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Abstract: The global demand for energy is on the rise, accompanied by increasing requirements for
low-carbon environmental protection. In recent years, China’s “double carbon action” initiative has
brought about new development opportunities across various sectors. The concept of energy pile
foundation aims to harness geothermal energy, aligning well with green, low-carbon, and sustainable
development principles, thus offering extensive application prospects in engineering. Drawing from
existing research globally, this paper delves into four key aspects impacting the thermodynamic
properties of energy piles: the design of buried pipes, pile structure, heat storage materials within the
pipe core, and soil treatment around the pile using carbon fiber urease mineralization. Leveraging the
innovative mineralization technique known as urease-induced carbonate mineralization precipitation
(EICP), this study employs COMSOL Multiphysics simulation software to analyze heat transfer
dynamics and establish twelve sets of numerical models for energy piles. The buried pipe design
encompasses two types, U-shaped and spiral, while the pile structure includes concrete solid energy
piles and tubular energy piles. Soil conditions around the pile are classified into undisturbed sand
and carbon fiber-infused EICP mineralized sand. Different inner core heat storage materials such as
air, water, unaltered sand, and carbon fiber-based EICP mineralized sand are examined within tubular
piles. Key findings indicate that spiral buried pipes outperform U-shaped ones, especially when
filled with liquid thermal energy storage (TES) materials, enhancing temperature control of energy
piles. The carbon fiber urease mineralization technique significantly improves heat exchange between
energy piles and surrounding soil, reducing soil porosity to 4.9%. With a carbon fiber content of 1.2%,
the ultimate compressive strength reaches 1419.4 kPa. Tubular energy piles mitigate pile stress during
summer temperature fluctuations. Pile stress distribution varies under load and temperature stresses,
with downward and upward friction observed at different points along the pile length. Overall, this
research underscores the efficacy of energy pile technologies in optimizing energy efficiency while
aligning with sustainable development goals.

Keywords: energy pile; thermomechanical coupling; upper load; temperature effect

1. Introduction

The development of energy piles has its origins in geothermal heat pump (GHP)
systems and pile foundations. A GHP system is an application project connected to
a building to control the indoor temperature by using geothermal energy, while a pile
foundation is a bridge to transfer loads between the building and the ground. Both systems
are underground. With the development of engineering technology, the two were integrated
and expanded into an energy pile.
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In order to study the factors influencing the thermal conductivity of energy piles,
relevant scientists examined various buried pipe shapes. It has been found that energy
piles in the form of buried spiral pipes have a higher average temperature, a more uniform
temperature distribution in the cross section, and better thermal performance than piles in
other pipe shapes. It is suggested that spiral pitch is an important factor affecting thermal
conductivity [1–3]. It has also been found that the thermal conductivity of the soil around a
pile also greatly influences that of the energy pile [4–6]. In addition, in a parameter analysis,
the pile length, number of pipes, and liquid volume flow also have a large influence on the
thermal conductivity of energy piles, while the concrete cover and pile diameter only have
a small impact [7–9].

In addition to the study of the thermal conductivity of energy piles, the study of the
thermomechanical coupling properties of energy piles has also attracted many researchers
at home and abroad. Gong Jianqing and Peng Wenzhe [10] analyzed the changes in
lateral friction of energy piles at different positions with temperature differences. Large
temperature differences affect the axial load and lateral friction of a pile. Thermal load is
the greatest in the middle of a pile. As the temperature increases, the relative displacement
of the soil around a pile also increases, and the energy pile generates additional settlement
and unrecoverable axial forces [11–14]. According to Du Ting, Li Yubo et al. [15], as thermal
load increases, the temperature fluctuation range of the soil around a pile increases, the
strain and displacement of a pile body also increase, and the residual strain and plastic
displacement after temperature change also increase. According to Weibo Yang, Laijun
Zhang et al. [16], under thermal load alone, the displacement of a pile top in the summer
can be restored to its original state, and in the winter, an irreversible displacement occurs.
The thermomechanical coupling load increases as the inlet temperature increases in the
summer or decreases in the winter. Huang Xu, Kong Gang-Qiang et al. [17] focused on
the displacement change in a pile top during heating and cooling cycles under summer
operating conditions. Regarding pile displacement and load changes during temperature
changes, Fang Jin-cheng, Kong Gang-qiang et al. [18] found that residual compressive
stress was mainly caused by resistance of the surrounding soil. The study conducted by
Zhong-jin Wang [19] shows that the load on the top of an energy pile should not be greater
than the value of plastic deformation and nonlinear settlement of a pile top. For the heat
transfer efficiency at different positions of a pile, Chen Zhi, Yao Jinwen et al. [20] assume
that the upper part of a pile has a larger thermal radius and a higher heat exchange rate
per linear meter than the lower part. When it comes to software simulation, Li Qi, You
Shuang et al. [21] studied the structural response and bearing capacity of energy piles
under heating and cooling conditions using COMSOL. According to them, the axial load
on the upper part of a pile body increases, that on the lower part is greater than the force
from the structural stress alone, and the lateral friction increases. Under cooling conditions,
the lateral friction of the pile body decreases at its upper end and increases at its lower end.

