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Introduction

In geo-energy and geo-environmental engineering, soils in many earth structures, including
energy piles and landfill covers, are subjected to heating and cooling cycles. The thermally
induced soil volume changes can have dramatic consequences for the serviceability of these
structures. Up to date, the behaviour of clay and silt under thermal loads has been widely
studied (Campanella and Mitchell, 1968; Cui et al. 2000; Abuel-Naga et al. 2007; Vega and
McCartney, 2014; Ng and Zhou, 2014; Zhou et al., 2015). Relatively little research has been
reported on the volume changes of sand under thermal loads, although sand is always
encountered in the above earth structures.

Through temperature-controlled oedometer tests, Kosar (1983) studied heating-induced
volume changes of a dry silica sand. Soil axial strain, which was assumed to be equal to
volumetric strain, was measured using a linear variable differential transformer (LVDT). When
heated from 20 to 50°C at vertical effective stress of 50 kPa, dense and loose sand specimens
showed volumetric contractions of approximately 0.06% and 0.4% respectively. Further
heating above 50°C induced both specimens to expand volumetrically. It should be pointed out
that the oedometer ring, which was made of steel with a linear thermal expansion coefficient
of 1.6x107° per °C (approximately two times that of sand particles (Di Donna and Laloui,
2015)), expanded under heating. This significant expansion would induce additional axial
settlement of soil specimens, and therefore the measured axial deformation may not represent

the intrinsic thermo-mechanical soil behaviour. Furthermore, only a single heating process was



considered in Kosar’s tests. Chen et al. (2006) packed another type of granular material (glass
beads) in a plastic cylindrical container and applied thermal cycles under zero external load in
the temperature range of 22 to 41°C. The granular packing showed progressive settlement (up
to 3.5% axial strain) over 40 thermal cycles. Similar to Kosar’s study, in Chen et al.’s study,
the boundary condition of the granular packing changed under thermal cycles due to the
thermally induced strain of the plastic container. Without eliminating the influence of changes
in boundary conditions, the intrinsic volume changes of granular materials under thermal loads
cannot be fully revealed. Another limitation of the above two studies is that stress effects were
not considered.

In this study, using a temperature-controlled triaxial apparatus, saturated Toyoura sand
with different relative densities (from 21% to 90%) and confining stresses (50 and 200 kPa)
was firstly isotopically compressed. Then, volume changes during two cycles of heating and
cooling (temperatures from 23 to 50°C) was investigated. Unlike in previous oedometer tests,

the effects of changes in boundary conditions were eliminated by using the triaxial apparatus.

Test program

To investigate the thermally induced volume changes of sand, three series of tests were carried
out on Toyoura sand, the basic properties of which were reported by Verdugo and Ishihara
(1996). The objective of the first series was to study heating-induced soil volume change at the
same stress level (mean effective stress, p’ = 200 kPa) but different initial densities (relative

density, D, =21%, 70% and 90%). In the second series, a specimen (D20S50H) with initial D,



of 21% was heated at p’ of 50 kPa. By comparing the behavior of D20S50H with that of
specimen D20S200H in the first test series, effects of stress on the thermally induced volume
change were analyzed. Finally, the third series was designed to study soil volume change under
heating and cooling cycles with different initial densities (D, = 26% and 70%). Details of the

test programs are summarized in Table 1.

It should be pointed out that the range of soil stress and density in this study is chosen with
reference to energy pile. Given the pre-designed stress and density, the state of all specimens
before heating is on the dry side of the critical state line. The state parameter, which is defined
by Been and Jefteries (1985) as the difference between the current and critical void ratio at the
same mean effective stress, is calculated and summarized in Table 1. The value of state
parameter is negative for all specimens, ranging from -0.282 to -0.012. To highlight the
differences between soil specimens, in this paper, the soil state is defined by relative density
for simplicity. Specimens with an initial relative density of 21%, 70% and 90% are classified

as loose, medium dense and dense specimens, respectively (Budhu, 2015).

