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Abstract: This paper presents the experimental results of small-scale model tests of an instrumented floating energy pile group in
which the piles were embedded in dry medium-dense sand and subjected to the seasonal temperature pattern of the city of Nanjing
in China. The study also included a model test to assess the effect of including nonthermal piles on the thermo-mechanical be-
haviour of the floating energy pile group. For comparison, a model test of a single floating energy pile embedded in the same soil
and subjected to a similar temperature pattern was also conducted. The results show that the thermo-mechanical behaviour of an
energy pile group is different from that of a single energy pile in terms of the thermally induced change in axial pile stress and the
displacement of the pile top and tip. This difference in behaviour could be explained by the higher lateral confining pressure
expected on a single pile than on a pile in a group due to pile interaction effects, which could lead to different end restraint
boundary conditions. We conclude that the thermo-mechanical behaviour of an energy pile is controlled mainly by the end re-

straint boundary conditions.
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1 Introduction

Energy piles are one of the energy geostructures
most widely used around the world. They act not only
as load-bearing elements, but also as an alternative
thermal energy source. However, changing the tem-
perature of the pile and surrounding soil may induce
irreversible strains, leading to stress redistribution
and nonuniform displacement in the energy pile.
These thermal effects are more obvious in the energy
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pile group compared to the single energy pile, espe-
cially in the case of nonuniform heating of an energy
pile group in which some of the piles are not ther-
mally active (nonthermal piles). As a result, the ser-
viceability and safety of energy pile-supported
structures may be affected (Di Donna and Laloui,
2015; Wang TF et al., 2016).

Several studies have been directed to understand
the thermo-mechanical behaviour of a single energy
pile using small-scale model tests, centrifuge model
tests, and full-scale tests (Laloui et al., 2006;
Bourne-Webb et al., 2009; McCartney and Rosenberg,
2011; Kalantidou et al., 2012; Ng et al., 2014; Stewart
and McCartney, 2014; Wang B et al., 2014; Goode 111
and McCartney, 2015; Liu et al., 2016; Wang CL et al.,
2016, 2017). The results of these studies indicated
that the end restraint of the energy pile and the ge-
otechnical properties of the surrounding soil control
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the engineering behaviour of the energy pile. How-
ever, as piles are almost always installed in groups,
the temperature effects on the design of a pile group
should also be investigated. Table 1 lists most of the
published field tests and numerical studies that have
investigated the thermo-mechanical behaviour of
energy pile groups.

Jeong et al. (2014) conducted a numerical in-
vestigation to determine the influence of pile spacing
and arrangement, soil type, and end bearing condition
on the thermo-mechanical behaviour of an energy pile
group. The results highlighted the effect of the pile
cap on the thermally induced axial pile load. Salci-
arini et al. (2013) conducted numerical simulations to
assess the thermo-mechanical behaviour of an energy
pile group where some of the energy piles in the group
were nonthermal piles. Their results revealed that the
maximum thermally induced pile load redistribution
occurs at the very early stage of the thermal exchange
process, as at this stage the differences in temperature
between thermal and nonthermal piles were the largest.

Saggu and Chakraborty (2016) also used a
numerical approach to investigate the thermo-
mechanical response of energy pile groups in sand
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where different combinations of thermal and non-
thermal piles in the group were simulated. Their
simulations showed that for the groups that contained
both thermal and nonthermal piles, differential set-
tlement at the pile base is expected. Rotta Loria and
Laloui (2017a) conducted an extensive numerical
experimental program to estimate the vertical dis-
placement of energy pile groups subjected to thermal
loads and proposed a simplified interaction factor
method for energy pile groups. Further work in this
regard was recently presented by Rotta Loria and
Laloui (2017b, 2017c). The results of the field ex-
perimental study by Mimouni and Laloui (2015)
highlighted the importance of considering the dif-
ferent thermal operation conditions (thermal or non-
thermal) of energy piles in a group, as different
thermal conditions could lead to different thermo-
mechanical responses.

