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Featured Application: Phase change energy pile can be used to utilize shallow geothermal energy
efficiently.

Abstract: To reduce the thermal response and improve the heat storage capacity of energy piles,
a phase change (PC) energy pile was proposed. This innovative PC pile is made of concrete containing
macro-encapsulated PCM hollow steel balls (HSB) as coarse aggregates. A numerical model was
developed to simulate the thermo-mechanical behaviors of the PC pile under thermal cycles and
sustained loading. The computational model is a three-dimensional model that is symmetrical for the
two horizontal directions in geometry. Heat transfer process follows conservation laws of energy.
The numerical model was validated by the experiments conducted on the PC pile and the results
show that the model can reproduce the major thermo-mechanical effects. Then, the model was used to
compare the performance between the ordinary concrete pile and the PC pile in saturated sand under
the same experimental conditions, where the piles were considered to be thermo-elastic in nature
and the sand was considered as a Mohr—Coulomb elastic-plastic material. The thermo-mechanical
response of the PC pile under different thermal loads was analyzed. The results show that at the
end of heating, the temperature, strain, and displacement of the PC pile were lower than those of
the ordinary pile. As the thermal loading increased, the range of temperature change in the soil
around the PC pile increased, as well as the strain and displacement of the pile. The residual strain
and plastic displacement after the temperature cycles also increased with the increase of thermal
loading. Therefore, when designing phase change energy piles, full consideration should be given to
the matching of thermal loads and PC temperature, so as to balance the heat transfer rate of the pile
and the thermal response.

Keywords: phase change energy pile; numerical simulation; thermal response; mechanical properties

1. Introduction

In the era of energy structure transformation, especially facing the huge challenges of building
energy conservation and emission reduction, the development and utilization of renewable clean
energy is imperative. The renewable clean energies currently used are mainly sourced from geothermal
energy, hydroelectric energy, wind energy, and solar energy. Compared with other clean energies,
geothermal energy has larger reserves, wider distribution, higher utilization efficiency, and lower
application cost. At the same time, it is not affected by external factors such as season, climate, and day
and night changes, and is thus considered a realistic and extremely competitive new energy [1].
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A ground source heat pump (GSHP) is a device that uses rock and soil, groundwater, or surface water
as a low-temperature heat source to transfer low-grade thermal energy to high-grade thermal energy
by introducing a small amount of high-grade energy (such as electricity, etc.). Studies have shown that
GSHPs typically consume 1 kwh of energy but can produce more than 4 kwh of heat or cooling energy [2].

As a renewable and clean energy development technology, underground structures with heat
pump systems, can be used for heating and cooling in buildings, infrastructure, and various other
environments, and are being promoted and applied worldwide. This energy technology basically
combines the mechanical properties of underground structures with shallow geothermal energy
transmission. In winter, the shallow geothermal energy can be extracted from underground to heat
the upper building; in summer, the heat in the upper building can be stored in the ground to meet
the cooling needs of the upper building. An energy pile is a typical type of underground energy
structure, which combines a GSHP system with a traditional pile foundation. The pile body provides
space for heat exchange pipes, and releases heat from the upper building to the heat exchange tubes.
Then the heat exchange tube in the pile release the heat into the soil around the pile, along with the
flow of the circulating fluid to achieve the function of pile-soil heat exchange. This not only can avoid
the shortcomings of traditional GSHP technology, such as large underground space requirement and
difficult boring construction, but also uses concrete that has good thermal conductivity compared to
soil to improve the heat exchange efficiency [3].

At present, the research on energy piles mainly focuses on the heat transfer efficiency of pile-soil.
For example, Hamada et al. [4] conducted thermal response tests on three heat exchange piles with
different buried tube forms in the foundation of an office building. The U-shaped heat exchange
tube has the most economical efficiency, and a relatively simple installation method to obtain more
applications. Kramer et al. [5] conducted a series of thermal performance model tests, which showed
that thermal cycling can improve heat transfer efficiency. The first cycle increased the thermal potential
of the ground. This enhanced potential could be used in the initial stage of subsequent reverse thermal
cycling to obtain higher heat transfer efficiency. Cui et al. [6,7] established a three-dimensional heat
conduction model based on the finite volume method to study the thermal performance of energy
piles. The simulation results showed that as the distance between the heat exchange tubes increased,
the heat transfer efficiency between the pile and the soil continued to increase, while the increase rate
of the heat transfer efficiency slowed down.