Test apparatus

Figure 1(a) shows a schematic diagram of the apparatus used in this study. The apparatus was
modified from a computer-controlled Global Digital Systems (GDS) triaxial apparatus by
adding a temperature control system. The temperature control system consisted of a water bath,
a heating/cooling unit, a circulating pump, a spiral metal tube, a thermostat and three

thermocouples (T1, T2 and T3). During the test, water inside the water bath was heated/cooled



by the heating/cooling unit and then circulated around the sample with the help of the
circulating pump and spiral metal tube. A soil specimen was heated/cooled through heat
exchange with the circulating water. To maintain the soil temperature at a given value, T3 was
placed at a distance of approximately 5 mm from the specimen. This thermocouple gave
feedback to the thermostat, which in turn adjusted the power of the heating/cooling unit until
thermal equilibrium was reached. Furthermore, to check the uniformity of soil temperature, T1
and T2 were used to measure soil temperature at the top and bottom boundaries. When
temperature equilibrated near the target value, the difference between T1 and T2 measurements
was less than 0.4°C, and temperature fluctuation was below 0.2°C, suggesting that stable and
uniform soil temperatures were achieved.

According to Cekerevac et al. (2005), the thermally induced volumetric strain of soil
skeleton (assembly of soil particles) is calculated using the following equation:

&(T) = (AVyr (T) = AV (T) — AV, (T) — AV(T) — ut)/V (1)
where AV4(T) is the volume of water expelled out from the specimen measured by the GDS
pressure/volume controller; AV (T) is the thermal expansion of the water drainage system;
AV(T) and AV(T) are the thermal expansions of pore water and of soil particles, respectively;
w/V is the water diffusion rate through the membrane and tube connections at a given pressure
and temperature; t is the duration of thermal loading; and V is volume of the specimen prior to
thermal loading. It should be noted that during non-isothermal tests, the soil particles and pore

water in soil specimens experience thermal expansion and contraction under heating and



cooling cycles. As illustrated by Campanella and Mitchell (1968), apart from volumetric strain
of soil skeleton &, (T), the thermal volume changes of pore water and soil particles would
induce water exchange between soil specimen and the GDS pressure/volume controller. To
calculate &y (T) from measured AVa«(T), the third and fourth terms on the right-hand side of
equation (1) are included to consider thermal volume change of soil particles and pore water
respectively.

In this study, thermally induced volume change of soil specimen is determined by
monitoring the volume of water drained from the specimen using a GDS pressure/volume
controller. To account for the thermal expansion and contraction of the water drainage system
(i.e., drainage tube, porous stone and water filling them) during heating and cooling cycles, the
calibration procedures recommended by Cekerevac et al. (2005) are adopted. The relationship
between applied temperature and measured volume change of drainage system is shown in
Figure 1(b). It can be seen that under heating and cooling cycle, the expansion of the drainage
system exhibits slight hysteresis. The calibration curve in this figure is used to determine AVa(T)
in equation (1) for correcting measured soil volume changes due to the thermal expansion and
contraction of the drainage system. In addition, it should be pointed out that at constant
confining pressure condition, the cell wall and cell fluid are free to expand and contract under
heating and cooling cycles. The influence of their thermal expansion and contraction on soil
stress state and volume change should be negligible. On the other hand, during the test, the rate

of thermal loading is slow (i.e., about 1°C per hour). A drainage line of about 1.5 m is used to



connect a soil specimen and the GDS pressure/volume controller. With such a slow thermal
loading rate and a long drainage line, it may be reasonable to expect that the temperature of the
water drained out from the specimen should change to the room temperature before entering
the GDS controller. Consequently, thermal effects on the GDS controller should be very
negligible.

Great cares are taken to improve the accuracy of &,(T) measurements in this study. In
particular, AVa(T) was measured by a GDS controller filled with de-aired water in a room with
daily temperature fluctuation less than 1 °C so that the oscillation of volume measurement can
be minimized. AVq(T) was well calibrated, as shown in Figure 1(b). From the thermal
expansion coefficients of water and sand particle reported by Baldi et al. (1988) and Agar (1984)
respectively, AV(T) and AV(T) were calculated and summarised in Table 3. To minimize water
diffusion p, two high temperature resistant neoprene membranes separated by silicon grease
and sealed by high temperature resistant O-rings were used in the tests. Moreover, two hose
clamps were used to tighten O-rings and high performance epoxy adhesive was used to seal
drainage tube connections with top caps. With careful calibrations, the accuracy of &,(T)

measurement is estimated to be 0.02%. More details are given in Table 2.

Specimen preparation and test procedures
In this study, soil specimens with a wide range of densities (D, = 21% - 90%) were prepared
using the air pluviation method (Vaid and Negussey, 1988). After preparation, the soil

specimens were set up in the triaxial apparatus and saturated using the method suggested by



Rad and Wayne Clough (1984) with B-values larger than 0.95.

