<]
TUDelft

Delft University of Technology

Energy pile displacements due to cyclic thermal loading at different mechanical load
levels

Rafai, Mouadh; Salciarini, Diana; Vardon, Philip J.

DOI
10.1007/s11440-025-02556-4

Publication date
2025

Document Version
Final published version

Published in
Acta Geotechnica

Citation (APA)

Rafai, M., Salciarini, D., & Vardon, P. J. (2025). Energy pile displacements due to cyclic thermal loading at
different mechanical load levels. Acta Geotechnica, 20(6), 3067-3086. https://doi.org/10.1007/s11440-025-
02556-4

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1007/s11440-025-02556-4
https://doi.org/10.1007/s11440-025-02556-4
https://doi.org/10.1007/s11440-025-02556-4

Acta Geotechnica
https://doi.org/10.1007/s11440-025-02556-4

RESEARCH PAPER q

Check for
updates

Energy pile displacements due to cyclic thermal loading at different
mechanical load levels

Mouadh Rafai'? - Diana Salciarini’ - Philip J. Vardon?

Received: 22 July 2024/ Accepted: 22 January 2025
© The Author(s) 2025

Abstract

The effect of the load level on long-term thermally induced pile displacements and the impact of cyclic thermal loads on
the bearing capacity of energy piles are investigated via a full-scale in situ test in Delft, The Netherlands. The pile was
loaded to a specific target of 0, 30, 40, or 60% of its calculated ultimate bearing capacity. At the end of each loading step,
up to ten cooling—natural heating cycles were applied. The pile behavior during monotonic cooling and cyclic cooling—
natural heating in terms of the displacement along the pile is reported, with a focus on permanent displacements. During
monotonic (pile/ground) cooling, a settlement of the pile head and an uplift of the pile segment near the pile tip were
observed in all four tests. In addition, under higher mechanical load, the pile head displacement was larger while the uplift
was lower due to the imposed mechanical load. During cyclic thermal load, under zero mechanical load, pile head
displacement was fully reversible while permanent uplift of the lowest pile segment was observed and attributed mainly to
the permanent dragdown of the surrounding soil. Under moderate mechanical loads (30 and 40%), thermal cycles induced
an irreversible pile head settlement, which stabilized with an increasing number of cycles. In addition, a permanent pile
settlement along the pile was observed at the end of these tests. Under high mechanical load (60%), the irreversible
settlement along the pile continued to increase with only a slight reduction in rate, being higher compared to moderate
mechanical loads. In this test, a normalized pile head settlement of 0.124% was observed after ten thermal cycles. The
permanent settlement of the pile under thermo-mechanical loads was mainly attributed to the contraction of sand beneath
the pile tip and thermal creep at the soil-structure interface. The pile bearing capacity was observed to increase after
thermo-mechanical tests, mainly due to the residual/plastic pile head displacement, which in turn densified sand leading to
an increase in tip resistance.

Keywords Bearing capacity - Cyclic thermal loading - Energy pile - Full-scale field tests - Thermo-mechanical response

1 Introduction

Piles are primarily used to support building superstructures.
However, due to climate change, economic growth, and
energy needs, these piles are becoming increasingly used as
a source of heating and cooling buildings by adding tube
heat exchangers and incorporating a ground source heat
pump to extract heat from the ground during winter and
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inject it during summer. Such an approach applies addi-
tional thermally induced mechanical loads, which can
impact both the serviceability and failure of piles. This
practice has attracted tremendous attention recently.
Numerous studies have been conducted on energy piles,
demonstrating their safety and reliability
[3.5, 6,8, 11, 24, 27, 30, 35, 36, 38, 39, 59]. Pile move-
ments during heating and cooling are inevitable due to the
thermal expansion/contraction of the soil and the pile
during seasonal, daily, and hourly temperature variations
[28, 32, 34, 51], and such displacements—while typically
small—can accumulate or have an impact on the bearing
capacity of a pile. Pile displacements depend on the applied
load, the support provided by the surrounding soils, and the
end restraints. In the case of low end-restraint conditions
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(i.e., floating and semi-floating energy piles), the pile may
experience higher axial displacements, hence a large
change in mobilized shaft resistance, while having low
thermally induced axial stresses. However, in high end-
restraint conditions, e.g., end bearing piles, total pile set-
tlements are unlikely to happen, which was confirmed by
Stewart and McCartney [57] through an end bearing energy
pile test. Moreover, their results revealed a higher ther-
mally induced axial stress near the tip due to the imposed
restriction effect.

Laboratory experiments on a semi-floating energy pile
in dry sand have shown irreversible pile head settlements
due to thermal loads [46, 61]. According to Nguyen et al.
[46], the pile head settlement stabilized under lower/mod-
erate mechanical loads (20% and 40% of the estimated
bearing capacity of the pile) after 20 thermal cycles, while
under high mechanical load, i.e., 60%, it continued to
increase even after 20 cycles. Ng et al. [41]; and Ng et al.
[45] investigated floating energy piles. Their findings
indicated that such piles experienced more irreversible
settlement in lightly overconsolidated clay compared to
those in soil with a higher overconsolidated ratio (OCR)
under cyclic thermal loading. Ng and Ma [40] conducted
laboratory tests on energy piles and non-energy piles in
sand. Their results demonstrated that the energy pile set-
tlement evolved gradually with time under a constant
working load at a reduced rate. Moreover, 30% of this
thermally induced settlement was observed in non-energy
piles due to the pure applied mechanical load, inducing a
mechanical creep over time. Ng et al. [45] reported that the
thermally induced irreversible settlement of floating ele-
vated pile groups exceeded both serviceability and ultimate
criteria. It should be noted that the aluminum pile was used
with a higher thermal expansion coefficient of 22.2 x 107°
m/(m K), which is about three times that of a concrete pile
(8.6 x 1076 m/(m K)) [6], likely leading to an overesti-
mation in tests compared to field conditions. To investigate
the fundamental behavior of soil-structure interfaces,
Golchin et al. [20] and Rafai et al. [50] recently studied the
effects of thermal cycles on shear creep of the soil-struc-
ture interfaces using temperature-controlled shear boxes
under constant normal and shear stresses. This can repre-
sent the conditions in floating or semi-floating energy piles,
as well as in other conditions. Their results showed a
continuous thermally induced shear displacement with
increasing the number of thermal cycles, indicating a
ratcheting pattern. This was found to be dependent on the
applied effective (which is the normal stress from the soil
surrounding the structure), shear stresses (the pile head
load), soil type, and density. Under higher mechanical
loads (equivalent to higher pile head load and higher
effective stress in soil), higher shear displacement was
observed due to thermal cycles. It should be noted that the
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reported results by Rafai et al. [50] reflect the pure effects
of thermal cycles on the shear displacement at the soil-
structure interface, as the mechanical creep was fully
diminished prior to the application of thermal cycles.