Based on the above discussion and the results of
the previous studies (Table 1), it is clear that more
experimental studies are required to understand the
thermo-mechanical behaviour of energy pile groups.
To our knowledge, the thermo-mechanical behaviour
of floating energy pile groups embedded in dry sand

Table 1 Summary details of some energy group pile tests using experimental and numerical approaches

Study Test method

Pile length Pile diameter

Arrangement of

Soil on shaft Pile type

(cm) (cm) piles
Mimouni and Laloui (2015), Experimental, 2500 96-117 Soft clay/ Semi-floating . .
Rotta Loria and Laloui numerical Stiff till pile o
(2017a) °
Murphy et al. (2015) Experimental 1520 61 Sand and End bearing P —-©---€---9
gravel pile oo e
You et al. (2014, 2016) Experimental 1800 42 Sandy silt/  Semi-floating 29598598
Clay/Gravel pile 6o °
Salciarini et al. (2013) Numerical 2500 100 Dense sand/  Semi-floating .'.. E ..'.‘
Clay/Gravel pile .
Salciarini et al. (2017) Numerical 2500 60 Stiff clay Semi-floating : : :
pile Lo
Saggu and Chakraborty Numerical 2000 100 Sand Semi-floating e o o
(2016) pile oo
Jeong et al. (2014) Numerical 2000 50 Sand/Clay  Semi-floating
pile
e o o
This study Experimental 150 9 Sand Floating pile ° o o

® is the energy pile; O is the normal pile; @ is the anchor pile
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has not yet been investigated. The main aim of this
study is to assess the thermo-mechanical behaviour of
this type of energy pile group.

2 Test setup and materials

Fig. 1 shows a schematic plan and elevation
views of the test model tank (width: 2 m; length: 3 m;
depth: 1.7 m) which included a total of 11 precast
concrete piles that were installed in a sand bed. The
energy pile had a diameter (D) of 90 mm and length of
1500 mm (Fig. 2). Each model energy pile comprised
a U-shaped polyvinyl chloride (PVC) circulation tube
with an outer diameter of 10 mm and an inner diam-
eter of 8 mm. The surface of the model energy pile
was coated with sand that was mixed with cement to
mimic the roughness of a full-scale pile surface. The
thermal properties of the model energy pile and
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the geotechnical properties of the Nanjing river sand
that was used in this study are listed in Table 2 and
Fig. 3.

Nine of the piles formed a square pattern pile
group in which the pile spacing was 3D center to
center. The remaining two piles were used to test
single pile behaviour and were placed separately at a
distance of 890 mm from the edge of the pile group.
The distance between the two single piles was 6D. To
guarantee the floating condition for the piles, a spring
of known stiffness (76 N/mm), a protective sleeve,
and a load cell were attached to the base of the piles
(Figs. 1 and 2). The load cell and the spring were used
to measure the pile base displacement. After setting
up the floating piles in the empty model tank and
holding them in place, a pluviation approach (sand
raining technique) was used to fill the model tank
with a uniform sand layer at a relative density of 70%
(Lo Presti et al.,, 1993; Dave and Dasaka, 2012;
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Fig. 1 Layout of model test and the energy piles with sensors: (a) cross section; (b) vertical section (unit: mm)
VWSG indicates vibrating wire strain gauge
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Hariprasad et al., 2016). At the end of this process a
steel pile cap of 10 mm thickness was fixed to the pile
group at a distance of 100 mm above the top surface
of the sand layer (free-standing condition; Fig. 1).

To monitor the axial pile strain, the model en-
ergy pile was equipped with three vibrating wire
strain gauges (VWSGs) installed at different locations
throughout the length of the pile (Fig. 2). The load
cell and the spring at the tip of the pile were used to
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7 Pipe

Rough |
surface

400
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350
Protecting f-f— Main 4)\6 —l
| sleeve_| = reinforcement
Spring 300

Fig. 2 Layout of model pile with sensors installed on the
reinforcing cage (unit: mm)

Table 2 Mechanical and thermal properties of sand and
concrete used in this study

Parameter Value
Sand
Mean particle size, Dso (mm) 0.32
Coefficient of uniformity, C, 2.5
Coefficient of curvature, C, 1.49
Specific gravity, G 2.71
Maximum dry density, pamax (g/cm?) 1.695
Minimum dry density, pg min (g/cmS) 1.34
Nature dry density, pq (g/cm’) 1.55
Critical state friction angle, ¢, (°) 31
Thermal conductivity, 4 (W/(m-K)) 0.276
Special heat capacity, C (J/(kg-°C)) 876
Thermal diffusivity, o (mm?s) 0.197
Concrete
Elasticity modulus, £ (MPa) 3.03x10*
Poisson’s ratio, v 0.2
Thermal conductivity, 4 (W/(m-K)) 1.4
Special heat capacity, C (J/(kg-°C)) 880
Thermal diffusivity, o (mm?s) 0.663
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Fig. 3 Particle size distribution of sand used in model test

monitor the pile tip displacement and a set of dis-
placement transducers (linear variable differential
transformer) were used to measure the pile cap dis-
placement (Fig. 1). Several thermocouples were in-
stalled at different locations in the model tank to
measure the change in sand temperature due to heat
exchange with the energy pile.

