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IMPACT OF ANISOTROPIC STRESS STATES ON THE THERMAL VOLUME 1 

CHANGE OF UNSATURATED SILT 2 

by Mahmud Shanina, Ph.D.
1
 and John S. McCartney, Ph.D., P.E.

2
 3 

Abstract:  This study is focused on understanding the influence of anisotropic stress states on 4 

the thermal volume change of unsaturated, compacted silt specimens. A thermo-hydro-5 

mechanical true-triaxial cell was used that permits control of the temperature on all six 6 

boundaries of a cubical soil specimen as well as control of the suction within the specimen to 7 

provide drained conditions during mechanical loading and temperature changes. Six non-8 

isothermal tests were performed as part of this study, each involving suction application, 9 

consolidation to a given isotropic or anisotropic stress state, heating and cooling in stages under 10 

drained conditions, and unloading. Specifically, tests having minor to major principal stress 11 

ratios of 1.0, 0.7, and 0.5 were performed on specimens having initial degrees of saturation of 0.7 12 

and 0.8, complementing tests on the same soil under similar stress states but saturated conditions 13 

published in a previous study. Although compressive thermal axial strains were measured in both 14 

the major and minor stress directions, a greater thermal axial strain was observed in the direction 15 

of the major principal stress for stress ratios less than 1.0. However, similar thermal volumetric 16 

strains were observed in all of the tests regardless of the stress state. A small effect of inherent 17 

anisotropy was observed due to the formation of the specimen using compaction. Specimens 18 

with a lower initial degrees of saturation experienced greater thermal volume changes than 19 

specimens closer to saturation, possibly due to thermal collapse of the air-filled voids during 20 

heating or thermally accelerated creep after application of a given plastic strain during 21 

mechanical loading. An empirical relationship to consider the effects of anisotropic stress states 22 
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and variable saturation was incorporated into an established elasto-plastic model developed for 23 

saturated soils under isotropic conditions, and a good fit was obtained between the measurements 24 

and predictions.  25 

INTRODUCTION 26 

A technique used to improve the energy efficiency of heat pumps for building heating and 27 

cooling systems is to embed closed-loop heat exchangers into drilled shaft foundations to form 28 

energy piles (Brandl 2006; Laloui et al. 2006; Adam and Markiewicz 2009; McCartney 2011; 29 

Murphy and McCartney 2015; Murphy et al. 2015). Heat can be transferred to and from the 30 

ground by circulating fluid through the heat exchangers. When the soil surrounding the energy 31 

pile changes in temperature, potentially irreversible soil volume changes may occur depending 32 

on the stress state,  soil mineralogy, and degree of saturation (Campanella and Mitchell 1968; 33 

Demars and Charles 1982; Hueckel and Baldi 1990; Towhata et al. 1993; Burghignoli et al. 34 

2000; Delage et al. 2000; Sultan et al. 2002; Romero et al. 2003; Cekerevac and Laloui 2004; 35 

Salager et al. 2007; Uchaipichat and Khalili 2009; McCartney 2012; Vega and McCartney 2015; 36 

Alsherif and McCartney 2015; Coccia and McCartney 2012, 2016a, 2016b). These thermal 37 

volume changes may affect the lateral stress distribution along the energy foundation, and may 38 

lead to relative movement between the energy pile and surrounding soil (Vega and McCartney 39 

2015). Although constitutive models are available to consider the thermal volume change of soils 40 

(Hueckel and Pellegrino 1989; Hueckel and Borsetto 1990; Cui et al. 2000; Laloui and 41 

Cekeravac 2003; Abuel-Naga et al. 2009), an isotropic stress state is assumed. Accordingly, the 42 

same thermal expansion or contraction is assumed to occur in both the major principal stress 43 

(vertical) and minor principal stress (horizontal) directions when simulating the behavior of soils 44 

surrounding energy piles. Despite the experimental data available on the recoverable and 45 
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permanent deformations of unsaturated soil during heating and cooling, the influence of 46 

anisotropic stress states on the thermal deformation of unsaturated soils still needs to be better 47 

understood before constitutive relationships thermal volume change of soils can be incorporated 48 

into design methods for energy piles such as that of Knellwolf et al. (2011).   49 

Coccia and McCartney (2012) studied the effect of anisotropic stress states on the thermal 50 

volume change of saturated specimens of compacted Bonny silt using a specially-designed 51 

thermo-hydro-mechanical (THM) true-triaxial cell. The results from their testing program 52 

showed that the anisotropic stress state does not have a significant influence on the thermally-53 

induced volumetric strain. However, the initial anisotropic stress state does have a significant 54 

influence on the magnitude and trend of thermal axial strains in the directions of the major and 55 

minor principal stresses. Specifically, during drained heating of anisotropically-consolidated 56 

cubical specimens isotropically compressed to normally consolidated conditions before being 57 

unloaded  in the minor principal stress direction, plastic contraction was observed in the major 58 

principal stress direction while less contraction (or even expansion) was observed in the minor 59 

principal stress direction. The difference in the thermal axial strains was found to depend on the 60 

ratio of the minor to major principal stresses (referred to as the stress ratio K). Coccia and 61 

McCartney (2012) proposed that the plastic contraction in the major principal stress direction 62 

was because the stress was still at the maximum stress level encountered in that direction, while 63 

the lower plastic contraction or expansion in the minor principal stress direction was due to the 64 

stress history in that direction that made the behavior similar to an overconsolidated soil.  65 

In addition to the need to perform more in-depth testing to fully understand the influence of 66 

anisotropic stress states on the thermal volume change of soils, there are opportunities to 67 

improve the experimental approach involving the THM true-triaxial cell used by Coccia and 68 
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McCartney (2012). They had intended to perform their tests in plane strain conditions, but found 69 

that the thermal expansion of the cell during heating may have led to changes in the intermediate 70 

principal stress and strain values. They also only heated the specimen on two opposing faces, 71 

requiring a long heating period to reach thermal equilibrium. Accordingly, efforts were made in 72 

this study to implement better control of the principal stresses and temperatures applied to each 73 

face during testing. Another issue with the approach used by Coccia and McCartney (2012) is 74 

that the unloading of the specimen in the minor principal stress direction may have led to a 75 

decrease in the mean stress, which may have led to a slight overconsolidation effect in the 76 

specimen which could have potentially affected the trends in the thermal volumetric strain. A 77 

better approach would be to increase the major principal stress to reach an anisotropic stress state 78 

so that the mean stress increases but still remains in normally consolidated conditions. Finally, 79 

although Coccia and McCartney (2012) designed their true-triaxial cell with the capability to 80 

evaluate unsaturated conditions, they only focused on the behavior of saturated specimens 81 

meaning that their work could be complimented by investigations using this feature. 82 