On the other hand, heat transfer will cause additional stress and strain in the pile, and some
research has also been performed on this aspect. For instance, Luo et al. [8] investigated the energy
pile with double U-shaped heat exchange tubes, and analyzed the thermal stress of the energy pile.
The results showed that the additional thermal stress generated by the thermal load was higher in
the middle of the pile than that at the pile ends. Laloui et al. [9] carried some experimental and
numerical studies on an energy pile and found that the thermal effects produced much larger axial
stresses than those created by the dead weight of the building at the pile toe. Bourne-Webb et al. [10]
conducted a temperature cycling test on energy piles under long-term static load, and concluded
that the additional stress of the pile caused by the mechanical load may exceed the ultimate bearing
capacity of the pile when the pile was heated. In addition, temperature is also an important factor
affecting the bearing capacity of energy piles [11].

Some previous experimental studies reported that the additional thermal deformation caused by the
temperature change of the energy pile would inevitably lead to the settlement of the pile foundation and
affect the safety of the pile structure [10]. For example, Ng et al. [12,13] conducted centrifuge tests on
energy piles in sand and clay, and analyzed the settlement of energy piles in different soils. Their results
showed that the cyclic temperature load caused a cumulative downward displacement of the energy
pile. Kalantidou et al. [14] and Yavari et al. [15,16] studied the temperature and displacement changes
of heat exchange piles consisting of aluminum pipes under different axial loads, and the results showed
that the settlement was irreversible after heating cycles. Nguye et al. [17] studied the thermodynamic
behavior of energy piles under the action of a large number of thermal cycles. They concluded that
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the irreversible settlement of the pile top caused by the first thermal cycle was the largest, and then
the amount of cumulative irreversible settlements became small as the number of temperature cycles
increased. Marto et al. [11] conducted six sets of tests on energy piles in clay, and found that after
the same thermal cycle, the settlement of the piles increased with the increase of thermal load and
axial load. You et al. [18] studied the thermodynamic properties of CFG (Cement Fly-ash Gravel)
piles, and found that the cooling stage had more influence on the displacement of energy piles than
the heating stage.

In addition to experiments, numerical simulation is also an effective method to study the
performance of energy piles, and numerical simulation can better control various conditions and
facilitate the comparative analysis of single factor. In order to study the thermo-mechanical
characteristics of energy piles, researchers have proposed a number of models, including solid cylindrical
models [19,20], annular cylindrical heat source models [21], composite cylindrical models [22],
composite toroidal coil source models [23], the transient coil source model [6], and other numerical
models that consider the heat transfer of the circulating fluid in the pipeline. Many critical parameters,
such as thermal loads, soil properties, head load, etc., were analyzed and the numerical results generally
agreed well with the corresponding test’s results [24]. In most cases, the applicability and accuracy of
numerical methods for investigating energy piles were validated.

Based on the current research, it was found that thermal loads have an adverse effect on the
mechanical properties of energy piles. Increasing the energy density of the pile is an effective way
to alleviate or eliminate this adverse effect. The phase change material can absorb or release heat by
changing its state (phase change) without changing the temperature. Using phase change paraffin
in energy piles not only can improve heat storage capacity and heat exchange efficiency of the piles,
but can also reduce the uneven temperature change of the pile body by the phase change action,
and thereby reduce the uneven axial stress [24]. Despite the demand for energy piles increasing,
the potential use of this relatively new technology of phase change materials in energy piles is
challenging, as there is a lack of reliable information concerning the thermo-mechanical behaviors of
PC energy piles under different thermal loading conditions.

In this study, a finite element model was developed to simulate the thermo-mechanical performance
of a pile. The numerical model was validated by experiments conducted on the proposed PC energy
pile. The experimental studies were based on a previous study [25]. Furthermore, the model was
used to compare the performance between the ordinary concrete pile and the PC pile in saturated
sand. The temperature change of pile and soil, strain and displacement of pile, and the soil pressure
surrounding the pile were examined. The effect of thermal loads on the PC pile was also studied.
The simulation results can provide a theoretical reference for the efficient promotion and application of
PC energy piles.

2. Brief Description of Experiments

2.1. PC Pile Development and Experiment Conditions

The PC pile prototype was made of concrete containing macro-encapsulated phase change paraffin
hollow steel balls (HSB) as coarse aggregates. The compressive strength of the concrete was designed to
meet the requirements in the design specifications of the pile foundation. The thermal loading experiments
were conducted in a model steel tank with a size of 2.45 m X 2.45 m X 2 m (length x width X height).
The PC pile had a diameter of 0.2 m and length of 1.5 m. The embedment depth of the pile in the
saturated sand was 1.3 m, so the pile top was 0.2 m above the soil surface to facilitate the application of
static loads on the pile head (Figure 1a). The double U-shaped heat exchange PE tubes were tied to a
steel cage and run along with the pile as shown in Figure 1b.
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Figure 1. Experiment setup. (a) Symmetrical configuration of PC pile test in horizontal direction (unit: mm);
(b) heat exchange tubes in the pile.

