic heating-cooling 138 
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tests in the temperature range of 5 to 60ºC were carried out at 50 and 400 kPa (Figure 2(b)). 139 

The ranges of stress and temperature were selected with reference to energy piles (Brandl 2006; 140 

Laloui and Sutman 2021; Lv et al. 2020), although the results may be applicable to other energy 141 

geo-structures. The specimens were loaded to the desired stress (i.e., O-C and O-D, 142 

respectively) at room temperature and then subjected to three heating-cooling cycles stepwise 143 

(i.e., C-C1-C2 and D-D1-D2 for each cycle, respectively). Six temperature stages were 144 

considered, including 5, 20, 30, 40, 50 and 60ºC. Each temperature stage was maintained for 145 

12 hours to ensure that the specimen reached an equilibrium state. In addition, the vertical 146 

deformation of soil specimen was monitored in all tests by a dial gauge. At the desired thermo-147 

mechanical states indicated by markers in Figure 2, bender element tests were performed to 148 

measure the shear wave velocity to estimate G0. 149 

In addition to the tests on the lateritic clay, a test was carried out on Speswhite kaolin to 150 

investigate the influence of thermal cycles on G0. The clay compacted at the OMC (i.e., 29.5%) 151 

and to 95% MDD and then saturated. After that, the specimen was subjected to three heating-152 

cooling cycles in the temperature range of 5 to 60ºC at a vertical effective stress of 400 kPa. 153 

Only two temperature stages (5 and 60ºC) were considered in the process of cyclic heating-154 

cooling to reduce the test duration.  155 

EXPERIMENTAL RESULTS 156 

Figure 3(a) shows the two compression curves at temperatures of 5 and 40ºC. They are almost 157 

the same in the stress range below 200 kPa. On the contrary, the specimen at 40ºC becomes 158 

more compressible than that at 5ºC above 200 kPa. During unloading, the two specimens show 159 

a similar swelling index. Figure 3(b) shows G0 measured in these two tests. It can be seen that 160 

the G0 at 40ºC are consistently lower than those at 5ºC during both loading and unloading, even 161 

though the specific volume is lower at 40ºC because of the thermal effects on soil 162 

compressibility. The maximum difference in G0 is about 10% during loading (see the data 163 
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points at 100 kPa). During unloading, the maximum difference is up to 30% (at 30 kPa). As 164 

discussed above, previous studies of thermal effects on soil stiffness in the literature 165 

(Vahedifard et al. 2020; Zhou et al. 2015) only considered a single stress condition. The new 166 

results of this study suggest that the significance of thermal effects was highly stress path 167 

dependent.  168 

Figure 4 shows the volumetric strain of the specimens subjected to cyclic heating and 169 

cooling at vertical effective stresses of 50 and 400 kPa. With regards to results at 400 kPa, the 170 

first cooling from 20 to 5ºC induces a small contractive strain of 0.01%. Upon heating from 5 171 

to 20ºC, an additional contractive strain of 0.09% occurs. When the temperature further 172 

increases to 60ºC, the contractive strain increases to 0.44%. During the subsequent heating-173 

cooling cycles, the specimen continues to contract. After four thermal cycles, the accumulated 174 

strain is up to 0.66%. The results at 50 kPa are similar to those at 400 kPa, but the thermal 175 

strains are much smaller. The difference is mainly because the specimens at 400 and 50 kPa 176 

are normally consolidated and overconsolidated, respectively. Similar findings were reported 177 

in the literature (Abuel-Naga et al. 2007; Di Donna and Laloui 2015).  178 

Figure 5(a) shows G0  measured during the thermal cycles at 400 kPa. G0  decreases 179 

during heating and increases during cooling. This is consistent with the finding from Figure 3, 180 

implying that the observed temperature effects are applicable to different thermo-mechanical 181 

paths. Figure 5(b) shows the variation of G0 during heating-cooling cycles at 50 kPa, with a 182 

trend similar to that at 400 kPa. 183 

Figure 6 shows G0  and thermal strain measured at 5ºC but after thermal cycles. At both 184 