Due to the complexity of the interaction between piles
and soil, full-scale in situ experiments have been applied to
investigate the thermo-mechanical behavior of energy piles
[22, 60].

Considering cyclic thermal loads, Ren et al. [55]
investigated an energy pile during monotonic cooling
under constant applied mechanical load as well as during
cyclic thermal load with no load applied to the pile head.
They reported that thermal cycles could reduce the pressure
at the soil-structure interface and lead to pile head settle-
ments. A similar observation was reported by Kong et al.
[25] through an investigation of semi-floating energy piles.
Their results showed that thermal cycles induced decreased
horizontal earth pressure, due to the shrinkage effect of
surrounding soil, hence reducing shaft resistance, while the
tip resistance increased to balance the shaft resistance
reduction. Through a full-scale test on a long floating
energy pile during up to three cycles of cooling—natural
heating and heating—natural cooling under a constant
applied mechanical load, Jiang et al. [23] reported that the
additional thermally induced permanent settlement is more
pronounced in cooling conditions. A similar conclusion
was drawn by Jiang et al. [22], investigating a driven
energy pile under different mechanical loads and up to four
thermal cycles. Moreover, Jiang et al. [22] reported a
higher pile settlement under larger mechanical loads. Fang
et al. [16] investigated energy piles through full-scale tests
under a constant applied mechanical load during four
heating—natural recovery thermal cycles. They showed a
ratcheting pattern response of pile head displacement due
to the imposed thermo-mechanical loads, as also observed
in laboratory tests on the soil-structure interface. Wang
et al. [60] studied six semi-floating bored energy piles.
Each pile was subjected to mechanical loading, heating or
cooling, and thermo-mechanical loading, simulating the
continuous operation of an energy pile (i.e., monotonic
thermal load). Their experimental results show that the
largest settlement of the pile head was noted during cooling
under a higher mechanical load level. However, Faizal
et al. [16] reported a thermo-elastic thermal response at the
pile—soil interface under approximately 52% of the esti-
mated ultimate load. This observation was confirmed by
Faizal et al. [13]. According to laboratory tests by Yavari
et al. [61] and Nguyen et al. [46], the magnitude of ther-
mally induced pile displacements appears to be dependent
on the level of the applied mechanical load on the pile head
and soil conditions. Since not all the scaling laws are sat-
isfied in such model tests, these results cannot be utilized
quantitatively in the design of energy piles. For this reason,
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it is paramount to conduct such testing on full-scale energy
piles to provide quantitative data. The investigation of the
potential effects of multiple thermal cycles on the energy
pile—soil interaction mechanism through full-scale tests
under long-term cyclic thermal loads is limited. In addition,
the impact of thermal cyclic loads on the bearing capacity
of the pile through field tests, especially in soft grounds,
has received little attention. Furthermore, the existing full-
scale tests on energy piles have investigated only pre-cast-
driven energy piles [11, 22] and cast in situ energy bored
piles [13-15, 26, 55, 58]. Accordingly, the main objective
of this paper is to provide a clear understanding of the
effect of applied mechanical load on the response of a
semi-floating energy pile in soft soil through a series of
load paths in a full-scale in situ test. A new type of energy
piles called displacement cast in situ energy pile (a Fundex
energy pile) was tested as an example of energy piles with
the benefit of the surrounding soil being densified during
the installation. Four tests were conducted on a fully
instrumented stand-alone energy pile under different
mechanical loads (0, 30%, 40%, and 60% of the estimated
pile bearing capacity) and long-term thermal cycles (up to
ten), with an average temperature change magnitude of
approximately 10 °C. This is a relatively high temperature
change which can simulate multiple years of seasonal
GSHP operation [33, 53].

The full-scale in situ test installation and instrumenta-
tion are described along with the information on the soil
properties. The effects of the applied mechanical load on
the pile displacements during monotonic cooling and cyclic
cooling—natural heating as well as the effects of cyclic
thermal load on the bearing capacity are presented and
analyzed.

This paper presents thermally induced pile settlements
along the pile during monotonic and cyclic thermal loads,
while strain and stress data of this testing program are
presented by Rafai et al. [52].

2 Description of field test

A fully instrumented Fundex energy pile was investigated
at Delft University of Technology in Delft, the Nether-
lands. The Fundex energy pile is a displacement cast in situ
pile, which is installed in three main phases: (i) A drilling
phase, where a steel casing with a sacrificial auger tip, i.e.,
Fundex cone, attached to its end is rotated into the soil
while displacing the soil laterally leading to a densification
of the surrounding soil; (ii) In the second phase, the rein-
forcement cage with a 2U-loop configuration heat
exchanger (see Fig. 1a) is placed, and then, the casing is
filled with concrete. In the third phase, the sacrificial tip is
released; then, the casing is removed. The pile length was

10.3 m (from the pile head to the top of the Fundex cone),
and the shank diameter of the pile was 380 mm while the
tip diameter was 400 mm, forming an expanded pile (see
Fig. le).

