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ARTICLE INFO ABSTRACT

Editors-in-Chief: Dr. A Ferrari. Numerous full-scale in situ tests have been conducted to assess the effect of thermal cycles on the pile response.
However, those studies investigated the response of only precast and cast in-situ energy piles, with limited focus
on the impact of the applied mechanical load on the pile response. This study presents the results of a field test
conducted on a new type of energy pile, i.e. a displacement cast in-situ energy pile in multilayered soft soils,
subjected to different fixed mechanical loads while undergoing simultaneous thermal cycles. Four tests were
carried out, each corresponding to various axial loads ranging from 0 % to 60 % of the pile’s estimated bearing
capacity. After applying the axial load on the pile head (0 %, 30 %, 40 %, or 60 % of the bearing capacity), the
pile was subjected to up to ten thermal cycles. The highest magnitudes of thermal axial strains were observed
near the pile top due to the lowest restraint provided by the made ground layer in all tests. Under zero (0 %)
mechanical load, the thermal axial strains near the pile head were elastic and recoverable, while residual strain
was observed near the toe. Under reasonable working mechanical loads (30 %, 40 %, or 60 %) residual strains
were observed near both the pile head and the toe, with higher residual strains observed under higher me-
chanical loads. The results indicate that the cyclic thermal loadings could induce an increase in the compressive
stress in the energy pile, attributed to the drag-down effects of the surrounding soil. The compressive stress
induced by drag-down effects counteracts thermally induced tensile stress and thus leads to an insignificant effect
on the energy pile during cooling. A limited impact of the shaft capacity was observed and was mainly attributed
to the drag-down of the surrounding soil and thermal creep along the pile-soil interface.
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Introduction the dynamics of the energy extraction/injection and the dynamics of the

heat transfer in the subsurface around these piles.l"g’m’56 The contin-

Energy Geostructures (EGs) are one of the most promising solutions
to reduce greenhouse gas emissions in the built environment from new
structures, simply by implementing tube heat exchangers in structures
such as pile foundations, diaphragm walls, and tunnels, which are in
direct contact with the soil, and connecting these structures to a ground
source heat pump (GSHP) to provide heating or cooling. Among the
different EGs, the use of energy piles is growing rapidly throughout the
world, driven by their straightforward implementation and alignment
with CO5 emission reduction policies. Energy piles need to resist and
bear the same external mechanical loads as conventional piles, as well as
additional thermally induced loads. The heat exchange process induces
temperature variations within the soil-structure system, depending on

uous or intermittent extraction of heat from the soil during winter and
its reinjection during summer can generate seasonal, daily, or even
hourly temperature variations in both the structures and surrounding
soil. These variations, in turn, lead to thermally induced stresses and
strains in the soil and the structure. Moreover, the multiple thermal
cycles experienced by an energy pile during its operational lifespan can
affect its bearing capacity, strain and stress state distributions, dis-
placements, and overall pile performance, which is a topic that so far has
received limited attention.

The general thermo-mechanical behavior of energy piles has been
extensively investigated through full-scale energy pile tests,"* ' model
pile tests,'*** and numerical modeling 35-42.52-54 ¢4 provide substantial
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insight into energy pile behavior, ultimately contributing to the estab-
lishment of safe design practices for determining their ultimate bearing
capacity in both dry and saturated geotechnical conditions. Although
full-scale tests are expensive and time-consuming, the realistic testing
conditions provide valuable data for calibrating and validating numer-
ical models and design approaches. In situ tests have shown that the
thermal activation of a pile foundation influences its mechanical per-
formance by inducing additional thermal compressive or tensile stresses
and axial strains along the pile, depending on whether the pile is heated
or cooled, respectively. Specifically, during heating, the mobilized shaft
resistance decreases in the upper part of the pile and increases in the
lower part, whilst cooling induces the opposite.*>*!” The results of
experimental studies and numerical models indicated an increase in the
shaft capacity of the piles due to heating, while the shear strength
properties at the pile-soil interface remained largely unchanged. Addi-
tionally, the generated stress and strain in the pile can modify the pile’s
interactions with the surrounding subsurface layers, leading to residual
strains and stress due to the drag-down effects, and ultimately changes
in bearing capacity.

Cumulative irreversible settlement of the pile head has been
observed after thermal cycles in laboratory, full scale and numerical
investigations.'®'%?1:3° Faizal et al.'® showed that the cyclic thermal
loading caused a reversible thermal response at pile-soil interface for a
bored pile subjected to 16 heating—cooling cycles when the pile head
was restrained by a constant building load, approximately equal to 52 %
of the estimated ultimate load. Similar results were observed in an un-
restrained bored energy pile.'® Stewart and McCartney”® performed an
end-bearing test on a fully constrained pile, revealing that the thermal
axial stress was greater near the toe due to the imposed restriction.
Thermal axial strains were found to be similar to the free-expansion
thermal strain near the ground surface and decreased with depth; in
addition, pile heave was observed during heating. It should be noted
that end-bearing piles are usually driven or bored into the ground until
they reach a hard layer, such as bedrock or dense sand. Therefore pile tip
settlements are likely to be low, and thus pile head settlements will also
be limited. However, in regions with thick soft soil layers, displacement
of floating energy piles maybe a critical scenario. Ng et al.'’; and Ng
et al.’! investigated floating energy piles through a series of centrifuge
tests. Their findings indicated that such piles experienced more irre-
versible settlement in lightly over-consolidated clay compared to those
in soil with a higher over-consolidation ratio OCR under cyclic thermal
loading. Consequently, and logically, they are more susceptible to irre-
versible ratcheting settlement when compared to end-bearing piles (Ng
etal. *" and Wu et al. **). Similar behavior was reported by Zhao et al.>
of a laterally-loaded pile. Jiang et al.'® investigated the
thermo-mechanical behavior of driven energy piles under different
mechanical loads, their results showed that cooling-recovery cycles
developed an elastic—plastic pile response at a specific mechanical
loading level, with cooling-induced settlement being several times that
of mechanical load-induced settlement. Since this study focused on the
pile head displacements, the strain and stress measurements were not
reported.

Kong et al.'® reported that residual strains, stresses, and settlements
developed during the thermal cycles, even when the temperature was
fully recovered. Jiang et al.”® investigated a long floating energy pile
during short-term thermal cycles (up to three cycles of cooling-natural
heating and heating-natural cooling) under a constant mechanical load.
Their results showed that heating induced a significant additional axial
force, which could reach up to four times that of the pile under purely
mechanical loads. In contrast, cooling reduced the stress initially
generated by the applied mechanical load. The increase or decrease of
the axial load depends on the magnitude of the temperature change.””