BACKGROUND 83 

Previous studies have observed that the overconsolidation ratio (OCR) has a significant effect 84 

on the thermal volume change of a soil specimen when heated under a constant mean stress in 85 

drained conditions. Soils with larger OCR values trend to expand during heating while soils with 86 

lower OCR values trend to contract (Baldi et al. 1988; Towhata et al. 1993; Cekerevac and 87 

Laloui 2004; Sultan et al. 2002; Abuel-Naga et al. 2007; Vega and McCartney 2015). For 88 

example, Cekeravac and Laloui (2004) observed thermal contraction for saturated kaolinite clay 89 

specimens with OCR values between 1 and 2 while thermal expansion was observed for 90 

specimens at higher values of OCR of values 6 and 12 (although these specimens were observed 91 
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to contract after reaching a certain temperature). Although there have not been many studies on 92 

the thermal volume change of soils under anisotropic stress states except that of Coccia and 93 

McCartney (2012), Hueckel and Pellegrini (1996) found that inherent anisotropy arising from the 94 

orientation of clay particles perpendicular to the direction of consolidation or compaction may 95 

lead to greater lateral thermal axial strains than vertical thermal axial strains in saturated clays 96 

for heating under isotropic stress states.  97 

 The effect of temperature on the volume change behavior of unsaturated soils has been 98 

evaluated in several studies (Romero et al. 2003; Francois et al. 2007; Salager et al. 2008; Tang 99 

et al. 2008; Uchaipichat and Khalili 2009; McCartney 2012; Alsherif and McCartney 2015). 100 

Uchipichat and Khalili (2009) studied the effect of the thermal volume change of normally 101 

consolidated and overconsolidated soils having constant suction conditions. Similar to saturated 102 

soils, they observed thermal expansion in overconsolidated specimens during drained heating-103 

cooling tests between 25 to 60 °C, but observed contraction under lower overconsolidation 104 

ratios. They did not observe a significant effect of the initial degree of saturation on the thermal 105 

volume change, but the fact that several different stress paths were applied to the specimens 106 

before heating may have affected the influence of this variable. Alsherif and McCartney (2015) 107 

performed heating tests on compacted Bonny silt at low suction (0.04 MPa) and high suction 108 

(300 MPa) magnitudes, and found that soils heated under low suction contract but those at high 109 

suctions expand. Their results were reinterpreted by Alsherif and McCartney (2016) in terms of 110 

the mean effective stress and OCR, and it was observed that the trends are similar to those for 111 

saturated specimens of compacted Bonny silt tested by Vega and McCartney (2015). 112 
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MATERIAL 113 

Bonny silt was used in this study as its thermal volume change has been investigated under 114 

different stress states and degrees of saturation in previous studies (Coccia and McCartney 2012; 115 

Vega and McCartney 2015; Alsherif and McCartney 2015). Bonny silt has a fines fraction of 116 

83%, a liquid limit of 25, and plastic limit of 21, so it is classified as ML (inorganic low 117 

plasticity silt) according to the Unified Soil Classification Scheme (USCS). The specific gravity 118 

of the particles is 2.65. The specimens tested in this study were prepared using compaction in 119 

order to reach initial degrees of saturation of 0.7 and 0.8. All cubical soil specimens were 120 

prepared using static compaction to reach the same initial dry unit weight of 16.2 kN/m
3
, which 121 

corresponds to an initial void ratio of 0.59. This dry unit weight corresponds with about 98% of 122 

the maximum dry unit weight from the standard Proctor compaction curve (16.6 kN/m
3
). The 123 

target gravimetric water content values investigated in this study were 15.5 and 17.5%, which 124 

correspond to initial degrees of saturation of 70% and 80%, respectively, and are both wet of the 125 

optimal gravimetric water content for the standard Proctor compaction effort (14%).  126 

Before compaction, the soil was mixed with water until the target gravimetric water content 127 

was reached. It was then sealed within a five-gallon bucket for 24 hours to allow the water 128 

content to homogenize within the soil. A mechanical press was used to compress the specimen in 129 

six lifts of equal height within a cubical aluminum mold having a side length of 178 mm. The 130 

under-compaction technique was used to ensure uniform compaction of the specimen. The top of 131 

each compacted lift was scarified to minimize any potentially weak planes within the cubical 132 

specimen. To remove the specimen from the mold, the specimen was first pushed from the mold 133 

using the press before removing the side walls so that this process does not pull on the surfaces 134 

of the specimen. The compacted specimen was covered immediately with plastic wrap to avoid 135 
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changes in the degree of saturation while the rest of the components of the cubical cell were 136 

being assembled. Pictures of the mold and specimen during and after preparation are presented 137 

by Shanina (2015).  138 

EXPERIMENTAL APPROACH 139 

Experimental Setup 140 

The true-triaxial cell used in this study was originally developed by Mould (1983) and 141 

updated by Takata (2000). In its typical configuration, this cell uses six flexible latex bladders 142 

reacting against aluminum mechanical loading plates to apply principal stresses to the faces of a 143 

cubical soil specimen, following the approach outlined by Ko and Scott (1967). The 144 

deformations of each face of the true-triaxial cell are measured using spring-loaded linearly 145 

variable differential transformers (LVDTs). Coccia and McCartney (2012) adapted the cell for 146 

thermo-hydro-mechanical testing by replacing the bottom and top faces of the cell with rigid face 147 

plates. This study used replaced only the bottom face of the cell with a rigid face plate, similar to 148 

the approach of Hoyos and Macari (2001), Hoyos et al. (2008), and Hoyos et al. (2012). As 149 

shown in the cross-section schematics of the true-triaxial cell in Figures 1(a) and 1(b), the bottom 150 

face in the z-direction is a rigid face plate that contains porous disks that independently apply 151 

pore air pressure (ua) or water pressures (uw), while the other faces in the x-and y-directions are 152 

flexible bladders that are used to apply total principal stresses. The bottom rigid face plate 153 

incorporates heating elements to control temperature on this face of the specimen and hydraulic 154 

ports to control the pore water and air pressures within the specimen (or to provide drainage 155 

during mechanical loading or changes in temperature). This rigid face plate is referred to as a 156 

hydro-thermal face plate.  157 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

8 

 

