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Abstract: Phase change material (PCM) is a substance that can absorb or release sufficient latent heat
at phase transition. By encapsulating phase change paraffin in hollow steel balls in the concrete, an
energy pile with PCM was innovatively produced to improve energy efficiency for the ground heat
pumping system. Laboratory tests were carried out on both PCM energy pile and traditional concrete
pile to evaluate the thermo mechanical performance. Two piles were heated and cooled through
inside tubes at a constant flow rate. The laboratory tests on the two piles were symmetrical for the
two horizontal directions in geometry, and heat transfer process follows conservation laws of energy.
The temperature response of the pile and soil, internal strain, pile displacement, pore pressure, and
soil pressure under heating-cooling cycles were examined. Compared with the traditional concrete
pile, the PCM energy pile can effectively reduce the surrounding soil temperature. The use of
PCM in the pile can improve the capacity of heat storage and make the pile more effective in heat
exchange. Non-uniform thermal strain and accumulations of heat and irrecoverable displacement
were observed in the repeated heating-cooling process. The study can provide references for the
practical implication of PCM energy piles.
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1. Introduction

The relationship between energy utilization and underground space is becoming
intense because of urbanization growth in recent years [1]. Since piles are widely used
in underground space as foundations, support structures of excavation, and foundations
to restrain settlement of tunnel station [2], researchers have proposed a new type of heat
transfer technology by burring tubes in piles, also known as energy pile or heat exchange
pile. Compared with traditional piles, energy piles can provide structural support and
heat transfer to soil. Therefore, energy piles as a heat transfer intermediary, more attention
needs to be paid on the coupled thermal and mechanical behaviors of energy piles to
evaluate the impact of the additional thermal loads. Moreover, the soil-pile interaction
under thermal loads should be examined.

Due to the complexity of the operation of energy piles, experiments have usually been
adopted for the investigation on the thermo-mechanical behaviors of energy piles with
surrounding soil. At present, many experimental results on energy piles, including in
situ tests and laboratory tests, have been reported. Through in situ tests, the mechanical
behavior and heat transfer performance of energy piles loaded by heating in field was
investigated [3]. An energy pile in situ observation on the development of axial stress
caused by temperature change was also conducted [4]. The results of the two in situ
tests were compared comprehensively and the transfer mechanism of heat transfer was
simplified [5]. In addition, the creep deformation of energy piles caused by temperature
through in situ thermal tests on an energy pile buried in clay soil was reported [6]. From
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these studies, it could be concluded that the temperature variations had brought out internal
stress and irrecoverable deformation of the energy piles that could not be neglected. On the
other hand, thermal conductivity and heat transfer was also examined and better economy
and easier installation types of energy piles were suggested [7-10].

Because of the limitations of the in situ tests, many laboratory studies were also carried
out in model scale [11-17]. The thermo-mechanical behaviors, displacement changes, and
heat transfer efficiency of energy piles under cyclic heating or cooling load could be
examined. It is important to understand or even control the performance of energy piles
for the long-term and safe use of geothermal energy, but at present, related studies in
this regard are still insufficient. The transient thermo-mechanical response of the energy
piles during heating-cooling cycles through centrifugal tests was investigated and the soil-
structure interaction behavior has been clarified [11]. Centrifugal tests were also carried out
to study the effect of over-consolidation degree on settlement of energy piles in clay during
heating-cooling cycles and the results revealed that the soil condition was an important
influence factor when using energy piles [12]. In a previous study, laboratory tests were
carried out to investigate the thermal response of an ordinary concrete pile in saturated
soil [18]. Nevertheless, the temperature change, thermal stress inside pile, and the side
friction on pile-soil contact surface were not investigated.