Recently, numerical modelling has often been applied to the design of borehole heat
exchanger fields. Casasso [22] conducted a simulation of the heat exchange of a bore-
hole heat exchanger with soil and an aquifer system through FEFLOW 6.0. Antelmi and
Vespasiano [23,24] proposed that too many borehole heat exchangers is wasteful and un-
economical, and, therefore, a numerical solution is necessary. In the process of numerical
simulation, the selection of model parameters is particularly important. Alberti et al. [25]
consider two types of ground source heat pumps, fitting the numerical ground response
with analytical solutions and comparing the two models; the effect of the grout material was
assessed in terms of exchanged energy and temperature distribution in the subsoil. In the
simulation process, the same parameters obtained different results in different simulation
processes (Di Dato et al. [26]); the interaction between heterogeneity and some thermal
hydrogeological parameters and engineering parameters is studied in this process. With
thermal break time and recirculation ratio as the main design parameters, thermal break
time alone will lead to the conclusion of system error.
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Based on current research on energy piles, this paper synthesizes existing experimental
and field data, selects parameters essential for subsequent numerical calculations, and
employs COMSOL6.0 Multiphysics simulation software. The numerical model of the
energy pile is established under diverse conditions such as U-shaped buried pipes, spiral
buried pipes, solid piles, embedded energy material pipe piles, undisturbed sandy subsoil,
and carbon fiber-based EICP mineralized sand subsoil. Through theoretical analysis,
heat transfer conditions, solution equations for energy pile thermodynamics, mechanical
analysis conditions, and solution equations are delineated. The simulation software is
then utilized to assess the impact of various factors and their combined effects on the
thermodynamic performance of energy piles during summer and winter conditions. This
analysis aims to optimize the design parameters of energy piles and evaluate the influence
of the carbon fiber-based EICP grouting mineralization method on energy pile performance.

2. Energy Pile Simulation Study, Mechanism Analysis, and Modeling
2.1. Study and Analysis of Energy Pile Calculation Model and Mechanism
2.1.1. Analysis of the Heat Conduction Mechanism

After determining the range of affected soils to be considered, heat transfer analysis
conditions, as depicted in Figure 1, are established using the following simplification
principles:

(1) Disregard impurities and non-uniformity within the soil around the pile, treating it as
uniform with constant thermal conductivity and specific heat capacity.

(2) The farther away from the pile, the smaller the temperature change in the soil mass,
and the smaller the heat transfer effect. Therefore, only the influence of the soil mass
within a certain range from the pile tip is considered, and it is considered that the soil
mass outside the range will no longer have heat exchange.

(3) There is contact heat transfer with contact thermal resistance between pile and soil.
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Figure 1. Heat transfer model of energy pile.

2.1.2. Mechanics Analysis

The area of affected soil is determined. The pile–soil interface is assumed to be in
full contact through friction and contact pressure, the surface of the soil is freely bounded,
and a field-applied load is simulated on the surface of the pile top. Side friction and any
fixed constraints that cause displacement out of range are ignored. A mechanical model is
created, as shown in Figure 2.
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2.1.3. Analysis of Thermomechanical Coupling Mechanism

Heat transfer in this study is divided into solid heat transfer and liquid heat transfer.
Heat transfer between solids occurs primarily in the form of conduction, which can be

expressed using Fourier’s law:
Q = −k∇T (1)

Q: conducted heat transfer flux, in (W/m2); k: thermal conductivity; and ∇T: temper-
ature difference between contacting solids.

Based on the first law of thermodynamics, the law of conservation of energy, the
equation of transient solid heat transfer, expressed by temperature, is as follows:

ρCp

(
∂T
∂t

+ utrans∇T
)
+∇ · (q + qr) = Q (2)

ρ: density of solid materials; Cp: specific heat capacity of solid materials; ∂T
∂t : time

accumulation, unsteady; T is the dependent variable to be determined, and t is the operation
time; utrans: velocity vector of solid translational motion; qr: radiant heat flux; and Q: other
external heat sources.

For liquid heat transfer, three aspects must be considered: 1. In the heat transfer
equation, liquid heat transfer is realized by convection; 2. The fluid has a viscous effect and
a certain heating effect, which can be ignored at low velocity and should be considered
at high velocity; and 3. The density of the liquid is affected by the temperature, which
produces a thermal effect when compressed or expanded.

In order to reflect these influencing factors, the heat transfer equation of fluid is as
follows:

ρCp

(
∂T
∂t

+ u · ∇T
)
+∇ · (q + qr) = αpT

(
∂p
∂t

+ u · ∇p
)
+ τ : ∇u + Q (3)

where ρ: density of fluid medium; Cp: specific heat capacity of fluid medium; ∂T
∂t : time

accumulation, unsteady; u · ∇T: convective heat transfer, u is the flow velocity of fluid;
and αp: coefficient of thermal expansion of fluid, αp = − 1∂ρ

ρ∂T ; αpT
(

∂p
∂t + u · ∇p

)
: pressure

work. Because the volume of water changes so little, the influence of pressure work is not
considered. The simplified control equation is as follows:

ρCp
∂T
∂t

+ ρCpu · ∇T +∇ · (−k∇T) = Q (4)

Solve Equations (1) and (3) to find T = T(x, y, z, t), the temperature at any position at
any moment.