2.2. Loading Condition

A static load of 6.5 kN was first applied on the top of the pile step by step using weight plates
to represent the dead loads from an upper structure. After the static loading, heating—cooling cycles
were performed through the water circulation system. During the heating, the temperature of the
inlet water in the tank was kept constant at 40 °C, and the energy pile was heated at a flow rate of
0.3 m3/h for 16 h, followed by cooling to initial room temperature (18.5 °C) with circulating water at the
same flow rate for 8.5 h. Three continuous heating—cooling cycles were performed in the experiments.
The temperature in pile and soil, pore pressure of the soil, and strain along the pile were measured
during the thermal cycle. The layout of the position of measuring points of the temperature and soil
pressure is shown in Figure 2a. Thermocouples and strain gauges were fixed onto a steel reinforcement
inside the pile to measure the temperatures and thermal strain (Figure 2b).
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Figure 2. Layout of measuring points. (a) Arrangement of thermocouples (unit: mm); (b) location of
strain gauges and thermocouples within the pile body.

3. Numerical Models

To better control various conditions and make a comparative analysis, to understand the role
of each influencing factor, a numerical model was developed to compare the thermo-mechanical
performance of the ordinary concrete pile and the PC pile.

3.1. Basic Assumptions

To conform to the actual heat transfer law, and avoid making the model too complicated with
specific details, the following assumptions were made during the simulation.

1. Since the vertical static load imposed on the pile head was small and the rigidity of the pile itself
was relatively large, the load on pile head would not cause plastic damage, so an ideal linear
elastic material was used to approximately model the pile.

2. As the temperature change range was not large, the change of material parameters, such as the
thermal conductivity, specific heat, and elastic modulus of the pile and soil, were not considered
during the thermal cycles and loading.

3. During the heat transfer process of the energy pile, the temperature change in the longitudinal
direction was much smaller than the temperature change in the radial direction. Therefore, the heat
transfer of the energy pile in the longitudinal direction was negligible.

3.2. Governing Equations

3.2.1. The Governing Equation of Heat Conduction

According to the law of heat conservation, the heat generated by the temperature change per unit
time is equal to the heat generated in the unit per unit time, namely:

94z 9qy 94 aT
W W =+ e Q+p =0 @
where, gy, qy, g are the heat flux per unit time per unit length in the three-dimensional space of x, y, z.
Q is the heat flowing through the area of the object per unit time, p is the density of the material, c is
the specific heat capacity of the material, and JT indicates temperature difference Tp — T;.
Substituting the heat flux of the material g, = —k%; ‘9T
obtained:

in three directions into Equation (1), it can be

d , dT d , dT d , dT aT

5(k5)+@(k@)+£( 5,) T Q-peg =0 2
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For vector equations, the above formula can be expressed as:

V-kVT—i—Q:pc(Z—z 3)

In the formula, V is the symbol of the Hamiltonian. The above is the derivation process of the
heat conduction control equation.

3.2.2. The Governing Equation of Heat Convection

Heat convection is a mode of heat transfer by the mass motion of a fluid. Heat convection occurs
to the surface of an object where the surrounding fluid of the object is heated and energy moved away
from the source of heat. Convective heat transfer occurs when the surface temperature differs from
that of the surrounding fluid. Newton’s law of cooling believes that the surface of an object and the
surrounding environment will exchange heat due to the thermal loading, and the object will release or
absorb heat into the fluid. The heat released or absorbed per unit time per unit area is proportional to
the thermal loading at the surface. This law is in good agreement with heat convection, therefore,

g="h-AT = h(T.—Ts) 4)

where, h represents the convective heat transfer coefficient, and T, and T; represent circulating fluid
temperature and solid temperature, respectively.

Since the wall thickness of the circulating heat exchange tube is smaller than the diameter of the
heat exchange tube, for convenience in modeling, the wall thickness of the heat exchange tube can be
ignored. Using the equivalent heat transfer coefficient of the interface between the heat fluid and the
tube wall to consider the transient heat transfer of the tube wall:

D D D, 1!
. p p p
hTotal B [ka ln( d!’ ) * dph] (5)

where, D, and dp represent the outer and inner diameters of the heat exchange tube, respectively,
and k, represent the thermal conductivity of the heat exchange tube.

3.3. Constitutive Models

3.3.1. Thermo-Elastic Model of the Pile

Assuming that the deformation of the pile body during heating and cooling is thermoelastic, the
expression of the thermoelastic model is as follows:

oy 1-v v v 0 &r 1
99 | _ E v 1-v v 0 & | E AAT 1 ©)
o 1-2v(1+v)| v v 1-v 0 £ (1-2v) 1
Ty 0 0 0 G || v 0

It can be seen that the material parameters involved in the formula are elastic modulus E,
Poisson’s ratio v, and linear expansion coefficient a.