Through the reported literature, most studies have mainly focused on the heat transfer
or displacement and axial stress of piles. Especially in laboratory tests, small-diameter
metal pipe piles were used, and the conditions of interface contact and soil-pile interaction
are different from those conditions of large section concrete piles in field engineering.
Additionally, the long-term thermal loading that may cause cracking or degradation of
concrete pile has not been considered, which would affect the structural performance
of large section concrete piles. Therefore, from a practical engineering perspective, the
thermo-mechanical behaviors of energy piles are not well understood. As non-uniform
temperature distribution in the pile body will occur due to the arrangement of the buried
heat exchange tubes, this non-uniform temperature distribution may cause uneven thermal
strain and stress in energy piles, resulting in cracking of the pile body. In particular, under
the conditions producing contractive stress and strain in piles [19], large settlements will
occur. However, the research on this aspect has received less attention.

For practical application, how to use underground space resources more effectively
and improve energy efficiency are also worthy of attention. Phase change material (PCM)
is a substance that can storage or release heat by phase change. It has the characteristics
of high phase change latent heat and small temperature fluctuations. Although phase
change materials (PCMs) cannot generate any form of energy by themselves, the phase
transition process can realize the storage and release of energy and achieve the purpose
of improving energy efficiency. Some studies have been conducted on the combination of
PCMs and geothermal utilization system to improve the capacity of heat storage and make
the shallow ground heat exchange more effective [20-22]. Moreover, using PCMs could
decrease the heat exchange influence range and reduce the underground space resources
required for heat exchange. However, the application of PCMs in energy piles has not
been fully investigated. When using the PCMs in the energy pile, the PCM energy pile is
supposed to have higher heat dissipation rate and better heat storage capacity that can
obtain higher heat exchange efficiency than the traditional energy pile. Furthermore, less
uneven thermal strain and stress is expected in the body of PCM pile during thermal cycles
to enhance the durability of pile performance.

In this study, a PCM energy pile was proposed to reduce the non-uniform temperature
variation in the pile body and thereby reduce the range of temperature changes in soil
during heat exchange. The PCM energy model pile was produced first by using hollow
steel balls to encapsulate phase-change paraffin and replace the aggregate of the concrete
pile. Then the PCM pile located in a steel model tank filled with saturated sand was heated
and the results were compared with traditional concrete piles. Three heating-cooling
cycles with inlet water temperature of 40 °C at a constant flow rate were performed. The



Symmetry 2021, 13, 1958

30f17

thermal response including temperature change, strain and stress, displacement of pile,
soil pressure, and pore pressure was observed and analyzed under the repeated thermal
cycles. The main emphasis is given to practical implications in energy pile design for safety
and high efficiency.

2. Description of Model Tests
2.1. Tests Preparation

The model piles, whose length is 1.5 m in the present study, are prefabricated type,
which are divided into traditional concrete pile and PCM concrete pile to make a com-
parison. Except for the concrete material of pile body, the remaining specifications of the
two piles are the same. For the PCM energy pile, hollow steel balls encapsulated with
phase change paraffin were used to replace the coarse aggregate in concrete (Figure 1).
Since the surface of hollow steel balls is smoother than natural aggregates, the mechanical
bond with the cement matrix would be significantly weakened, and the concrete strength
will be reduced accordingly. The tests for compressive strength and elastic modulus were
carried out on the ordinary concrete and PCM concrete before casting the model piles. After
curing for 28 d, the compressive strengths of ordinary concrete and PCM concrete were
63.78 MPa and 31.92 MPa, respectively, while the values of elastic modulus were 34.8 GPa
and 20.1 GPa, respectively. The strength of PCM concrete still meets the requirements for
the concrete strength in the pile foundation design.

Figure 1. Precast PCM energy pile for model tests. (a) Casted PCM energy pile. (b) Test of concrete.

Adding PCMs into concrete can improve the thermal capacity and energy density of
the pile. The parameters of thermo-physical properties of phase change paraffin are listed
in Table 1. A designed double U-shaped PE tube was set in the pile body for heating flow
as shown in Figure 2. The temperature of water flow was measured by thermocouples
arranged at the tube close to the pile. The diameter of the model piles is 0.15 m. Silica
sand was selected to make a saturated soil ground and the soil parameters were tested
according to the Standard of Geotechnical Test Method [23] as shown in Table 2. According
to the study in previous research [24], size effect of soil particles could be negligible in the
present model tests because the pile diameter is more than 20 times larger than the size of
soil particles.
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Table 1. Parameters of thermophysical properties of paraffin.

