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Abstract: The influence of temperature on the volume change of loose, saturated sand was assessed
through a series of temperature-controlled hollow-cylinder triaxial tests. The sand specimens were
isotropically compressed and unloaded to induce an overconsolidation effect, then subjected to drained
heating. During drained heating, water was expelled from the sand specimens and the thermally-induced
axial and volumetric strains were negative, reflecting isotropic expansion.

1 Introduction

Ground Source Heat Pump (GSHP) systems are an
important technology in the global effort to develop
sustainable and renewable energy systems. This
technology uses a heat pump and a closed-loop heat
exchanger buried underground to transfer thermal
energy between the ground and an overlying structure.
On this basis, a series of energy geo-structures have been
successfully designed to operate within the very shallow
part of the ground in many countries, such as Europe [ 1],
Australia [2], UK [3], United States [4, 5] and China [6,
7]. There are a range of energy geo-structures proposed
in the literature, including energy piles [1, 3, 6, 9-11],
energy retaining walls [8], energy tunnel linings [12],
energy embankments [13] and energy pavements for
highways [14, 15]. Heating and cooling of the soil
during operation of these energy geo-structures may
contribute to movements or changes in stress due to the
thermal expansion and contraction of the structural
elements or surrounding soil.

In all the geo-structure applications noted above,
temperature-controlled element-scale tests on soils are
needed to understand the thermo-mechanical response
of the soils during changes in stress or temperature.
Different from other engineering materials like steel or
concrete, changes in temperature may induce
contraction or expansion of soils. In the case of energy
piles, soil volume changes may affect the shaft
resistance of pile and settlement. The volume change
behavior of saturated clays and silts under drained
heating or temperature cycle have been thoroughly

* Corresponding author: hhuxyanson@163.com

evaluated in several studies [13, 16-24]. A common
viewpoint was demonstrated that the thermal volume
change of saturated clay during drained heating changes
from contractive to expansive behavior with increasing
over-consolidation ratio (OCR) [13, 16, 18, 20, 25]. In
the case of some of the energy geo-structures mentioned
above, high thermal conductivity backfill materials such
as sands are used [26].

Although it is thus critical to understand the thermal
volume change of sands, only limited studies have been
performed on saturated sands. For example, Ng et al.
[26] found that loose ( D,= 21%) and medium-dense

(D,=70%) sand specimens reflected contraction when

the temperature increased from 23 °C to 35 °C, while
reflected expansion as the temperature raised up to 50 °C.
In addition, larger mean effective stress may lead to
higher thermal volumetric strains. However, dense sand
specimens (D, = 90%) only occurred thermal expansion

and did not observe major impact of mean effective
stress on their volume changes which were found by Liu
et al. [27]. Test results from Liu et al. [27] indicated the
thermal volume change behaviors of sands depended on
the relative density and underwent a translation from
contraction into expansion with increasing relative
density.

The main objective of this paper is to evaluate the
thermal volume change of loose, saturated sand
specimens through a series of temperature-controlled
hollow triaxial compression tests. Variables measured
include the volume of water expelled during mechanical
loading phase, mechanical unloading phase and drained

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
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heating phase. In addition, the effects of temperature on
axial and volumetric strains of saturated sand specimens
are also described. Loose sands may be encountered in
thermal backfill around heat exchanger pipes in
boreholes, or loosely placed material in energy
embankments where compaction is not thorough.

2 Testing program

A series of temperature-controlled hollow triaxial
compression tests were carried out on reconstituted
specimens of sand obtained from Fujian located on the
southeast coast of China. The main component of this
sand is SiO,, approximately 96%. The particle shape is
angular/subangular with the maximum particle size of 2
mm. in the particle size distribution for this sand is
shown in Figure 1. This material has a medium particle
size D, of 0.60 mm, a maximum void ratio e, of

0.708 and a minimum void ratio e, of 0.335. The
uniformity coefficient C, and coefficient of curvature
C, have been calculated as 7.05 and 0.54. This material

is classified as poorly graded sand (SP) according to the
Unified Soil Classification System [28].
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Fig. 2. Stress paths for Fujian sand

After saturation, a mechanical loading-unloading
cycle up to 200 kPa and back to 100 kPa was carried out
under a constant temperature of 25 °C, as shown in
Figure 2. The sand specimen was heated to 35 °C under
drained condition for a rate of 5 °C/h which was slow
enough for the high hydraulic conductivity material.
Then, it was followed by a complete mechanical
loading-unloading cycle up to 300 kPa and back to
200 kPa. Once unloaded, a drained heating phase up to
45 °C was performed. A mechanical loading-unloading
cycle up to 400 kPa and back to 300 kPa was
subsequently conducted. Finally, drained heating up to
55 °C was followed by a final mechanical loading-
unloading cycle up to approximately 500 kPa and back
to 400 kPa. The details of the experimental program are
presented in Table 1.