This study involved additional modifications to the THM true-triaxial cell to address some of 158 

the issues encountered by Coccia and McCartney (2012). First, the THM true-triaxial cell was 159 

configured to apply principal stresses in all three orthogonal directions by maintaining a 160 

mechanical loading plate on the z1 face of the cell, as shown in Figure 1(a). This permits 161 

application of anisotropic stress states to a cubical soil specimen that correspond with the 162 

bedding planes associated with compaction of the soil specimen (i.e., major principal stress in 163 

the vertical direction orthogonal to the bedding planes and minor principal stresses applied 164 

equally in the two horizontal directions parallel to the bedding planes). This approach also 165 

permits independent measurement of the principal strains in all three orthogonal directions. 166 

Further, the modified system permits incorporation of temperature control on each face of the 167 

cell by circulating pressurized, heated water through five of the bladders and circulating water 168 

through the heating elements in the hydro-thermal face plates. This uniform heating permitted 169 

thermal equilibrium to be reached in a shorter period of time than the approach of Coccia and 170 

McCartney (2012).  171 

Although the particular anisotropic stress state investigated in this study (stress in the vertical 172 

direction equal to the major principal stress, and stresses in the two horizontal directions equal to 173 

each other and corresponding to the minor and intermediate principal stresses) correspond to a 174 

triaxial compression stress state that could be investigated in an advanced thermal triaxial cell, 175 

there are several advantages for using this advanced testing device. First, the cubical cell permits 176 

tests to be performed in stress-control conditions. This is desired when measuring thermal 177 

volume changes so that the device does not provide displacement constraints on the specimen 178 

that could lead to a change in stress state in the specimen. This can only be achieved in a triaxial 179 

frame with feedback control or incorporating a pneumatic piston to control the axial stress such 180 
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as that used by Alsherif and McCartney (2015). The cell also permits evaluation of much larger 181 

specimens than in a conventional triaxial cell which better permits better assessment of inherent 182 

anisotropy effects in compacted specimens due to the larger sample size. Even though the 183 

thermal axial strains may be similar in experiments performed in the true-triaxial cell and in a 184 

conventional triaxial cell, a larger specimen will have larger deformations that are easier to 185 

measure within the sensitivity of available measurement systems.   186 

The pore water pressures are applied through a high air-entry (HAE) porous ceramic disk that 187 

only allows water to pass until reaching a suction of 300 kPa. The pore air pressures are applied 188 

through coarse porous disks that have a very low air entry suction (less than 0.1 kPa). Matric 189 

suction in the specimens can either be measured or controlled using the ports at the base of the 190 

cell. To measure the matric suction, the air pressure is maintained at atmospheric conditions and 191 

the pressure in the water reservoir behind the HAE ceramic disk is measured in the same manner 192 

as a tensiometer. Specifically, the water pressure within the reservoir beneath the HAE ceramic 193 

disk was monitored using a pressure sensor. If a compacted soil is placed atop the ceramic disk, 194 

there will be a tendency to draw water through the disk into the specimen due to the gradient 195 

formed by the initial suction in the specimen. Negative water pressures up to approximately -80 196 

kPa can be measured using this approach. At equilibrium, the negative water pressure measured 197 

within the reservoir is expected to be approximately equal to the suction within the unsaturated 198 

specimen as the pore air pressure is assumed to be zero. 199 

Alternatively, the suction can be controlled using the axis translation technique (Hilf 1956). 200 

In this case, positive pore air and water pressures can be applied independently to the base of the 201 

specimen through the low air entry and high air entry disks, respectively, with a difference (ua – 202 

uw) being equal to the matric suction in the specimen. Although it is straightforward to control 203 
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the suction in the specimen to provide drained conditions, the particular configuration evaluated 204 

in this study shown in Figure 1(a) is not optimal for changing the suction in the specimen 205 

because water must flow from the bottom face of the specimen to the upper corners of the 206 

specimen through capillarity, which can be time consuming and may lead to air entrapment. 207 

Accordingly, the approach used in this study is to measure the initial suction in the compacted 208 

specimen using the tensiometer approach, and then subsequently apply this same suction using 209 

the axis translation technique to permit drained mechanical compression and drained heating 210 

experiments to be performed. This approach avoids the need to wait for complicated water flow 211 

processes before applying thermo-mechanical loads to the specimen. Although this approach 212 

may be affected by the different soil structures induced by compaction, both initial degrees of 213 

saturation investigated in this study correspond to compaction wet of optimum so the soil 214 

structure soil not be a major factor.  215 

It should be noted that during transient heating of the specimen, the results from this test 216 

cannot be considered to be representative of an element test because the temperature distribution 217 

may not be uniform through the volume of the cubical specimen. To investigate the transient 218 

heating response, the cubical specimen should be treated as a boundary value problem, as noted 219 

by Zhang and Kurimoto (2016). However, at equilibrium it is assumed that the temperature, 220 

suction, and degree of saturation will be uniform throughout the cubical specimen and that the 221 

results will be representative of an element test. Accordingly, the heating approach used in this 222 

study is to apply changes in temperature in stages to obtain equilibrium volume changes that 223 

correspond to a uniform change in temperature across the volume of the cubical specimen. 224 
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Machine Deflection Evaluation 225 

Before performing tests on the soil, it is necessary to characterize the deflections of the THM 226 

true-triaxial cell during changes in stress or temperature. Although the true-triaxial cell was 227 

designed to be as rigid as possible, application of stresses to the specimen will cause the space 228 

frame to expand outward which may affect the displacement measurements of the LVDTs. The 229 

approach used to evaluate the mechanical and thermal machine deflections was to first perform 230 

tests on an aluminum cube having known mechanical and thermal properties. The mechanical 231 

machine deflections were calculated by subtracting the elastic deflection of the aluminum cube 232 

from the average deflections of the LVDTs mounted on the face plates. The deflection of the 233 

aluminum cube was calculated as follows:  234 

                                                 E

L




                                                       (1) 235 

where δ is the elastic deflection of the aluminum cube, σ is the axial stress in kPa, L is the length 236 

of the aluminum cube, which is equal to 178 mm and E is the Young’s modulus of the aluminum 237 

cube, which is equal to 69 GPa. A positive machine deflection is defined as compression. The 238 

slopes of the machine deflections in each principal stress direction Mx, My and Mz were 239 

calculated as follows: 240 

                                                            
md

M 
                                                             (2) 241 

where M is the slope of machine deflection (mm/kPa), dm is the mechanical machine deflection 242 