3 Scale and boundary effects

The model test described in this paper was de-
signed carefully to minimize both mechanical and
thermal boundary effects and the possible scale effect
caused by the ratio of mean particle size Dsg to the
pile diameter D. According to Kraft Jr (1991) and
Salgado et al. (1998) for axial pile load tests on
non-displacement piles in sand, the radius of the
influence zone around the pile is about 4D to 5D. In
this study, the distance from the edge of energy pile
group to the model tank wall was 5.5D. Furthermore,
as the ratio between the pile diameter D and mean
particle size Dsy was very small in this study (0.003),
shear stress mobilization along the pile shaft was not
expected. Thermal boundary effects were also con-
sidered by adding a thermal insulation layer to the
wall of the model tank and installing the model tank
below the ground surface to reduce the effect of
ambient temperature fluctuations on the test results.

As the energy pile group in this study was sub-
jected to the seasonal temperature pattern of the city
of Nanjing in China, this temperature pattern needed
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to be scaled down to suit the geometrical configuration
of the model tank. Li and Lai (2015) showed that the
Fourier number Fo is a reasonable approach to com-
pare the time scales of a laboratory scale model test
and a full-scale model test where the Fourier number
Fo is expressed as

Fo="2, (1)

where ¢ is the time, r;, is the pile radius, and a; is the
thermal diffusivity of the soil. Based on the Fo con-
cept, the seasonal temperature pattern of the city of
Nanjing, and the geometrical configuration of the
model tank, the inlet temperature pattern of the en-
ergy piles in this study over a year is depicted in
Fig. 4. Fig. 5 shows a comparison between the tem-
perature patterns used in the previous study based on
a Fourier number approach.
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Fig. 4 Injection temperature selection used in this study

4 Experimental programs

The experimental program in this study com-
prised single pile (SP) and group pile testing pro-
grams (Table 3). In the single pile testing program
two model tests (Test 1, Test 2) were conducted. The
pile in Test 1 was loaded incrementally to determine
the ultimate pile load capacity at room temperature
(19 °C) (Fig. 6). The pile in Test 2 was subjected to
1.23 kN (50% of the pile load capacity) then the

water circulation process through the pile started in
which the inlet water temperature followed the
temperature pattern shown in Fig. 5. Changes in the
temperature of the surrounding soil and the thermally
induced pile displacement and axial forces were
monitored to assess the thermo-mechanical behav-
iour of the single floating energy pile in sand.

40r ... Lausanne, Switzerland, test 1 of Laloui et al. (2006)
| reeeeeee London, UK, heat sink pile from Bourne-Webb et al. (2009)
— = Beijing, China, CFG pile from You et al. (2016)

30 F Nanjing, China (this study) I

20 F

100

Fig. 5 Temperature changes of piles during tests

The pile group testing program comprised three
tests (Table 3). Test 3 was designed to determine the
ultimate pile group capacity at room temperature
(19 °C) (Fig. 6). To provide a good comparison of the
load-settlement curves from the individual and group
piles, a curve was included with a load of 9Q (Q is
load applied to the SP1) and settlement the same as
SP1 in Fig 6. The results show that the ultimate load
of the pile group was only 76% of that of the single
pile carrying the same total load. For Test 3, the loads
of the pile tips recorded by the base load cells at dif-
ferent loading steps were very small (Fig. 7). This
result confirmed that the piles installed in the model
tank could be classified as floating piles. In Test 4,
after loading the energy pile group up to 11 kN, the
heat exchange circulation process through nine piles
in the group started in which the inlet water tempera-
ture followed the temperature pattern shown in Fig. 5.
To assess the thermo-mechanical behaviour of the
floating energy pile group in sand, the surrounding
soil temperature changes and the thermally induced
pile displacement and axial forces were monitored.
Test 5 was similar to Test 4 except that some of the
piles in Test 5 were not thermally active (nonthermal).
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The results of Test 5 were expected to enhance un-
derstanding of the thermo-mechanical behaviour of
an energy pile group under nonuniform heating con-
ditions in which some of the energy piles in the group
were not thermally active.