A deadweight load test frame system was used at the TU
Delft test site. This system comprises a steel beam upon
which deadweights (a tank filled with water, see Fig. 1c)
were placed. One hydraulic jack was utilized to develop a
compressive force on the pile head. To monitor the applied
force, a load cell was placed between the jack and the
frame. The induced pile head settlement was then mea-
sured using a linear variable differential transformer
(LVDT) (with an accuracy of 0.002 mm) mounted on the
pile head as seen in Fig. 1b, with an integrated thermistor
in order to record the air temperature during the testing
program. Eq. 1 (see appendix) was used to correct the
LVDT measurements. Moreover, strains and temperature
in the pile were measured using twelve Vibrating Wire
Strain Gauges (VWSGs) with integrated thermistors fixed
at six levels along the pile shaft on two sides. The average
of the temperature and strain measurements of the two
gauges at each level was considered in the calculations, and
their locations along the pile are shown in Fig. 1c. The
length between each pair of strain gauges was termed a soil
segment, with the soil compositions and dimensions of
each segment shown in Table 1. The strain gauge mea-
surements were corrected using Eq. 2 and then used to
calculate the axial displacements along the pile shaft due to
the thermo-mechanical load using Eq. 3 (see appendix). A
ground source heat pump (GSHP) was connected to the
pile (to extract/inject the energy) and the tank (to dissipate
the extracted energy). Through heating the tank, the pile
experienced cooling and vice versa. This process was used
throughout the testing program to provide thermal load.
The GSHP system employed a heat exchange fluid con-
sisting of a precisely calibrated mixture of 30% mono-
ethylene glycol and 70% water by volume. The flow rate
during the cooling—natural heating was maintained at 7
I/min. Direct measurements were recorded at one-minute
intervals, ensuring a consistent data collection.

The subsurface soil conditions at the project site were
explored with a series of in situ tests, including cone
penetration tests (CPTs). The results of CPT tip resistance
(qc) are shown in Fig. 1d. Within the boring depth of 12 m,
the subsurface soil comprised made ground, peat, silty
sand, clay, and sand, Fig. 1c. Figure 1d shows that the soil
strength (i.e., CPT tip resistance) is generally soft and weak
soils. The weakest soil layers were peat and clay with CPT
tip resistances of 0.3 and 0.8 MPa, respectively. The
expanded pile tip was in sandy soil with tip resistance
values of 6-10 MPa (Fig. le).
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Fig. 1 Schematics of the energy pile: a reinforcement cage with the heat exchanger loops; b locations of LVDT, hydraulic jack, and load cell;
¢ soil profile of the energy pile construction site with locations of VWSGs; d the results of CPT: cone resistances (qc); e sacrificial auger
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Table 1 Dimensions and compositions of the soil segments

Soil Location from the top of the pile Soil layers

segment (m)

Segment A 0-0.82 Made ground

Segment B 0.82-3.75 Made ground—peat

Segment C  3.75-4.39 Peat—silty sand

Segment D 4.39-5.94 Silty sand-silty
sand

Segment E 5.94-7.44 Silty sand-silty
sand

Segment F 7.44-9.94 Silty sand—clay—

sand

3 Experimental scheme

The test program was conducted on a stand-alone energy
pile over approximately two months (from Jul. 1, 2023, to
Aug 31, 2023). It comprised two pure mechanical load tests
without circulating fluid in the pile, a thermal test (without
mechanical load), and three extended periods of thermo-
mechanical testing. The testing program is presented in
Table 2.

The two mechanical tests T_M1 and T M2 were con-
ducted before and after the thermo-mechanical tests,
respectively, to investigate the effects of thermal cycles on
the bearing capacity. In these two mechanical tests, the pile
was loaded up to 60% of the estimated bearing capacity
with increments of 10%. The Dutch code for static axial
loading of piles with creep controlled to be less than
0.75mm/15min was adopted [47]. The pile bearing capac-
ity was calculated to be 353 kN. Further details on the
design of conventional piles using CPT data in the

Table 2 Test program

Test ~ Mode Cycle Cooling/ Static load
No natural (kN)
heating
duration (h)
T M1 Mechanical — — 0, 36, 71,
106, 141,
176, 211
T_0 Thermal 2 12/12 0
T_30 Mechanical + thermal 6 12/12 106
T_40 Mechanical + thermal 10 12/12 141
T_60 Mechanical + thermal 10 12/12 211
T_M2 Mechanical - - 0, 36, 71,
106, 141,
176, 211

Netherlands are provided by Gavin et al. [18]. A free
expansion test, T_0, was then conducted with no load
applied to the pile. In this test, two cooling—natural heating
thermal cycles were applied. In the thermo-mechanical
stage, the pile was first loaded up to a specific target (30%,
40%, or 60% of the pile bearing capacity), inducing
mechanical displacements along the pile. The applied
mechanical load was held constant for a duration ranging
from 10 to 16 h to reduce the creep effects; then, the pile
was subjected to up to ten thermal cycles. The increasing
loading scheme was chosen to ensure that the proceeding
test did not impact the results of the following test. Using
the same pile reduces the influence of local geotechnical
and installations differences, thereby providing more
quantitatively comparative results. To define the thermally
induced axial displacement, the ongoing effect of the
mechanical loading was considered to be negligible (neg-
ligible mechanical creep due to load applied to the pile
head over time). Once the target temperature was reached,
it was kept constant for 12 h, with an average applied
temperature cooling of approximately 10 °C along the pile.
This duration was determined by monitoring the tempera-
ture and stress change in the pile; when the stress reduction
of the pile started (after approximately 2 h or less), it was
assumed to be caused by the reaction of the ground. The
cooling duration was then defined to be 12 h, ensuring an
adequate cooling of the soil-structure interface. The air
temperature at the Delft University of Technology site
ranged from 30 °C to 7°C during the test period. The
undisturbed ground temperature was approximately 12°C
below a depth of 4 m. To simulate the realistic daily energy
pile demand in the Netherlands, cooling—natural heating
tests were conducted (cooling the pile and heating the
building) while the mechanical load was held constant.

4 Full-scale in situ test results

The mechanical, monotonic cooling, and cyclic cooling—
natural heating results of the pile displacements are pre-
sented. The post-processing of the recorded data is detailed
in Appendix 1.