(mm) and σ is the axial stress (kPa). The average mechanical machine deflections and the values 243 

of M in each direction during loading are presented in Figure 2(a). The measurements from the 244 

three LVDTs used to define these average mechanical machine deflections were nearly identical, 245 

indicating negligible bending of the aluminum face plates mounted to the space frame. The 246 
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values of mechanical machine deflections can be subtracted from the measured deformation 247 

results from isothermal compression tests on soils during changes in stress. The z1 face showed a 248 

softer response than the other directions, possibly because the bottom face in the z direction is a 249 

rigid plate. The application of anisotropic stresses in the z direction still resulted in linear elastic 250 

behavior, reflected in the same slope of the mechanical machine deflection curve. 251 

It is critical to consider the deformation of the true-triaxial cell during heating and cooling in 252 

order to consider the effects of thermal expansion of the space frame when inferring the 253 

thermally induced volume change of soil specimens. After applying an isotropic stress state of 254 

350 kPa to the aluminum cube (the same stress state used in the tests on the soils that will be 255 

discussed later), the system was heated from an ambient room temperature of 20 C to a 256 

temperature of approximately 50 C in three 10 C intervals, then cooled back to ambient 257 

temperature in one stage. The change in temperature of the cell during heating is shown in Figure 258 

2(b). The thermal machine deflections were calculated by subtracting the expected thermo-elastic 259 

deflection of the aluminum cube from the measured deflections. The LVDTs were used to 260 

measure the deflections of the five faces in the x, y and z directions during thermal cycling. The 261 

theoretical displacement of the aluminum cube in each direction was calculated as follows:  262 

                                              
TLd alalalT ,                                                   (3)                        263 

where dT,al is the thermal displacement of the aluminum cube, al  is the linear coefficient of 264 

thermal expansion of the aluminum (equal to 23×10
-6

  m/mC), Lal is the initial length of 265 

aluminum cube and ΔT is the change in temperature applied during the test. The thermal 266 

machine deflections were calculated as the difference between the measured deflections from the 267 

LVDTs and the theoretical value of dT,al for a given change in temperature. Because the thermal 268 
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machine deflections were found to be thermo-elastic, the slopes of the thermal machine 269 

deflection curves during heating Hx, Hy and Hz were calculated as follows: 270 

                                                                
TdH T  /

                                                   (4)  271 

where H is the slope of thermal machine deflection (mm/C), dT is the thermal machine 272 

deflection (mm) and ΔT is the change in temperature (C). Although not shown here, Shanina 273 

(2015) found that the slopes of the thermal machine deflection curves during cooling were also 274 

relatively linear and similar to those during heating, so the slopes during heating were used to 275 

correct the thermal machine deflections through the entire test for simplicity.  276 

Experimental Procedures 277 

The first step in preparing the THM true-triaxial cell for a test is to saturate the HAE ceramic 278 

disk. As mentioned, this HAE ceramic disk is used to facilitate measurement of the negative 279 

water pressure in unsaturated soils using the tensiometer approach, to apply water pressures 280 

using the axis translation technique, and to measure potential outflow or inflow of water into the 281 

specimen during drained compression or heating. Accordingly, it is critical for the HAE ceramic 282 

disk to be saturated with water before beginning a test. The HAE ceramic disk was first placed 283 

into the recess in the rigid bottom platen of the THM true-triaxial cell in air-dry conditions. Then 284 

a bead of RTV silicon sealant was placed around the edge of the ceramic to provide a hydraulic 285 

seal that prevents short-circuiting of air around the edges of the HAE ceramic disk. After the 286 

silicon sealant cured, water was flushed through the channel beneath the ceramic disk. Next, a 287 

special pressure-saturation device was placed on top of the ceramic disk, which is described in 288 

detail by Shanina (2015). The device consists of a steel chamber with an O-ring seal at the base 289 

that is tightened onto the face of the rigid platen using three screws. After placement of the 290 

chamber atop the HAE ceramic disk, a vacuum of -70 kPa was applied to the base of the disk for 291 
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24 hours to de-air the ceramic. This chamber was then filled with de-aired water under a pressure 292 

of 70 kPa, and the same vacuum on the bottom side of the HAE ceramic disk was maintained. 293 

De-aired water was then permitted to flush downward through the HAE ceramic disk overnight. 294 

Water flow was oriented downward to avoid putting upward stresses on the seal between the 295 

hydro-thermal plate and the HAE disk. After this, the HAE ceramic was assumed to be water-296 

saturated, and air breakthrough was not observed in any of the experiments.  297 

Next, the compacted soil specimen was placed carefully on top of one of the flexible latex 298 

bladders outside of the THM cell so that the compaction lifts are perpendicular to the bladder 299 

face. The THM cell incorporates a tilting apparatus that can be used to facilitate placement of the 300 

soil specimen within the frame, which is described in detail by Mould (1983). After attaching the 301 

hydro-thermal face plate to the bottom of the frame (which is aligned with the z-axis), the frame 302 

was tilted 90° around the hinge-point. The specimen and the flexible bladder were then inserted 303 

into the THM cell from the bottom upward so that the z-face of the specimen, which is 304 

perpendicular to the compaction lifts, would be in contact with the hydro-thermal face plate. 305 

Then the frame was tilted back into the normal configuration. 306 

Next, four thermocouples were installed into the system to measure the spatial distribution in 307 

temperature during the test. Two thermocouples were inserted into the compacted soil specimen, 308 

a third thermocouple was placed between the y1 face of the compacted soil specimen and the 309 

bladder, and the fourth thermocouple was left outside to measure potential changes in the 310 

ambient room temperature. The ambient room temperatures were found to be relatively stable 311 

during testing and are reported by Shanina (2015). The thermocouples in the soil specimen were 312 

inserted using a needle so that they would measure the temperature near the mid-plane of the 313 
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specimen and in between two lifts at similar distances from the lower hydro-thermal face plate 314 

and the upper z1 bladder.  315 

The bladders and mechanical loading plates were then assembled onto the true-triaxial cell 316 

frame. In the next step, fifteen LVDTs were placed on the top of the mechanical loading plates of 317 

the true triaxial cell. Each loading face contains three LVDTs, as three points are needed to 318 

define the orientation of a plane. Once the true-triaxial cell is assembled, the initial suction in the 319 

compacted, unsaturated silt was measured using the tensiometer approach described above.  320 