Nguyen et al.?” reported that the irreversible settlement of the pile
head stabilized when the pile loading was approximately 20 % and 40 %
of the estimated bearing capacity of the pile, while at 60 % it continued
to increase after 20 cycles, again the strain and stress measurements
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were missing. Note that in their study (Nguyen et al. >’), a small-scale
aluminum tube pile was installed in dry sand with a relative density of
50 % and the reported results can be considered only as quantitative
data, any extrapolation of these results to field applications should be
cautiously treated. For this reason, they suggested conducting such a
testing program on full-scale energy pile.

More recently, Golchin et al.>* and Rafai et al.*" investigated the
thermally induced shear creep of the soil-structure interface using
temperature-controlled shear boxes under thermal cyclic loading while
mechanic loads were held constant (effective and shear stresses), rep-
resenting loading/thermal conditions representative of floating energy
piles. The results showed that the thermally induced shear displacement
depends on the applied normal and shear stresses (which relate to the
normal stress from the soil and the pile head load respectively) and soil
type and density. Under higher mechanical loads (equivalent to higher
pile head loads), higher shear displacement was observed due to thermal
cycles. Previous studies have shown that the longer-term behavior of
energy piles may induce different phenomena: i) By affecting the
properties or causing volume changes of the surrounding soils,
drag-down or uplift of the surrounding soils can be induced;'"'®'® ii)
Modifying the stress state at the soil-structure interface and pile tip due
to the thermo-mechanical loads may induce plastic strain and thermal
shear creep in the long-term,”®?%%%3% cumulative irreversible settle-
ment being greater under higher constant head loads,'®'®?' and
ratcheting effects in heavily-loaded piles undergoing thermal cyclic.”"
26,32-34,37.50 1t has been observed that the thermal-induced deformation
at pile-soil interface and pile head can be intensified under cyclic
changes in pile temperature depending on the applied mechanical
load, 16:27:28,33,34

According to the literature, full-scale tests are primarily focused on
energy piles subjected to either a constant mechanical load and long-
term thermal cycles'’'>>'7 or different constant mechanical loads
and short-term thermal cycles'®'® (up to five thermal cycles). However,
the impact of different mechanical loads and long-term thermal cycles -
critical factors in design - remains poorly understood, with only limited
data available from full-scale tests in diverse soil conditions. Further-
more, the behavior of energy piles in soft soils is limited to floating
energy piles.'®> Further field data on semi-floating energy piles in
multilayered soft soil are required. Although the aforementioned
full-scale studies have shed light on several aspects of the fundamental
mechanism governing pile behavior under thermo-mechanical load, the
existing energy piles type are limited to pre-cast driven energy piles,'*'°
cast-in situ energy bored piles'*!>!” and belled energy piles.'® In this
study, a displacement cast in situ Fundex pile (hereafter referred to as a
displacement cast in-situ pile) has been used. Displacement cast in situ
piles offer several advantages, including convenient construction, sim-
ple manufacturing, vibration-free, and low noise and cost. Moreover,
they can be easily used and installed under different geological condi-
tions. Their installation method uses an auger tip (alongside a temporary
casing for installation) that displaces soil laterally, thereby densifying
and compacting the surrounding ground. Displacement piles may be
particularly advantageous in regions where soft soils are dominant, such
as the Netherlands. This paper presents results from a series of full-scale
field tests of a semi-floating energy pile in soft soil under cooling—natural
heating cycles (up to ten) with an average temperature variation of
approximately 10 °C while the mechanical load was held constant. This
can simulate multiple years of seasonal GSHP operation.””®’ Various
tests have been performed under different loads of 0, 30 %, 40 %, and
60 % of the estimated pile bearing capacity. The paper contains first a
description of the field test and the experimental program. The moni-
toring data are then presented and analyzed to elucidate the effects of
thermal cycles under different loads on energy piles. The potential ef-
fects of the applied load on the thermally induced strain and stress as
well as the effects of thermal cycles on the shaft capacity are discussed.
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Fig. 1. (a) Installation phases of the Fundex energy pile (modified from https://www.fundex.nl/en/); (b) reinforcement cage with the heat exchanger loops and

monitoring system.
Description of the field test
Energy pile and instrumentation

A Fundex displacement pile was installed at Delft University of
Technology in Delft, the Netherlands, as an energy pile with a double-U-
tube, and instrumented such that thermally induced displacements,
strain, and stress could be measured in conditions characterized by soft
soils and a water level close to the ground surface. Mechanical and
thermal loading were controlled, such that the measurements could be
related to the driving mechanisms. Schematic views of the installation
phases of the energy pile are shown in Fig. 1. In the drilling phase, a steel
casing/tube with a conical auger tip attached to its end is rotated
clockwise and pushed down into the soil. As the tip penetrates the
ground it displaces the soil laterally, effectively compacting the sur-
rounding area. After reaching the desired depth, a reinforcement cage
containing the heat exchanger loops (Fig. 1(b)) is installed into the
casing, which is subsequently filled with concrete. The conical tip is then
released from the casing, then the casing is removed. The sacrificial tip
forms an expanded pile tip. The pile’s toe was positioned at a depth of
10.3 m below the ground surface, representing the top of the tip used in
the construction, with a shank diameter of 380 mm and a tip diameter of
400 mm.

Two high-density polyethylene (HDPE) pipe closed loop heat ex-
changers in a “U” configuration (U-loops), with an internal diameter of
28 mm and a quoted surface roughness of 0.007 mm, were attached to
the inside of the reinforcing cage of the pile (as shown in Fig. 1(b) and
Fig. 2). The horizontal spacing between the loops was approximately
112 mm. Twelve Vibrating Wire Strain Gauges (VWSGs) with integrated
thermistors were fixed at different depths. VWSGs were placed sym-
metrically in two strings, on opposing sides of the pile cage, in the gaps
between pipes. Vertical strains were measured at six levels along the pile
on two sides and the average of each pair of gauges was considered in
the calculation.

The locations within the cross-section and along the pile depth are
indicated in Fig. 2. The locations along the pile depth refer to the
average depth of the two strain gauges, i.e. the position of the therm-
istor. The strain gauges were used to assess the effects of the thermo-
mechanical load on the pile shaft. Pile head movements were
measured using a linear variable differential transformer (LVDT) with an
integrated thermistor to monitor the air temperature. This LVDT, with
an accuracy of 0.001 mm, was placed in contact with the top of the pile
(Fig. 2).

A tank container with a volume of 26,000 L was used to provide the

dead weight for static load testing and was utilized as the heat source/
sink (see Fig. 2). When filled with water, this provides a maximum
weight of up to 33 tons (323.7 kN).

Mechanical loading at the pile head was applied by means of a hy-
draulic jack that was used to develop a compressive force on the pile
head, coupled with one load cell placed between the jack and the frame
to record and control the applied loads (see Fig. 2). A ground source heat
pump (GSHP) was connected to the pile and the tank was used to pro-
vide the thermal load by heating the tank while cooling down the pile
and vice versa. The heat exchange fluid used in the GSHP system was a
mixture of 30 % monoethylene glycol and 70 % water by volume. All the
instrumentation was connected to a data logger system to record
continuous measurements along the pile shaft with a time interval of one
minute.