Table 3 Model test conditions used in this study

Pile Thermal Thermal
Test Load case
type type types map
Test1  SP1 Ultimate Nonthermal
load
Working
Test2  SP2 load Thermal
(1.23 kN)
. o (o] (o)
Test3  3x3 Ultimate Nonthermal o o o
load o o o
Working . °
Test4  3x3 load ﬁig::f o o
(11 kN) LRI
Working . °
Test5  3x3 load 2;13: rIr); laels °
(11 kN) c e e
® is the thermal pile; O is the nonthermal pile
Load (kN)
0 5 10 15 20 25 30 35
0.0 1
0.5
i
£ e
E 10} e
£ 1%
[} 7]
Z 15} !
)
20+ ;
—O— Pile group
—A—SP1(9Q)
A
25L

Fig. 6 Curve of load versus displacement of SP1 and pile
group

5 Heat exchange behavior

As stated above, for testing the thermo-
mechanical response of the single energy pile (SP2),
water was circulated through its U-tube and the inlet
temperature of the water followed the temperature

pattern in Fig. 5. Therefore, the shaft temperature of
the pile changed with time to reflect the effect of the
inlet controlled-temperature circulation process. The
average shaft temperature of SP2 during the circula-
tion process is shown Fig. 8. The results show that
the change in the average temperature of the pile
shaft was less than the change in the inlet tempera-
ture. This behaviour could be attributed to the ex-
pected reduction in the temperature of the circulating
fluid as the depth increased due to heat exchange
with the surrounding soil.
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Fig. 7 Pile tip load and pile top load (total load) with the
ratio between them of the pile group
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Fig. 8 Soil temperature of pile group (Test 4) and single
pile (Test 2)

The change in soil temperature due to the heat
exchange-circulation process at T6, which is located
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at a radial distance of 2D from the center of SP2 and
at a depth of 0.75 m from the soil surface (Fig. 1), is
also plotted in Fig. 8. This result reflects the soil
thermal resistance to dissipation of the heat ex-
changed at the surface of the energy pile. To assess
the energy pile group effect on the soil, the thermal
resistance response and the change in the soil tem-
perature at point T1, which was located at a radial
distance of 2D from the corner pile of the pile group
and at a depth of 0.75 m from the soil surface, is also
plotted in Fig. 8 for Test 4. The results in Fig. 8 reveal
an approximately equal change in temperature at a
radial distance of 2D from the single energy pile or
from the corner of the energy pile group. The change
in temperature at T4 shows that the soil within the
energy pile group had a temperature similar to the
average temperature of the shaft of the thermal pile
(Fig. 8). This result suggests that for heat exchange
purposes the energy pile group system could be sim-
plified and represented as a block heat exchanger unit
in which the cross-sectional area of the block includes
the energy piles in the group and the soil between
them, and its depth is equal to the length of the piles.

6 Thermally induced displacement of the
single floating energy pile

The pile top and tip displacement of SP2 during
the heat exchange operation (Test 2) is plotted in
Fig. 9. For comparison, the thermal displacement at
the top and tip of the pile under free thermal expan-
sion conditions is also shown in Fig. 9. A positive
displacement means the pile top or tip moves up
whereas a negative displacement means the pile top
or tip moves down. The results in Fig. 9 indicate that
during the first heating phase the pile top displace-
ment matched the free thermal expansion condition.
This behaviour could be attributed to the low stress
constraint condition on the pile because the pile axial
load and the lateral confining pressure on the pile
shaft were very small. However, during the subse-
quent cooling phase, the pile top moved down more
than expected under the free condition. The differ-
ence between the observed pile top displacement and
the free condition displacement results indicates that
soil-pile slippage had occurred during the cooling
phase. Soil-pile slippage is expected during the

cooling process as the pile and the surrounding soil
contract as their temperature drops below the initial
temperature (19 °C). The cooling-induced change in
the contraction volume reduced the lateral confining
pressure on the pile shaft. Consequently, the pile skin
(shaft) friction resistance decreased and soil-pile
slippage could occur.