Parameter Solid Liquid
Density (kg/m?) 833.8 786.7
Heat conductivity (W/(m K) 0.3 0.167
Specific heat capacity (J/g °C) 2.16 2.02
Phase change temperature (°C) 23+1°C
Latent heat (J/g) 188.04
Inlet /"\
-~ ;”“ /

— Heat exchange

e
ﬁ \\§£)‘utlet
i
I
| tube

I | \PCpile

1.5m

Figure 2. The structure of steel and heat exchange tube inside PCM energy pile. (a) Steel bars and
heat exchange tubes. (b) Circulating route in tubes.

Table 2. Parameters of used sand.

Parameter Value Parameter Value
Cu 3.78 Pc 27.1°
Cc 1.06 €max 0.86
Odmin/ g-cm > 1.44 €min 0.58
Iodmax/g'a'r173 1.70 Dsg/mm 0.28
ps/g-em ™3 2.68

Before carrying out the pile tests, a saturated sand ground with piles was prepared.
First, sand with 5% water content was poured into model tank layer by layer with a total
of 18 layers, and the height of each layer was controlled to be 0.1 m by compaction method.
After a layer of sand was compacted, chiseling sand surface then poured the next layer
of sand to continue compaction. The controlled relative density of sand was 0.55. After
the fifth layer of sand was filled which was 0.5 m from the bottom of the tank, the two
model piles were placed symmetrically on the diagonal of the tank by using a crane. Then
sand filling was continued layer by layer until the specified height of 1.8 m, and 1.3 m of
the pile was embedded in soil. During the sand filling process, the uniformity of the sand
foundation was verified by taking sand specimens using core cutter at different positions
of the soil after each layer was filled. The dry density of the compacted sand was controlled
to be around 1.58 g-cm 3. Finally, the relative density of compaction soil in the tank was
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0.55-0.60. After soil filling, water was slowly and evenly added into soil through a water
injecting shower on top of the model tank until the water level passed the soil surface.

In the heating-cooling tests on the energy piles, the data of temperature, strain, and
displacement of the pile were collected, while temperature, soil pressure, and pore pressure
in soil were measured and analyzed. A displacement meter was arranged at the bottom of
each pile. The arrangement of thermocouples and strain gauges inside the pile is shown in
Figure 3. Sensors for measuring temperature, soil pressure, and pore pressure in soil were
buried in the predetermined position during sand filling. The layout of sensors in soil is
shown in Figures 4 and 5, respectively.

Load
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Figure 3. Measurement inside the pile (unit: mm). (a) Thermocouples on tube. (b) Strain gauges and
thermocouples on the steel.
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Figure 4. Position of soil pressure and pore pressure sensors symmetrically arranged in soil (unit: mm).
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Figure 5. Distribution of thermocouples for temperature measurement symmetrically arranged in
soil. (a) Side view (unit: mm). (b) Plane view (unit: mm).

2.2. Tests Procedure

First, weight plates were loaded step by step on the top of the pile to represent the mass
of upper structure. After the weight load was completed and excess pore water pressure
fully dissipated, the thermal cycles were applied on the pile through water flow in tubes.
The starting temperature of heating-cooling tests was about 26 °C (room temperature)
for soil and piles. After heating the pile for 16 h with inlet water of 40 °C at a constant
flow rate of 0.12 m3/h, the pile with inlet water of 18.5 °C (minimum indoor comfort
temperature) was immediately cooled for 8.5 h at the same flow rate of 0.12 m3/h. A
completed heating-cooling cycle consists of one heating stage and one cooling stage. Three
thermal cycles for both the traditional pile and PCM pile were performed at the same time,
respectively.
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3. Results and Discussions
3.1. Influence of Thermal Cycle on Temperatures of Soil and Pile