400 and 50 kPa, G0 of the lateritic clay consistently increased after thermal cycles. This is very 185 

likely due to heating/cooling cycles-induced soil densification and particle rearrangement. 186 

When the vertical effective stresses are 400 and 50 kPa, G0 increased by about 16% and 12% 187 

after four thermal cycles, respectively. The difference is most probably because the contractive 188 
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thermal strain is much larger at 400 kPa. Results of the kaolin clay are also included in Figure 189 

6. It can be seen that the thermal cycles result in an increase in G0 by about 30%, similar to that190 

of the lateritic clay.  191 

DISCUSSION  192 

Effects of temperature, thermal cycles, stress and thermo-mechanical path on G0   193 

Based on the results shown in the previous section, several important findings can be obtained. 194 

Firstly, G0 would decrease with an increase in temperature (Figures 3(b) and 5), at least for the 195 

tested lateritic clay. This can be attributed to the influence of temperature on the interparticle 196 

force of saturated clay (Laloui 2001). As suggested  by the double layer theories (Israelachvili 197 

2011), an increase in soil temperature would reduce the electrical repulses force between soil 198 

particles, thereby causing a reduction of  G0. Secondly, G0 increases with an increasing number 199 

of thermal cycles (Figure 6), particularly for normally consolidated soil. This is at least partially 200 

due to the irreversible contractive strain accumulated during the heating-cooling cycles. 201 

Thirdly, as expected, G0 increases with an increase in effective stress (Figures 3(b). This is 202 

well expected, because an increase in effective stress can enhance the inter-particle contact. 203 

The preliminary data implies that a switch of the mechanical and thermal loading paths 204 

is likely to affect G0. For example, the specimens at point A1 in Figure 2(a) and point C1 in 205 

Figure 2(b) have the same effective stress and temperature, but their G0 are different by 8%. 206 

The specimen subjected to a compression-cooling path shows a larger G0 than that with a 207 

cooling-compression path. This is at least partially because the former specimen was 208 

compressed at a higher temperature, resulting in a larger reduction of void ratio. In addition, 209 

further work is recommended to investigate the path dependency with consideration of more 210 

mechanical and thermal paths. 211 
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Discussion on the existing formulations for temperature-dependent G0 212 

The findings from this study can be readily applied in the theoretical modelling of soil 213 

behaviour. So far, many thermo-mechanical models have been reported in the literature within 214 

the elastoplastic framework. The thermo-plasticity have been well understood and incorporated 215 

in the models (Abuel-Naga et al. 2009; Graham et al. 2001; Hamidi et al. 2014; Hueckel and 216 

Baldi 1990; Zhou and Ng 2015). However, the existing models do not consider thermal effects 217 

on the elastic behaviour due to the lack of experimental data, except the models reported by 218 

Graham et al. (2001) and Hamidi et al. (2014). Even though these two models have 219 

incorporated thermal effects on the G0 , the relevant formulations were not verified using 220 

experimental results. The results from this study may give some insights to their formulations 221 

for G0 . Since their G0 formulations are similar, only the one by Hamidi et al. (2014) is 222 

discussed here: 223 

𝐺𝑇(𝑂𝐶) = 𝐺𝑇0(𝑁𝐶)  (
𝑝′

𝑝′𝑐
)

𝑏

[1 + 𝐷𝑙𝑛 (
𝑇

𝑇0
)]      (1) 224 

where 𝐺𝑇(𝑂𝐶) is the shear modulus of overconsolidated soil at a temperature T; 𝐺𝑇0(𝑁𝐶) is the 225 

shear modulus of normally consolidated soil at a reference temperature T0; 𝑝′𝑐  is the 226 

preconsolidation stress; 𝑝′  is the current effective mean stresses; and D and b are model 227 

parameters. Based on the experimental results shown in Figure 5, G0 can be either larger or 228 

small when the temperature is higher, depending on soil type, temperature range, etc. In 229 

addition, the equation suggests that the effects of temperature and OCR are independent, 230 

whereas the observed thermal effects are more significant when the OCR is lower (see Figure 231 