[ —o— Free thermal expansion of the pile top
0.08 | —4— Free thermal expansion of the pile tip

-0.02

Displacement/diameter (%)
o
o
s

-0.04

006F R e-prEHL

—i— Pile top
008 _apietip

12 24 36 48 60 72
Fig. 9 Displacements of the pile top and pile tip of SP2

The results in Fig. 9 show that the pile tip moved
down during the first heating phase. However, the
magnitude of the downward movement was less than
expected under the free condition. This behaviour is
different from that of the pile top which almost fol-
lowed expectation under the free condition. The
difference between the displacement behaviour of the
pile top and tip could be attributed to the change in
the soil lateral confining pressure which increases
with depth. The pile skin friction resistance increases
as the soil lateral confining pressure increases, and
therefore the lower part of the pile was expected to
have a higher pile skin friction resistance than the top
part. Therefore, the lower part of the pile was sub-
jected to higher restrain boundary condition than the
upper part of the pile, and less displacement is ob-
served at the pile tip than at the pile top. Upon sub-
jecting the pile to the subsequent cooling phase, the
pile tip moved slightly downward instead of upward.
We believe that the pile tip did move up under
cooling. However, the observed downward move-
ment was due mainly to the expected soil-pile slip-
page under the cooling condition.
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7 Thermally induced displacement of the
floating energy pile group

Fig. 10 shows the thermally induced displace-
ments of the pile group cap at its two corners (GP1 &
GP2), and the pile tips at three different time-
temperature points, namely, Ta (end of first heating),
Tb (end of cooling), and Tc (end of heating) (Fig. 4).
The left side of Fig. 10 presents the results of the pile
cap (top) whereas the right side shows the results of
some of the pile tips in the group. For comparison,
the thermal displacement of the single energy pile
(SP2, Test 2) and the displacements under the free
thermal condition are also shown in Fig. 10.

Fig. 10a includes the results of Test 4 in which
all the piles in the group were thermally active
(thermal pile). The results indicate that at Ta the pile
cap moved up uniformly and with a magnitude similar
to that of the upward movement of the single pile and
the free displacement condition. However, upon
cooling to Tb, the downward movement of the pile
group cap was larger than that of the single pile and
the free displacement condition. As mentioned earli-
er, the downward movement during the cooling pro-
cess could be attributed to cooling-induced soil-pile
slippage. As the lateral confining pressure for a pile in
a group is less than that for a single pile due to the pile
interaction effect (Poulos and Mattes, 1985), the
cooling contraction effect on the pile skin friction
resistance will be more significant in the case of a pile
group than for a single pile. Consequently, more
slippage is expected for the pile group case.

Upon heating back to Tc, the magnitude of up-
ward movement U of the cap of the pile group, the top
of the single pile, and the free thermal expansion
condition were similar (Fig. 10a, left side). This be-
haviour indicates that the upward movement U is the
thermal elastic pile top displacement part.

For the pile tips (Fig. 10a, right side), it is no-
ticeable that the inner pile (P5) in the group had a
thermal displacement behaviour different from that of
P1 and P2. Moreover, the magnitude of the thermal
displacements at the tip of P5, under Ta and Tb tem-
perature conditions, was similar to the magnitude of
displacements under free thermal expansion condi-
tion. As P5 was surrounded by piles in all directions,
its pile interaction condition was different from that of
the edge and the corner piles (Poulos and Mattes,

1985). Therefore, the lateral confining pressure of P5
was expected to be lower than that of the other piles in
the group. Because the restrain level on P5 was lower,
its tip had more freedom to move up or down as the
temperature changed (Fig. 10a, right side).
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Fig. 10 Displacements of the pile group cap and the pile
tips under uneven thermal: (a) Test 4; (b) Test 5

The results of Test 5 in which only six piles
were thermally active (thermal pile) are shown in
Fig. 10b. Similar to the results of Test 4 for the top
cap of the pile group, as the temperature increased up
to Ta, the top cap of the pile group moved upwards
with a magnitude similar to that of the single pile
case and the free thermal displacement condition. No
tilt was observed in the cap of the group pile at Ta,
although P1, P4, and P7 were nonthermal piles. This
behaviour could be attributed to the high level of
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rigidity of the pile cap and the low lateral confining
pressure on the nonthermal piles. Therefore, the
pull-out resistance of the nonthermal piles could be
smaller than the thermally induced pull-out force of
the thermal piles in the group. This explanation is
supported by the tip displacement of the nonthermal
pile P1 at Ta, which showed upward movement
(Fig. 10D, right side).

Under the Tb condition, the skin friction re-
sistance of thermal piles (P2, P3, PS5, P6, P8, P9)
would drop due to the cooling-induced contraction
process. However, the skin friction resistance of
nonthermal piles (P1, P4, P7) would be only slightly
affected by the cooling process. Therefore, more
soil-pile slippage was expected on the thermal pile
side (GP1) (Fig. 10b, left side). Tilt occurred in the
cap, as more downward movement was observed at
GP1 than at GP2.