3.3.2. Mohr—Coulomb Model of Soil

The stress—strain of sandy soil was simulated by the Mohr-Coulomb model. The loading method
was thermo-mechanical coupling in sequence, assuming that the mechanical behavior of the soil was
independent of temperature changes [26]. The yield surface function of the Mohr—Coulomb model in
the principal stress space is

F=Rpeqg—ptanp—c=0 (7)
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The parameter R;;,c defines the shape of the Mohr-Coulomb yield surface in the 7 plane, which can be
calculated as follows:

Rye = 0+ E)—i— 1cos(@%— E)tan(p (8)

1 . (
———sin
y/3cos @ 0/ 3 3

where 0 is the polar declination angle, p is the average stress, calculated by the stress tensor:
1
p=3(on+on+osy) ©)

q is the deviator stress, calculated by the deviator stress tensor: g = \/g (s:s).
In order to avoid the non-convergent in the calculation, a smooth continuous plastic potential
surface that is different from the yield surface to consider the non-associated flow law was adopted,

Gp = \/(eco tan )% + (Rywg)” — ptan g (10)

In the formula, 1 represents the dilatancy angle, cy represents the initial cohesion, and ¢ represents
the eccentricity of the meridian plane. The default value of 0.1 for ¢ was used in the calculation.
Ry controls the shape of the plastic potential surface in the 7t surface.

3.4. Finite Element Model

The numerical simulation was conducted using the finite element (FE) analysis software,
ABAQUS 6.14. All the simulation conditions were the same as the experimental conditions. The concrete
type for both the PC pile and ordinary pile was C40. A parallel double U-shaped heat exchange tube
was placed in the interior of the reinforcement cage. The heat exchange tube was a HD100 PE tube,
with an outer diameter of 20 mm and an inner diameter of 15 mm. The location of the inlet and outlet
of the heat exchange tube on the pile was 200 mm below the pile top. Due to the complexity of the
heat exchange tube structure, the modeling process of this part was drawn by CATIA software and
imported into the component module of ABAQUS. Figure 3 presents the FE modeling of the pile body,
heat exchange tube, and soil. The linear heat transfer tetrahedron element with four nodes (DC3D4)
was used for the pile body and the heat exchange tube. The soil element was modeled as a linear heat
transfer hexahedron element with eight nodes (DC3DS8).

F I
L7 |

Figure 3. Symmetrical FE model of pile, tube, and soil in the numerical simulation.

The material properties of the pile and the soil are listed in Table 1. Due to the phase change of PC
materials in the process of temperature change, the PC pile had a smaller thermal conductivity and
larger specific heat, which indicates that more heat is stored in the pile in the process of temperature
change. In order to simulate the energy storage of PC materials, the latent heat module was selected in
the thermal module and the temperature range of phase change paraffin was 21.5-23.5 °C, and the
enthalpy value was 116.5 J/g.
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Table 1. Values of material parameters.

Thermal Specific Heat Coefficient of Relative
Sample Material Conductivity Capacity Thermal Expansion Densit
W/(m-K) J/(kg °C) (°0) Y
saturated sand 2.7 1155 1.46 x 107 42%
ordinary concrete 1.89 963 0.98 x 107> -
phase change 1.65 1080 0.9 x 1075 -
concrete ’ ’

The heat convection between the heat exchange tube and the pile was applied through the surface
heat exchange condition, which was used as the heat source of the whole energy pile system. In order to
simulate the temperature change in the tube, the temperature of the measuring points on the surface of
heat exchange tubes in the experiment was used to approximate the temperature of the tube, and the
temperature between the adjacent measuring points was calculated by the linear difference method.
The constraint of pile-soil was bound. For boundary conditions, the perimeter and bottom edges
were set to adiabatic boundaries, and the top was set to convective boundaries with air. The initial
temperature of all the components was set to the room temperature of 20 °C.

3.5. Mechanical Model

As the simulation was performed by the method of sequential thermal-mechanical coupling,
the previously completed temperature model was then modified according to the mechanical model.
The specific points are as follows:

(1) The elastic modulus of the pile (E = 3.25 X 10* MPa) and Poisson’s ratio of soil (v = 0.35),
and the friction angle of the soil were input into the material properties module. In addition, the
permeability coefficient of saturated soil was input as k = 6 X 1073 cm/s, whereas the specific
gravity of the interstitial fluid was set to 10 kN/m?3.

(2) The heat exchange tube model and the pile body model were set as binding constraints, the
interface between the energy pile and soil were simulated as a frictional contact in the tangential
direction. The coefficient of friction () between soil and concrete pile was considered as tand,
where ¢ is the internal friction angle of the sand used in the experiments.