Soil properties

A preliminary geotechnical characterization was undertaken by
drilling an approximately 13-m-deep borehole at the test pile location
and cone penetration testing (CPT). The cone (qc), sleeve (fs) resistances
and pore water pressure (u) results are shown in Fig. 3. The soil profiles
and the groundwater location are shown on CPT results in Fig. 3. The
test site features soil conditions typical of the western Netherlands. The
surface layer is a shallow made ground, underlain by 2.1 m of very soft
highly organic clay (i.e. peat) (qc ~ 0.3 MPa). With increasing depth, a
very soft silty sand layer ranges from 4.1 m to 7.6 m (qc ~ 3 MPa),
followed by a 1 m thick soft clay (qc ~ 0.8 MPa). Underneath this lies a
layer of slightly firmer sand extending from 8.7 m to 12.0 m, with qc
values of 6-10 MPa. The pore pressure increased at the depths of 2.1 m
to 4.1 m up to 0.2 MPa and 7.6 m to 8.7 m up to 0.45 MPa demon-
strating the presence of low permeability peat and clay respectively,
while in the other soil layers, the pore pressure was about 0.1 MPa
(Fig. 3). The pile penetration depth of 10.3 m means that it was
embedded into the sand layer. The initial ground temperature was
~12°C below the depth of 4 m.

Experimental scheme

Prior to the execution of thermal and thermo-mechanical response
tests, a pressure test of the installed piping, manifold, connections, and
heat pump was carried out to ensure the system can adequately generate
and sustain the hydraulic pressure required for the flow. The testing
schedule, as shown in Table 1, includes six testing phases: Two me-
chanical load tests (before and after the thermo-mechanical tests), a
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Fig. 2. Schematic of the energy pile including instrumentation and their locations.

thermal test, and three periods of thermo-mechanical testing at different
mechanical loads. The predicted bearing capacity was calculated to be
353 kN. Note that this value excludes the shaft resistance of made
ground and peat layers. In the first phase, the pile was loaded up to 0.6
Qmax (60 % of the estimated bearing capacity) with increments of 0.1
Qmax (10 %), each loading steep was maintained for at least 60 min.
Afterwards, the pile was unloaded. For the mechanical tests, incre-
mental loading according to the procedure recommended by the Dutch
code for static axial loading of piles** was adopted. According to the
adopted standards,** the mechanical creep (k) is defined as the change
in pile head displacement over the last 15 min of a load step divided by
the log-time. When the mechanical creep is less than 0.75 mm/15 min,
then the mechanical load can be increased. During the second phase, a
free-expansion test was conducted with no load applied to the pile. In
this particular test, the pile was subjected to two cooling-natural heating
thermal cycles, with an average temperature variation of approximately
10 °C. During the third phase, in the thermo-mechanical tests, the pile
was first loaded up to a defined value (30 %, 40 % or 60 % of the

estimated bearing capacity). The target axial load was then maintained
for a duration ranging from 10 to 16 h to minimize the creep effects, and
then up to 10 thermal cycles of cooling-natural heating were applied.
Once the target temperature was reached, it was sustained for 12 h to
ensure the cooling of the soil-structure interface. The first step to define
the thermal effects is to isolate the effect of the mechanical loading. The
strain due to purely mechanical load (e.g., after 16 h), is considered to
be constant, assuming that there is negligible creep effect due to load
applied to the pile head over time. Accordingly, the measured strain
values (&neseared) Were zeroed by subtracting the mechanical axial strain,
then, the results due to the temperature variations can be interpreted. In
the final phase, and after the thermal recovery, another mechanical test
was carried out exactly as the first one, up to 0.6Qnax (60 %), by the
increments of 0.1Qmax (10 %) to assess the impact of thermal cycles on
the bearing capacity.

The experimental program was designed to represent the energy
consumption patterns in the Netherlands, which is mostly heating the
building (cooling down the pile) while maintaining a constant
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Fig. 3. The results of CPTs with soil profile: cone resistance (qc); sleeve resis-
tance (fs); and pore water pressure (u).

Table 1
Test program.
Test Type Number of Duration of Static load
No. cycles Cooling/ Natural- (kN)
heating (h)
T M1 Mechanical 0, 36, 71,
106, 141,
176, 211
TO Thermal 2 12/12 0
T_30 Mechanical + 6 12/12 106
thermal
T_ 40 Mechanical + 10 12/12 141
thermal
T_60 Mechanical + 10 12/12 211
thermal
T M2 Mechanical _ _ 0, 36, 71,
106, 141,
176, 211

mechanical load, mainly due to the deadweight of the supported
structure.

Data processing

Thermal expansion or contraction of the energy pile can occur during
heating and cooling, respectively proportionally to thermal variation.
When the pile is unrestrained, the resulting (free) axial thermal strain
can be expressed as follows:

€T, unrestrained = Apile X AT (l)

where ay is the thermal expansion coefficient of the pile and AT is
the temperature difference. The coefficient of thermal expansion was
calculated from the results of the gauge positioned at the top (specif-
ically, the gauge at level 1.1) during the free expansion test (T_0) when
the pile had no external load and is seen to have very low shaft resistance

Geomechanics for Energy and the Environment 40 (2024) 100606

(see Fig. 12(a)). The coefficient of thermal expansion obtained in this
study, derived from the strain versus temperature variation data, was
found to be —10.71 pe/°C (compression positive sign convention) and
this falls within the range reported in previous research where co-
efficients of thermal expansion for reinforced concrete in unrestrained
conditions ranged from —10 to —15 pe/°C.>”'%?2 Note that this coef-
ficient could be slightly affected by the shaft resistance.

In energy piles, the surrounding soil provides a confining effect on
the pile, constraining the possible deformations, thus, an additional
axial constraint strain is generated.

For this reason, the expansion or contraction due to the applied
thermal loads is generally lower than the theoretical thermal free
strains. The thermal strain  (er) primarily hinges on the interaction
between the soil and the structure.

Due to the thermal expansion of the steel wire in the temperature
gauges, correction must be applied to the recorded strain readings in the
following manner:

Emeasured = Egauge + agaugeAT (2)
where &4  denotes the raw measurements recorded by gauges,
Ogauge is the coefficient of linear thermal expansion of the steel wire in
the gauges (11 pe/°C), and AT is the temperature change of the gauge.
Part of the free strain is observed while another part of the pile
deformation is constrained (non-manifested) by the surrounding soil,
resulting in the development of internal thermal stress. The non-
manifested strain is the mechanical strain (en) is transformed into
axial stress. It can be obtained from the thermal strain measured from
each gauge by subtracting the thermal free strain. The equation used is
as follows:

€m = Emeasured —  ETunrestrained (3)

Accordingly, the average thermal axial stresses (o7) induced in the
foundation by the temperature changes along the pile can be calculated
as follows:

or =EX ¢, 4

where E denotes the defined Young’s modulus of the pile, which has
been calculated using the method of Fellenius*® (41 GPa).

