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ABSTRACT:  13 

This study presents the development of an alternative constitutive model for predicting the 14 

thermal volume change of saturated and unsaturated soils using the concept of thermally-15 

accelerated secondary compression. The model requires observation of the secondary 16 

compression response prior to drained heating to estimate the coefficient of secondary 17 

compression. The model was found to successfully capture the trends in thermal volume change 18 

arising from accelerated secondary compression resulting from prior mechanical loading for 19 

unsaturated, compacted Bonny silt. The model was also used successfully to represent data from 20 

the literature for normally consolidated and heavily overconsolidated soils prepared with 21 

different loading paths. 22 

KEYWORDS: thermal volume change behavior; thermal creep; geothermal energy; constitutive 23 

modeling 24 
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INTRODUCTION 27 

A critical assessment of the mechanisms of thermal volume change in saturated and 28 

unsaturated soils was presented in the companion paper by Coccia and McCartney (2016a), and 29 

an alternate volume change mechanism related to the effects of thermally-accelerated secondary 30 

compression arising from changes in stress prior to heating was found to help explain some 31 

discrepancies in data reported in the technical literature. Thermal volume changes are typically 32 

estimated using empirical thermal softening equations that predict elastic expansion for 33 

overconsolidated soils and plastic contraction for normally consolidated soils during drained 34 

heating. However, studies by Towhata et al. (1993) and Burghignoli et al. (2000) observed that 35 

clays with an OCR as high as 56 may either expand or contract during drained heating depending 36 

on the sequence of loading prior to the change in temperature. Coccia and McCartney (2016a) re-37 

evaluated these results and found a clear relationship between the secondary compression index 38 

of soil measured prior to heating and the resulting thermal volume change. This relationship 39 

serves as the basis of a new effective-stress based constitutive model for the thermal volume 40 

change of saturated and unsaturated soils presented in this paper. The thermal volume change 41 

results for unsaturated Bonny silt as well as those for a saturated clay under different stress 42 

histories presented by Towhata et al. (1993) are used to validate the newly proposed model.  43 

BACKGROUND 44 

Campanella and Mitchell (1968) developed an early thermo-poroelastic model to estimate the 45 

magnitude of thermally-induced excess pore water pressures and accompanying volume change 46 

during undrained heating and cooling. This model considered the thermal expansion of the soil 47 

constituents (soil pore water and pore solids), but did not evaluate the potential plastic changes in 48 

volume of the soil skeleton. To consider the effects of temperature on both volume change and 49 
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the shear strength of soils, Hueckel and Borsetto (1990) presented the first thermo-plastic 50 

framework for saturated soils by integrating a thermal softening mechanism into the modified 51 

Cam-Clay model of Roscoe and Burland (1968). This thermal softening mechanism captures the 52 

decreases in mean effective preconsolidation stress,   
 , with increases in temperature under 53 

constant stress that have been observed in several studies on saturated and unsaturated soils 54 

(Eriksson 1989; Tidfors and Sällfors 1989; Boudali et al. 1994; Cekerevac and Laloui 2004; 55 

Salager et al. 2008; Uchaipichat and Khalili 2009). An important advantage of the framework 56 

proposed by Hueckel and Borsetto (1990) is that changes in   
  can be used to predict the thermal 57 

volume change while considering the relative influence of OCR as described in the literature. 58 

Accordingly, the use of a thermally modified yield surface as proposed by Hueckel and Borsetto 59 

(1990), is typically adopted to serve as the foundation for most current thermo-mechanical 60 

constitutive frameworks. Most of these models are focused on the behavior of saturated soils, but 61 

there have been recent efforts to consider phenomena encountered in unsaturated soils such as 62 

suction hardening (François and Laloui 2008) and degree of saturation effects (Bellia et al. 63 

2015). 64 

In thermo-elasto-plastic models, elastic and plastic deformations may occur due to either 65 

changes in mean effective stress or temperature. As this study is focused on thermal volume 66 

change, the elastic and plastic volume change components due to mechanical loading are 67 

disregarded. Most models define the thermal elastic strain increment due to a change in 68 

temperature as follows: 69 

    
       EQ. 1  

where    is the coefficient of thermal volumetric expansion for the bulk soil and    is an 70 

incremental change in temperature. The most common discrepancy in the prediction of thermal 71 
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elastic expansion among current models is associated with the simplifying assumptions for the 72 

value   . Cui et al. (2000) assumed that    is constant with temperature and mean effective 73 

stress while others have presented    to vary with temperature and stress history (Laloui 1993; 74 