4.1 Mechanical behavior with no heating
or cooling

Figure 2a and b presents the curves of pile head displace-
ment versus the applied load and the mechanical axial
displacement profiles, respectively, obtained from the static
load tests T_M1 and T_M2. The results are nearly identical
for 10, 20, 30, 40, and 50% of the estimated bearing
capacity in each test, while under 60% the pile head dis-
placement decreased significantly after thermo-mechanical
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Fig. 2 Pile displacement of tests T_M1 and T_M2 under multiple mechanical conditions: a pile head load versus displacement curves;

b mechanical axial displacement profiles versus depth at each segment

tests (i.e., T_M2). The pile head displacements under 60%
of the estimated bearing capacity are 1.379 and 1.2852 mm
in the tests T_MI1 and T_M2, respectively, corresponding
to 0.36% (T_M1) and 0.34% (T_M2) of the pile diameter.
The application of thermal cycles to the pile therefore
increased the bearing capacity. After unloading the pile in
both tests, the results of the pile head displacements due to
the mechanical loads (Fig. 2a) reveal an irreversible pile
head displacement of 0.1404 mm and 0.1077 mm in the
tests T_M1 and T_M2, respectively, corresponding to only
0.036% (T_M1) and 0.028% (T_M2) of the pile diameter.
As seen in Fig. 2b, in both tests, the axial displacement
relative (calculated from strain data using Eq. 3) to the soil
decreases with depth. The ratios of the pile head dis-
placement and the displacement in the last segment (im-
mediately above the pile tip), as shown in Fig. 2b, are 0.93
and 0.89 for tests T_M2 and T_M1, respectively, indicating
that the pile tip response is stiffer in the last segment.

@ Springer

4.2 Thermo-mechanical behavior
under monotonic cooling

To investigate the axial displacement variation during a
monotonic cooling phase in all tests, the results of the
measured pile temperature, the computed corresponding
thermally induced relative axial displacements, and static
loading and cooling-induced axial displacements, after two
different given moments (5 and 10 h of cooling) of the four
tests are shown in Fig. 3a, b, and c, respectively. These two
given moments are indicated in Fig. 4.

In Fig. 3a, the temperature profiles are shown. In test
T_0, nearly a 2 °C difference between the upper part (from
the top of the pile to 4.39 m) and the lower part (from 4.39
to 9.99 m) of the pile is observed, due to the higher initial
temperature in the upper part. In addition, a slightly larger
temperature change at around 4.39 m (see the temperature
profile of the test T_0) is likely due to the annual thermal
heat evolution, while in the other tests, the difference
between the upper and lower parts of the pile became lower
compared to the initial test “T_0" with a lower temperature
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Fig. 3 Thermo-mechanical response of energy pile after 5 and 10 h of cooling obtained from the four conducted tests (T_0, T_30, T_40, and
T_60): a measured pile temperature; b thermally induced axial displacement profiles; ¢ mechanical (M) and thermo-mechanical axial
displacement profiles after 5h (M + cooling 5h) and 10 h of cooling (M + cooling 10h) versus depth

change at around Level 2 (3.75 m), especially in tests
T_30, which is likely due to the low thermal conductivity
of the peat. The temperatures are shown at both 5 and
10 h after cooling. In all cases, the temperature change
from 5 to 10 h was changed slightly (decreasing in tests
T_0, T_40, and T_60, while in test T_30 slightly increas-
ing) with a temperature variation of up to approximately
(£1°C) from 5 to 10 h. In Fig. 3b, the axial relative dis-
placement profiles along the pile, obtained after 5 and 10 h,

reflect the changes in axial displacement due to the applied
cooling. During the cooling phase, when the pile temper-
ature decreases, contraction occurs that induces a settle-
ment of the pile head and a relative uplift of the pile tip in
all tests, as shown in Fig. 3b. In the free expansion test,
after 5 h of cooling, the pile head displacement increased
(i.e., settled), and in the lower part of the pile, from about
1Im below the pile head to the bottom, the displacement
decreased (i.e., uplift). Further cooling (i.e., after 10 h) led
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to a reduction in both the pile head settlement and the uplift ~ uniform along the pile (and the largest in this test). How-

in the lower part of the pile. This is consistent with a  ever, the relative displacement along the pile was not
reduction in the temperature change, which was reasonably =~ uniform and a higher reduction can be observed in the last
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Fig. 6 Pile head displacement versus number of thermal cycles

segment next to the pile tip. In the other tests, T_30, T_40,
and T_60, the pile head settlement and the uplift of the
segment near the pile tip slightly increased from 5 to 10 h
of cooling. These are consistent with more constant tem-
perature change in the tests and a cooling of the soil sur-
rounding the pile. It should be noted that the highest pile
head settlement and the lowest uplift of segment F near the
pile tip were observed in the test T_60 when the pile was
under the highest mechanical load, while the lowest pile
head settlement and the highest uplift of segment F near
were noted in test T_O, although the temperature change
was higher in test T_0 compared to T_60. However, under
moderate mechanical loads (30 and 40%), the pile head
settlement and the uplift of segment F near the pile tip were
higher in test T_30 compared to T_40, following the
magnitude of temperature change (see Fig. 3a). The ther-
mal axial displacements induced by the cooling load were
added to the mechanical axial displacements due to the
applied mechanical load and are shown in Fig. 3c. The
cooling load increased the pile head displacement and the
axial settlement in the first segment A in all four tests.
Additionally, it generated a net uplift near the pile tip in the
other tests T_0, T_30, and T_40, while in test T_60 it
reduced the net settlement that was initially induced due to
the applied mechanical load. The changes in the axial pile
displacements are dependent on the applied mechanical
load. The neutral axis of the pile (where the combined
temperature-induced and mechanical displacement line
crosses the mechanical displacement line in Fig. 3c) is
lower in the pile, and the slope of the thermally induced
displacement against depth is lower with increasing load.
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4.3 Thermo-mechanical behavior under cyclic
cooling-natural heating loads

Pile head displacements, along with the air and the pile
temperature measured by the LVDT and gauges at the base
of Segment A (termed Level 1), respectively, versus
elapsed time, are shown in Fig. 4a, b, c, and d for tests T_O,
T_30, T_40, and T_60, respectively, during the thermal
cycles. These figures reflect the changes in pile head dis-
placement due to the applied thermal load. In Fig. 5a, b, c,
and d, the pile head settlement is plotted versus the pile
temperature change during the cooling—natural heating
cycles for tests T_0, T_30, T_40, and T_60, respectively.
These figures (Figs. 4 and 5) illustrate the pile thermal
behavior under different degrees of freedom. During the
first cooling phase (when temperature decreased), the pile
settled in all tests. The subsequent natural increase in pile
temperature during natural heating caused an uplift in all
tests. In the free expansion test (T_0), the results reveal a
large pile head uplift during natural heating (i.e., in the first
thermal cycle), and reversible pile head displacement was
observed when the temperature was restored in the second
thermal cycle (Fig. 4a). The relationship between the pile
head settlement and the pile temperature is linear, follow-
ing the pile thermal expansion curve (Fig. 5a). In thermo-
mechanical tests (T_30, T_40, and T_60), similarly the pile
head settled during the first cooling phase, with higher
settlements observed under higher mechanical loads with
respect to the temperature variation. The subsequent nat-
ural increase in pile temperature during natural heating led
to uplift but did not retrieve the settlement, i.e., was
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Fig. 7 Thermally induced pile displacement evolution versus depth for tests: a T_0 and T_60; b T_40, and T_40