(3) The pile and soil were first subject to gravity force, and then a static load of 6.5 kN was applied to
the pile head. The surrounding and bottom of the soil were set as a completely fixed boundary,
and the top surface was a free boundary with a pore pressure set to 0 in the predefined field,
which means that the top surface was the drainage boundary. Finally, the calculation results of the
temperature model were substituted into the stress model for the thermal and mechanical coupling.

4. Results and Discussions

4.1. Validation of Numerical Model

The accuracy of the proposed numerical model was confirmed by comparing the simulated results
and experimental results under the same loading conditions. The temperature change, strain of the pile
body, displacement on the pile head, and change of soil pressure around the PC pile were analyzed.

4.1.1. Temperature Change in Soil

The experimental and simulation results of temperature change of the measuring points which
were located at the depth of 217 mm (TS11) and 150 mm (TS13) away from the pile surface in horizontal
direction respectively, are presented in Figure 4. It can be seen from the figure that the simulated
values and experimental values of the temperature around the pile are in good agreement. Although
there is a small difference between the experimental and simulated values at TS13 which is far away
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from the pile surface, compared with the location of TS11, the overall trend shows a good consistency.
The results indicate that the pile—soil heat transfer model can describe the temperature change of the
soil around the pile accurately.

288F = gl | TS13
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270 F ol
G 2521 O 216t
g g 210t
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2 2204
£ 2161 g
a =
= 198}
198}
1921
18 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10 0 10 20 30 40 50 60 70 80 90 210 0 10 20 30 40 50 60 70 80 90
Time (h) Time (h)
(a) (b)

Figure 4. Comparison of experimental and simulated results of soil temperature around the pile.
(a) Temperature change at TS11; (b) Temperature change at TS13.

4.1.2. Strain Change in the Pile

The strain variation of the measuring point on No. 3 steel (No. 3-6) located at the depth of
1083 mm in the energy pile is shown in Figure 5a, and the figure shows that the test value and
simulation value of strain change with time are in good agreement. Figure 5b shows the comparison
between the experimental and simulated values for strain distribution along the depth. It can be seen
that the experimental and simulated values are not completely matched due to the influence of the
precision of the strain gauges and the simulation accuracy, but whether the strain changes with time or
with depth, the variation trend of the test value and the simulation value are the same.
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200
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Figure 5. Experimental and simulated results of strain change in the pile. (a) Time history of strain
change; (b) strain distribution at the end of the first heating.

4.1.3. Pile Displacement

The experimental and simulation results of the pile head displacements at different loading stages
are compared and shown in Figure 6. In the static loading stage on the pile head, the experimental values
of pile displacement are in good agreement with the simulated values. In the thermal loading stage,
the trend of the simulated displacement of the pile is consistent with the experimental result, that is,
the displacement increased gradually with the increase of temperature, and the displacement accumulated
with thermal cycles. For the difference between experimental and simulated values, one reason is
the limitation of measuring accuracy, as the dial gauges might not be accurate enough to measure
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the small expansion of the energy pile under the thermal loading. Another reason is unrecoverable
plastic thermal strain accumulated in the soil, and more attention should be paid on this aspect in
future studies.

00 g = Measurement 0.4+ = Measurement
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Figure 6. Comparison of pile displacement in the static loading stage and heating stage. (a) Displacement of
the pile in the static loading stage; (b) displacement of the pile during thermal cycles.

4.1.4. Soil Pressure around Pile

Figure 7 compares the experimental and simulation results of soil pressure around the pile at the
measuring point (531), located at the depth of 200 mm and 217 mm from the pile surface in a horizontal
direction. Both experimental and simulation results show that the vertical soil pressure around the
pile produced a certain accumulation with the number of thermal cycles. Except for the accumulated
thermal stress due to unrecovered temperature, this indicates that the soil around the pile presented
consolidation behavior during the thermal cycles. As the number of cycles increased, the degree of
consolidation increased, and the peak value of soil pressure also increased. Although their peak
values are similar, there are still some differences in the process. The reason for the differences in
results between the experiment and simulation may be attributable to the additional soil pressure
generated by thermal loading being small and the accuracy of the soil pressure cell being limited.
Another reason may that the soil pressure cell was in a three-directional compression state in the soil,
however its reading only represented the soil pressure in the vertical direction. The phenomenon
of thermo-consolidation was also confirmed by the temperature controlled triaxial test results [27],
which revealed that the temperature had a great influence on the accumulative plastic strain, pore water
pressure, damping ratio, and dynamic elastic modulus of soft soil.