Figure 2 shows the thermo-mechanical path of specimens after saturation. The specimens
were first isotopically compressed to predefined stresses for consolidation (A—D, B—>E, C—F,
C—G, B—E and C—F for tests D90S200H, D70S200H, D20S200H, D20S50H, D70S200TC
and D20S200TC, respectively). After consolidation, specimens in the first two series were
heated from 23 to 50°C in steps under drained conditions (D—Di, E-E1, F>Fi, and G—>G;
for tests D90S200H, D70S200H, D20S200H and D20S50H, respectively), while specimens in
the third series were subjected to two thermal cycles (E—>Ei—E—Ei—E and
F—>Fi1—>F—>F|—>F for tests D70S200TC and D20S200TC, respectively).

During the above procedures, the change in excess pore water pressure was less than 2 kPa.
The volume change of soil specimens was measured using an advanced GDS pressure/volume
controller, which is also used for the control of back pressure in a soil specimen. Figure 3 shows
the raw time series data of average soil temperature and volume of water expelled from soil
specimen entering the GDS pressure/volume controller in a typical test (D70S200TC). It is
clear that the volume of water entering the GDS pressure/volume controller increased under
heating but decreased under cooling. For a given temperature increment of 5°C, soil
temperature and the measured water volume reach an equilibrium state within 4 hours. At the
thermal equilibrium state, the reading of volume measurements shows an oscillation of about
10 mm?, which corresponds to an experimental error of about 0.01%. Based on the measured

raw time series data of temperature change and water drained out from the specimen, thermally



induced soil volume change of the soil specimen can be calculated using equation (1). Based
on the measured raw time series data of temperature change and water drained out from the
specimen (see Figure 3), thermally induced soil volume change of the soil specimen can be
calculated using equation (1). The calculated value of each term in equation (1) is summarised
in Table 3 for a typical test (D70S200TC). For all other tests in this study, results are processed

in similar approach.

Interpretations of experimental results

Heating-induced volume change at different densities

Figure 4 shows the volume change behavior of saturated sand under heating obtained from the
first series. For specimens subjected to thermal cycles (D20S200TC and D70S200TC in series
3), the results from the first stage of heating are also included for comparison. As the
temperature rose from 23 to 35°C during the first thermal cycle, loose and medium dense
specimens showed contractive volumetric strains of approximately 0.15% and 0.05%
respectively. These measurements are larger than the achievable accuracy of measurement (i.e.,
0.02%). Both specimens exhibited an expansive volumetric strain of approximately 0.05% as
the temperature increased further from 35 to 50°C. Two tests were performed for a given
density. The almost identical results demonstrate good repeatability of the tests. On the other
hand, for the dense specimen, only expansion was observed as the temperature increased from
23 to 50°C.

The observed thermo-mechanical behaviour of sand may be explained from a



microstructure point of view. Through discrete element method (DEM) simulations, Vargas and
McCarthy (2007) found that even under constant confining stress, the thermal expansion of
sand particles may trigger particle rearrangements and induce plastic volumetric contraction
inside the specimen, which would stiffen the soil skeleton. In addition, as shown in Figure 4,
the medium dense specimen shows similar response as that of the loose specimen qualitatively.
The former, however, shows smaller volume contractions than that of the latter. The similarity
between medium dense and loose specimens is probably because they both have some unstable
voids (Sitharam, 2003), which could be destroyed by heating-induced particle rearrangements,
resulting in contraction during heating. On the contrary, the dense sand specimen behaves
differently from the two looser specimens due to its stable compacted structure. Given a more
stable structure, the response of dense specimens under heating is essentially elastic (with
minimum particle rearrangement), the observed volumetric expansion should mainly come
from the thermal expansion of individual sand particle.

The test results of Kosar (1983) (see the Introduction) and the current study show at least
two major differences. Firstly, the dense specimens contracted slightly under heating in Kosar’s
test but expanded in the current study. Secondly, at a given density and stress condition, the
thermal contraction measured by Kosar was up to three times larger than that observed in this
study. As stated in the introduction, Kosar’s tests were carried out in an odometer ring, which
was made of steel with a linear thermal expansion coefficient of approximately two times that

of sand particles (Di Donna and Laloui, 2015). It is reasonable to expect that under heating, the



oedometer ring would expand more than that of sand and hence induced additional settlement
of the specimen. Furthermore, by testing glass-bead packing in cylindrical containers, Chen
(2008) found that the measured settlement of the specimen was larger when the thermal
expansion coefficient of the container was larger. The above findings well illustrate that thermal
expansion of oedometer ring would induce an additional soil settlement during heating. The
measurements from the current study represent the intrinsic soil volume change induced by
thermal loads.