The pile penetrates the soil under mechanical loading and shrinks
during cold load, resulting in a relative displacement between the pile
and the surrounding soil, which in turn generates shear stresses along
the pile shaft. The difference in axial force along the pile is caused by the
shaft resistance due to the pile displacement. Hence, the mobilized shaft
resistance values were determined for each load step along discrete
portions of the pile (denoted by j) using the following equation:

(6i1 —oy)r

%= 2 —d ) O

where ¢ denotes the stress calculated at different depths, r is the pile
radius, d is the distance between two strain gauges, and i indicates the
position of strain gauges from the top of the pile to the bottom of the pile.
The sign of strain and stress values were defined such that positive de-
notes compression and negative denotes tension to be consistent with
geotechnical sign conventions and the previous studies. While the pos-
itive and negative signs of mobilized shaft resistance values represent
upward and downward friction, respectively.

Results and analysis
Mechanical behavior under multiple mechanical conditions
The mechanical results of the test T_M1 are presented in this section.

The average strain gauge readings from the two strings on opposing
sides of the pile were considered (see Fig. 2).
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Fig. 4. Mechanical response of energy pile obtained from test T_ M1 test: a) Axial strain and force at each level, b) mobilized shaft friction versus the depth at

each zone.

The measured strains and axial forces along the pile in successive
load steps are shown in Fig. 4(a). Any pre-existing compressive forces
were not considered, i.e. strains are considered to be zero at the
beginning of the load test. The application of mechanical load to the pile
head tends to cause a relative displacement between the pile and the
soil; therefore, the pile was affected by side friction resistance, causing a
gradual decrease in the axial force and strains along the pile length. As
an almost linear decrease in the force with depth can be observed, the
value of the force at the pile tip, where no gauges were installed, has
been estimated by extrapolation from the two last measured forces to the
depth of the pile tip (i.e. 10.3 m depth). The extrapolated part is shown
in dashed lines (connected to the solid lines). It should be noted that the
last gauges (level 6) and the pile tip were in sandy layer and the trend of
the curves is expected to be unaffected. Although the pile was installed
in relatively soft and weak soil layers, approximately 70 % and 30 % of
the applied mechanical load were transferred to the shaft and pile tip
respectively. This distribution is likely influenced by the displacement
method of installation of the pile, which densifies the surrounding soil
and thus increases the shaft capacity. As a result, this pile can be
considered as a “semi-floating energy pile”.

Fig. 4(b) exhibits the distribution of pile mobilized shaft resistance
along pile depth under different mechanical load conditions. The shaft
resistance increased with increased applied mechanical load. The
maximum and minimum shaft resistance were obtained at zone C (from
3.75 to 4.39 m) m and zone F (from 7.44 to 9.94 m), respectively, being
31 kPa and 7 kPa, respectively, under a load of 211 kN. The shaft
resistance generally decreases with depth consistent with the reduction
in applied load seen in Fig. 4(a), with increases where the soil changes to
a stiffer layer. The shaft resistance in the lowest section of the pile body
is the smallest, probably due to the restraining effect on the bottom of
the pile body by sandy soil along with the decrease of the axial load
along the pile and thus the axial displacement. However, the resistance
of the whole pile body does not reach the zero value except under the
lowest applied mechanical load (36 kN) at zone D (4.39-5.94 m), where
—0.26 kPa was observed, this is likely due to a larger deformation of the
soil in this zone than the zones above and below, and possibly a pre-
existing stress at level 4.

Thermo-mechanical behavior under monotonic pile cooling

To investigate the stress variation during monotonic cooling, the
results from a single cycle from all tests, where the pile temperature was
reduced and kept reasonably constant, were investigated. The results of
the measured temperature, the computed corresponding thermally
induced stress, static loading and cooling induced stresses, and the
mobilized shaft resistance at two different given moments, i.e. after 5
and 10 h, are plotted in Fig. 5(a), (b), (c), and (d), respectively. The
thermal cycles and the plotted time shown are indicated in Fig. 6.

In Fig. 5(a), 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 level 3 (4.39 m) (i.e. see
the temperature profile of the test T_0) is noted, which is likely due to the
annual thermal heat evolution. While in the other tests, the difference
between the upper and lower part of the pile became lower compared to
the initial test ‘T_0’ with a lower temperature change at around level 2
(3.75 m), especially in tests T_30, which is most likely due to the low
thermal conductivity of the peat (slow thermal recovery, see the tem-
perature change at the end of test T_0); further details are discussed in
the temperature variation section. In all cases, the temperature change
from 5 to 10 h was reasonably constant, with the T_O test remaining
within 1°C and the other tests within less than 1°C. As observed in
previous studies (e.g. Gawecka, et al. °), the thermally induced stresses
(Fig. 5(b)) reduce with time, as the soil also contracts.

In test T_O at Level 1, there was the lowest stress increment at all
positions and for all tests due to the low pile restraint due to no surface
load. Further into the soil, more significant thermal stresses were
generated, reducing in time partially due to the lower temperature
change and partially due to the drag-down of the soil due to its cooling
further away from the pile. In the other tests (T_30, T_40 and T_60), after
5h of cooling higher tensile stress increments were observed under
higher mechanical load, especially near the pile head, while at level 3,
the lowest stress was detected under the highest mechanical load, this is
because of the lowest temperature change was recorded at this level in
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Fig. 5. 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) Temperature
variation; (b) the corresponding cooling induced axial stress; (c) corresponding static loading and cooling induced axial stresses; (d) mobilized shaft friction versus

the depth at each zone.

the test T_60 (see the temperature profiles in Fig. 5.(a)). Further cooling
(after 10 h) showed a significant reduction of up to 78 %, despite the
constant temperature or the slight temperature variation (+£1°C) in these
tests.

It should be noted that the lowest tensile stress near the bottom of the
pile after 10 h can be observed in the test T_60, followed by T_40, T_30
and T_0. This shift in the tensile stress can be explained by the thermal
contraction of the subsurface. Moreover, the difference in the initial
stress in the soil induced by the applied mechanical load may affect the
magnitude of cooling-induced contraction of the soil surrounding the
pile and sand beneath the pile tip leading to higher tip displacement. A
higher irreversible contraction of sand was observed under higher me-
chanical load.”>°° Therefore, the higher is mechanical load, the lower
the tensile stress increment is.