On the sides of the pile tip, the inner thermal
piles (P5, P6) showed a higher displacement response
than the other piles under the Tb case. It is not clear
how this behaviour could be explained. However, we
suggest that the observed tilt of the pile group cap at
Tb (Fig. 10b, right side) could disturb the spring-load
cell setup used to measure the tip pile displacement.
Consequently, less accurate tip displacement read-
ings might be obtained under tilting conditions.

8 Axial stresses in the pile group

According to Bourne-Webb et al. (2012) and
Amatya et al. (2012), under the heating condition the
maximum thermally induced axial stress of a single
floating energy pile should be at the mid-length of the
pile. At Ta, the results of Tests 4 and 5 agree with this
postulation (Fig. 11). However, the results in Fig. 11
show that the thermally induced axial stress of the
energy pile group, under heating condition (Ta), was
always less than that of the single energy pile (SP2).
This behavior can be explained in terms of the ex-
pected difference in the pile skin friction resistance
between a single pile and a pile in a group, due to the
pile group interaction effect (Poulos and Mattes,
1985). Pile skin friction is controlled by the lateral
confining pressure. Due to the boundary condition
effects, the lateral confining pressure of a single pile

is higher than that of a pile in a group. Consequently,
the pile skin friction resistance of the single pile was
higher than that of the pile group. As the thermally
induced axial stress developed as a result of re-
straining the thermally induced axial displacement of
the pile, and the pile skin friction is the restraining
action that can restrict the axial thermal displacement,
we deduce that as the pile skin friction increased the
thermally induced axial strain increased. Therefore,
the thermally induced axial stress of the single pile
should be higher than that of a pile in a group
(Fig. 11). This behaviour is also applicable to the case
where some piles were nonthermal (Test 5) (Fig. 11b).
Upon cooling (Tb), similar behaviour can be ob-
served, but tension due to thermally induced axial
stress will develop and reach a maximum at the
mid-length of the pile (Fig. 11b).
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Fig. 11 Thermal induced axial stress change of floating
pile group: (a) Test 4; (b) Test 5
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9 Conclusions

In this study, small-scale model tests were con-
ducted to understand the thermo-mechanical behav-
iour of a single energy floating pile and an energy
floating pile group. The salient outcomes of this ex-
perimental study are as follows:

1. For long-term heat exchange analysis of an
energy pile group, the results of this study suggest that
the energy pile group could be represented as a block
heat exchanger unit with a surface temperature equal
to the average temperature of the energy pile surface.
The heat exchanger block has a cross sectional area
equal to the gross area of the pile group, and its length
is equal to the pile length.

2. For the single energy floating pile, under the
heating condition the pile top displacement was larger
than the pile tip displacement as the restrained
boundary condition (lateral confining pressure) was
stronger in the lower half of the pile.

3. Under the cooling condition, the single float-
ing pile showed a downward soil-pile slippage due to
a cooling-induced volume contraction effect that
reduced the lateral confining pressure on the pile and
consequently reduced the pile skin friction resistance.

4. The thermal displacement of an energy float-
ing pile group cap under the heating condition is a
function of the restrained boundary condition of the
top half of the pile group. As the small-scale tests
conducted in this study had low confining pressure on
the top half of the pile, the thermal displacement of
the cap of the pile group was equal to the value of the
free thermal condition.

5. Under the cooling condition, the pile-slippage
magnitude of pile group was larger than that of the
single pile, as the pile group interaction effect reduced
the pile skin friction resistance.

6. The pile tip thermal displacement of the inner
pile in the group showed more downward movement
under the cooling condition since this pile had a
higher pile interaction effect.

7. For the case where not all the piles in the
group were thermally active, nonuniform displace-
ment could occur. However, under the heating con-
dition, this behaviour is a function of the pull-out
resistance of the nonthermal pile, whereas under the
cooling condition, it is controlled by the reduction in

the skin friction of the thermal pile due to the cooling-
induced volume contraction behaviour.

8. The thermally induced axial pile stress
change is a function of the restrained boundary con-
dition of the pile, which is determined mainly by the
lateral confining pressure on the floating pile.
Therefore, as pile interaction could reduce the re-
strained condition of the pile group, the thermally
induced axial stress was larger for the single pile than
for a pile in a group.
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