Abuel-Naga et al. 2007; François and Laloui 2008). Specifically, François and Laloui (2008) 75 

proposed a coefficient of thermal volumetric expansion that exhibits a non-linear dependency on 76 

temperature and overconsolidation ratio, allowing for the elastic thermal volumetric strain to 77 

increase with increasing overconsolidation ratio (OCR =   
    ) and decrease with increasing 78 

temperature. A similar assumption was also proposed by Abuel-Naga et al. (2007). Although 79 

these modifications of    with temperature and OCR are representative of thermal expansion 80 

behaviors observed in the literature (Cekerevac and Laloui 2004), Hong et al. (2013) found that 81 

constitutive frameworks that utilize a non-constant    provide no significant improvements over 82 

models which assume a constant value for   .  83 

Alongside thermal elastic expansion, thermal plastic contraction may also occur during 84 

heating. Current thermal constitutive models may predict this behavior by adopting one or more 85 

thermally-modified yield surfaces to define the boundary between a thermo-elastic and a thermo-86 

elasto-plastic volumetric response during heating. It is most common to use a single yield surface 87 

to capture the relative effects of changes in effective stress and temperature (Hueckel and Baldi 88 

1990; François and Laloui 2008; Laloui and François 2009). Alternatively, some models use two 89 

yield surfaces to capture the effects of temperature and effective stress independently (Cui et al. 90 

2000; Abuel-Naga et al. 2007; Tang and Cui 2009). The various yield surfaces used in the 91 

literature are shown in Figure 1 in      space.  92 

For the yield surface in Figure 1(a), plastic contraction will be activated through an increase 93 

in mean effective stress to   
  

, or by heating the specimen at   
  

 (i.e. normally consolidated 94 
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conditions), resulting in thermo-elasto-plastic contraction. However, this temperature-95 

independent yield surface does not capture the thermal softening behavior observed in the 96 

literature (Salager et al. 2008). Based on the observed decreases in   
  

 with increasing 97 

temperature, a thermal softening trend may be incorporated into the LC curve as shown in Figure 98 

1(b). This type of yield surface is the most widely utilized approach to model the thermal volume 99 

change of saturated soils (Hueckel and Baldi 1990; Laloui and Cekerevac 2003; Abuel-Naga et 100 

al. 2007; Laloui and François 2009; Hamidi et al. 2014) and unsaturated soils (Wenhua et al. 101 

2004; François and Laloui 2008; Dumont et al. 2010; Guoqing and Lu 2010). Incorporation of a 102 

thermal softening mechanism into the pre-existing LC surface permits the transition from 103 

thermo-elastic expansion to thermo-elasto-plastic contraction to be captured for an 104 

overconsolidated soil at constant mean effective stress. Further, based on the shape of the LC 105 

curve in Figure 1(b), the anticipated transition temperature will increase with OCR as has been 106 

observed in the literature (Cekerevac and Laloui 2004). In addition to the ability of capturing 107 

thermal softening when modeling drained compression tests at various temperatures, the non-108 

linear behavior of the LC curve introduces a stress state dependency on the thermal volume 109 

change behavior of the soil not captured by a yield surface similar to the one in Figure 1(a). 110 

According to the yield surface in Figure 1(b), an immediate plastic thermal contraction would 111 

only occur at initial heating for a normally-consolidated soil    
  

    . For all other stress 112 

cases, the model will predict an initial elastic thermal expansion until the yield surface is met at a 113 

higher temperature, after which thermo-elasto-plastic contraction occurs. This behavior is in 114 

disagreement with that observed in the literature where soils with OCRs of 2 or greater have 115 

been observed to exhibit immediate contraction upon heating (Baldi et al. 1991; Cekerevac and 116 