The thermal axial stresses induced during the cold load were added
to the mechanical axial stresses due to the applied mechanical load, as

shown in Fig. 5(c). The thermo-mechanical axial compressive stresses in
the test T_60 are 1.55 MPa and 0.5 MPa near the top and the bottom of
the pile respectively, after 10 h of cooling. The observed magnitudes of
the axial stresses are all much less than the compressive strength of
concrete (estimated at 22 MPa). Note that the cooling load reduces the
net compressive stresses that were initially induced due to the applied
mechanical load. A similar observation was reported by Jiang et al. >°
Fig. 5(d) represents the mobilized shaft resistance profile of the en-
ergy pile of the test T_0, T_30, T_40, and T_60, which was determined
based on the axial stresses of the pile. In the test (T_0), the pile shaft
friction resistance was significantly lower than those under the com-
bined effect of static loading and cooling (T_30, T_40, T_60) as seen in
Fig. 5(d). Additionally, the mobilized shaft resistance decreased with
further cooling of the pile (from 5 h to 10 h) in the four tests. As the axial
stresses are seen to reduce after ten hours of cooling, so does the
mobilized shaft resistance. In the free expansion test (T_0), after 10 h of
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Fig. 6. Measured temperature change along the energy pile in the test with two
different given moments, i.e. after 5 and 10 h of cooling: (a) T_0, (b) T_30 (level
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cooling, 1 kPa and —1 kPa of mobilized shaft resistance were observed
near the top and the tip of the pile respectively, demonstrating, that the
generated positive and negative side friction resistance, respectively
reflects the upward and downward constraints of the soil under the
downward and upward contraction of the pile during cooling from the
pile head and bottom respectively. In test T_60, 35 kPa was obtained
near the top which was higher than observed due to purely mechanical
load (12 kPa under the same mechanical load condition), and 1.5 kPa
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Fig. 7. Thermally induced strain increments variation of the pile versus elapsed
time during thermal cycles of the test: (a) T_0, (b) T_30, (c) T_40, (d) T_60.

near the pile tip which was lower than observed in the test T M1 (7 kPa
under the same mechanical load condition) by the reason of the pile
shrinkage from both ends of the pile, the mobilized shaft resistance
increased at the top and decreased at the bottom after applying cold
load. It should be noted that negative friction was detected at zone D,
likely due to the larger decrement in axial stress as a result of a larger
decrement in temperature variation and maybe a larger contraction of
the soil near this zone compared to the pile.
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Thermo-mechanical behavior under thermal cycles

Temperature variations

Fig. 6 shows the temperature variation versus elapsed time for the
tests T_0 (Fig. 6(a)), T_30 (Fig. 6(b)), T_40 (Fig. 6(c)), and T_60 (Fig. 6
(d)). The highest temperature variation was observed in the test T_O
followed by T_30, T_40 and T_60, the decrement in its magnitude can be
attributed to the residual reduction in energy gradually accumulated in
the soil surrounding the pile after each thermal test, noting that the
minimum temperature of all the conducted tests was above the freezing
point (0 °C) along the pile (the initial ground temperature below 4 m
was 12 °C). Note that within the cooling phase, the variability can be
seen due to the stoppage time of the GSHP. In each test of the conducted
thermo-mechanical tests, the cooling target was nearly similar
throughout the test while during natural heating in the first 3 thermal
cycles, the temperature was not fully recovered and tended to decrease
due to the reduction in thermal energy in the soil surrounding the pile. In
the following cycles, the magnitude of temperature variation stabilized.
The average temperature reduction at the end of the thermal cycles in
the conducted tests T_0, T_30, and T_40 was approximately —1.5 °C,
while in the test T_60 it was —3 °C. The measurements of the tempera-
ture variation demonstrate that the temperature distribution along pile
depth was non-uniform. In the first test T_0, during the first cooling
phase, the highest pile temperature variation was detected at the upper
part of the pile from 0 to 4.39 m (i.e. at the first 3 levels) and it decreased
in the lower part from 4.39 m to bottom (i.e. at the last 3 levels). It
should be noted that a higher residual low-temperature change at level 2
can be observed due to the low thermal conductivity of the peat. In the
subsequent tests, the temperature variation is dependent on the initial

conditions (see the temperature change at the end of each test). As stated
in the monotonic results, test T_30 displayed a prominent decrement in
temperature variation at level 2 (lower than levels 1 and 3), attributed to
the peats’ slow thermal recovery (see the temperature change at the end
of test T_0). Similarly, in the last test (T_60), there was a significant
decrease in temperature variation in the upper part. This follows from
observations in test T_40, where a large temperature change at this level
resulted in a higher residual temperature variation at the end of this test.

Thermally induced strain

The (incremental) axial strains  (€measurea)  are shown in Fig. 7(a),
(b), (c), and (d) for the tests T_0, T_30, T_40, and T_60, respectively. As
expected, contraction was observed during cooling, and during natural
heating expansion reduced the net contraction. The thermal axial strain
was observed to vary with depth in the foundation, and generally re-
duces, due to the restraint provided by the soils along the pile. In the
upper part of the pile (levels 1, 2, and 3), the thermal strain results of the
first test T 0 demonstrated that the highest contraction occurred near
the top, at level 1, followed by level 2, with the lowest observed at level
3. Interestingly, the highest temperature variation was measured at level
3 (Fig. 7). This discrepancy can be attributed to the impact of boundary
conditions and the varying degrees of restraint provided by the stiffness
of the surrounding soils. Different restraint conditions induce different
magnitudes of strains. In the upper part, the weakest restraint conditions
are imposed by the made ground and peat (levels 1 and 2) contrast with
the stronger restraint imposed by silty fine sand (level 3), where higher
stress levels are expected (see Fig. 9). In the lower part (levels 4, 5, and
6) the results showed the lowest strain was at level 5 followed by 4 and
6, despite level 6 being located in a sand layer, which was expected to
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Table 2
Residual strains.
Test Level R, unrestrained %0 Rops % AR%
TO Level 1 8 8 0
Level 6 16 18 2
T30 Level 1 13 14 1
Level 6 7 9 2
T40 Level 1 12 14 2
Level 6 10 13 3
T60 Level 1 44 47 3
Level 6 36 43 7

exhibit the highest stiffness (Fig. 7). This may be due to the densification
of the surrounding soil during the installation of the pile, which might
have increased the shaft resistance across all soil layers, leading to
nearly similar restraint conditions. Moreover, the thermal strains in the
energy pile are likely governed by the average temperature of the pile
and the surrounding soil rather than the local temperature measured at
the strain gauge locations.'"*”*® With the increase in the number of
temperature cycles during thermo-mechanical tests, the thermal strain
curves manifested a downward trend, leading to a residual strain at the
end of these tests. The axial strain behavior can be better evaluated by
investigating the trends in thermal axial strain plotted against temper-
ature change measured at each gauge depth, as shown in Fig. 8(a), (b),
(c), and (d) for T_0, T_30, T_40, and T_60, respectively.