The temperature change of the circulating water in piles during the repeated heating-
cooling cycles is presented in Figure 6. It is clear in Figure 6 that the temperature changed
regularly followed with water flow in both the PCM pile and traditional pile. The tempera-
ture at the location of inlet points of I1, 12, O1, O2 (Figure 3) in the PCM energy pile were
39.2°C, 38.6 °C, 38.4 °C, and 38.0 °C, respectively at the end of first heating cycle, while the
values of the traditional pile were 39.9 °C, 39.5 °C, 39.5 °C, and 39.2 °C, respectively. Hence,
the temperature difference between the inlet and outlet of the PCM pile and was 1.2 °C,
while the difference of the traditional pile was only 0.7 °C. Clearly, during the heating
process, the temperature difference of the PCM pile was about 70% larger than that of the
traditional pile, indicating a relative higher heat transfer efficiency of the PCM pile. On
the other hand, a relatively smooth increasing of temperature was observed during the
early heating process (0-5 h) in the PCM pile, which indicated that phase change of the
encapsulated paraffin occurred, thus the phase change material had functioned well to
absorb heat from the circulated water in the heat exchange tube.

45
40 ﬁ
———— ‘l,:,.a

S W

0 10 20 30 40 50 60 70 80
Time (h)

W >
(= W

Temperature (°C)
(3]
W

L

wn
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Inlet2 Outlet]

(a)

45 ; r . . . .
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Figure 6. The time history of internal temperature of heat exchange tube in the piles. (a) PCM energy
pile. (b) Traditional energy pile.

Figure 7 shows the change of soil temperature at a depth of 0.325 m at different
distance from pile in the horizontal direction. The horizontal distances between points
J10-J13 and the pile surface are shown in Figure 4. Clearly, the temperature change value of
the PCM pile was smaller than the traditional pile. In the three heating cycles, the peak
values at the nearest location of point J10 changed most, that were 29.7 °C, 30 °C, and
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30.1 °C, respectively for the PCM pile, while the values for the traditional pile were 31.6 °C,
32.1 °C, and 32.2 °C, respectively. Furthermore, during this repeated heating-cooling
process, the temperature for soil in far field position (J13) changed slightly. This slight
increase in temperature indicated that during the repeated thermal cycle, the soil had a
heat storage effect. Such heat accumulation in the soil might reduce heat exchange and
affect the efficiency of energy piles. On the other hand, the temperature change in the soil
gradually decreased with the increase of the horizontal distance. As the peak value of
temperature at 0.45 m position did not exceed 1 °C, heat transfer could be neglected when
the distance exceeded 0.45 m which is three times the pile diameter. This result means that
when using energy piles in groups, the spacing between piles should be fully considered to
avoid the influence of heat exchange between the piles and soil.

Temperature (°C)

0 10 20 30 40 50 60 70 80
Time (h)
PCM energy pile
—XJ10 —XIJI1 XJ12

XJ3

Temperature (°C)

0 10 20 30 40 50 60 70 80

Time (h)
Traditional energy pile
—PJ10 PJ11 PJ12 PJ13
(b)

Figure 7. The time history of soil temperature in horizontal direction 0.325 m below soil surface.
(a) PCM energy pile. (b) Traditional energy pile.

The soil temperature change at different depths 0.075 m away from the pile is shown
in Figure 8. The soil depth of position K, J, I, H, and G are 0.025 m, 0.325 m, 0.625 mm,
0.925 m, and 1.225 m from soil surface, respectively. The change trend of soil temperature
at different depths was the same. The temperature of the soil varies greatly from 0 to
8 h during heating stages, and the temperature change of both types of energy pile after
8 h was very slow. Furthermore, the soil temperature kept increasing during the 16 h
heating period, which indicated that the heat storage of the soil did not reached its capacity
in the test. The highest soil temperature appeared at the depth of 0.925 m for the two
piles. Compared with the traditional pile, the temperature fluctuation in soil near the
PCM pile was lower, indicating that the phase change material could play a notable role in
temperature control.
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Figure 8. The time history of soil temperature at different depth. (a) PCM energy pile. (b) Traditional

PH10 PG10

energy pile.