Laloui 2004). Further, use of the modified LC curve may result in an over-prediction of the 117 
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“transition temperature” for light to medium overconsolidated soils (Cui et al. 2000). In response 118 

to this drawback, Cui et al. (2000) implemented a secondary yield curve, referred to as the 119 

“thermal yield” (TY) curve, to better capture the observed plastic thermal contraction behavior 120 

for soils with high values of OCR, as seen in Figure 1(c). 121 

To highlight the benefits of the TY curve for the thermal volume change prediction of 122 

overconsolidated soils, the experimentally observed “transition temperature” at different 123 

overconsolidation ratios has been plotted in Figure 2 against the traditional LC curve as defined 124 

by Laloui and Cekerevac (2008) for Kaolinite clay using the thermal softening relationship 125 

proposed by Salager et al. (2008): 126 

  
       

              
 

  
  EQ. 2 

where   
     and   

      are the values of mean effective preconsolidation stress at temperatures 127 

  and   , respectively, and    is a material parameter that defines the relative impact of 128 

temperature on   
 . The relationship for the TY curve of Cui et al. (2000) is expressed as: 129 

                         EQ. 3 

where        is the yielding temperature at a mean effective stress,   ,    is a reference 130 

temperature at    = 0, and     is a soil parameter which defines the curvature of the TY curve. 131 

Abuel-Naga et al. (2007) proposed a curve similar to the TY curve of Cui et al. (2000) as 132 

follows: 133 

 
  

     

  
    

        
 

  
    EQ. 4 

The results in Figure 2 indicate that during heating, all overconsolidated soil specimens 134 

transition from elastic thermal expansion to elasto-plastic thermal contraction at temperatures 135 

much lower than predicted by the LC curve based on the soil’s thermal softening behavior. 136 
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Inclusion of the secondary TY curve provides a yield surface capable of predicting the thermal 137 

contraction of overconsolidated soils where use of a traditional LC curve would not. However, 138 

establishment of the TY curve requires a series of thermal volume change tests at different 139 

values of OCR to be performed to properly calibrate the curvature (   ) of the TY curve (Abuel-140 

Naga et al. 2007). 141 

Similar to the establishment of a unique yield surface to define the thermo-elastic region, 142 

several methods have been used to calculate the plastic thermal strain increment for an 143 

incremental change in temperature during yielding. Cui et al. (2000) proposed the following 144 

exponential expression to calculate the thermal plastic strain increment,     
 

: 145 

    
 

                   EQ. 5  

where   is a shape parameter, typically close to unity, used to help capture the thermal soil 146 

response at higher temperatures, and    is related to the slope of the thermal volume change 147 

curve. The parameters   and    are determined by fitting EQ. 5 to the thermal volume change 148 

curve of a normally consolidated soil heated under constant mean effective stress. 149 

An alternative approach to determine     
 

 is by solving the consistency equation formulated 150 

from the adopted yield surface. Laloui and Cekerevac (2003) defined the isotropic yield surface, 151 

    , as follows: 152 

                   
 

           
  

    EQ. 6  

where   is the plastic compressibility modulus. Further, the thermal plastic strain increment for a 153 

change in temperature may be defined by the consistency equation as follows: 154 

    
 

 
 

     
  

  

     

   
 

 EQ. 7  
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Substituting EQ. 6 into EQ. 7, the following expression may be used to calculate the thermal 155 

plastic strain increment during yielding: 156 

    
 

 
    

                
  

   
 EQ. 8  

In EQ. 8, the plastic thermal strain increment is determined based on the thermal softening 157 

behavior of the soil, as defined by   , and the plastic compressibility modulus,  .  158 

Though these models have been shown to achieve reasonable predictions of the thermal 159 

volume change of soil at a target temperature, some limitations exist in the inability to consider 160 

the time-dependent behavior of normally consolidated or over consolidated soils that have been 161 

prepared via loading, unloading, or reloading (Towhata et al. 1993; Burghignoli et al. 2000). In 162 

Figure 3, the thermal volumetric strains for two specimens of MC clay at an OCR of 56 achieved 163 

via reloading (Test 56R) and unloading (Test 56U) are shown with the predictions from the 164 

model of Cui et al. (2000). Details of the modeling parameters and calibrations for the MC clay 165 

can be found in Cui et al. (2000). Prior to heating, secondary compression and expansion was 166 

observed in Tests 56R and 56U, respectively. A very strong agreement between the results for 167 