Across all gauges, the curves show some degree of hysteresis, with
the lowest amount being observed in the free expansion test (T_0) at all
levels. This indicates a potential ratcheting effect under thermo-
mechanical loads, which appear to be dependent on the applied me-
chanical load.”” The higher the mechanical load, the higher the amount
of hysteresis is. This phenomenon can be attributed to the stoppage/start
operation of GSHP within cooling load (noted previously as variability
in temperature) leading to decrease/increase of thermally induced strain
and also the incomplete pile and soil temperature recovery during nat-
ural heating, resulting in an increase in low-residual temperature over
cycles in each test (see Fig. 6). The studies on soil-structure interfaces by
Golchin et al.>® and Rafai et al.>* showed a shear displacement due to the
thermal load in a ratcheting pattern. This may explain the potential
ratcheting. Another plausible explanation involves the gradual cooling
of the sand beneath the pile over time within a load level test, causing
shrinkage in the sandy soil, which was allowed to recover before the
next load level test.

Although the pile was subjected to different mechanical load con-
ditions and temperature magnitudes, the thermal axial strains appear to
be dependent on the applied mechanical load and are likely governed by
temperature variations. Additionally, the thermo-elastic contraction and
expansion of the energy pile was slightly affected by the load level.
Nevertheless, residual thermal strains can be observed at the end of all
conducted tests, with higher strains observed under higher mechanical
loads. This finding aligns with similar observations reported in previous
studies.'®'®

To separate the effects of low-residual temperature in the pile from
those induced by the ground, (potentially its permanent deformation),
changes in axial free strain (A€t ynrestrained) (calculated from temperature
data using Eq. (1)), and measured axial thermal strain (Aer) at the end of
each test, were normalized with respect to the upper bound of axial
thermal free strain (Aér unrestrainedmax ) and the measured axial thermal
strain (Aérmax), Which represent the residual axial free strain
(RT unrestrained%0) and residual axial thermal strain (R,;%) respectively.
The difference between these residuals indicates the permanent residual
thermal strain due to the drag-down of the surrounding soil (AR%).
These results are shown in Table 2 for levels 1 and 6, near the pile head
and tip, respectively.

The permanent residual thermal strains (AR%) close to the pile tip
(level 6) are higher than those observed close to the pile head (level 1) in
the four conducted tests. Additionally, this permanent residual thermal
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Fig. 9. Thermally induced stress increments variation of the pile versus elapsed
time during thermal cycles of the test: (a) T_0, (b) T_30, (c) T_40, (d) T_60.

strain increases with increasing mechanical loads at both levels. These
results implied that the thermal contraction of the surrounding soil,
including the sand beneath the pile tip during thermal cycles, depends
on the applied mechanical load. This phenomenon could impose a drag-
down effect on the pile shaft, inducing residual contractive strains
within the pile, particularly under higher mechanical loads. Moreover,
the permanent contraction of sand could induce residual thermal strain
at the end of the thermo-mechanical tests, along with potential me-
chanical creep. In the free expansion test (T_0), the thermal strain at
level 1 appears to be perfectly thermo-elastic. However, at level 6, a
residual plastic deformation can be observed due to the successive drag-
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Fig. 10. Thermally induced stress increments variation of the pile versus temperature change during thermal cycles of the test: (a) T_0, (b) T_30, (c) T_40, (d) T_60.

down of the surrounding soil layers, inducing higher force at the lower
part of the pile. This restricts the potential expansion of the pile (i.e. the
total reduction of the net contraction) during natural heating. Similar
observations are noted in the other tests, where the successive settle-
ment of the subsurface tends to induce higher force at the pile tip,
leading to higher plastic residual strain in the four tests compared to
level 1 (Figs. 7 and 8).

Thermally induced stress

The results of thermally induced stresses during thermal cyclic
loading in all tests versus elapsed time are shown in Fig. 9(a), (b), (c),
and (d) for the energy foundation under 0 %, 30 %, 40 %, and 60 % of
the estimated bearing capacity, respectively. These results reflect the
changes in axial stress within the pile due to the applied thermal load. It
can be observed that cooling decreased the axial stress at all levels,
indicating a tensile stress increment, and the latter increased during
natural heating, resulting in a compressive stress increment.

During the free expansion test (T_0), when the pile had the greatest
freedom to deform, the lowest tensile stress was generated during
cooling. This stress was nearly fully recoverable, especially at level 1
with minor residual stress at the other levels. However, when the pile
was restrained by the applied mechanical loads (T_30, T_40, and T_60),
the tensile stress increment was relatively higher under higher me-
chanical load during cooling (with respect to the temperature change),
and subsequent natural heating led to a notable compressive stress along
the pile shaft in all tests. When the cooling phase started (before trans-
ferring the cold load to the subsurface), maximum tensile stress was
generated, which decreased over time during the cooling phase. This
decrement was higher under higher mechanical load, as shown by
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monotonic results. Similarly, the maximum compressive stress was
generated during natural heating. It can be observed that the tensile
stress increments decreased with increasing the number of cycles. The
stress change in the pile during cooling and natural heating cycles may
include residual compressive stresses and thermally induced stresses,
leading to a residual contractive stress at the end of these tests (i.e. a
shift from tensile to contractive stress). The development of residual
compressive stresses at the end of each cooling-natural heating cycle led
to lower tensile stresses and higher compressive stresses during pile
cooling and natural heating, respectively. This phenomenon can be
explained by the combined effects of the drag-down of the surrounding
soil due to the subsurface shrinkage during the cold load and the
compression imposed on the pile head. Another possible explanation is
related to the mechanical and thermal creep effects; when the pile was
under pure mechanical load, the period before the thermal load was
dependent on the applied load. Consequently, the period when the pile
was under a lower mechanical load was shorter, affecting the magnitude
of the creep effect. As stated previously, the thermal creep at the pile
interface as well as the drag-down of the surrounding soil could alleviate
the tensile stress.

Stress variation of the pile versus temperature change during thermal
cycles of the four tests, T_0, T_30, T_40, and T_60 are shown in Fig. 10(a),
(b), (c) and (d) respectively. It can be noted that hysteresis was lower
under zero mechanical load. However, once an applied load was intro-
duced, an important amount of hysteresis can be observed (similar to the
strain results), probably due to the ratcheting effect combined with the
drag-down of the subsurface. Thermally induced stress evolution at the
end of cooling load at different cycles (see the blue lines on Fig. 9(a), (b),
(c), and (d) where the measurements were taken) versus depth is shown
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Fig. 11. Thermally induced stress evolution versus depth.

in Fig. 11. This figure shows a decrease in the axial stress with increasing
number of thermal cycles (e.g. see T_60, cycle 1; T_60, cycle 5; and T_60,
cycle 10).