In mechanics, the structure is divided into statically indeterminate structure and stati-
cally indeterminate structure, and the mechanical problems in life are generally statically
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indeterminate structure problems. For statically indeterminate problems, most mechanical
analyses rely on three types of equations: equilibrium equation, deformation equation,
and constitutive relation equation. The equilibrium equation based on Newton’s second
law states that any part of any structure is in equilibrium, expressed in terms of stress, as
follows:

ρ
∂2U2

∂t2 = ∇·s + Fν (5)

where U2 is the displacement in the second direction; ρ ∂2U2
∂t2 is the inertia term in the

direction of ν; Fν is the volume force in the direction of ν; and s is the stress in the material,
and in the problem of spatial elasticity, s is generally expressed by the stress tensor scale.

Constitutive relation is a kind of material model. The material models provided in
COMSOL include linear elastic material, non-linear elastic material, elastic–plastic soil
material, hyperelastic material, etc. In this study, linear elastic materials are selected, for
which the stress is proportional to the strain. In order to simplify the complexity of the
research, the model regards the material as the same material and makes two assumptions
about the research problem: that the material only produces a small deformation, and
that under different temperature conditions, the mechanical properties of the material are
constant. The governing equation of linear elastic materials is shown in Equation (6):

S = Sad + C × θel (6)

where Sad is the stress of the structure under external load; C = C(E, ν), the function
relation formed by elastic modulus E and Poisson’s ratio ν; and θel is the elastic strain of
the structure.

The elastic strain of the structure is equal to the strain generated by the structure minus
the part of the inelastic strain:

θel = θ − θinel (7)

where θinel is the inelastic strain term, and θel = θ − θinel is the sum of initial strain, strain
under external load, and temperature strain.

The relation between strain and displacement is as follows:

θ =
1
2

[
(∇U2)

T +∇U2

]
(8)

Without the pile’s dead weight considered, the force of the micro-section dz of the pile
at the depth z is analyzed. According to the balance condition:

qs(z)πddz + N(z) + dN(z)− N(z) = 0 (9)

qs(z): lateral resistance at a certain depth; d: pile diameter; and N(z): axial force at a
certain depth.

The balance diagram of any element of the pile is shown in Figure 3.

qs(z) = − 1
πd

dN
dz

(10)
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This equation is the fundamental differential equation of load transfer. From this
equation, it can be deduced that the lateral resistance caused by the relative displacement
of the pile and soil is linearly proportional to the rate of change in the pile axial force at a
certain depth.

In this paper, the calculation models for displacement and lateral resistance of a pile at
a certain depth under the influence of temperature proposed by Melissa A. Stewart [27] are
used. Assuming that the pile tip displacement is 0, the displacement calculation model is
as follows:

δT,i = δT,i−1 +
1
2
(εT,i−1 + εT,i)∆l (11)

δT,i: displacement at pile depth i at temperature T; εT,i: thermal axial strain at i at
temperature T; and ∆l: distance between two marked strains.

The calculation model for lateral resistance is as follows:

fs,mob,j =

(
σT,j−1 − σT,j

)
D

4∆l
(12)

fs,mob,j: lateral resistance; J: the point at a distance of j from the top of pile foundation;
D: diameter of pile foundation; and ∆l: distance between two points where the thermal
axial stress position is known.

The formula for strain caused by temperature change is as follows:

εT− free = α∆T (13)

α: coefficient of thermal expansion. According to aggregate mineralogy, the coefficient
of thermal expansion of unreinforced concrete is −9 to −14.5 µε/◦C, and that of reinforced
concrete is −11.9 to −13 µε/◦C [28]; ∆T: difference between the temperature when the
energy pile has run to a certain moment and the initial temperature; and εT−free: ignoring
the thermal load on the pile below the soil stiffness, according to geotechnical engineering
regulations, strain under compression is defined as positive.

Its axial deformation ∆LT−free:

∆LT−free = a · ∆T · L (14)

L: length of energy pile.
When the pile bottom is the bearing layer and the top has the upper building load, the

axial temperature stress σ of the pile is as follows:

σ = E · εT− f ree (15)

E: Young’s modulus of elasticity of pile body.
Axial force F caused by temperature:

F = σ · A (16)

A: cross-sectional area of energy pile.
Considering the stiffness of the soil around the pile, if the strain εT is less than εT− f ree,

the strain εres constrained by the soil can be expressed as follows:

εres = εT− f ree − εT (17)

εT−free: upper limit for temperature strain of pile.
When there is any constraint, the axial stress caused by temperature is as follows:

σres = E · εres = E ·
(

εT− f ree − ε
)
= E · (α∆T − εT) (18)
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Axial compression (elongation) deformation of pile caused by temperature ∆L: ∆L =
(a · ∆T − εT) · L.

Temperature additional load:

P = E · A ·
(

εT− f ree − ε
)

(19)

The calculation formulas of axial stress, displacement, and side friction resistance for
energy pile under upper load and temperature additional load are introduced into the
multi-physical coupling numerical model, and the initial values, boundary conditions, and
material properties are formulated according to the engineering practice.