Test 56U and the model prediction is observed in Figure 3. However, the model of Cui et al. 168 

(2000) is unable to anticipate the thermal volumetric contraction of Test 56R, and predicts the 169 

same thermal volume change response for Tests 56R and 56U. This is a result of the model’s 170 

dependency on the relative value for mean effective stress (or OCR) prior to heating, and not the 171 

secondary compression behavior prior to heating. As such, inclusion of a feature to consider the 172 

influence of secondary compression will introduce a physical mechanism into the thermal 173 

predictive model that is currently not present in available thermo-elasto-plastic models. This may 174 

create an advantage over current thermo-elasto-plastic constitutive models that do not consider 175 



 
 
 

9 

the physical mechanisms responsible for thermal volume change in the development of the 176 

volume change equation beyond the empirical quantification of thermal softening. 177 

Although the models discussed above were developed for saturated soils, recent modeling 178 

efforts have focused on simulation of the thermal volume change response of unsaturated soils. 179 

Dumont et al. (2010) developed a model that combines the unsaturated hydro-mechanical 180 

framework of Khalili and Loret (2001) with the saturated THM model of Wenhua et al. (2004). 181 

However, due to the use of capillary stress to define the effective stress, the soil-water retention 182 

curve (SWRC) is not required and changes in degree of saturation due to mechanical loading or 183 

changes in matric suction are not captured. François and Laloui (2008) extended the thermo-184 

plasticity model ACMEG-T of Laloui and François (2009) to the unsaturated soils by 185 

incorporating a secondary elasto-plastic constitutive framework defining the SWRC and effects 186 

of changes in temperature or dry density on the air entry suction. Further, the theory of bounding 187 

surface plasticity (Dafalias and Hermann 1980) was utilized to capture the progressive 188 

mobilization of irrecoverable strains that occur prior to reaching the preconsolidation stress. 189 

Inclusion of the bounding surface approach allows for the modeling of a smooth transition from 190 

elastic reloading to plastic yielding. Guoqing and Lu (2010) developed a model extending the 191 

existing hydro-mechanical framework of Wheeler et al. (2003) to soils under non-isothermal 192 

conditions through the inclusion of a thermal softening mechanism. This model uses the effective 193 

degree of saturation as a hardening parameter instead of the matric suction as in the previously-194 

mentioned models. Although these models are enhanced by their capability to consider the 195 

advanced hydro-mechanical behavior of unsaturated soils, the drawbacks in their ability to 196 

predict thermal volume change are similar to those for saturated thermo-mechanical models. 197 

  198 
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NEW FRAMEWORK FOR THERMAL VOLUME CHANGE BEHAVIOR OF SOILS 199 

Development 200 

Following the re-examination of the experimental observations of Houston et al. (1985), 201 

Towhata et al. (1993), Burghignoli et al. (2000), as well as an independent study performed on 202 

Bonny silt by Coccia and McCartney (2016a), the hypothesis of this constitutive model proposed 203 

in this study is that the thermal volume change response of saturated and unsaturated soils is due 204 

to the thermally-enhanced creep associated with the most recently applied change in effective 205 

stress. Particularly, heating of normally consolidated soils will cause an acceleration of the 206 

secondary compression process occurring prior to the start of heating, leading to contraction, 207 

while heating of overconsolidated soils will lead to either expansion or contraction depending on 208 

the direction of the most recent change in effective stress (i.e. reloading or unloading).  209 

In ambient conditions, the change in void ratio with time due to secondary compression, 210 

         , may be determined based on the ambient secondary compression index,        , 211 

defined as: 212 

        
         

       
 EQ. 9 

For temperatures greater than   , a distinct secondary deformation curve may exist from the 213 

secondary compression curve at ambient temperature defined by EQ. 9. Specifically, for the case 214 

of a recently loaded normally consolidated soil during heating, the void ratio of the soil specimen 215 

may collapse to another curve unique to the applied temperature. An example of this behavior is 216 

shown in Figure 4(a) where Towhata et al. (1993) performed a one-dimensional drained heating 217 

test on a recently loaded, normally consolidated bentonite clay in stages of 22 to 40 °C, 40 to 60 218 