3.0
—=— Measurement of S31

—e— Prediction of S31

2.5

20

1.5

1.0+

Pressure (kPa)

05F

Time (h)

Figure 7. Comparison of soil pressure.
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4.2. Comparison between PC pile and Ordinary Pile

Although there was a little difference in soil behavior between the experiment and simulation,
in general, the numerical model could simulate the behavior of the energy piles quite well, and the
accuracy of the model was confirmed. As only one energy pile was tested each time during the
experiments, due to the boundary effect of model test, the test conditions of different piles could not be
completely controlled, in order to be the same each time. Therefore, in order to further compare the
thermal responses of the PC energy pile with the ordinary energy pile, numerical simulations on the
two piles were carried out under a thermal loading with AT =20 °C for a heating period of 16 h and
a cooling period of 8.5 h. Each simulation considered the influence of only one factor and the rest of
the factors were kept the same for both piles.

4.2.1. Temperature Change of Pile

The temperature variation of the measuring point located at the depth of 217 mm on the PC pile
surface was analyzed and compared with that of the ordinary concrete pile, as shown in Figure 8.
Under the same thermal loading, the temperature change of the PC pile was smaller than that of
the ordinary pile during the whole heating process. After heating for 1 h, the temperature of the
ordinary pile was 26.5 °C, whereas the temperature of the PC pile was 23.8 °C and the temperature
difference was 2.7 °C. This is because the thermal temperature was near the range of the phase
change temperature (20 °C-22.5 °C) of the PC materials, and the materials melted and absorbed
heat energy. With the increase of heating time, the temperature changed beyond the range of
the phase change temperature, such that the PC materials no longer played the role of absorbing
heat. Thus, at the end of heating for 16 h, the temperature of the ordinary pile was 32.3 °C, while that
of the PC pile was 31.7 °C, presenting a small temperature difference of 0.6 °C between the two piles.
In the early stage of cooling, the trend of temperature change of the ordinary pile and PC pile was
basically the same. However, when the temperature dropped below 22.5 °C in the range of phase
transition, the temperature of the PC pile decreased more slowly than that of the ordinary pile, due to
the exothermic solidification of the PC materials. From the above analysis, it can be seen that the
addition of PC materials can reduce the thermal response of the energy pile.

34 = concrete pile
+— Phase change concrete pile

Temperature (°C)
[
f=

. L . .
0 3 10 15 20 25
Time (h)

Figure 8. Comparison of temperature change of PC pile and ordinary pile

The temperature distribution of the PC pile and the ordinary pile at the end of heating stage is
shown in Figure 9. It can be seen from the figure that the temperature of the PC pile and surrounding
soil is slightly lower than that of the ordinary pile. With the addition of PC material, the range of
temperature change decreased from 0.45 m to 0.42 m, because of the heat absorbing function of the
PC pile. Compared with ordinary piles, the main heat exchange range between PC piles and the soil
was much reduced. For dense urban underground space structures, when keeping the same total heat
exchange rate, the reduction of heat influence range on surrounding soil environment can reduce the
impact on adjacent underground structures, and significantly save underground space resources.
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TEMP
Unit: °C
+4.000e+01

+2.000e+01

(@) (b)
Figure 9. Temperature distribution at the end of the heating stage. (a) ordinary pile; (b) PC pile.

4.2.2. Strain in Pile

The variation of the strain of the ordinary energy pile and PC pile is analyzed at the measuring
point located at the depth of 1083 mm on No. 3 steel, as shown in Figure 10a. It can be seen from
the figure that the trend of strain change is almost the same with the trend of temperature change.
After 1 h of heating, because of the temperature difference between the PC pile and the ordinary
pile, the strain value of the ordinary pile was 124.2 e, whereas it was 108.5 pe for the PC pile,
showing a strain difference of 15.7 pe. At the end of heating for 16 h, the strain of the ordinary pile
and the PC pile were 161.3 pe and 157.2 ue, respectively, with a difference of 4.1 pe. At the initial
stage of cooling, the strain changes of the ordinary pile and the PC pile were basically the same,
and the strain of the PC pile was smaller than that of the ordinary pile due to the heat release by
paraffin solidification. Finally, the strain tended to be consistent, resulting in a small amount of strain
accumulation. Figure 10b shows the variation of strain along the depth of the ordinary pile and the PC
pile at the end of heating. The strain of the PC pile is about 2% less than that of the ordinary pile, which
shows that the addition of PC materials can reduce the stress of the pile for the same pile constraint.
Considering the long-term cycles of thermal loading during the service life, the durability of the pile
can be improved due to this reduction of thermal effect.