Table 1. Details of the experimental program
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Fig. 1. Particle size distribution for Fujian sand

A conventional hollow triaxial apparatus obtained
from GCTS was modified to estimate the thermal
mechanical behavior of saturated soils [27]. The outer
diameter, inner diameter and height of the hollow
cylinder specimens are equal to 100 mm, 60 mm and 200
mm, respectively. This loose specimen (D.=10%) was

prepared using the moist tamping method in which dry
sand particles were premixed with de-aired water to a
gravimetric water content of approximately 5%, and
placed in a minimum of eight layers within a neoprene
membrane surrounded by the mold. To obtain the same
target height, each layer was gently compacted using a
flat-bottom tamper.

t oy T €, 2
NPl ) | ey | CO | @6 | o0)

1 0 0 25 0 0
2 1 200 25 0.777 | 0.748
3 1.5 100 25 0.768 | 0.676
4 3.5 100 35 0.717 | 0.573
5 4.5 300 35 0.861 | 0.812
6 5 200 35 0.846 | 0.769
7 200 45 0.802 | 0.512
8 8 400 45 0.919 | 0.687
9 8.5 300 45 0.906 | 0.660
10 10.5 300 55 0.860 | 0.229

3 Measurement of volume change
during heating

To obtain the actual volume change behavior of
saturated sand specimens undergoing temperature
changes, a series of calibration tests were conducted on
a metallic specimen with the same dimensions as the
sand specimens to capture the thermal expansion of the
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apparatus. The metallic specimen was mechanical
consolidated to the desired mean effective stresses (i.e.,
o,' =100/200/300 kPa) while maintaining the
temperature constant at 25 °C. Thereafter, a drained
heating and cooling cycle (i.e., T =25-65-25 °C) was
performed under a constant rate of 5 °C/h.
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Fig. 3. Thermal deformation of the dummy specimen

During the calibration tests, the irreversible
component of axial strain for the metallic specimen
undergoing a temperature cycle represents the thermal
expansion of the top soil cap and axial rod, and are small
enough to be neglected, as shown in Figure 3(a).
Thereby, the actual axial strain of the sand specimen can
be given as follows:

Az
g, =—x100% (1)
HO
where & is the actual axial strain, Az is the axial

displacement which is measured by a linearly variable
differential transformer (LVDT) with an accuracy of
0.1%, H, is the initial height of the sand specimen at

the beginning of drained heating phase. The actual
volumetric strain of the sand specimen can be defined as
follows:

e =2V L 100% ©)

0
where,
AV = AV, ~AV, ~AV, - AV, 3)

AV =B (T-T)V, (5)
where £, is the actual volumetric strain, AV is the

actual volume change of the sand specimen, V| is the

initial volume of the sand specimen before drained
heating. AV, is the volume of water flowing out or

into the specimen during drained heating, and can be
measured by the backpressure volume controller directly.
AV, 1is the thermal expansion of the drainage system,

which is the irreversible component during a calibration
test (as shown in Figure 3(b)), and can be used to correct
the observed volume change of sand specimens under
drained temperature-controlled tests during each
temperature step; AV, is the thermal expansion of the

pore water, AV, is the thermal expansion of the solid
skeleton. S, is the volumetric coefficient of thermal

expansion of pore water, 7 is the target temperature,
T, is the room temperature, V, is the volume of pore

water in the specimen after mechanical consolidation.
B is the volumetric coefficient of thermal expansion of

solid skeleton and V. is the volume of the solid
skeleton after mechanical compression.