°C, and 60 to 90 °C. For each heating increment, a rapid decrease in void ratio was observed 219 

followed by a gradual decline in the rate of collapse [Figure 4(a)]. To illustrate the concept of a 220 
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series of unique thermal secondary compression curves, dotted lines have been included in 221 

Figure 4(b) for the temperatures of 22, 40, 60, and 90 °C in reference to the end of primary 222 

consolidation.  223 

These unique curves may be defined by a change in the secondary compression index with 224 

temperature. As such, the following expression is proposed to consider the influence of 225 

temperature on secondary deformation: 226 

                       
 

  
  EQ. 10 

where              is the total change in void ratio as a function of time and temperature, 227 

       is the secondary compression index corresponding to a unique temperature,  , and   is 228 

the time at temperature,   (Figure 4). Based on the expression in EQ. 10, a new secondary 229 

compression curve has been established, defined by the new value       , for each temperature 230 

greater than the ambient temperature. As such, the secondary compression index should be 231 

modified to reflect the influence of temperature. One approach is to consider the viscous nature 232 

of secondary compression. Secondary compression in soils has been commonly attributed to the 233 

viscous behavior of the soil skeleton (Jain and Nanda 2010). For clays following primary 234 

consolidation, in particular, layers of adsorbed water may be found between the solid grains 235 

which help carry the applied load to the soil along with any solid grain to grain contact which 236 

may exist. During secondary compression, a slow viscous flow will occur as the applied load is 237 

transferred from the adsorbed layers to the stronger, solid grain to grain contacts, resulting in a 238 

gradual deformation of the loaded soil. As the viscous flow of the soil skeleton is primarily 239 

responsible for any secondary deformations, it may be assumed that elevated temperatures will 240 

enhance such flow, resulting in an accelerated secondary behavior, particularly based on the 241 

influence of temperature on water viscosity [Hillel (1998)]. Evidence of the thermal acceleration 242 
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of secondary deformations has been observed by Houston et al. (1985) and Tsutsumi and Tanaka 243 

(2012), among others. As such,  the evolution of      with   may be defined through a function, 244 

herein referred to as     , which characterizes the relative decrease in pore water viscosity at 245 

higher temperatures, shown in EQ. 11: 246 

                   EQ. 11 

The function,     , is defined as follows: 247 

     
      

     
 EQ. 12 

where    is the kinematic viscosity of water. Data provided by Hillel (1998) indicates the ratio of 248 

kinematic viscosity at ambient room temperature (   = 20 °C) to the kinematic viscosity at the 249 

temperature,  , in °C to exhibit the following relationship: 250 

     
         

     
 

      

       
                                EQ. 13 

To assess the use of the function,     , to characterize the relationship between the total 251 

change in void ratio during heating and that expected due to ambient secondary creep, the ratio 252 

                       for Bonny silt from Coccia and McCartney (2016a), as well as MC clay 253 

and Todi clay from Towhata et al. (1993) and Burghignoli et al. (2000), respectively, has been 254 

compared with      as defined in EQ. 13 in Figure 5. In Figure 5, the shape and magnitude of 255 

the function      is in very strong agreement with the relationship                        256 

observed for Bonny silt, Todi clay, and MC clay. The agreement between the function       and 257 

                       suggests the utilization of the thermal influence over the viscosity of 258 

water to be appropriate to describe the evolution of the rate of secondary creep deformations 259 

during a change in temperature. Furthermore, the fit observed in Figure 5 confirms thermal 260 

volume change to be a result of the acceleration of secondary creep. 261 
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Via the substitution of EQ. 11 into EQ. 10, the change in void ratio due to a change in 262 

temperature with time,             , following a recent change in applied load may be 263 

determined as follows: 264 

                            
 

  
  EQ. 14 

The relationship in EQ. 14 provides a simple expression to predict the thermal volume 265 

change of poorly draining soils. In general, for the thermal volume change prediction of different 266 

soil types and/or loading histories,         may be easily determined experimentally through 267 

incremental loading compression tests via a conventional oedometer apparatus, while the 268 

remaining parameters (  ,  ,   , and   ) may be chosen by the engineer to define the problem. 269 