permanent. This trend was consistent throughout test T_60
and only in the first three and four thermal cycles in tests
T_30 and T_40, respectively. In these tests (T_30 and
T_40), nearly similar magnitudes of settlement and uplift
of the pile head were observed in the subsequent cycles
(after the first four thermal cycles), following the magni-
tude of temperature change. In Figs. 4d and 5d, the dis-
placement tracks the temperature change in the pile less
well than the other tests, probably indicating that it is
linked to ratcheting effects of the pile—soil interface due to
thermal cycles under constant mechanical load as observed
in laboratory experiments by Rafai et al. [53], rather than
thermally induced mechanical cycles on the pile—soil
interface due to pile contraction—expansion, following the
decrease—increase in pile temperature. Note also that dur-
ing the cycles the temperature drops slightly (see Fig. 4)
and after the last cycle is allowed to relatively recover in
tests T_0, T 30, and T_40 with a maximum of 1 C° of
residual temperature difference, which allows the perma-
nent displacement to be assessed. The pile head uplift
during natural heating is dependent on the applied
mechanical load and is lower under higher mechanical
loads. Figure Sa, b, ¢, and d shows that the slope inclina-
tion (indicated by dashed blue lines) of the first cooling
phase is steeper under higher mechanical loads compared
to under lower mechanical loads. This indicates a major
impact of the applied mechanical load on pile settlements.

In Fig. 6, the irreversible pile head settlement and its
ratio to the pile diameter (normalized settlement) at the end
of each cycle and after thermal recovery (with a maximum
of 1°C of residual temperature difference at level 1, see the
blue and green circles in Fig. 4 for the time the cycle is

considered to have ended and recovered, respectively) are
plotted versus the number of thermal cycles for all four
tests. When the pile was free of load, an irreversible set-
tlement of 0.05 mm was observed at the end of the first
thermal cycle, while at the end of the test, it was negligible,
nearly zero. In the other tests, the higher the pile head load,
the more significant the observed settlement. After the first
cycle of these tests, irreversible pile head displacements of
0.09 and 0.095 mm were observed in the tests T_30 and
T_40, respectively, which were closely similar. In the test
T_60, 0.2 mm of settlement was observed. In tests with
mechanical loads, the irreversible settlement consistently
increased with each cycle, while the rate of accumulated
settlement decreased with increasing cycle numbers. This
rate tended to stabilize after three thermal cycles in test
T_30 and four thermal cycles in test T_40, noting that the
observed settlement in these tests during the first three
thermal cycles was nearly similar. However, in the test
T_60, the rate of the irreversible settlement did not stabi-
lize, and it continued to increase at a slightly reduced rate
over the 10 applied thermal cycles. Furthermore, for the
same thermal cycle, pile head displacement was higher
under a higher mechanical load. In the four tests, the largest
displacements were observed after the first cycle. The
observed irreversible settlement at the end of tests T_O
(recovered), T_30 (recovered), T_40 (recovered), and T_60
was approximately 0, 0.1, 0.142, and 0.471 mm,
respectively.

The evolution of thermally induced pile displacement
versus depth is presented in Fig. 7a for T_0O and T_60,
while in Fig. 7b for tests, T_30 and T_40, for different
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number of thermal cycles for each test (see the dashed gray
lines in Fig. 4).

Under no mechanical load in test T_O, after the first
thermal cycle, a settlement of the pile head and along the
segment A was observed while uplift was noted in the other
segments. After the second cycle, the settlement of the pile
head and along segment A remained constant, while an
increase in the observed uplift was noted in the other
segments. At the end of this test, the settlement of the pile
head and in segment A was negligible, while a permanent
uplift was observed in the other segments after the pile
temperature had recovered to virtually the initial temper-
ature. This indicates a redistribution of thermally induced
stresses, with no surface settlement or strain near the pile
head.

Under higher mechanical load in test T_60, uplift was
observed only after the first thermal cycle in the last seg-
ment F, while axial pile settlement was noted in the other
segments.

The difference in the magnitude of pile head and seg-
ment A displacements between 1 and 5 cycles was the
highest in the pile, with the difference reducing with depth.
However, there was a closely similar magnitude of the
axial settlement along the pile between 5 and 10 thermal
cycles. This perhaps indicates a change in process, from
being initially dominated by dragdown of the surrounding
soil, i.e., the impact of ground shrinkage, due to the transfer
of cooling-induced load and moving toward accelerated
rates of thermally induced ratcheting at the pile—soil
interface and compaction of the sand beneath the pile tip.
Further details are discussed in the discussion section.

Under moderate mechanical load in tests T_30 and
T_40, after one thermal cycle, the pile head settlement and
the axial displacement in segments A, B, C, and D were
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nearly similar, while in segments E and F, a slightly higher
uplift was observed in test T_30 compared to T_40. In both
tests, after 5 thermal cycles, the pile head settlement and
the axial settlement in segments A and B slightly increased
while the uplift slightly increased in the other segments.
After 6 and 10 thermal cycles in tests T_30 and T_40,
respectively, the pile head settlement and the axial settle-
ment in segments A and B slightly increased while the
uplift slightly decreased in the other segments. At the end
of these two tests, when the pile temperature had almost
recovered, permanent axial settlement was observed along
the pile except in segment F, near the pile tip, a nearly
negligible settlement was observed. The magnitude of the
observed axial displacement along the pile was higher in
the test T_40 compared to T_30. The gradient of this
permanent thermally induced displacement is similar
between tests T_30 and T_40, indicating the pile had set-
tled almost uniformly along its length, indicating a nearly
similar amount of permanent thermally induced axial stress
(and therefore also mobilized shear strength).

The neutral axis is dependent on the applied mechanical
load and the number of cycles. At the maximum number of
cycles in test T_O, it was near the pile top; in tests T_30 and
T_40 it appeared around mid-pile and in test T_60 below
the pile.