As shown in Figure 4 that when temperature increases from 23 to 50°C, the maximum
contractive volumetric strain of medium dense (Dr = 70%) and loose (Dr =21%) Toyoura sand
specimens under constant isotropic stress of 200 kPa are about 0.05% and 0.15%, respectively.
Given the same temperature increase, the thermal volume change for sand measured in this
study is about 10 times smaller than that of clay (about 1% for normally consolidated clay (Cui
et al., 2000). To further understand the measured thermally induced volume changes, the
compressibility of sand under isotropic compression stress conditions measured by Li (2002)
is shown in Figure 5(a). It can be seen that the sand specimens show a nonlinear stress-strain
behaviour with a higher compressibility at higher stress level. When the confining stress
increases from 200 to 300 kPa, the medium dense (D, = 52%) and loose (D, = 5%) specimens
show a volumetric strain of about 0.08% and 0.19%, respectively. Therefore, for medium dense
and loose sand specimens tested in this study, the amount of thermally induced contraction is

comparable to that induced by an incremental mechanical loading of 100 kPa (from 200 kPa to



300 kPa).

On the other hand, the measured thermally induced volume changes are relatively small.
It would be interesting to see how far these volume contractions are outside the elastic region
on the stress-strain curves. Figure 5(b) shows the measured relationship between shear modulus
and strain for Toyoura sand, determined through resonant column and torsional shear tests.
Different relative densities (Dr) and confining pressure (p’) were considered. It is clear that
shear modulus decrease significantly with an increasing strain. When the shear strain exceeds
a threshold value of about 0.01%, elasto-plastic behaviour is evident. In this study, the
thermally induced contraction for loose specimen is about 0.15%, which is much larger than
this threshold strain. It is thus reasonable to deduce that the thermally induced volume strains

are already far outside the elastic region on the stress-strain curves for Toyoura sand.

Heating-induced volume change at different stresses

Figure 6 shows the heating-induced volume change of sand at the same density (D, =21%) but
different stresses (p° = 50 and 200 kPa) obtained from the second series. At both stress
conditions, the soil responded to heating by first contracting and then expanding. At a
quantitative level, heating clearly induced larger strains at higher stress, with 0.15% and 0.07%
volumetric contraction at effective stress 200kPa and 50kPa respectively. The observed stress
effects can be explained by the state dependency of soil behavior that at a given relative density,
a sand specimen at a higher stress behaves like looser sand, which has larger contractive

volumetric strain under heating (see Figure 4). Consequently, larger volumetric contraction is



observed when sand is under higher stress.

Volume change during heating and cooling cycles

Figure 7 shows the volume change of loose and medium dense specimens during two thermal
cycles obtained from the third series. During the first stage of heating, as reported above, both
the loose and medium dense specimens contracted initially before expanding. During the
subsequent cooling stage, both specimens contracted with similar magnitude. During the
second thermal cycle, both specimens expanded under heating and contracted under cooling.
The observed significant cyclic effects are likely because that due to the measured irreversible
contraction induced by the first cycle of heating and cooling, soil response becomes stiffer
during the second thermal cycle. Given a stiffer soil skeleton, the thermo-mechanical soil
behaviour during the second thermal cycles could be essentially elastic during thermal loading
within same temperature range.

It should be noted that the observed volume change behaviour of sand under thermal loads
cannot be explained by existing thermo-mechanical constitutive models, in which they
generally assume that the thermally induced soil volume change is mainly governed by stress
history only (e.g., Hueckel and Borsetto, 1990; Cui et al. 2000; Laloui and Frangois, 2009),
and typically predict contractive and expansive responses for NC (loose) and highly OC (dense)
specimens, respectively. Slightly OC (medium dense) specimen is predicted to firstly expand

and then contract.