2.2. Design of Calculation Model

In this paper, 12 physical models for energy piles are designed from the perspective of
the pile structure, the buried pipe shape, the TES materials in tubular piles, and the soil
around the piles. See Table 1.

Table 1. Numerical model and specifications of energy pile.

# Outer Radius of
Pile Foundation/m Pile Length/m Inner Radius of

Pile Foundation/m Shape of Buried Pipe TES Material in Pile Soil around Pile

1 0.38 15.5 N/A (solid pile) Buried U-pipe N/A In-situ sandy soil
2 0.38 15.5 0.35 Buried U-pipe N/A In-situ sandy soil
3 0.38 15.5 0.35 Buried U-pipe Water In-situ sandy soil
4 0.38 15.5 0.35 Buried U-pipe Sandy soil In-situ sandy soil
5 0.38 15.5 0.35 Buried U-pipe Mineralized soil In-situ sandy soil
6 0.38 15.5 0.35 Buried U-pipe Mineralized soil Mineralized soil
7 0.38 15.5 N/A (solid pile) Buried spiral pipe N/A In-situ sandy soil
8 0.38 15.5 0.35 Buried spiral pipe N/A In-situ sandy soil
9 0.38 15.5 0.35 Buried spiral pipe Water In-situ sandy soil
10 0.38 15.5 0.35 Buried spiral pipe Sandy soil In-situ sandy soil
11 0.38 15.5 0.35 Buried spiral pipe Mineralized soil In-situ sandy soil
12 0.38 15.5 0.35 Buried spiral pipe Mineralized soil Mineralized soil

In Figure 4, there are two types of buried pipes: U-shaped and spiral. There are solid
and hollow pipe piles. There are two types of soil around a pile: undisturbed sandy soil
and EICP mineralized sandy soil mixed with carbon fiber. There are three types of TES
materials in piles: water, undisturbed sandy soil, and mineralized soil mixed with fibers.
The ground area affected by energy piles is as follows: With the center of the pile plane,
with a radius of 3 m in the plane direction, and from the pile top level to a depth of 17.0 m
from the plane in the elevation direction.
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Figure 4. Position of TES materials in piles. (a) Reinforced concrete solid energy pile. (b) Energy pipe
pile filled with TES material in reinforced concrete.

According to the temperature of 5.5 m underground, the initial temperature of pile,
soil around pile, filling material in pipe pile, and working fluid is set at 17.7 ◦C, the inflow
temperature in the summer condition is 36 ◦C, and the inflow temperature in the winter
condition is 4 ◦C. The working fluid and the filling material of the liquid in the pipe pile are



Buildings 2024, 14, 1440 8 of 23

all made of tap water. According to the previous research of our research group [29], the
lower the flow velocity of heat transfer fluid, the better the heat transfer effect of energy pile,
but the smaller the heat transfer per unit length. Therefore, the flow rate of the heat transfer
working fluid should be moderate, and the flow rate of the working fluid in all models
in this study is set to 0.30 m/s. According to the research group’s previous research [29],
the energy pile has the best heat transfer effect when the buried pipe diameter is 80 mm
and the pitch is 200 mm, and the buried pipe in this study adopts this structural form.
The parameters of materials in the model mainly focus on three aspects: first, thermal
properties; second, the mechanical property; and third, the soil property.

This paper has created energy pile models for buried U-pipes and spiral pipes, models
for prefabricated energy piles made of water-filled U-pipes and water-filled spiral pipes,
and models for prefabricated energy piles made of U-pipes filled with mineralized soil
and of spiral pipes filled with mineralized soil, respectively. COMSOL is used to study the
interactive simulation of buried pipe shape, pile type, TES material in the pile, and soil
treatment outside the pile. The energy pile model diagram under different conditions is
shown in Figure 5.
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energy pile of buried U-pipe. (b) Model for hollow reinforced concrete energy pile of buried spiral
pipe.

2.3. Grid Division and Grid Independence Verification for Calculation Model

The calculation of the finite element method (FEM) is completed using the grid division
method in COMSOL Multiphysics. The ultra-fine free tetrahedral grid is used for the liquid
part, and the fine boundary layer grid is used for the liquid boundary and the water inlet
and outlet boundary. Fill materials in the piles and soil outside the piles are divided by a
free tetrahedral grid. The density of the pile body grid is set to about twice the density of
the soil grid to meet the calculation accuracy requirements. The network division of each
part of the energy pile is shown in Figure 6.

In this study, the grid independence of spiral energy pipe piles with an outer radius of
400 mm, an inner radius of 300 mm, and water as filler material is first tested under summer
conditions. The grid division for models occurs progressively from thin to dense. The
overall grid of the tested models is shown in Table 2. The total number of grids ultimately
used is 105,930.

This study is divided into the coupling between three physical fields and is simulated
by COMSOL Multiphysics’s solid mechanics, non-isothermal pipeline flow module, and
solid and fluid heat transfer submodule.
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Table 2. Outlet water temperature corresponding to the number of simulated 24 h grid cells.