A seating normal stress of 10 kPa was then applied to all of the bladders on the x- y- z-faces 321 

of the cubical soil specimen. This initial total stress was applied to ensure initial contact between 322 

the flexible latex bladders and the cubical specimen without causing significant deformations to 323 

the compacted specimen. The LVDT readings measured after equilibration under this initial 324 

seating stress were then zeroed to serve as a baseline reading from which to base further 325 

deformations of the specimen. After application of the seating stress, the initial value of suction 326 

measured within the specimen was applied using the axis translation technique. This involved 327 

increasing the total stress, pore air pressure, and pore water pressure in stages to maintain a 328 

constant suction within the specimen equal to the initial suction. The axis translation approach 329 

permits the pore water pressure applied to the bottom of the specimen to be positive, which 330 

minimizes the likelihood that the water will cavitate. The constant matric suction pressure was 331 

achieved by directly measuring the difference between the pore water and air pressures of the 332 

specimen (ua-uw = 20 kPa for Sr = 0.7 and ua-uw = 10 kPa for Sr = 0.8). The value of pore air 333 

pressure should be maintained greater than the value of pore water pressure, and both less than 334 

the value of total net stress. The isotropic and anisotropic loading-unloading tests were 335 
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performed by increasing or decreasing the pressurized water through the bladders in increments 336 

and allowing the excess pore water pressure to dissipate.  337 

Stresses were applied to the compacted soil specimens in order to reach three different 338 

anisotropic stress states represented by stress ratio K of 1.0, 0.7, and 0.5. In this study, it is 339 

assumed that the horizontal principal stresses are equal to the minor principal stress h = x = y 340 

= 3 = 2), and that the vertical stress is the major principal stress (v = z = 1). As mentioned, 341 

the stress ratio is equal to the ratio of the minor principal stress to the major principal stress (K = 342 

3/1y/z x/z). During mechanical loading, room-temperature water was used to 343 

pressurize the flexible bladders around the soil specimen. The specimen was first loaded 344 

isotropically up to 350 kPa in all cases, then the stress in the z direction was increased to reach 345 

the different target K values. This approach is different than that used by Coccia and McCartney 346 

(2012) and ensures that the mean stress never decreases during the tests and that the specimens 347 

remain normally consolidated during application of the anisotropic stress states. 348 

After reaching the desired value of the anisotropy coefficient K, the soil specimens were 349 

heated in three stages then cooled in a single stage. This study focuses on the results from the 350 

heating stages of the experiments to facilitate comparison between the different conditions 351 

investigated, but the full set of test results can be found in Shanina (2015). The target rate of 352 

increasing water temperature was 0.5°C/hr to follow the approach of Uchaipichat and Khalili 353 

(2009). During heating, the water within the bladders was circulated through a pressurized 354 

reservoir that contains a heating coil. When the heating coil is activated, the water used to 355 

pressurize the flexible bladders heats up, and applies the same temperature to all sides of the 356 

cubical specimen. Because only one heating reservoir was available, and because the temperature 357 

at all six faces of the specimen should be the same, a copper circulation coil was placed inside 358 
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the pressurized fluid within the bladder on the upper z-face. This approach permitted 359 

independent application of pressures to the z face bladder from the x and y face bladders, but 360 

uniform temperatures on all of the faces. 361 

  362 
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EXPERIMENTAL RESULTS 363 

Six non-isothermal tests were conducted using the THM true-triaxial cell under constant 364 

suction conditions to characterize the effect of anisotropic stress states on the thermal volume 365 

changes of unsaturated soils. These tests were performed on compacted, cubical specimens of 366 

Bonny silt having different initial degrees of saturation and under different stress ratios K. The 367 

compaction conditions for these specimens are summarized in Table 1 along with the initial 368 

suction 0, degree of saturation S0, and temperature T0. The tests performed on specimens with 369 

initial degrees of saturation of 0.7 and 0.8 complement tests on saturated specimens of 370 

compacted Bonny silt evaluated by Coccia and McCartney (2012). The name designations for 371 

each test along with the axial stresses applied to the specimens in the different tests are 372 

summarized in Table 2. The void ratios at the beginning of heating are also presented in this 373 

table, which are different from the initial values given in Table 1 due to the application of the 374 

isotropic stress state followed by the anisotropic stress state in some tests. The compression 375 

curves for these different tests are compared in Shanina (2015), who also presented time series of 376 

axial stress, axial displacement and temperature for the different tests. This study focuses on the 377 

synthesized average thermal axial strains measured in the different tests. It should be noted that 378 

because the heating tests were performed in drained conditions, the applied matric suction was 379 

constant during the tests. The outflow from the specimens were monitored during mechanical 380 

loading and heating, but negligible changes in degree of saturation were observed. This 381 

observation is consistent with the trends in degree of saturation during heating experiments on 382 

the same soil performed in a different experimental setup by Coccia and McCartney (2016a).  383 

The thermal axial strains for the specimens with an initial degree of saturation of 0.7 having 384 

different initial stress ratios are shown in Figures 3(a), 3(b), and 3(c). The first observation from 385 
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the data is that the thermal axial strains are contractile for all of the different stress ratios. This is 386 

consistent with the behavior of normally consolidated unsaturated silts observed by Uchaipichat 387 

and Khalili (2009) and Coccia and McCartney (2016a). The second observation is that with 388 

decreasing stress ratio, the thermal axial strain in the major stress direction (z) is observed to 389 

increase, while the thermal axial strains in the minor stress directions (x and y) are observed to 390 

decrease. For the isotropic test with K=1.0, the thermal axial strains in the x, y and z directions 391 

are similar, while for the anisotropic test with K=0.5, the thermal axial strain in the z direction is 392 

significant while it is negligible in the x and y directions. This observation is consistent with that 393 

of Coccia and McCartney (2012), who tested saturated specimens of Bonny silt. A comparison of 394 

the magnitude of thermal axial strains with those of Coccia and McCartney (2012) will be 395 

discussed later. Although not the focus of this study, Shanina (2015) reported the data from 396 

during cooling in these tests and observed irrecoverable, plastic deformations at the end of the 397 

test that would be expected when heating and cooling a normally-consolidated soil. A 398 

comparison between the thermal axial strains for the tests with an initial degree of saturation of 399 

0.8 are shown in Figures 3(d), 3(e), and 3(f). The observations are consistent with those for the 400 

specimens with an initial degree of saturation of 0.7, although the magnitude of thermal axial 401 

strains are slightly smaller for the specimens with an initial degree of saturation of 0.8. Shanina 402 

(2015) also observed permanent deformations after cooling in these experiments. 403 