180 i concrete pile ok
| —=— Phase change concrete pile
160 -
140 | 200r
120 400 F
2 0ol z
= 100 | g
o r ~
‘s 80 = 600 -
= L o
72} [
sor 2 g0t
40 i —=— concrete pile
20 1000 - | —*— Phase change concrete pile
ol
1 n 1 n 1 n 1 n 1 n 1 1200 1 1 1 1 1 1
0 5 10 15 20 25 60 80 100 120 140 160
Time (h) Strain (pe)
(a) (b)

Figure 10. Comparison of strain in different piles. (a) Time history of strain change; (b) distribution of
strain along the depth.
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4.2.3. The Displacement of Pile

Due to the heat absorption of PC materials, the expansion of the pile body and the upward
displacement of the pile head decreased compared with the ordinary pile, as shown in Figure 11.
After heating for 1 h, the displacement of the PC pile was 0.116 mm, and reduced by 13% compared with
the ordinary pile (0.133 mm). Similar to the trend of the temperature results, the difference of
displacement became large and then decreased gradually. At the end of cooling, the displacement of
the ordinary pile and the PC pile were 0.019 mm and 0.021 mm, respectively. This implies the plastic
deformation of the two piles was almost the same.

0.22
0.20
0.18 -
0.16 -
0.14 -
0.12
0.10 -
0.08 -
0.06 -
0.04 -
0.02 -
0.00 -
-0.02 L . > L L L

—=— concrete pile
—=— Phase change concrete pile

Displacement (mm)

Time (h)
Figure 11. Comparison of displacement at the pile head of different materials.
4.2.4. Soil Pressure around Pile

Figure 12 shows the change of soil pressure around the PC pile compared with the ordinary pile.
After heating for 1 h, the soil pressure at the measuring point of the ordinary pile was 0.63 kPa, while it
was 0.36 kPa for the PC pile, and the difference was 0.27 kPa. After heating for 16 h, the soil pressure
around the ordinary pile and PC pile was more or less the same, with a difference of only 0.02 kPa.
Apparently, the soil pressure around the ordinary pile was greater than that around the PC pile at the
initial stage of heating, and the pressure difference decreased gradually with the increase of heating
time. It can also be seen from the figure that the difference of soil pressure around the two piles is
smaller than the differences observed for the temperature and strain results at the end of heating.
This is because the heat stored in the pile was slowly released to the soil, and the temperature change
in the soil was less than that in the pile.

1.8 concrete pile
1.6 H_——Phase change concrete pile

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
-0.2 T T T T T T T T T T T

Soil pressure (kPa)

Time (h)

Figure 12. Comparison of soil pressure around piles of different materials.
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4.3. Influence of Thermal Loads on PC Piles

In cases of PC energy piles, the larger the thermal load, the greater the heat transfer rate.
However, too high a thermal load would affect the mechanical characteristics of the pile and functions
of the PC materials. Therefore, the mechanical behaviors of a PC pile under three different thermal
loads (AT =10 °C, AT =20 °C, and AT = 30 °C), and over a heating period of 16 h and cooling period of
8.5 h were simulated, respectively.

4.3.1. Temperature Change

The temperature distribution of the soil and PC pile after heating for 16 h under different thermal
loads is shown in Figure 13. Generally, the temperature values and the influence range increased
with the thermal loads. With the increase of thermal loads, the influence range of the soil around the
pile increased, but the growth rate became small. The influence ranges of heat exchange in the soil
were about 0.2 m, 0.4 m, and 0.45 m in the radial direction of the pile under the three thermal loads of
AT =10°C, AT =20 °C, and AT = 30 °C, respectively.

+3.500e+01
+3.250e+01

+2.000e+01

(@) (b)

Hptr

o

(c)

Figure 13. Temperature distribution after heating for 16 h under different thermal loads. (a) AT =10 °C;
(b) AT =20 °C; (c) AT =30 °C.

4.3.2. Strain Change in PC Pile

The strain curves of the measuring point located at the depth of 1083 mm on No.3 steel under
different thermal loads are shown in Figure 14. As seen from the figure, the peak strain at the end of
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heating increased with the increase of the thermal loads. The simulated values were 109.5 pe, 154.2 pe,
and 209.4 pe, respectively, and the increase of the peak strain was not linear. The strain increment also
increased with the increase of thermal loads, the corresponding peak strain increased about 40% when
the thermal load increased from 10 °C to 20 °C, and the corresponding peak strain increased about 91%
when the thermal load increased from 20 °C to 30 °C. In the cooling stage, the decreasing trend of strain
in the three thermal loading conditions was basically the same, and the residual strain was 1.5 pe,
8.9ue, and 19.5ue, respectively. That is, the residual strain increased with the increase of thermal loads.

300
—=— AT=10°C
250 | | —— AT=20°C
—— AT=30°C
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2
g 100}
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Figure 14. Comparison of soil pressure around piles of different materials.