Number of Grid Cells Outlet Water Temperature Calculation Time

19,797 29.3 ◦C 0.5 h
88,435 29.5 ◦C 3 h

105,930 29.9 ◦C 5 h
780,095 30.3 ◦C 11 h

2,329,287 30.7 ◦C 23 h

Conjugate heat transfer in COMSOL Multiphysics is used in the heat transfer mode.
Conjugate heat transfer module can provide laminar model interface and turbulence model
interface. When connected to the interface, the multi-physical field coupling of “non-
isothermal flow” is automatically generated; the physical field interface supports low Mach
number (typically less than 0.3) flows, non-Newtonian fluids, incompressible flows, weakly
compressible flows, and more, and supports steady-state and time-domain modeling in
two-dimensional, two-dimensional axisymmetric, and three-dimensional geometry. During
solid heat transfer, the porous medium model in COMSOL conforms to the characteristics
of porous soil and groundwater seepage in this study.

3. Simulation Study and Analysis of Heat Transfer Performance of Energy Piles
3.1. Model Reliability Verification

To verify the feasibility of the numerical simulation method, we relied on the square
project in front of the high-speed railway station in the northern part of Xinyang City,
Henan Province. Temperature adjustment in commercial floors is carried out using pile
foundation pipes and GHP systems. The diameter of the pile foundation is 800 mm, the
radius of the spiral pipe is 12.5 mm, and the velocity of heat transfer liquid in the pipe is
0.8 m/s. The initial temperature of the soil is 17.7 ◦C. The piles are distributed in a square
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shape with a spacing of 4200 mm. Gui Shuqiang [30] et al. conducted an on-site TRT test
under pile heating conditions at an inlet water temperature of 33 ◦C and a transient outlet
water temperature of 31.5 ◦C after 12 h of operation. Based on the parameter information
in this case, a model was constructed and simulated, and the simulated value was 31.2 ◦C.
The deviation is 0.3 ◦C, and the relative error is about 0.5%.

The heat exchange capacity of energy pile is calculated as follows:

q = ρliquidVρliquid Cρliquid(Tin − Tout) (20)

where q is the heat exchange capacity, in W; ρρliquid is the density of heat transfer fluid; Vρliquid

is the volume of heat transfer fluid; Cρliquid is the specific heat capacity of heat transfer fluid;
Tin is the inflow temperature of heat transfer fluid; and Tout is the outflow temperature of
heat transfer fluid.

The heat exchange capacity of the housing and simulation is calculated. The heat
exchange capacity of a single pipe in the project is about 55.1 W/m and that of the simulated
energy pile is about 55.8 W/m in the simulation, and the relative error is about 1.27%. It
shows that the numerical model can characterize the operating law of an energy pile. After
verifying the reliability of the numerical simulation, the parameter optimization design of
the energy pile structure is studied based on engineering practice.

3.2. Study on Heat Transfer Performance of Energy Piles
3.2.1. Thermal Energy Analysis of Heat-Carrying Fluid Surface of Energy Piles

By comparing the six groups of energy piles in Figure 7, it can be found that the surface
temperature reduction gradient of liquids in spiral pipes is more stable than that of liquids
in U-pipes on the inlet side of buried pipes. On the inlet side, the surface temperature of the
liquid in spiral pipes is higher than that of the liquid in U-pipes. The surface temperature
at the bottom of the buried U-pipe is higher than the temperature upstream. It shows
that when the flow path of the fluid changes, the heat carried by the fluid becomes more
concentrated on the unit surface area, resulting in an increased surface temperature of
the fluid. This results in an increased temperature difference between the surface of the
heat-carrying fluid and the pile and promotes heat exchange between the pile and the fluid.
This also explains why the heat exchange efficiency of buried spiral pipes is higher than
that of other types of buried pipes.
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3.2.2. Analysis of Influencing Factors of Heat Exchange of Energy Piles

In this work, the influence of the shape and structural parameters of buried pipes, the
pile form and structural parameters, and soil properties on the heat transfer of energy piles
is investigated through simulation studies. The outlet water temperature of each pile is
shown in Table 3.
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Table 3. Double factor, equally repeatable outlet water temperature of energy piles (in ◦C).

Factor A Factor B Buried U-Pipe Buried Spiral Pipe

Solid pile 31.925 32.733 31.848 32.662
Hollow pipe pile 34.675 34.940 34.871 34.925

Pipe pile filled with water 32.865 33.142 32.137 32.114
Pipe pile filled with sandy soil 34.721 34.621 34.214 34.233

Pipe pile filled with mineralized soil 33.326 33.656 33.184 33.414

SST= 22.13; SSA= 20.29; SSB= 0.45; SS(A ∗ B) = 0.57;

MSA= 5.07; MSB= 0.45; MS(A ∗ B) = 0.57;

F0A= 61.93; F0B = 5.50; F0(A∗B) = 1.74

where F0A > F0.01. It shows that the influence level of row factors on the outlet temperature
of energy piles is highly significant. F0.05 < F0B < F0.01. It shows that the influence level of
column factors on the outlet temperature of energy piles is significant. F0(A∗B) < F0.05. It
is assumed that the interaction between factor A and factor B does not have a significant
influence on the outlet temperature of energy piles. In order to analyze the influence of
Factor A and Factor B on the heat transfer performance of the energy pile and the work law
of the energy pile, the variation in outlet temperature of the energy pile with time under
summer conditions is plotted in Figure 8.
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Figure 8. Curve of water temperature of energy pile. (a) Buried U-pipe energy pile. (b) Buried spiral
pipe energy pile.