The thermal volumetric strains for the three tests with an initial degree of saturation of 0.7 404 

are shown in Figure 4(a). The thermal volumetric strain is equal to the sum of the three thermal 405 

axial strains measured in Figures 3(a), 3(b), and 3(c). The first observation is that the thermal 406 

volumetric strain for the three tests is relatively consistent despite the different stress ratios. This 407 

is consistent with the observation from Coccia and McCartney (2012) for saturated specimens of 408 
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Bonny silt. The thermal volumetric strains for the specimens with an initial degree of saturation 409 

of 0.8 are shown in Figure 4(b). The thermal volumetric strains are smaller than those for the 410 

specimens with an initial degree of saturation of 0.7, but a similar observation can be drawn that 411 

the thermal volumetric strains are relatively independent of the stress ratio.  412 

ANALYSIS  413 

Influence of Stress Induced Anisotropy 414 

A synthesis of the thermal axial strains for the thermal axial strains at a change in 415 

temperature of 27 °C for all cases in the major and minor principal stress directions versus 416 

different K values are presented in Figure 5(a). Some of the tests were performed to higher 417 

temperatures, in which case, the results were linearly interpolated from the trend at the nearest 418 

measurement to estimate the thermal axial strain at 27 °C. Although the same conclusions drawn 419 

from Figure 3 can be drawn, an interesting observation is that the soils with an initial degree of 420 

saturation of 0.7 show greater thermal axial strains, with a greater difference between the thermal 421 

axial strains in the major and minor direction. The results are similar to those of Coccia and 422 

McCartney (2012), even though their anisotropic stress states were reached by unloading the 423 

specimen in the minor stress direction and thus incorporating an overconsolidation effect. 424 

Instead, the results in this study may indicate that greater thermal strains occur in the direction 425 

that has accumulated more plastic strains due to mechanical loading. This hypothesis is 426 

consistent with the thermally accelerated secondary compression model proposed by Coccia and 427 

McCartney (2016b).  428 

A synthesis of the volumetric strain versus the stress ratio for the specimens having initial 429 

degrees of saturation of 0.7 and 0.8 is shown in Figure 5(b) for a change in temperature of 27 °C. 430 

Although there is some slight fluctuation in the curves with K, the thermal volumetric strain is 431 
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not as sensitive to the value of K as the thermal axial strain. Further, it is clear that the specimens 432 

with an initial degree of saturation of 0.8 have a consistently lower thermal volume change that 433 

those with an initial degree of saturation of 0.7.  434 

As Coccia and McCartney (2012) evaluated Bonny silt under saturated conditions, their 435 

results were compared to those of this study in terms of the thermal volumetric strain in Figure 6. 436 

It is not possible to fairly compare the thermal axial strains because Coccia and McCartney 437 

(2012) applied the major and minor principal stresses in the x- and y-directions, applied the 438 

anisotropic stress state by unloading, and did not control the principal stress in the z-direction. 439 

Nonetheless, the comparison in Figure 6 permits an approximate assessment of the influence of 440 

the initial degree of saturation on the thermal volumetric strain. Although there is some scatter, 441 

the thermal volumetric strains for the specimens with an initial degree of saturation of 1.0 are 442 

slightly lower on average than those with an initial degree of saturation of 0.8, reflecting that a 443 

greater amount of thermal collapse may occur in the dryer soils under normally consolidated 444 

conditions. Coccia and McCartney (2016a) observed a greater amount of contraction with 445 

decreasing degree of saturation up to a certain point (S0 of 0.56), but then observed a lower 446 

amount of contraction.   447 

Model for Anisotropy Effects 448 

The thermal volumetric strain for the cubical soil specimen can be calculated from the axial 449 

thermal strains as follows: 450 

  zTyTxTzTyTzTxTyTxTzTyTxTvT    (5) 

where εvT is the total thermal volumetric strain and εxT, εyT, εzT are the thermal axial strains in the 451 

x, y and z directions. This equation can be simplified by assuming that the higher order terms are 452 
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negligible because the thermal axial strains are very small. Accordingly, the thermal volumetric 453 

strain can be expressed as follows:  454 

zTyTxTvT    (6) 

In the true-triaxial experiment, the three orthogonal thermal axial strains are assumed to be equal 455 

to the principal strains. Most well-established thermo-elasto-plastic models use an isotropic 456 

thermal yield surface (Cui et al. 2000; Abuel-Naga et al. 2009), and focus on prediction of the 457 

thermal volumetric strain rather than the individual axial strains. Although a thermo-elasto-458 

plastic model could be developed that considers thermal yielding individually in each direction, a 459 

simpler approach was followed in this study. Specifically, using the fact that the volumetric 460 

thermal strain is not sensitive to the stress ratio K [i.e., Figure 6(b)], the volumetric strains 461 

predicted from the established isotropic thermo-elasto-plastic models can be partitioned using an 462 

empirical relationship based on the results presented in this study. Further, an empirical 463 

relationship can also be incorporated to account for the influence of the initial degree of 464 

saturation on the parameters of the established thermo-elasto-plastic model.  465 

In order to do this, an approach similar to that proposed by Coccia (2011) was used to define 466 

an empirical relationship between the thermal axial strains in the major and minor principal 467 

stress directions and the stress ratio. The thermal axial strain ratio () was defined to relate the 468 

thermal axial strains in the minor principal stress directions (x and y) and the major principal 469 

stress direction (z), as follows: 470 

zTyT  /  (7) 

The trend in  observed in the current study for Bonny silt under different stress ratios (K = 471 

σy/σz) and different degrees of saturation is shown in Figure 7. This figure also includes the data 472 

from Coccia (2011). The first observation is that the trend between W and K does not appear to 473 
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be sensitive to the degree of saturation, except for a strongly negative value of  for the 474 

saturated specimen under the lowest K value of 0.5. This point was assumed to be an outlier in 475 

the development of a best fit power law relationship, which is shown in Figure 7. Although 476 

Coccia (2011) used a different form of equation to represent the nonlinear decreasing trend in , 477 

the additional results presented in this study better establish the trend between  and K. The 478 

relationship for  is only extended to a value of K = 0.325, as this is the minimum value of K 479 

corresponding to shear failure for this soil (corresponding to a friction angle of 33°). The 480 

experimental and best-fit values of  for the specimens with K=1 are not equal to 1.0 even 481 

though this corresponds to an isotropic stress state because of inherent anisotropy effects 482 

associated with how the specimen was compacted with lifts perpendicular to the z direction.  483 

Combining Equations 6 and 7 leads to the following relationship: 484 

 12 
 vT

zT


  

(8) 

which can be written in differential form as follows: 485 

 12 
 vT

zT

d
d


  

(9) 