For the function     , the relationship defined in EQ. 13 may be utilized when the ambient 270 

temperature is equal to 20 C. When     20 C, a new function such as that of Hillel (1998) 271 

may be used.  272 

The relationships established in EQ. 13 and 14 have been utilized to present the general 273 

behavior of the newly proposed method for the prediction of thermal volume change. In 274 

Figure 6, a hypothetical soil has been heated 24 hours following the end of primary consolidation 275 

while exhibiting a rate of ambient secondary compression of         = 0.01. To show the 276 

predicted behavior of the soil during slow heating, the soil was heated at a rate of 0.3 C/hr from 277 

an ambient temperature of 20 C to 40 C in Figures 6(a) and (b). Typical of most experimental 278 

studies, the soil is allowed to deform under constant temperature for a period of 24 hours and is 279 

then heated to 60 C, where it is allowed to rest for another 24 hours before equilibrium has been 280 

established. The unique secondary compression curves for the target soil temperatures of 20, 40, 281 

and 60 C are included in Figure 6(a) as a dotted line, while the void ratio with time is shown by 282 
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a solid line. The soil volume is observed to collapse to the corresponding thermal secondary 283 

curve during heating in Figure 6(a). The associated evolution in void ratio against temperature is 284 

shown in Figure 6(b). Hollow circles have been included in Figures 6(a) and 6(b) to illustrate the 285 

equilibrium points commonly chosen for analysis during thermal volume change tests to 286 

represent the ultimate change in volume related to a particular change in temperature. In most 287 

cases, the soil is assumed to be in equilibrium once the soil has achieved a rate of strain less than 288 

a pre-determined valued.  289 

Comparison of the hypothetical thermal collapse shown in Figure 6(a) with that measured for 290 

bentonite clay in Figure 4 indicates a difference in trend for the thermal volume change response. 291 

For the case of the bentonite clay, the void ratio is observed to collapse immediately, while a 292 

slow gradual collapse is observed for the hypothetical case in Figure 6(a). This discrepancy is 293 

due to the difference in the applied heating rate, as the bentonite clay was heated by Towhata et 294 

al. (1993) in one large rapid increment, compared to a rate of 0.3 C/hr as simulated in Figures 295 

6(a) and 6(b). To showcase the ability of the newly proposed model to capture the thermal 296 

collapse behavior at fast heating rates, the hypothetical soil was heated at a maximum heating 297 

rate of 15 C/hr followed by a gradual decrease in the rate of heating until the target temperature 298 

of 40 and 60 C was achieved. The results of this simulation are shown in Figures 6(c) and 6(d). 299 

In Figure 6(c), a collapse behavior similar to that for the bentonite clay is observed as a result of 300 

the accelerated heating rate. The evolution in void ratio against temperature for the faster 301 

simulation is shown in Figure 6(d) where a smaller overall change in void ratio is observed 302 

compared to that seen in Figure 6(b). Comparison of these two figures highlights the influence of 303 

time and heating rate on the ultimate thermal volume change that may be reported after testing. 304 

  305 
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Model Validation  306 

Based on the experimental results of this study as well as those of Towhata et al. (1993) and 307 

Burghignoli et al. (2000), the recent stress history and secondary compression behavior, prior to 308 

heating, appears to dominate the overall thermal volume change response. As such, an elegant 309 

approach to predict the thermal volume change of poorly draining soils during heating has been 310 

proposed. The model expression defined in EQ. 13 and EQ. 14 will be used to predict the 311 

thermal volume change response observed for the compacted Bonny silt from the companion 312 

study of Coccia and McCartney (2016a). The values of         for Tests S-0, US-15, US-20, 313 

US-30, and US-40 have been summarized in Table 4 in Coccia and McCartney (2016a). In EQ. 314 

14,    represents the time at initial heating following drained mechanical loading. The total 315 

change in void ratio during heating was predicted using the relationships proposed in EQ. 13 and 316 

EQ. 14 and is shown with the experimental results for Tests S-0, US-15, US-20, US-30, and US-317 