It can be seen that the stress (at the first cycle, before its reduction)
near the pile head strongly depends on the applied mechanical load and
it is higher under higher applied mechanical load, although the tem-
perature was lower (similar to monotonic cooling results). However,
further with depth, at other levels, the axial stress seems to be dominated
and impacted by the temperature variation and slightly by the me-
chanical load. This is because the load was away from these levels
compared to level 1 (where the load was immediately above this zone),
indicating that at such zones shaft resistance plays a significant role in
the thermally induced stresses.

It should be noted that the soil at the surface was free to deform, and
the normal stress tends to increase with the depth. Consequently,
interparticle shear force at the interface may also increase with the
depth, enhancing the tendency of the soil grains to slip and rearrange in
response to additional loading. When these grains were subjected to cold
load, their diameter shrinks, causing a decrement in the overall volume.
In addition, their contraction and expansion during cooling and natural
heating cycles would be more pronounced, as they are more susceptible
to thermally induced perturbation. This results in slippage and rear-
rangements, and therefore, more plastic deformation at the bottom
compared to the top, where the normal stress is minor, further details are
provided by Rafai et al. °° This can explain the residual thermal strain
observed previously in the test T_O near the pile tip. Furthermore,
imposing additional mechanical loads induces stress at the soil-structure
interface and the pile tip which may render the nearby soil more sus-
ceptible to irreversible thermally induced contraction due to simulta-
neous contraction, expansion and rearrangements of grains under
thermo-mechanical loads. Consequently, subsurface shrinkage is
higher under higher mechanical load. The successive settlement of the
surrounding soil might reduce (even temporarily or partially “in some
zones”) the pressure at the soil-structure interface, leading to higher
permanent contractive strain (see Fig. 7) and lower tensile stress (see
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Fig. 9) during cooling, compounded by potential mechanical creep ef-
fects. Furthermore, the repeated contraction and expansion cycles may
exacerbate the soil-structure interface load redistribution due to the
grains’ rearrangement. In such cases, the load would shift from the shaft
to the tip to compensate for this degradation, leading to a denser sandy
soil beneath the pile and therefore higher tip resistance.

McCartney and Murphy'! reported approximately —0.7 MPa ther-
mally induced stress increments in an end-bearing energy pile
embedded in claystone, with an average temperature variation of —3.3
°C. Kong et al.'® reported approximately —1 MPa for a belled energy pile
embedded in sandstone, with an average temperature variation of —8 °C
during the first cooling cycle. In this study, —0.51 MPa with an average
temperature variation of —7.6 °C was observed, specifically, in test T_60
after 5 h of cooling.

It is seen that within the same energy pile (see Fig. 11) non-uniform
stresses were induced along the pile, depending on the restraining effect
by the surrounding soils, and temperature change. This aligns with the
numerical analyses performed by Abdelaziz and Ozudogru.*® Therefore,
quantitative differences are expected when comparing the obtained re-
sults in this study with other studies in different conditions.

All these piles were restrained at the top by either a building or an
applied load, with the axial stress near the pile bottom depending on pile
restraint from the soil. This restraint condition at the bottom of the pile
can be quantified by the degree of freedom n, where a low value of n
indicates a high restraint:*°

AET

n-=-———==—
Ae T.,unrestrained

Here, Aérunrestrainea and Aer are the changes in the unrestrained
thermal strain and observed thermal strain, respectively.

In this study, the degree of freedom near the bottom of the energy
pile in test T_60, was 0.77 after 5 h cooling. In contrast, the end-bearing
pile studied by McCartney and Murphy'' was 0.47, and the belled pile
by Kong et al.'® was 0.32. For this reason, the highest axial tensile stress
was observed in piles with the highest restrained at the tip, indicating
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Fig. 12. Mobilized shaft resistance variation of the pile versus elapsed time
during thermal cycles of the test: (a) T_0, (b) T_30, (c) T_40, (d) T_60.

the lowest degree of freedom. In cases where energy piles are embedded
in stiff soil (such as those studied by McCartney and Murphy'') both
radial and axial thermal expansion/contraction are restrained by the
high stiffness of the soil, resulting in higher thermally induced stress.
However, in this study, where the pile was embedded in soft (expansi-
ve/contractive) soil, the initial stress at the first moment of thermal load
(i.e. during cooling) was lower compared to the stiff-soil scenario of the
studies by McCartney and Murphy'' and Kong et al.'® In addition, when
the cold load was transferred to the surrounding soil, this caused
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shrinkage, thereby reducing tensile stress. This process facilitated the
transfer of stress to the ground. It is evident that thermally induced
stresses are likely to be higher when the piles are in stiff soils, especially
in the case of end-bearing piles. This may contrast with floating and
semi-floating energy piles in soft soils highlighting a critical consider-
ation that should be factored into the design of end-bearing energy piles.

Overall, the thermo-mechanical tests indicated that only under zero
axial load, a perfectly thermo-elastic behavior could be noted (Fig. 7),
especially near the pile head. Once the mechanical load began to be
applied at the pile head, the drag-down effects began to appear. The
residual contractive strains and stresses observed along the pile can be
then attributed to the irreversible strain of soil surrounding the pile toe
and of the pile-soil interface, which is manifested clearly as a reduction
in the tensile stress. The behavior of the pile and the effects of temper-
ature cycles on its mechanical behavior are likely governed by the
thermal elasticity of the pile and thermo-hydro-mechanical coupling in
the surrounding soil. The overlap of the thermally induced tensile stress
with the compressive stress induced by drag-down led to an insignificant
effect on the energy pile. This may not hold true for larger diameter
piles, where the complete shrinkage of the surrounding soil would
require a longer time to occur.

Mobilized shaft resistance during thermal cycles

The shaft friction resistance was calculated from the stresses shown
in Fig. 9 and obtained from two adjacent layers of strain gauges. The
variations in mobilized shaft resistance for each zone (as delineated in
Fig. 4(b)) along the pile versus elapsed time during thermal cycles of the
four tests, T_0, T_30, T_40, and T_60 are shown in Fig. 12(a), (b), (c) and
(d) respectively, while their variations with temperature change are
shown in Fig. 13(a), (b), (c) and (d) respectively.

In zone A, near the pile head, observations from Fig. 12 and Fig. 13
suggest that at the initial cooling phase, the mobilized shaft friction
appeared to be higher under higher mechanical load. Subsequent cool-
ing led to a drastic decrement in the upward friction, especially under
higher mechanical load. For example, in test T_30 the initial shear stress
that was generated at the first moments of cooling was about 80 kPa
while in test T_60 was about 95 kPa. Moreover, during the sixth cooling
cycle, the shear stresses were approximately 45 and 40 kPa in tests T_30
and T 60 respectively. Similarly, natural heating induced higher
downward friction under higher mechanical load. Additionally, in this
zone, the results revealed an upward trend due to the decrement of
positive friction and increment of negative friction accumulated after
each thermal cycle, leading to a residual negative friction, which is more
pronounced under higher mechanical load. Note that at the end of the
free expansion test, almost no shear stress was observed, indicating full
recoverability. A similar trend can be seen in zone C of these tests, while
the opposite was observed in zone D.