The outlet water temperatures of energy piles 1–6 and 7–12 in Table 1 are respectively
compared, as shown in Figure 8.

As can be seen from Figure 8a, at each time point, the outlet water temperature of pile
No. 1 is the lowest, the heat transfer efficiency of pile No. 6 is about 928.66 W, and the heat
transfer efficiency of pile No. 6 is only slightly different from that of pile No. 1, with the
heat transfer efficiency of 905.94 W. The heat transfer was 811.65 W, 665.68 W, and 391.91 W,
respectively. The heat transfer efficiency of pile No. 2 was the worst, and the heat transfer
was 312.39 W. The water outlet temperatures of No. 1–6 U-shaped buried pipe energy pile
are 32.733 ◦C, 34.940 ◦C, 33.142 ◦C, 34.621 ◦C, 33.656 ◦C, and 32.817 ◦C, respectively.

As can be seen from Figure 8b, the outlet water temperature of pile No. 9 is the lowest
and the heat transfer value is the largest at every moment, about 1126.10 W, followed by
pile No. 7 and No. 12, and the difference in heat transfer between the two is very small,
about 948.54 W and 928.66 W, respectively. It is about 738.43 W and 502.67 W, respectively,
and the heat transfer of No. 8 pile is about 305.29 W. The outlet temperatures of No.
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7–12 spiral-type buried pipe energy pile are 32.662 ◦C, 34.925 ◦C, 32.114 ◦C, 34.233 ◦C,
33.414 ◦C, and 32.733 ◦C, respectively. The following conclusions are drawn:

1. The heat transfer efficiency of solid piles is better than that of piles filled with ordinary
thermal physical materials;

2. For energy pipe piles with U-shaped buried pipes, the materials filled inside have a
great influence on the heat transfer efficiency of the piles. The heat transfer efficiency
is water, urease mineralized carbon fiber soil, and undisturbed soil from high to low;

3. When the soil around the energy pile is mineralized soil, the heat transfer performance
is better than that of the undisturbed soil;

4. When the pipe pile is filled with liquid material, the convection of liquid gives full
play to the advantages of large heat exchange area of spiral buried pipe and improves
the heat exchange efficiency of energy pile.

3.2.3. Study of the Temperature Distribution in the Longitudinal Section of an Energy Pile
under Different Conditions

Figure 9 shows the temperature diagram of the longitudinal section of different types
of energy piles with buried U-pipes after 3, 12, 24, and 36 h of operation in the summer
condition, respectively. Temperature fluctuations of different types of energy piles with
buried U-pipes in summer are as follows: For energy piles or solid piles with filling material
in the pipe, the temperature changed little after 3 h of operation. After 12 h of operation,
the temperature increased significantly, and the heat was transferred to the soil around
the piles. After 24 h of operation, the temperature rose sharply, and the impact on the soil
around the piles increased. After 36 h of operation, the temperature was still increasing,
but after 24 h, there was little difference. It shows that the rate of thermal diffusion was
slower in 24–36 h than in 12–24 h. For hollow energy pipe piles, the temperature changed
little at 3, 12, 24, and 36 h. It indicated a stable state had been reached after 3 h of operation.
The temperature was concentrated in the pipe pile, and the temperature of the soil outside
the piles hardly increased. It shows that the heat conduction process of the energy pile was
hindered.

Buildings 2024, 14, x FOR PEER REVIEW 13 of 25 
 

changed little at 3, 12, 24, and 36 h. It indicated a stable state had been reached after 3 h of 
operation. The temperature was concentrated in the pipe pile, and the temperature of the 
soil outside the piles hardly increased. It shows that the heat conduction process of the 
energy pile was hindered. 

     
 3 h 12 h 24 h 36 h 

(a) 

    
 3 h 12 h 24 h 36 h 

(b) 

     
 3 h 12 h 24 h 36 h 

(c) 

     
 3 h 12 h 24 h 36 h 

(d) 

Figure 9. Cont.



Buildings 2024, 14, 1440 13 of 23

Buildings 2024, 14, x FOR PEER REVIEW 13 of 25 
 

changed little at 3, 12, 24, and 36 h. It indicated a stable state had been reached after 3 h of 
operation. The temperature was concentrated in the pipe pile, and the temperature of the 
soil outside the piles hardly increased. It shows that the heat conduction process of the 
energy pile was hindered. 