Figure 9 shows the temperature changes of No. 1 steel bars observed at different depths
during three thermal cycles. In Figure 9, the temperature at the bottom (No. 5 position) of
both piles was the lowest compared with the other positions in heating stage. The reason
for this phenomenon is that the flow temperature in the heat exchange tubes decreased due
to thermal transmission. The temperature fluctuation for the soil beneath the energy pile
was moderate which provided a passage of heat emission. Meanwhile, the temperature
change trends at positions 3 and 4 were similar. During the heating process, the observed
temperature value decreased with increasing depth, but the temperature change was
nonlinear. Within 5 h of the first heating cycle, a temperature transition zone appeared in
the temperature of the PCM energy pile, while such a plateau stage was not observed from
the temperature change curve of the traditional energy pile. The phenomenon could be
explained by the fact that the temperature of the phase change material had reached its
phase change temperature, and a phase change process had occurred.



Symmetry 2021, 13, 1958

10 of 17

Temperature (°C)
b

1 1 1 1 1 1
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Time (h)
PCM energy pile (bar 1)
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(a)
45 T T T T T T T

40 - 1
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Time (h)
Traditional energy pile (bar 1)
1-5 1-4 1-3 1-2 ——1-1
(b)

Figure 9. The time history of observed temperature change of No. 1 steel bar. (a) PCM energy pile.
(b) Traditional energy pile.

3.2. Influence of Thermal Cycle on Strains and Stress in the Pile

The thermal strain inside the pile was analyzed. Since the steel and concrete have
similar coefficients of thermal expansion and there is not much difference in strain change
when used together [11], the strain of steel was used to represent the strain of the pile.
If the pile is completely unconstrained, the free strain generated by temperature change
should be:

Efree = AT 1)

In Equation (1), € is the free thermal strain, «. is the material coefficient of thermal
expansion, and AT is the value of temperature change.

However, in the actual situation, the pile was restrained by the soil and upper loads
that could not expand freely. The restraint thermal strain is

ERstr = €Free — €0bs ()

that eRrgty is the restraint thermal strain of pile, and egy, is the observed thermal strain.
Figure 10 shows the time history of thermal strain of No. 1 steel bar observed at
different depths during three thermal cycles. In Figure 10, as the measured point of No.
1-1 in the two piles was located at shallow depth near the water inlet, resulting in higher
thermal strain compared with the other points of 1-2, 1-3, 1-4 and 1-5. The change trend of
thermal strain was similar at different depths, presenting a decreasing trend with the depth
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for both the PCM pile and traditional pile. However, at the same depth, thermal strain in
the PCM pile was larger than that in the traditional pile. This difference was attributed to
the pile materials that PCM could absorb more heat and caused larger thermal strain. The
value of observed thermal strain decreased with increasing depth, but the change in strain
value was nonlinear. In addition, a certain amount of shrinkage strain (negative value)
was observed during cooling stage because the temperature decreased below the room

condition (about 26 °C).

150 T T T T T T T
100 [/

50

Strain (pe)

-50
~100 s . . ; . . .
0 10 20 30 40 50 60 70 80
Time (h)
PCM energy pile (bar 1)
1-5 —— 14 1-3 12 —— 1-1
(@
150 T T T T T T

2 50 1
g
g o -
wn
~50 i
~100 L . L L L L
0 10 20 30 40 50 60 70 80
Time (h)
Traditional energy pile (bar 1)
1-5 14 1-3 1-2 ——1-1
(b)

Figure 10. The time history of observed thermal strain of No. 1 steel bar. (a) PCM energy pile.
(b) Traditional energy pile.

Figure 11 shows the values of observed strain and free strain of steel bars along depth
after first heating stage. The observed strain at both ends of two piles was close to the
values generated by the free expansion near the pile end, indicating that the end restraint
effect was small, and the pile could freely expand. Compared with the traditional pile, the
strain difference between the observed and free thermal strain on steel bars of the PCM
pile was larger, which was mainly because of the difference for their expansion coefficient.
As the PCM concrete used hollow steel balls encapsulating with paraffin to replace the
coarse aggregates in the traditional concrete, the thermal expansion coefficient of the pile
body could be increased, which brought greater thermal deformation to the pile body, and
more constraint on the pile body by surrounding soil. The feature of thermal strain change
in the present test was similar with on-site experimental results [3,4]. Since the static load
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applied at pile head was small and the pile body can expand quite easily, the difference
between the observed strains and free thermal strains of the two piles was small.