5 Discussion

This research focused on the effect of coupling heat
exchange and multiple mechanical load levels on the
mechanical responses of the pile, as well as the impact of
the thermal cycles on the pile bearing capacity.
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In the monotonic results, the decrease in the axial rela-
tive displacement (both the settlement and the uplift) of the
pile from 5 to 10 h of cooling in the test (T_0) can be
partially attributed to the decrease in the temperature
variation and partially due to the successive dragdown of
the subsurface due to the applied cooling load (Fig. 3b).
The time-dependent phenomenon of transferring the cool-
ing-induced load to the near soil depending on the tem-
perature magnitude and the initial stress state could lead to
different magnitudes of the shrinkage of the surrounding
soil and sand beneath the pile tip and thus different drag-
down magnitudes. This dragdown effect was also mani-
fested as a reduction in cooling-induced tensile stress by
Rafai et al. [52]. A higher tensile stress reduction over time
was observed when the pile head was under a larger
applied mechanical load, which may reduce the displace-
ment along the pile relative to the soil and thus reduce the
confining pressure [25, 52]. Therefore, there is greater
additional axial pile settlement, especially in test T_60
(Fig. 3c). Moreover, a potential mechanical creep along
with the slight temperature variation along the pile could
result in an increase in axial settlement near the pile head
and a slight increase in the uplift of the segment F near the
pile tip in tests T_30, T_40, and T_60, from 5 to 10 h of
cooling (Fig. 3b). A similar trend was reported by
Gawecka et al. [19] where the stress was observed to
reduce with time as the surrounding soil reacted to the
changes imposed on the pile.

In the test (T_0), the observed settlement of the pile
head and segment A as well as the uplift of the other
segments after the first thermal cycle can be explained by
the pile temperature not being completely restored
(Fig. 7a). However, the observed increment in the uplift
near the pile tip (while the displacement of the pile head
and segment A remained unchanged) after the second cycle
could be explained by the larger expansion (i.e., the total
reduction in the net contraction) of the ground during the
natural heating compared to the expansion (i.e., the total
reduction in the net contraction), of the pile as the ground
temperature should be higher than the pile during natural
heating (heat (cold) from the soil (pile) to the pile (soil)), or
plastic yield at the lowest point. At the end of this test,
when the temperature was fully restored (after thermal
recovery with about less than 1 C° of low residual tem-
perature), the pile head displacement was zero and gener-
ally appeared to be perfectly thermo-elastic, as linear and
reversible pile head behavior was observed (Fig. 5a).
However, permanent uplift was observed in the lower part
of the pile, which can be explained either by the larger
uplift of the surrounding soil compared to the downward
settlement of the lower part of the pile during natural
heating, or the successive dragdown of the surrounding soil
layers that could happen during this test would induce a
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higher force at the lower part of the pile, or both. In both
cases, the ground would reduce and restrict the potential
settlement of segments E and F near the pile tip (i.e., the
total reduction in the net uplift, recovery to the initial state)
and thus an apparent permanent uplift of the pile. These
observations imply a presence of residual stress, especially
in segments E and F at the end of this test, even though
heating (i.e., higher temperature than the initial one) was
not applied.

Under moderate mechanical load, in tests T_30 and
T_40, the irreversible settlement during the first 3 and 4
thermal cycles, respectively, can be partially attributed to
the low residual temperature in the pile and soil and par-
tially to the dragdown effect of the soil. The observed
similarity in the first 3 thermal cycles in these tests (see
Fig. 6) can be attributed to the higher unrecovered tem-
perature in test T_30, indicating a steeper downward trend
due to the low residual temperature compared to T_40 (see
Fig. 4b, ¢), while the impact of the applied mechanical load
is clearly shown in the slope in Fig. 5b, c. When the
temperature was recovered, the pile head displacement
partially recovered. These results slightly align with those
reported by Faizal et al. [13] where a reversible thermal
response at the pile—soil interface was observed for an
energy pile subjected to thermal cycles under 52% of the
estimated ultimate load.

In these two tests, the uplift of segments E and F
increased from 1 to 5 thermal cycles, while the pile head
settlement slightly increased (see Fig. 7b), possibly due to
the unrecovered temperature. As stated previously, the time
and magnitude difference of the uplift of the soil and pile
could also contribute to this increase of the observed uplift
near the pile tip, as the pile contracts (expands) before
(after) the contraction (expansion) of the surrounding soil
during cooling (natural heating). From 5 to 6 and from 5 to
10 thermal cycles in test T_30 and T_40, respectively, the
pile head settlement slightly increased while the uplift of
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segment F slightly decreased, indicating a downward set-
tlement along the pile, although the temperature magni-
tudes were nearly similar in these cycles in each test,
probably due to dragdown of the surrounding soils and the
contraction of sand beneath the pile tip. This can be
attributed partially due to the accumulated low-residual
temperatures (not fully recovering during the cycles) and
partially due to the accumulation of the inherent thermally
induced irreversible = deformation of the soil
[4, 9, 10, 21, 37, 48, 49, 56]. After the temperatures had
almost recovered, the displacements of the pile shifted
from uplift to settlement, except near the pile tip where
there was almost zero displacement, the settlement was
nearly negligible. This indicates a thermal creep at the pile-
soil interface. Under higher mechanical load (i.e. test
T_60) a continuous accumulation of irreversible pile head
displacement, in a ratcheting pattern at a reduced rate with
an increasing number of cycles was observed (Fig. 6). This
pattern behavior is similar to the findings reported by
Yavari et al. [61], Ng et al. [43], Yavari et al. [62], Nguyen
et al. [46], Ng et al. [45], Ng and Ma [40], and Kong et al.
[25] exhibiting an irreversible settlement in the long-term,
with thermal settlement being greater under higher constant
head loads. This behavior is particularly critical in the case
of floating energy piles, where irreversible ratcheting set-
tlement has been observed [20, 45, 50, 64]). Previous
studies (those above, and [44, 54, 55]) attributed this
behavior to a decrease in the resistance of the pile-soil
interface with an increasing number of thermal cycles.
Fang et al. [16] reported a pile head displacement (i.e. pile
A in energy piles group) of 1.13 mm after four heating
natural cooling cycles, noting that the four piles were
connected by a cubic cap and were under 440 kN of
mechanical load. This value was relatively higher than the
reported in this study which was 0.33 mm after four
cooling natural heating cycles under 211 kN of mechanical
load. It should be noted that the same energy pile exhibits
different magnitudes of pile displacement depending on the
applied mechanical loads and temperature variations. As
stated previously, qualitative alignment with the existing
literature is obvious while quantitatively, differences are
expected, especially when comparing the results reported
in this study with other studies (e.g. by Fang et al. [16]) in
different ground conditions, and pile type and dimensions.
This non-uniform behavior of energy pile and stresses
redistribution has been reported numerically by Abdelaziz
and Ozudogru [1]. Feng et al. [17] reported that cyclic
thermal loading could alter the proportions of the mobi-
lized shaft and tip resistances. This may contribute to
plastic deformation under a higher mechanical load level.