4 Test Results

4.1 Trends in volume of water expelled

The results of the triaxial compression test performed on
the Fujian sand are depicted in Figure 4 in the form of
the water expelled from sand specimen versus time
curves for all the applied loading-unloading-heating
steps. The volume of the water expelled out of the sand
specimen is measured by the backpressure volume
controller directly. During each loading step, an increase
in mean effective stress for a constant temperature leads
to an increase in volume of water expelled from the sand
specimen, as shown in Fig. 4(a), Fig.4(d) and Fig.4(g).
During each unloading step, the volumes of water
expelled are negative, which means that the water
flowed into the sand specimen when the applied mean
effective stress decreases leading to volumetric
expansion of the sand specimen, as shown in Fig. 4(b),
Fig. 4(e) and Fig. 4(h). In addition, it also can be seen
that the volume of water expelled from the saturated
sand specimen for a loading/unloading step (e.g., when
mean effective stress increases from 100 kPa to 300 kPa,
as shown in Fig. 4(d)) is lower than that for the previous
loading/unloading step (e.g. when mean effective stress
increases from 0 kPa to 200 kPa, as shown in Fig. 4(a)).
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Fig. 4. Time series of water volume expelled from saturated sand specimen during the stages shown in Figure 2

During each drained heating step, the volume of water
flowed out of the sand specimens increased with
increasing temperature, and then reached a constant
value when the temperature reaches equilibrium. This
observation may be caused by differences in the
volumetric coefficients of thermal expansion of the pore
water and solid skeleton of the sand specimen.

4.2 Trends in thermal axial and volumetric
strains

The measured axial and volumetric strains of the
saturated, loose sand specimen after drained loading-
unloading-heating phase are shown in Figure 5. The
values of the axial and volumetric strains were
calculated using Equations (1) and (2), respectively. All
the values used in the analysis are listed in Table 1. It can
be observed that all the axial and volumetric strains for
the loose sand specimen are positive, reflecting
contraction, as shown in Fig. 5(c). During mechanical
loading phase, the axial strain is positive, and it increases
with increasing mean effective stress for a given
temperature. In addition, it decreases with the reduction
in the mean effective stress during mechanical unloading
phase, as shown in Fig. 5(b) and Fig. 5(c). During
drained heating phase, an increase in temperature would
lead to a decrease in the total positive axial strain, as

shown in Fig. 5(a) and Fig. 5(c). It can be also observed
that the actual axial strain during mechanical unloading
and drained heating phases are negative, reflecting
expansion. Due to the negative values of the axial strains
during mechanical unloading and drained heating phases,
they are less than the positive values of the axial strains
during the mechanical loading phase. Accordingly, the
total values of the axial strains are positive, and the loose
sand specimen occurs contractive behavior.

Similar to the axial strain, the total volumetric strain
for loose sand specimen after loading-unloading-heating
phase is positive, reflecting compression volumetrically,
as shown in Fig. 5(c). The relationship between axial and
volumetric strains and temperature are shown in Figure
6. In addition, Ng et al. [28] found out that the thermal
volumetric strain of loose, saturated sand specimen ( D,

=21%) was positive, reflecting compression. However,
this behavior was not observed in this study. This
difference may be caused by the OCR of sand specimen.
The sand specimen was consolidated, and then heated to
the target temperature. In their experiment, there were
mechanical loading and drained heating, nor a
mechanical unloading phase. Moreover, Liu et al. [29]
proposed that the bulk thermal expansion coefficient
increased with increasing relative density for sand or
OCR for clay.
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For loose sand, the bulk thermal expansion
coefficient was positive, and the specimen would be
contractive in the conventional temperature-controlled
triaxial tests. For highly overconsolidated clay, the bulk
thermal expansion coefficient was negative, and the

specimen would be expansion. In this study, the sand
specimen is loose, but it had underwent mechanical
loading and unloading before it was heated (similar to
the effects of OCR on clays or silts). During drained
heating, the loose sand specimen experiences expansive
behavior as a joint result of relative density and the
mechanical loading-unloading effects.

5 Conclusions

A series of temperature-controlled hollow triaxial
compression tests were carried out to capture the volume
change behavior of saturated, loose sand specimen
during mechanical loading-unloading-heating phase. In
the calibration test, some permanent thermal expansions
were observed that were critical to consider in
processing the results from the experiments on sand. The
axial and volumetric strains during mechanical
unloading phase and drained heating phase were
negative, reflecting expansion. The thermal expansion
behavior for loose sand was due to the joint result of
relative and OCR. The total expansion during these two
phases was smaller than the compression during
mechanical loading phase. Furthermore, the total values
of axial and volumetric strains were positive, reflecting
compression.
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