Strain (107°) Strain (107°)
0 50 100 150 200 0 50 100 150 200

200 1 200

400 400

600 - 600
800 + 800

1000 1000

Depth from pile head (mm)
Depth from pile head (mm)

1200 - 1200 |

1400 + 1400 |

1600 . 1600 . .

PCM pile (bar 1) Traditional pile (bar 1)
=0— Observed strain --—%--- Free strain =0 Observed strain —-—%--- Free strain
(@) (b)

Figure 11. Strain change of different bars along depth after first heating stage (a,b).

Furthermore, the axial stress was calculated by a formula as following [25].

or = ESRstr = E(EObs - EFree) (3)

where E is elastic modulus, egrgt, is the restraint thermal strain, g is the observed thermal
strain, and eppee is the free thermal strain.

Figure 12 shows the change in the stress of the steel bars after the first heating stage
in the two energy piles. The two piles present the similar distribution tendency that the
compressive stress at the middle part (negative values) was larger than the two ends.
Except for the depth around —0.85 m below soil surface, the stress of the PCM pile was
smaller than the traditional pile in general. The reason for the relatively large value of the
PCM pile and small value of the traditional pile at depth of —0.85 m should be confirmed
in future study. On the other hand, the additional axial stress caused by temperature
change in the use of energy piles cannot be neglected because the long-term thermal
loading might bring concrete fatigue. This result confirmed the simulation results of
thermo-mechanical performance of pile geothermal heat exchanger (PGHE) considering
temperature-dependent interface behavior [26].

The lateral friction of piles can be calculated by the difference of thermal stress [27,28].
The specific calculation is shown in the following Equation (4).

(o1, —o1j-1)D
fs,mob,j = ! 4Al] (4)

where f; 05, is side friction resistance of pile, D is pile diameter, Al is distance between two
adjacent measuring points, and o7 ; — o7,;_1 is the stress difference between two adjacent
measuring points [11].
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Axial stress (kPa)
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Figure 12. Distribution of pile axial stress with depth.

The upward of lateral friction is assumed to be positive and the downward is negative.
As mentioned in the previous section, the stress difference occurred on the same section,
then the lateral friction at corresponding points on the pile side surface was calculated by
the above-mentioned Formula (4), and the results are drawn in Figure 13. In the figure, the
direction of the lateral friction also reflected the constraint of pile when loaded by heating.
The positive and negative changes of the friction force near the middle of the pile, and this
result was in agreement with the concept of neutral plane in the existing studies [4,12].

Shear stress (kPa)
-100 =50 0 50 100
0

T T T

200 [ g
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800 [ 1

1000 1
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1200 F O&— 1
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s e

1600 : .
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Figure 13. Distribution of pile side frictional resistance along the depth after the first heating stage.
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3.3. Displacement of Pile

The time history of displacement and corresponding temperature change on pile
bottom is shown in Figure 14. It is assumed that the downward displacement is positive
and the upward is negative. The temperature changes of soil 50 mm under the pile bottoms
of two types of energy piles are also presented in Figure 14. It is quite obvious that the
fluctuation of temperature and displacement for traditional energy pile were larger than
that of the PCM energy pile, which confirmed that the PCM helped to reduce the uneven
thermal response of soil-pile interaction. At the beginning of heating, the pile expanded
rapidly due to the large rate of temperature change, and the pile bottom displacements
demonstrated a downward trend. In contrast, during the cooling duration, the downward
displacements recovered quickly, and even showed some upward displacements. From
the displacement results at the end of cooling mode for each cycle, a certain degree of
displacement accumulation was observed, indicating that unrecoverable plastic deforma-
tion occurred during the repeated heating-cooling cycles. The produced cumulative strain
of the pile with the increase of cycle number was also reported in the study through the
simulation results of the energy pile under the cyclic heating load for 30 years [29]. From
this cumulative strain, it was inferred that the soil constraint stress to pile was reduced and
corresponding pile expansion increased, resulting in more pile displacement. Meanwhile,
the soil around the pile would expand during the heating process. This expansion would
cause the soil particles to squeeze each other, which would cause the compaction effect of
the soil particles during the repeated heating-cooling processes. According to the results
shown in Figure 14, when increasing the number of heating cycles, the displacement at
the bottom of the two energy piles showed a slight decrease during heating stage, which
means that the soil beneath the energy pile may be condensed due to the pile expansion in
heating stage. In other words, soil compressibility and strength can be affected by repeated
temperature change and therefore can affect the capacity of pile, resulting in cumulative
settlement at the pile bottom. This point was also emphasized in the study on the long-term
performance of heat exchanger piles [29]. It was emphasized that cumulative displacement
of pile and repeated thermal loading would affect the durability of energy pile and upper
buildings, to which attention should be paid in the design.