     
 3 h 12 h 24 h 36 h 

(a) 

    
 3 h 12 h 24 h 36 h 

(b) 

     
 3 h 12 h 24 h 36 h 

(c) 

     
 3 h 12 h 24 h 36 h 

(d) 

Buildings 2024, 14, x FOR PEER REVIEW 14 of 25 
 

     
 3 h 12 h 24 h 36 h 

(e) 

     
 3 h 12 h 24 h 36 h 

(f) 

Figure 9. Temperature diagram of longitudinal section of various types of energy piles with buried 
U-pipes. (a) Thermal diagram of longitudinal section of solid reinforced concrete energy pile with 
buried U-pipe and undisturbed sandy soil around pile in summer. (b) Thermal diagram of longitu-
dinal section of hollow reinforced concrete energy pile with buried U-pipe and undisturbed sandy 
soil around pile in summer. (c) Thermal diagram of longitudinal section of reinforced concrete en-
ergy pile with buried U-pipe filled with water for TES and undisturbed sandy soil around pile in 
summer. (d) Thermal diagram of longitudinal section of reinforced concrete energy pile with buried 
U-pipe filled with sand for TES and undisturbed sandy soil around pile in summer. (e) Thermal 
diagram of longitudinal section of reinforced concrete energy pile with buried U-pipe filled with 
mineralized sandy soil for TES and undisturbed sandy soil around pile in summer. (f) Thermal di-
agram of longitudinal section of reinforced concrete energy pile with buried U-pipe filled with min-
eralized sandy soil for TES and mineralized soil around pile in summer. 

Figure 10 shows the temperature diagram of the longitudinal section of different 
types of energy piles with buried spiral pipes after 3, 12, 24, and 36 h of operation in the 
winter condition, respectively. Temperature fluctuations of different types of energy piles 
with buried spiral pipes in winter are as follows: For energy piles with filling material in 
the pipes, the temperature near the buried pipes was greatly reduced after 3 h, the heat 
around the buried pipes was gradually dissipated through the heat-carrying fluid at 12 h, 
and a large area contributed heat to the heat-carrying fluid at 36 h. For reinforced concrete 
hollow energy pipe piles, due to the lack of a “thermal bridge” between buried pipes and 
pipe piles, the heat from energy piles and the soil around the piles could not be transferred 
to the heat-carrying fluid, and therefore the efficiency of heat exchange was poor. 

     
 3 h 12 h 24 h 36 h 

(a) 

Figure 9. Temperature diagram of longitudinal section of various types of energy piles with buried U-
pipes. (a) Thermal diagram of longitudinal section of solid reinforced concrete energy pile with buried
U-pipe and undisturbed sandy soil around pile in summer. (b) Thermal diagram of longitudinal
section of hollow reinforced concrete energy pile with buried U-pipe and undisturbed sandy soil
around pile in summer. (c) Thermal diagram of longitudinal section of reinforced concrete energy
pile with buried U-pipe filled with water for TES and undisturbed sandy soil around pile in summer.
(d) Thermal diagram of longitudinal section of reinforced concrete energy pile with buried U-pipe
filled with sand for TES and undisturbed sandy soil around pile in summer. (e) Thermal diagram of
longitudinal section of reinforced concrete energy pile with buried U-pipe filled with mineralized
sandy soil for TES and undisturbed sandy soil around pile in summer. (f) Thermal diagram of
longitudinal section of reinforced concrete energy pile with buried U-pipe filled with mineralized
sandy soil for TES and mineralized soil around pile in summer.
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Figure 10 shows the temperature diagram of the longitudinal section of different types
of energy piles with buried spiral pipes after 3, 12, 24, and 36 h of operation in the winter
condition, respectively. Temperature fluctuations of different types of energy piles with
buried spiral pipes in winter are as follows: For energy piles with filling material in the
pipes, the temperature near the buried pipes was greatly reduced after 3 h, the heat around
the buried pipes was gradually dissipated through the heat-carrying fluid at 12 h, and a
large area contributed heat to the heat-carrying fluid at 36 h. For reinforced concrete hollow
energy pipe piles, due to the lack of a “thermal bridge” between buried pipes and pipe
piles, the heat from energy piles and the soil around the piles could not be transferred to
the heat-carrying fluid, and therefore the efficiency of heat exchange was poor.
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Figure 10. Temperature diagram of longitudinal section of various types of energy piles with buried
spiral pipes. (a) Thermal diagram of longitudinal section of solid reinforced concrete energy pile
with buried spiral pipe and undisturbed sandy soil around pile in winter. (b) Thermal diagram of
longitudinal section of hollow reinforced concrete energy pile with buried U-pipe and undisturbed
sandy soil around pile in winter. (c) Thermal diagram of longitudinal section of reinforced concrete
energy pile with buried spiral pipe filled with water for TES and undisturbed sandy soil around pile
in winter. (d) Thermal diagram of longitudinal section of reinforced concrete energy pile with buried
spiral pipe filled with sand for TES and undisturbed sandy soil around pile in winter. (e) Thermal
diagram of longitudinal section of reinforced concrete energy pile with buried spiral pipe filled
with mineralized sandy soil for TES and undisturbed sandy soil around pile in winter. (f) Thermal
diagram of longitudinal section of reinforced concrete energy pile with buried spiral pipe filled with
mineralized sandy soil for TES and mineralized soil around pile in winter.