The studies on soil-structure interfaces by Golchin et al.
[20] and Rafai et al. [50] showed a shear displacement due
to the thermal load in a ratcheting pattern. This thermal

creep at the soil-structure interface was found to be larger
in the case of loose soil [50], which is the case in this study,
where the energy pile in soft soil was investigated. This
may explain the observed irreversible settlements, espe-
cially in test T_60 from 5 cycles to the end of this test
along with the contraction of sand beneath the pile tip,
resulting in uniform settlement along the pile (i.e. see the
difference between “T_60, cycle 57, and “T_60, cycle 10”
near the pile top and tip in Fig. 7a). As stated by Rafai et al.
[53], the thermally induced deformation of coarse-grained
soils is less pronounced compared to fine-grained soils.
Therefore, this accelerated ratcheting in test T_60 after 5
thermal cycles, is largely due to the dominant thermally
induced ratcheting at the pile-soil interface and slightly due
to the contraction of sand beneath the pile.

Another possible reason that might explain the lower
uplift in thermomechanical tests and the observed settle-
ment is the potential existence of mechanical creep
deformation under a constant working load as also
observed by Ng and Ma [40]. This could be significant
under a higher mechanical load, for this reason lower uplift
was observed under a larger mechanical load which implies
a minor downward settlement due to the potential
mechanical creep.

Ng et al. [42] and Kong et al. [25] observed permanent
settlement of 0.56%D during monotonic heating and
0.59%D after three heating-natural cooling cycles,
respectively. The observed permanent settlement was
attributed mainly to the thermal contraction of the medium-
dense sand during heating as a result of the large pores’
thermal collapse which was larger than the thermal
expansion of sand grain, illustrating the possible effect of
thermal contraction of the surrounding sandy soil on the
pile response permanent settlement.

Note that the higher the initial stress, the more suscep-
tible soil is to the thermally induced contraction during
cooling [2, 53] and the higher the thermal creep at the soil-
structure interface is [7, 20, 50].

Ren et al. [55] reported that the application of a cooling
load to the pile caused the shrinkage of the pile and
reduced the soil pressure between the pile and the soil, and
when the load acted on the pile head, the pile side friction
resistance decreased. Thus, the displacement of the pile
head was larger in the last mechanical test compared to the
first one. However, while monotonic and cyclic thermal
behavior were tested, their impact on the pile bearing
capacity was not. In agreement with this observation, Luo
et al. [31] explained that the increment of shaft resistance
was due to the radial expansion during heating, while
cooling decreased the radial stress at the pile—soil interface.
There are few tests available on the bearing capacity
changes due to temperature cycles. Liu et al. [29] noted a
limited reduction in bearing capacity after up to 5 cycles,
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whereas Wang et al. [59] indicated that no losses in pile
shaft capacity after thermal loading cycles and suggested
this was due to pore water viscosity in saturated soil which
could have contributed to the swifter recovery of the pile-
soil interface. However, Yazdani et al. [63] observed that
piles subjected to heating-natural cooling exhibited greater
shaft resistance than the reference pile tested at room
temperature. In this testing program, the partial shaft
degradation along two segments, A and D, due to the
repeated cyclic shearing contraction/expansion at the soil-
structure interface was observed by Rafai et al. [52], and
the reduction in the pressure (even temporarily) at the soil-
structure interface due to the lateral contraction of the pile
and shrinkage of the surrounding soil induced an axial
displacement at the pile-soil interface, especially under
higher mechanical load. To compensate for both temporary
and permanent shaft pressure reduction and thermal creep
at the interface [20, 50], the load shifted from the shaft to
the tip resistance (for equilibrium of axial load), leading to
denser sand beneath the pile tip. Therefore, a lower dis-
placement was observed in the last mechanical load, sug-
gesting a stiffer/stronger behavior. This led to an additional
pile capacity (Fig. 2a). Note that thermal cycles affected
particularly segment A which is initially weak and is an
unsaturated layer. Stress history (whether thermally
induced, or otherwise) can impact the performance of a
pile. Duffy et al. [12] retested axially loaded precast piles
under 60% of the ‘measured’ pile capacity and an addi-
tional pile capacity was observed in both piles. This
additional capacity is similar to the observed in this study
on energy piles (note that in this study, the pile was loaded
to 60% of the ‘estimated’ energy pile capacity). Both piles
had undergone a mechanical stress history, which appeared
to result in additional capacity. Likely due to the irre-
versible contraction of sand below the pile tip, which was
observed as an irreversible pile head displacement after the
first mechanical test, T_M1. Although this was small i.e.
0.1 mm (Fig. 2a), it could slightly contribute to the
increase of tip resistance along with the thermally induced
pile settlement of 0.47 mm in test T_60 (Fig. 6).

To summarize, it seems that until 40% of the pile
capacity, the behavior of the pile remains mostly thermo-
elastic after a limited number of thermal cycles. While an
important thermo-plastic behavior was observed at 60% of
the pile capacity. It is likely that either thermal creep and a
redistribution of load to the pile tip or thermal creep at the
pile-soil interface combined with the thermal collapse of
the sand at the pile tip resulted in a denser sand below the
pile tip and therefore higher tip resistance.