40 in Figures 7 and 8 in terms of the total change in void ratio versus temperature and time, 318 

respectively. 319 

Good agreement between the model predictions and the experimental results in Figure 7 is 320 

observed. This indicates the thermal dependency of the secondary deformation behavior of soil 321 

to be a suitable mechanism to explain thermal volume change. Further, the model predictions are 322 

calculated using only one unique parameter (   ) that may be easily measured both in the lab 323 

and in the field, and four others (  ,  ,   , and   ) chosen by the user. To analyze the ability of 324 

the new model to predict thermal volume changes during a heating and cooling cycle, EQ. 14 325 

was used to simulate the heating-cooling volume change results for saturated Test S-0 and is 326 

shown in Figure 7(a). Excellent agreement between the test results for Test S-0 and the model 327 

prediction during heating and cooling is observed. The ability of EQ. 7 to predict the thermal 328 
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volume change response during cooling indicates the additional contraction observed during 329 

cooling to be primarily a result of additional secondary compression, alongside with any thermal 330 

contraction of the soil constituents, which occurs during the time of cooling. However, the 331 

magnitude of secondary compression with time during cooling is observed to be smaller than 332 

during heating as the secondary compression index will decrease with temperature.  333 

It is important to acknowledge the reliance of this new method for the prediction of thermal 334 

volume change on the viscous properties of pore water with temperature and its influence on 335 

secondary deformations. The presence of water has been observed to aid in the rate of secondary 336 

compression (Oldecop and Alonso 2007; Priol et al. 2007; Ye et al. 2014). Ye et al. (2014) 337 

performed high-pressure suction controlled oedometer tests on compacted GMZ01 bentonite to 338 

investigate the influence of vertical stress and matric suction on secondary compression.     was 339 

observed to decrease with increases in matric suction and decreases in moisture content. Similar 340 

behavior has also been observed by Oldecop and Alonso (2007) and Priol et al. (2007) on 341 

unsaturated rockfill material and unsaturated Lixhe chalk, respectively. Alongside a decrease in 342 

the secondary compression index, as the volume of pore water is reduced, the impact of 343 

variations of viscosity with temperature on the interparticle friction, and therefor secondary 344 

movement, may also reduce. As such, the current model proposed may begin to over-predict the 345 

thermal acceleration of secondary compression for soils of lower degrees of saturation, for 346 

example dry to nearly dry soils. To investigate this potential issue, thermal volume change tests 347 

on dry soils must be performed. However, for the simulations performed for the Bonny silt, the 348 

proposed model appears to capture the phenomena of thermally accelerated secondary 349 

compression for degrees of saturation ranging from 1 to 0.5. 350 
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To assess the ability of the proposed model to predict thermal volume change for higher 351 

plasticity clays, EQ. 14 was used to predict the thermal change for MC clay as tested by Towhata 352 

et al. (1993). Several tests from Towhata et al. (1993) were selected to explore a wide range of 353 

OCRs (1 to 56) achieved via unloading and reloading as designated by a U or R, respectively. A 354 

summary of the final OCR and applied stress for the specimens selected for model validation are 355 

summarized in Table 1. Values for         were calculated between the time,   , and time,   , 356 

from the time series results provided by Towhata et al. (1993). An example is shown in Figure 9. 357 

Values for         and the times utilized for calculation (   to   ) are shown in Table 1.  358 

From the time series data provided in Towhata et al. (1993), the final time for each 359 

temperature increment,   , from 22 to 40 C, 40 to 60 C, and 60 to 80 C was selected to predict 360 

the final thermal volume change for each heating increment. This was the most suitable approach 361 

for model validation as the actual temperature time series for each test was not provided in the 362 

literature. The predicted void ratio using EQ. 14 is presented with the void ratio reported in the 363 

literature for the MC clay for several loading conditions in Figure 10. The model predicts the 364 

thermally induced change in void ratio reasonably well for the MC clay (Figure 10). However, 365 

discrepancies between the model and experimental data is observed for Test 1.7U and 56R. 366 

Further, the transition from thermal expansion to contraction is not captured by the model for 367 