The differential form of the thermal axial strain in the y or x directions can be calculated 486 

similarly, as follows: 487 

)12( 


 vT

yT

d
d


  

(10) 

By incorporating combined incremental forms of the elastic and plastic volumetric strains from 488 

the constitutive model of Cui et al. (2000), Equation 9 can be rewritten as follows: 489 

 
   dTaTdTd ppzT 


  exp

12

1
2

 
(11) 
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while Equation 10 can be rewritten as follows: 490 

 
   dTaTdTd ppyT 




  exp

12
2

 
(12) 

where 2 is a constant parameter representing the drained coefficient of thermo-elastic expansion 491 

of a soil obtained from a cooling test performed at a slow rate, p is a constant parameter that 492 

depends on the overconsolidation ratio, a is a constant shape parameter representing the 493 

evolution of the plastic thermal volumetric strain with temperature, ΔT is the total change in 494 

temperature (C) from a reference temperature, and dT is the increment in temperature from one 495 

step to another (C). The value of α2 was calculated to be approximately -0.0007/°C from 496 

cooling tests on Bonny silt reported by Shanina (2015). Cui et al. (2000) assumed that p = -497 

2/(1-a) for normally consolidated soils. In this case, Equation 11 can be rewritten as follows: 498 
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(13) 

and Equation 12 can be rewritten as follows: 499 
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(14) 

The incremental form of the model of Cui et al. (2000) was used in this study so the 500 

combined effects of elastic thermal expansion and plastic thermal contraction expected during 501 

heating of normally consolidated soils could be superimposed atop each other. This assumes that 502 

some elastic thermal expansion will always occur during heating. The advantage of this approach 503 

is that the elastic thermal expansion can be separated from the overall observed thermal 504 

contraction in the experiments, which permits a more accurate definition of the model parameter 505 

a.  506 
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In addition to the influence of the anisotropic stress state, the influence of unsaturated 507 

conditions observed in Figure 6(a) needs to be incorporated into the prediction of the thermal 508 

volumetric strain. The thermal axial strain for unsaturated soils was estimated by assuming that 509 

the p parameter in the model of Cui et al. (2000) is also a function of the degree of saturation. 510 

Specifically, Equation 14 was updated by modifying the definition of p assumed by Cui et al. 511 

(2000) to include the product of a constant parameter b and the effective saturation at the start of 512 

heating (
res

res
e

S

SS
S






1

0
0, , where S0 is the initial degree of saturation, and Sres is the residual 513 

degree of saturation) in the denominator, as follows: 514 
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Similarly Equation 15 can be modified as follows: 515 
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This modified form of the Cui et al. (2000) model assumes that the initial effective saturation 516 

affects the thermal axial strain, and that any potential changes in degree of saturation during 517 

heating do not have a major effect on the value of the thermal axial strain. As no change in 518 

degree of saturation was observed for this soil during heating by Shanina (2015) and Coccia and 519 

McCartney (2016a), this assumption is reasonable. However, this is a topic that may need further 520 

study for other soils.  521 

Comparisons of the measured and simulated thermal axial strains for the specimens with an 522 

initial degree of saturation of 0.7 are shown in Figures 8(a), 8(b), and 8(c) for K values of 1.0, 523 

0.7, and 0.5, respectively. The differential thermal axial strains from Equations 16 and 17 were 524 
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integrated to define the total thermal axial strains. A good fit is observed between the model and 525 

experimental results for a value of a equal to 0.323. Similarly, comparisons of the measured and 526 

simulated thermal axial strains for the specimens with an initial degree of saturation of 0.8 are 527 

shown in Figures 8(d), 8(e), and 8(f) for K values of 1.0, 0.7, and 0.5, respectively. A value of b 528 

equal to 1.95 was observed to provide a good fit to this data, as well as to the saturated data of 529 

Coccia and McCartney (2012) that is not shown here for brevity but is shown in Shanina (2015). 530 

A plot of the thermal volumetric strains for the same specimens with degrees of saturation of 0.7 531 

and 0.8 along with the model simulations are shown in Figures 9(a) and 9(b), respectively, and a 532 

good fit is also observed to the data. Although this model is simple and empirical, it shows how 533 

an established isotropic thermo-elasto-plastic model such as that of Cui et al. (2000) can be 534 

extended to predict the thermal axial strains in principal stress directions for different anisotropic 535 

stress states. Nonetheless, the role of unsaturated conditions through the b parameter needs to be 536 

further verified through testing of other soils over a wider range of suction. 537 

DISCUSSION 538 

The results from this study confirm the importance of considering the influence of anisotropic 539 

stress states on the thermal volume change of soils. Natural soils typically have an inherent 540 

anisotropy, corresponding to at-rest or K0 conditions. As K0 is typically less than 1 in natural soil 541 

deposits, this means that the vertical stress is greater than the horizontal stress. If the soil under 542 

this stress state is heated, then different magnitudes of thermal axial strains are expected. The 543 

value of K may change more significantly in the case of the installation of an energy pile, which 544 

typically involves excavation and a lower K value that is closer to active earth pressure 545 

conditions.  546 
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When the soil surrounding an energy pile changes in temperature, potentially irreversible soil 547 

volume changes in the soil may occur. If the soil is overconsolidated, it is likely that the soil will 548 

expand in both the vertical and horizontal directions elastically. In this case, the thermal volume 549 

changes are not expected to be significant. More significant changes are expected to occur if the 550 

soil is closer to normally consolidated conditions in the vertical direction, in which case 551 

contraction would be expected in both the vertical and horizontal directions as observed in this 552 

study. The contractile thermal axial strain in the horizontal direction may lead to a reduction in 553 

the lateral stress distribution along the energy foundation, and may lead to relative movement 554 

due to the existing mechanical stress being transferred from the foundation to the surrounding 555 

soil. Further, the thermal axial strain the vertical direction will be greater than that in the 556 

horizontal direction, and may lead to dragdown forces on the energy pile that are superimposed 557 

atop any mechanical or thermo-mechanical strains that are predicted to occur using a load-558 

transfer analysis such as that of Knellwolf et al. (2011). Nonetheless, for the soil that was 559 

evaluated in this study, the magnitudes of thermal axial strain are all less than 1%, which is 560 

relatively small. The only likelihood that these thermal axial strains will affect the performance 561 

of the foundation would be if it were heavily loaded close to its ultimate capacity.  562 