Figure 15 shows the comparison of axial strain and stress of the PC pile under different thermal
loads of AT =30 °C, AT =40 °C, and AT = 50 °C, respectively. It can be seen from the figure that the
higher the thermal load, the greater the expansion of the pile. As the thermal load increased, the strain
and axial force increased, but the increment ratio decreased slightly. The strain and axial stress of the
pile are affected by the restraint conditions. For the present conditions, as a typical friction pile in
medium-density sand, the toe of the pile was less restrained, so the axial force at the end of pile was
relatively small.
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Figure 15. Axial strain and stress of the PC pile under different thermal loadings. (a) Axial strain;

(b) Axial stress.
4.3.3. Displacement on Pile Head

The displacements of the pile head with time under different thermal loads are shown in Figure 16. It can
be seen from the figure that the values of displacement were 0.096 mm, 0.168 mm, and 0.289 mm under the
three thermal loads of AT =10 °C, AT =20 °C, and AT =30 °C, respectively. Clearly, the displacement of
the pile head gradually increased with the increase of thermal loads. Similarly to the strain results,
the increase of the displacement was also not linear. Comparing the displacement changes under the
three thermal load conditions in the heating stage, it was also found that the value of displacement
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increased by 0.006 mm, 0.013 mm, and 0.023 mm, respectively, when heating from 4 h to 16 h,
meaning that with the increase of thermal loading, the increment of displacement increased during the
period of 4 h to 16 h. At AT =10 °C, the effect of phase-change paraffin on the displacement of the
pile was the greatest (the temperature of the circulating fluid was in the range of the phase-change
temperature of paraffin), and the peak value of the displacement was reduced. When the thermal
loading increased, due to the large amount of heat beyond the paraffin phase change heat storage
range, the effect of phase change on the temperature and displacement change of pile was getting
smaller. At the end of cooling, the plastic displacements under the three thermal conditions were
0.012 mm, 0.018 mm, and 0.029 mm, respectively. The influence of paraffin on plastic displacement
decreased with the increase of thermal loading. Therefore, the design of the PC pile should match the
phase change temperature of materials and the actual working temperature conditions of the energy
pile to achieve better heat storage and a high efficiency of energy utilization.
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Figure 16. Time history of displacement of the pile top under different thermal loads.
5. Conclusions

In this study, the thermo-mechanical characteristics of the PC energy pile were studied through
numerical analysis, and the influence of thermal loading on the performance of the PC piles was also
examined. According to the experimental and simulation results, the proposed numerical method
could model the thermo-mechanical behavior of energy piles and reproduce the experiment results
quite well. Based on this study, the following major conclusions were drawn:

(1) Phase change materials can be used in energy piles to reduce the temperature change of the pile to
a certain extent. At the end of heating, the temperature of the PC pile was 0.6 °C lower than that
of ordinary energy pile without phase change materials. When the temperature dropped below
22.5 °C, the temperature decreased more slowly than the ordinary pile due to the exothermic
phase change of paraffin, and the range of soil temperature change around the pile reduced by
0.03 m compared to the ordinary pile.

(2) At the end of heating, the strain at the measuring point of the phase change energy pile was
2% smaller than that of the ordinary energy pile, and the displacement was reduced by 6%,
which shows that the addition of phase change materials can reduce the thermal response of the
energy pile compared with ordinary pile. Moreover, the stress distribution in the pile can be
reduced and consequently the durability of the pile can be improved. After the thermal cycles,
the residual deformation was basically the same.

(3) The difference in the soil pressure change around the PC pile at the end of heating was small,
indicating that the addition of phase change materials has little effect on the soil pressure around
the pile.

(4) When the thermal load increased from 10 °C to 30 °C, the exchange range between pile and
soil increased from 0.2 m to 0.45 m, and the growth rate decreased with the increase in thermal
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)

loading. The pile strain showed a nonlinear increasing trend with the increase of thermal loading.
Meanwhile, the observed strain and axial stress of the pile increased with the increase of the depth.
In the heating stage, the increment of the displacement at the head of the PC pile increased
with the increase of the thermal loading. After the cooling stage, the residual strain and plastic
displacement also increased with the increase of the thermal loading. At the loading condition
of AT =10 °C, the phase change material had the greatest influence on the displacement and
residual strain of the pile. With the increase of the thermal loading, its influence became less and
less obvious. Therefore, in the design of phase change energy piles, full consideration should be
given to the compatibility of the thermal loads and the phase-change temperature of the material.
While phase-change material is of great potential for use in controlling the thermal response of
energy piles, more attention should be paid to balance the heat transfer rate and the thermal
response of the pile.
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