Conclusions



As soil temperature rose from 23 to 35°C during the first stage of heating, loose and medium
dense specimens at mean effective stress of 200 kPa showed contractive volumetric strains of
approximately 0.15% and 0.05% respectively. The observed contraction is likely because the
thermal expansion of soil particles adjusted soil force chains, inducing plastic contraction and
soil hardening. Both specimens showed expansive strain of approximately 0.05% as the
temperature increased further from 35 to 50°C. On the contrary, for dense specimen with a
more stable structure, only expansion was observed during heating from 23 to 50°C with a
volumetric strain of approximately 0.1%. During the second thermal cycle, the responses of
specimens with different densities were almost reversible with heating expansion and cooling
contraction.

Apart from density, the thermally induced soil volume change was also affected by stress.
For loose sand at a given density, when soil temperature was increases from 23 to 50°C, an
expansive volumetric strain of -0.02% and a contractive volumetric strain of 0.1% were

observed at mean effective stresses of 50 and 200 kPa, respectively.
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Figure 6. Heating-induced volume changes of loose sand under different stresses
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Figure 7. Volume changes of sand at 200kPa during thermal cycles



Table 1. Details of experimental program

. . Relative | Void Mean State
Series Specimen ) . . Stress path
Number |  Identit density, ratl*o, effective | parameter, (see Figure 2)
B Y D/’ e stress, p’: '
D20S200H 21% 0.89 200 -0.012 C—F—F;
D70S200H 70% 0.71 200 -0.192 B—E—E;
1
D90S200H | 90% | 0.62 200 -0.282 A—D—D
2 D20S50H 21% 0.90 50 -0.021 C—-G—Gy
D20S200TC | 26% | 0.87 200 -0.062 C—oF—Fi—
3 F—F,—F
B—E—E —
D70S200TC 709 0.71 2
& 00 0212 E—E—E

Note:
* D,, e, ¥ are the values prior to thermal cycle.



Table 2. Methods of determining each term in equation (1) and important steps to improve
measurement accuracy

Terms in .. .
; Determination methods and accuracy improvements
equation (1)

Measured using a GDS controller (see Figure 1). To improve the accuracy,
all tests were carried out in a room with less than +1°C temperature
AV, (T) fluctuation and the GDS controller was filled with de-aired water. The daily
fluctuation of volume measurements was less than 0.01% of specimen

volume.

Determined by calibrating the thermally induced deformation of the water
AV, (T) drainage system at different back pressures, cell pressures and temperatures

before the test.

Calculated using the following equations (Baldi et al., 1988; Cekerevac et

al., 2005): AV, (T) = a,V, AT and AV((T) = o V,AT, where «,, and
AV, (T) and
os are the thermal expansion coefficients of water and soil particles

AV(T) respectively; V,, and Vg are the volumes of pore water and soil particles

respectively; and AT is the change in temperature.

Determined by calibrating the water diffusion rate through the membrane
(Tanaka, 1995) and tube connections (Haug et al., 1994) at different cell
pressures, back pressures and temperatures before the test. To minimize the
diffusion rate, two neoprene membranes (working temperatures from -30 to
130°C) separated by silicon grease were used in each test (Hossain, 1995);
high temperature resistant O-rings were used to seal membranes; hose
ut clamps were adopted to tighten O-rings (Donaghe et al., 1988); and high
performance epoxy adhesive was used to seal drainage tube connections
with top caps. The measured average and maximum values of pu were
0.001% and 0.003% of specimen volume per hour, respectively. The average
value was used to calculate pt. In this study, the duration of each thermal

stage was about 5 hours, so the measurement errors of put should be less

than 0.01% of specimen volume.

Note: Considering that the measurement accuracy of both AV,,.(T) and ut is approximately
9 mm? (corresponding to 0.01% of specimen volume), the accuracy of the volumetric strain

measurement is 0.02%.

Table3. Data processing procedures to determine thermally induced volume change in a typical



test (D70S200TC)

T t  AVHT) AVa(T) AVWTYV  AV(TYV  pt/V  g(T)
(°O) (h) (mm*) (mm?) (%) (%) (%) (%)
23 0 0 0 0 0 0 0.000
30 4 132 15 0.08 0.003 0.04  0.014
40 8.8 337 41 0.224 0.006 0.088  0.028
50 12.9 527 76 0.399 0.01 0.129  -0.016
40 225 464 55 0.233 0.006 0225  0.014
30 26.5 342 25 0.08 0.003 0265  0.022
23 31 291 7 0 0 031  0.022