The isotropic thermo-elasto-plastic model of Cui et al. (2000) was adapted in this study to 563 

empirically consider the effects of anisotropic stress states as well as to include the influence of 564 

unsaturated conditions. This model is simple to use in the fact that it can predict the thermal axial 565 

strains for a given change in soil temperature from the value of predicted thermal volumetric 566 

strain from an established isotropic thermo-elasto-plastic model. In this case, a finite element 567 

model may be used to predict the change in temperature of the soil as a function of space and 568 

time using a transient conduction analysis. After this, the model can be used to estimate the 569 
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thermal axial strains in a de-coupled manner (assuming the thermal axial strains are just due to 570 

changes in temperature and are independent of the mechanical stresses). These strains would 571 

have to be superimposed on top of a mechanical stress-strain analysis to see if mechanical 572 

changes in pile behavior would occur. 573 

Regarding the role of unsaturated conditions, this study indicates that this is an important 574 

variable to consider. Different trends in the magnitude of thermal volume change were observed 575 

for the soil tested in this study than in previous studies such as Uchaipichat and Khalili (2009). 576 

Nonetheless, the tests in this previous study underwent undrained heating and cooling cycles and 577 

several different loading and unloading cycles before heating, which may have had a cumulative 578 

effect on the results. A mechanism for the increasing trend in thermal volume change with 579 

decreasing thermal volume change was not explicitly proposed in this study due to the relatively 580 

limited number of specimens with different degrees of saturation, although this behavior may be 581 

due to the collapse of air voids during drained heating, or to thermally accelerated creep after 582 

application of plastic strains during mechanical loading (Coccia and McCartney 2016b).  583 

CONCLUSIONS 584 

This study involved the development of a thermo-hydro-mechanical true triaxial cell which is 585 

capable of measuring the thermal deformations of unsaturated soils under various anisotropic 586 

stress states. In addition to calibrating and characterizing the response of the true-triaxial cell, 587 

several experiments were performed on specimens having different minor to major stress ratios 588 

and to different initial degrees of saturation. The specimens were all loaded to normally 589 

consolidated conditions isotropically before application of the different anisotropic stress states. 590 

The major conclusions that can be drawn from the evaluation of the results from these test 591 

include: 592 
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 The thermally-induced axial and volumetric strains during heating for all tests on the 593 

normally consolidated, compacted Bonny silt specimens showed contractile behavior, 594 

regardless of the stress state and the initial degree of saturation.  595 

 The plastic thermal contraction trends in the volumetric strains observed in this study are 596 

consistent with those published in the literature for normally consolidated soils. 597 

 With decreasing values of stress ratio K, the thermal axial strains in the major principal stress 598 

direction (z) were observed to increase, while the thermal axial strains in the minor principal 599 

stress directions (x, y) are observed to decrease. However, for isotropic conditions (K = 1), 600 

the thermal axial strains were slightly greater in the x and y directions than in the z directions 601 

even though the stresses were the same. This was attributed to the effects of inherent 602 

anisotropy associated with how the specimens were formed by compacted. 603 

 Consistent with observations from tests on saturated Bonny silt specimens reported by 604 

Coccia and McCartney (2012), the thermal volumetric strains were relatively similar 605 

regardless of the stress ratio K. This indicates that anisotropic stress states may lead to 606 

different thermal deformations in different directions but the same overall volumetric 607 

response.  608 

 Specimens with a lower initial degree of saturation were observed to show greater thermal 609 

axial strains. The data reported by Coccia and McCartney (2012) for saturated specimens of 610 

the same soil are consistent with these trends in that greater thermal axial strains are 611 

measured for the unsaturated specimens than the saturated specimens. The trends with degree 612 

of saturation differed from that of Uchaipichat and Khalili (2009), who observed a very slight 613 

decrease in thermal volume strain with decreasing degree of saturation. However, their tests 614 
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involved application of multiple loading stages and undrained heating and cooling cycles 615 

before the drained heating tests.  616 

 The isotropic elasto-plastic model of Cui et al. (2000) for saturated soils was combined with 617 

empirical relationships to account for the effects of anisotropic stress states and the initial 618 

degree of saturation. An empirical relationship between the ratio of thermal axial strains in 619 

the major and minor principal stress directions and the stress ratio was developed that 620 

appears to be insensitive to the degree of saturation. This relationship also incorporated the 621 

effects of inherent anisotropy in the compacted specimens. The adapted thermo-elasto-plastic 622 

model is capable of considering the effects of anisotropic stress states as well as the influence 623 

of unsaturated conditions for Bonny silt, although further confirmation is required for other 624 

soils over a wider range of unsaturated conditions. 625 
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Fig. 9: Comparison between predicted and observed thermal volumetric strains for specimens 751 

with: (a) S = 0.7 and different stress ratios; (b) S = 0.8 and different stress ratios 752 

Table 1: Initial conditions of the soil specimens evaluated in this study 753 

Test 

Stress 

ratio,  

K = 

σy/σz 

Gravimetric 

water 

content, w 

(%) 

Dry 

density, 

d         

(kg/m
3
) 

Initial 

void 

ratio 

Initial 

degree of 

saturation, 

S0 

Measured 

initial 

suction, 

0   (kPa) 

Initial 

temperature*, 

T0 

(°C) 

K1.0-

S0.7 
1.00 16.08 1650 0.594 0.712 20.0 19.70 

K0.7-

S0.7 
0.70 15.32 1661 0.584 0.690 20.0 19.21 

K0.5-

S0.7 
0.50 15.99 1651 0.593 0.709 20.0 19.25 

K1.0-

S0.8 
1.00 18.52 1644 0.600 0.812 10.0 19.24 

K0.7-

S0.8 
0.70 18.39 1646 0.598 0.808 10.0 19.10 

K0.5-

S0.8 
0.50 17.70 1655 0.589 0.790 10.0 19.20 

*Note: The initial temperature is the highest temperature previously experienced by the soil 754 

 755 

Table 2: Applied stresses in the tests having different stress ratios K 756 

Test 
Stress ratio, 

K = σy'/σz' 

Stresses at the start of heating Void ratio 

at the start 

of heating 
x'               

(kPa) 

y'               

(kPa) 

z'               

(kPa) 

p'             

(kPa) 

K1.0-S0.7 1.0 274 274 274 274 0.580 

K0.7-S0.7 0.7 274 274 424 324 0.571 

K0.5-S0.7 0.5 274 274 624 391 0.567 

K1.0-S0.8 1.0 268 268 268 268 0.590 

K0.7-S0.8 0.7 268 268 418 318 0.577 

K0.5-S0.8 0.5 268 268 618 385 0.571 

 757 

  758 
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