Test 1.7U. 368 

The model comparison with the results from this study on Bonny silt as well as for MC clay 369 

from Towhata et al. (1993) indicates that the proposed model can reasonably predict the thermal 370 

volume change response during the heating and cooling of saturated and unsaturated silts and 371 

clays under various stress states, specifically normally-consolidated and overconsolidated soils 372 

achieved via loading, unloading, or reloading. Further, it can achieve these predictions while 373 
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requiring only one unique soil parameter,        , that may be obtained from assessment of the 374 

prior mechanical loading or potentially from empirical databases. Further, no previous thermal 375 

volume change tests are required to calibrate the thermal model as typically required of most 376 

current thermo-mechanical constitutive models. A drawback of the proposed model is the 377 

assumption of a constant         with time, which may lead to an over prediction of the thermal 378 

volume change at higher temperatures (Figure 7) and larger times in some cases (Figure 8). In 379 

addition, the model cannot capture the transition from thermal volumetric expansion to thermal 380 

contraction for lightly overconsolidated soils [Figure 10(c)], but this behavior is not necessarily 381 

observed for all soils.  382 

CONCLUSIONS 383 

This paper presents an alternative approach to modeling the thermal volume change response 384 

of poorly draining soils. Specifically, the thermal enhancement of secondary compression was 385 

utilized to explain thermal volume change and a new mathematical expression was developed. 386 

The results from an experimental study on Bonny silt, performed in the companion paper, as well 387 

as that from Towhata et al. (1993) for MC clay was used to validate the new model. Overall, the 388 

model was observed to reasonably predict the thermal volume change response of saturated and 389 

unsaturated silt and clay under various stress states for degrees of saturation ranging from 1 to 390 

0.5, subjected to both fast and slow rates of drained heating. Finally, only one soil parameter that 391 

may be determined experimentally or through field monitoring is required for the prediction of 392 

thermal volume change. 393 
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 TABLE 1: Summary of data for MC Clay from Towhata et al. (1993) 539 

OCR                   

(-) (kPa) (-) (minutes) (minutes) 

1 2230 0.0118 15 60 

1 160 0.0088 31 60 

1.7U 1280 -0.0016 20 58 

3.5R 640 0.0079 20 58 

56U 40 -0.0084 40 98 

56R 40 0.0012 20 58 

 540 



Figure 1
Click here to download high resolution image

http://ees.elsevier.com/coge/download.aspx?id=164312&guid=33e1f0f2-2957-4d41-a674-7f4eaa6bcb30&scheme=1


Figure 2
Click here to download high resolution image

http://ees.elsevier.com/coge/download.aspx?id=164313&guid=09e0c984-6dd4-4174-b618-82801b4239d0&scheme=1


Figure 3
Click here to download high resolution image

http://ees.elsevier.com/coge/download.aspx?id=164359&guid=2ec9c851-2373-4038-b6e4-41bf36c48bfd&scheme=1


Figure 4
Click here to download high resolution image

http://ees.elsevier.com/coge/download.aspx?id=164315&guid=c350dd26-28fa-4605-9c32-ecab4ae50314&scheme=1


Figure 5
Click here to download high resolution image

http://ees.elsevier.com/coge/download.aspx?id=164316&guid=3e8a78b0-5224-4310-b028-cdb616c0fe28&scheme=1


Figure 6
Click here to download high resolution image

http://ees.elsevier.com/coge/download.aspx?id=164317&guid=05f50129-91d2-471a-bd7b-0c283c90f49b&scheme=1


Figure 7
Click here to download high resolution image

http://ees.elsevier.com/coge/download.aspx?id=164318&guid=612233cb-0562-4e9d-a5fd-15d0ce73f46e&scheme=1


Figure 8
Click here to download high resolution image

http://ees.elsevier.com/coge/download.aspx?id=164319&guid=863f9a46-b36c-4bbf-8d8d-0420f3f8e35d&scheme=1


Figure 9
Click here to download high resolution image

http://ees.elsevier.com/coge/download.aspx?id=164320&guid=3fc1e9f8-8a5a-4d3f-a453-735683b5ffb6&scheme=1


Figure 10
Click here to download high resolution image

http://ees.elsevier.com/coge/download.aspx?id=164321&guid=97d73963-e87b-459d-9326-f07c2d709013&scheme=1