A conceptual schematic of the potential mechanism of
the energy pile response during monotonic cooling under
three states of mechanical loads, i.e., no mechanical load,
moderate mechanical load, and high mechanical load, is
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presented in Fig. 8. The pile movements response appears
to be driven by mainly four mechanisms of different
magnitudes: First, the contraction of the pile itself from
both ends toward the neutral axis, i.e., where the dis-
placement is zero, due to the decrease in the pile temper-
ature, which induces settlement of the upper part and uplift
of the lower part. Second, mechanical and /or thermal
creep, which might contribute to the higher pile head set-
tlement and the lower uplift of the segment near the pile tip
under moderate and higher mechanical loads. Third, the
dragdown of the surrounding soil and compaction of soil
beneath the pile tip. This may happen due to the transfer of
the cooling-induced load to the near soil, leading to a
reduction in the confining stress at the soil-structure
interface and thus further settlement. The magnitude of the
pile settlement would be dependent on the applied
mechanical load. The thermal collapse of soil beneath the
pile is unlikely during monotonic, especially under no
mechanical load, as the pile head settlement is lower than
the uplift of the segment near the pile tip when the pile is
free. Fourth, the plasticity at the interface; this could
happen when the pressure at the interface reduces either
due to the repeated contraction/expansion shearing cycles,
lateral pile contraction, or dragdown of the adjacent soil
[53].

The potential mechanism of the energy pile response
during cyclic cooling—natural heating under three states of
mechanical loads, i.e., no mechanical load, moderate
mechanical load, and high mechanical load is presented in
Fig. 9a, b, and c, respectively. Under zero mechanical
loads, after a certain number of cycles pile head settlement
and the uplift of the lower part of the pile increased mainly
due to the contraction of the pile as a result of the pile
temperature reduction. Further thermal cycles, the pile
head settlement may remain constant while the uplift of the
pile tip decreases. This is mainly due to the low residual
temperature in the soil and along the pile causing an elastic
behavior along with a possible thermal plasticity of the
surrounding soil, which could lead to a permanent uplift
even after thermal recovery.

Under moderate mechanical loads, settlement at the pile
head accumulates and an initial uplift is observed at the tip.
After a certain number of cycles, pile head settlement
becomes negligible and there is moderate uplift of the
lower part of the pile, which then also stops. Further
thermal cycles could cause further settlement along the pile
at an increasingly slow rate. Mechanical and thermal creep
as well as the dragdown of the subsurface could slightly
contribute to the permanent settlement after thermal
recovery.

Under high mechanical loads, both the pile head and pile
tip settle. After a limited number of cycles, the pile head
and tip continue to settle at a reduced rate, which seems to
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continue unchanged. Further thermal cycles would cause
further settlement along the entire pile, leading to densifi-
cation of soil beneath the pile tip. This is likely due to the
combined effects of the mechanical and thermal creep at
the pile—soil interface. These effects are dependent on the
applied mechanical loads. Further details on the applied
mechanical load on the thermally induced contraction of
sand and shear displacement of the sand—structure interface
are elucidated by Rafai et al. [53].

6 Conclusions

A stand-alone energy pile was subjected to a sequence of
pure mechanical loads, followed by a cooling-natural
heating path (under zero mechanical load), then multiple
mechanical loads (30%, 40% or 60%) coupled with thermal
cycles (up to ten thermal cycles), and finally another
mechanical load test identical to the first one to assess the
effect of thermal cycles on the pile bearing capacity. The
following conclusions can be drawn:

e Monotonic cooling load increased the pile head settle-
ment in all four tests and induced an uplift in the
segment near the pile tip. Larger pile head settlements
and lower uplift were observed under higher mechan-
ical load.

e Under zero mechanical load, thermal cycles induced
fully reversible pile head displacement. However, a
permanent uplift was observed near the pile tip at the
end of this test. Under constant mechanical loads,
thermal cycles induced an irreversible settlement of the
pile head. This thermally induced vertical pile head
displacement increased with the number of cycles. The
rate of this increment was slower and stabilized under
lower mechanical loads (30 and 40%), while under a
higher mechanical load, i.e., 60%, continuous pile head
displacement was observed with an increasing number
of thermal cycles. The applied mechanical load was
shown to be a key parameter that controls the thermally
induced irreversible pile displacements.

e In the thermo-mechanical tests, a shift from the uplift of
the segment near the pile tip to settlement was
observed, leading to permanent axial settlement along
the pile. This was largely the thermal creep of the soil—
structure interface and the larger contraction of sand
beneath the pile tip. This permanent axial settlement
was higher under a higher mechanical load and was
attributed to larger downward thermal creep at the pile—
soil interface and contraction of the sand beneath the
pile, mobilizing a greater toe resistance under a higher
mechanical load.

e Additional pile capacity was observed after the thermo-
mechanical tests and attributed to the irreversible
settlements (due to the mechanical and thermo-me-
chanical loads) which densified sand beneath the pile,
leading to higher tip resistance. The degradation of
shaft resistance was negligible compared to the increase
in the pile capacity and could be compensated by the tip
resistance.

e This study indicates that the pile settlement caused by
cyclic thermal loading can be acceptable for general
engineering structures, with no exceedance observed,
and can even increase pile capacities. Nonetheless,
thermally induced pile settlement should be cautiously
considered, especially under higher mechanical loads.

Appendix

Calibration and processing of the in situ test
data

The relationship between the measured vertical displace-
ment and air temperature prior to conducting thermal
cycles is presented in Fig. 10. The strain along the pile
during this phase remained constant; therefore, this effect
was considered to be an impact on the displacement mea-
surements due to the air temperature. The obtained results
were fitted using linear regression:

D =0.00231T (1)

where D is vertical displacement (mm) and 7 is air tem-
perature (°C). Equation (1) is used to calibrate the mea-
sured vertical displacements of the pile and was applied to
all conducted tests.

The strain data along the test pile were recorded by
VWSGs. The strain gauges also expand with temperature.
The strain of the pile, i.e., the measured strain, was cal-
culated from the gauge readings using the following
equation:

Emeseared — Egauge + agaugeAT (2)

where 04,6 18 the coefficient of linear thermal expansion
of the steel wire in the gauges (11 pe/°C) and AT is the
temperature change of the pile. At the start of the thermal
tests, the gauge strains along the pile (egauge) Were zeroed,
and then, Eq. (2) is used to correct the results.

The displacement (6;) at any point along the pile can be
calculated as follows:

1
0; =01 — 5(8,',1 + b,)Al (3)
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where Al denotes the distance between strain gauges i and
i-1. Note that in this study the positive displacements
indicate settlement.
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