In zone F, clear negative friction can be observed only in the free
expansion test T_0. Additionally, residual negative shear stress was
noted at the end of this test (T_0), due to the successive drag-down of the
near soils. This is in alignment with the residual compressive strain
previously. However, when the pile was under mechanical load,
initially, positive friction was evident, possibly due to a larger settlement
along the pile. In certain cycles under higher mechanical loads, a switch
from positive to negative friction was observed, due to the pile’s addi-
tional shrinkage coinciding with soil contraction as a result of the cold
load. It should be noted that higher positive friction was observed in
zone C compared to zone A, while the strain results revealed the oppo-
site (higher contraction at level 1 compared to level 3) due to the higher
resistance imposed by the silty sand layer compared to the made ground
layer. In the four conducted tests, the lowest shear stress (nearly zero)
was observed at zone B; maybe due to the low resistance combined with
soil deformation.

In thermo-mechanical tests results, the shear stress appears to be
higher under lower mechanical loads in zones C and D. This is possibly
because of the higher contraction/expansion magnitude during cooling/
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natural-heating under lower mechanical load compared to higher me-
chanical loads due to higher temperature change and low-restraining
effects. As explained previously, the impact of the applied mechanical
load reduces with depth. At the end of these tests, residual shear stresses
were observed at almost all zones, being higher under higher mechan-
ical loads, due to the thermal creep at the pile-soil interface and the
drag-down of the subsurface,’”®! these were manifested as hysteresis
during thermal cycles and stress reductions within cooling load as well
as over multiple thermal cycles.

Thermo-mechanical creep, varying degrees of shrinkage at the soil-
structure interface, and the sand beneath the pile tip could induce
different magnitudes of strains, stresses, and therefore mobilized shaft
friction. When the energy pile was subjected to a higher mechanical load
(e.g. 60 %), additional downward strains due to the drag-down process
would lead to a more nonlinear response during cooling and natural
heating phases. While this effect was insignificant in a semi-floating
energy pile, it should be considered in floating energy piles installed
in very soft soil layers that could experience drag-down and ratcheting.

The impact of thermal cycles on the pile shaft capacity

Fig. 14(a) displays the axial compressive stress due to the applied
mechanical loads, during both T M1 and T_M2 mechanical tests, with
Fig. 14(b) presenting the shear stress profiles during these tests. In both
tests, under the same level of static load, the axial and shear stresses
along the pile length decreased. The pile stresses of the two mechanical
tests under lower mechanical load, 36-106 kN are nearly identical.
However, under higher loads, the axial compressive stress increased in
the last mechanical test (after the testing program), indicating lower
shaft resistance. This lower resistance is observed as different shear
stress in zone A and in zone D, between test T_ M1 and T_M2 (see the
slopes from pile top to level 1 and from level 3 to level 4, of the two tests
in Fig. 14(a)), while in the other zones, the slopes appear to be almost
the same, and even increases in zone C, implying a minor impact on shaft
resistance per length, with differences shown in the mobilized shaft
resistance in Fig. 14(b). It should be noted that the observed difference
in the axial stresses, especially near the pile tip in the two mechanical
tests could be due to the slight decrease in shaft resistance and also the
thermally induced residual mechanical strains after thermal recovery, as
seen in Table 2. The results of thermal test (T_0) imply an elastic
behavior with small plasticity near the pile tip, while significant plas-
ticity due to the drag-down was observed in the thermo-mechanical tests
and thus the observed impact on shaft resistance is most likely related to
the combined effects of thermo-mechanical loads.

Cyclic shear strain or thermal creep due to the contraction and
expansion (horizontal and vertical) along with the soil drag-down could
affect the pile-soil interface, particularly ground made layer which is
initially weak and lead to a reduction of the pressure at the pile-soil
interface. Such conditions could lead to soil softening, thereby
decreasing the restraint on the energy pile and leading to greater
contraction during the final mechanical load test and a rapid transfer of
the applied mechanical load to level 1. This may explain the higher
decrease of the shear stress under higher mechanical loads in the
affected zones (A and D), while the thermally induced pile-soil interface
settlement is expected to be higher under higher mechanical loads.””

Although the pile had been subjected to several stress histories, the
shaft resistance remains relatively unaffected (apart from zones A and
D), likely because of the ground densification during the pile in-
stallations. This phenomenon is in line with observations by Ren et al.'”,
Liu et al.*° and Kong et al.*’ This shaft shear stress reduction was
observed in laboratory studies, reported, for example, by Golchin
et al.>, Rafai et al.>*, Guo et al.”® and Rafai et al.®’.

Conclusions

A set of experiments was conducted to investigate the coupling effect
of mechanical loads and thermal cycles on the mechanical behavior of a
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displacement energy pile under different mechanical loads (0 %, 30 %,
40 %, 60 % of calculated bearing capacity) and subjected to up to ten
cooling-natural heating representing a geothermal installation working
in winter mode (heating the building and cooling the foundation).

The following conclusions can be drawn:

— Under the sole influence of thermal cycles, the energy pile exhibited
elastic behavior, showcasing a fully reversible pile strain and stress,
especially near the pile head.

— Introduction of mechanical loads resulted in the observation of
thermally induced residual irreversible compressive strain and stress
along the pile. Notably, higher residual values were observed near
the pile tip compared to the pile head, potentially due to ground
shrinkage effects.

— Tensile stress exhibited a decreasing trend with an increasing num-
ber of cycles, due to drag-down effects on the nearby soil, leading to
residual contractive stress. Moreover, higher mechanical loads
correlated with higher initial tensile stress, especially near the pile
head. Furthermore, the dominated impact of the applied mechanical
load reduces with depth and becomes mostly driven by the shaft
resistance and the temperature magnitude.

— This study indicates that strains and stresses caused by cyclic thermal
loading are within acceptable limits for typical engineering struc-
tures. Axial internal stresses within the pile did not exceed its
strength limits and even reduced the initial stress due to the applied
mechanical loads.

— While a reduction in shaft resistance was observed, its extent was
limited to only two zones, while the other four zones remained un-
affected. This reduction was mainly attributed to pressure reduction
as a result of the drag-down of the surrounding soil and thermal
creep along the pile-soil interface due to the combined effects of
thermo-mechanical loads.

— Displacement cast in-situ energy piles, in contrast to other types of
energy piles, show only a minor reduction in shaft resistance when
subjected to multiple thermal cycles. Their use allows continued high
load transfer to the shaft and only a minor impact of long-term
thermo-mechanical loads on the shaft capacity.
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