Displacement (mm)
Temperature (°C)

0 10 20 30 40 50 60 70 80

Time (h)
— PCM-pile disp. ===+ Traditional-pile disp.
——PCM-pile temp. === Traditional-pile temp.

Figure 14. The time history of soil settlement and temperature below pile bottom.

3.4. Soil Pressure and Pore Pressure

Figures 15 and 16 show the changes of soil pressure and pore pressure beneath the
energy piles. In Figure 15, the soil pressure increased rapidly to the maximum value at the
beginning of each heating stage, and then decreased slowly in a roughly linear manner.
As explained in a previous section, the temperature fluctuation of soil induced by the
PCM pile was smaller, an interesting phenomenon was observed that the soil pressure
decreasing rate of PCM energy pile was more significant than the rate of traditional energy
pile. With the increase of thermal cycle, the difference of soil pressure between the two
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piles also increased. Since the energy pile mainly transferred heat in the radial direction,
rapid thermal expansion of soil particles at the bottom of the pile did not occur. Therefore,
the reason for the sudden rise of the soil pressure at the bottom of the pile came from
the expansion and compression of the pile, which could be verified from the change of
pile strain in Figure 10. Meanwhile, the pore pressure generated by temperature change
surrounded the two piles was quite small in Figure 16. Furthermore, it could be observed
that the appearance and dissipation speed of pore pressure in soil beneath the PCM energy
pile was much quicker than that beneath the traditional pile.

Soil pressure (kPa)
N

0 L -
1 . . . . . . .
0 10 20 30 40 50 60 70 80
Time(h)
——— Traditional pile-PE8 ———— PCM pile-XES8

Figure 15. Change of soil pressure beneath the energy piles.
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Figure 16. Change of pore pressure beneath the energy piles.

4. Conclusions

A large-scale model test was conducted on a new type of energy pile produced by
using hollow steel balls encapsulating phase-change paraffin to replace the aggregate of
the concrete. Repeated heating-cooling cycles were applied on the energy pile buried in
saturated sand at a constant inlet water temperature. The thermal response of pile and
surrounding soil were observed and analyzed in comparison with the traditional concrete
pile. The following conclusions can be drawn.

(1) During the heating process, the temperature difference of the PCM pile was about
70% larger than that of the traditional pile, indicating a relative higher heat transfer
efficiency of the PCM pile. A relatively smooth increasing of temperature at initial
heating stage indicated that phase change material had functioned well to absorb
heat from the circulated water to slow down the temperature fluctuation in the pile.
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(2) Due to the repeated heating-cooling cycles on the PCM energy pile, the soil temper-
ature change surrounding the PCM energy pile during the heating stage showed a
relatively small range within three times the pile diameter.

(3) Thermal strain in the PCM pile was larger than that in the traditional pile attributed to
more heat absorption of PCM. Meanwhile, the axial stress caused by thermal loading
along the depth of the PCM pile was smaller than the traditional pile in general.

(4) The generated soil pressure and excess pore pressure during thermal loading for the
soil beneath the PCM energy pile was a little smaller than that for the traditional
energy pile since the temperature fluctuation for soil surrounded the PCM energy
pile is relatively moderate.

(5) Cumulative displacement of pile in heating-cooling cycles was observed. This cumu-
lative displacement would lead to a larger pile settlement and affect the safety of the
upper buildings. Attention should be paid to this in the design.
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