5). The above analysis illustrates that D is a function of several factors such as soil type, 232 

temperature range and OCR rather than a constant value. More experimental results are 233 

required to fully understand the evolution of D. 234 
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Potential applications of temperature-dependent G0 in the geotechnical analysis  235 

There are very limited studies of G0 at non-isothermal conditions in the literature, but it is an 236 

important parameter in many methods of analyzing thermally active structures like energy 237 

piles. For the soils surrounding energy piles, they are subjected to heating-cooling cycles. Ng 238 

et al. 2015) derived an analytical solution to predict the influence of temperature on the shaft 239 

resistance of energy piles based on the cavity expansion theory. In their solution, the shear 240 

modulus of soil is dependent on two factors, including G0 and the stiffness degradation rate 241 

with strain. The value of G0 (typically in the range below 0.001%) would affect the predicted 242 

shear modulus at various strains, so G0 is a crucial input parameter. This study provides useful 243 

experimental data to reveal the influence of temperature and thermal cycles on G0. When the 244 

operational temperature of energy piles increases from 5 to 40ºC in a typical range, the 245 

reduction of G0 can be up to 30% (Figure 3(b)). It would be more conversative to adopt the 246 

value of G0 measured at the highest operational temperature in the design of energy piles. 247 

Moreover, G0 increases as the number of thermal cycles increases (Figure 6). This would be 248 

beneficial to the long-term performance of energy piles. In addition, the progressive thermal 249 

contraction of soils (Figure 4) could reduce the normal force at pile-soil interfaces and therefore 250 

induce additional pile settlement.  251 

Note that the above observations and discussion should be treated with caution, since 252 

they may be specific and only applicable to some soil types. Experimental data in the literature 253 

suggest that the thermo-mechanical behaviour of fine-grained soils are qualitatively similar. At 254 

a quantitative level, some researchers (Abuel-Naga et al. 2007; Di Donna and Laloui 2015; Ng 255 

et al. 2020; Sultan et al. 2002) correlated the plastic index (PI) and thermal effects on soil 256 

behaviour. When the PI of a soil is higher, its behaviour is more sensitive to the change in 257 

temperature. Further studies are recommended to examine G0 for a variety of soils. 258 



12 

 

CONCLUSIONS 259 

When the temperature increases from 20 to 40ºC, the decrease in the elastic shear modulus 260 

G0 is up to 30% for the tested lateritic clay. This may be because the heating causes an increase 261 

in the electric repulsive force between soil particles. Consequently, the shear wave velocity and 262 

hence the G0 become smaller.  263 

After four thermal cycles in the temperature range of 5 and 60ºC, the G0 increases by 264 

12% and 16% for lateritic specimens loaded at 50 and 400 kPa, respectively. Under the same 265 

thermal cycles, G0 increases by about 30% for the kaolin clay loaded at 400 kPa. The increase 266 

is mainly attributed to soil densification and particle rearrangement induced by heating-cooling 267 

cycles.  268 

These above results provide experimental evidence to improve the modelling of thermo-269 

elasticity in constitutive models and the analysis of thermally active geo-structures. 270 
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Table 1 Physical properties of the lateritic soils 

Index property Value 

Atterberg limits  

 Liquid limit 47 

 Plasticity index  21 

Particle size distribution (%)  

 Sand fraction 42 

 Silt fraction 16 

 Clay fraction 42 

Standard Proctor compaction  

 Optimum moisture content (%) 19.5 

 Maximum dry density (Mg/m3) 1.70 

Classification  

 USCS (ASTM 2017) Sandy lean clay (CL) 

Main chemical composition (%)  

 SiO2 60 

 Fe2O3 10 

 Al2O3 28 
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