According to the analysis of experimental data, energy piles with buried water-filled
spiral pipes for TES have better temperature adaptability, and the treated soil can improve
the heat exchange performance of the energy pile. In the same homogeneous object,
heat transfer occurs through diffusion conduction. The temperature difference between
neighboring particles is smaller. The contact diffusion heat transfer between different
substances is more resistant, and the temperature difference between neighboring particles
is larger.

3.2.4. Study of Temperature Distribution in the Energy Pile Body under Different
Conditions

According to Figure 11a,b, the temperature difference between the axis and the outer
edge of a solid energy pile in summer and winter is about 4.9 ◦C and 4.6 ◦C, respectively.
In each vertical section, the temperature from the end face of the pile to a depth of about
0.4 m and the return point of the buried pipe is higher than the center of the pile in summer
and lower than that of the center of the pile in winter. The reason is that the pile end is the
inlet of the heat-carrying fluid, and the initial temperature difference is the largest. The
liquid flow path at the return flow of the buried pipe changes greatly, and the heat of the
buried pipe is concentrated, resulting in a higher temperature of the buried pipe, faster
heat conduction to the pile, and an abnormally elevated pile temperature.
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Figure 11. Temperature distribution of vertical section at different distances from longitudi-
nal axis. (a) Longitudinal temperature distribution of solid pile with buried U-pipe in summer.
(b) Longitudinal temperature distribution of solid pile with buried U-pipe in winter. (c) Longitu-
dinal temperature distribution of precast pile with buried spiral pipe in summer. (d) Longitudinal
temperature distribution of precast pile with buried spiral pipe in winter.

According to Figure 11c,d, the temperature of the pile body fluctuates back and forth with
increasing depth because the distance between the buried spiral pipe and the vertical section
changes periodically. Based on the comparison of (a) and (c), (b), and (d), respectively, and
the combination with Formula εT− free = α∆T, the additional displacement of temperature
at the axis can be avoided by using the pipe pile shape. The pile body temperature of the
buried water-filled spiral pipe for TES is lower than that of the solid energy pile with the same
operating time and is more beneficial to the structural stability. R in Figure 11 represents the
distance between the pipe pile core and the outer surface of the pile.

3.2.5. Study on Heat Transfer Performance of Energy Piles with Different Types of Buried Pipes

Figure 12 is a comparison of the change in water outlet temperature over time in the
summer for energy piles with different types of buried pipes under the same pile foundation
type. As can be seen from the six comparison figures, the outlet temperature of spiral buried
pipe is lower than that of U-type when the soil around the pile and the heat storage material
inside the pipe core are the same, and the difference is different under different conditions
of soil around the pile and the heat storage material inside the pipe pile: Under (a) condition,
the outlet temperature of spiral buried pipe is about 0.11 ◦C lower than that of U-type,
and the heat transfer is about 28.40 W higher; (b) Under this condition, there is almost no
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difference in outlet temperature between U-type and spiral type buried pipe, and the outlet
temperature no longer changes after operation for about 1 h; (c) Under this condition, the
outlet temperature of spiral buried pipe is about 1.03 ◦C lower than that of U-type pipe, and
the heat exchange is about 292.51 W higher; (d) Under this condition, the outlet temperature
of spiral buried pipe is about 0.39 ◦C lower than that of U-type pipe, and the heat exchange
is about 110.75 W higher; Under (e) condition and (f) condition, the effluent temperature
of spiral buried pipe energy pile is about 0.24 ◦C and 0.10 ◦C lower than that of U-buried
pipe, respectively. Under the same conditions, energy piles with spiral-type buried pipe
have better heat transfer and temperature control ability, but under the influence of different
conditions of energy piles, the degree of advantages of spiral-type buried pipe is different.
Under the condition of energy pipe piles with undisturbed sand around the pile and water
in the inner core, the advantages of spiral-type buried pipe are maximized.
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Figure 12. Comparison of outlet temperature of energy piles with different buried pipes and the 
same pile foundation type in summer. (a) Solid reinforced concrete energy pile with undisturbed 
sandy soil around the pile. (b) Reinforced concrete energy pile with undisturbed sandy soil around 
the pile. (c) Reinforced concrete energy pile with undisturbed sandy soil around the pile and filled 
with water. (d) Reinforced concrete energy pile with undisturbed sandy soil around the pile and 
filled with undisturbed sandy soil. (e) Reinforced concrete energy pile with undisturbed sandy soil 
around the pile and filled with mineralized sandy soil. (f) Reinforced concrete energy pile with un-
disturbed sandy soil around the pile and filled with mineralized sandy soil. 
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Figure 12. Comparison of outlet temperature of energy piles with different buried pipes and the same
pile foundation type in summer. (a) Solid reinforced concrete energy pile with undisturbed sandy
soil around the pile. (b) Reinforced concrete energy pile with undisturbed sandy soil around the
pile. (c) Reinforced concrete energy pile with undisturbed sandy soil around the pile and filled with
water. (d) Reinforced concrete energy pile with undisturbed sandy soil around the pile and filled
with undisturbed sandy soil. (e) Reinforced concrete energy pile with undisturbed sandy soil around
the pile and filled with mineralized sandy soil. (f) Reinforced concrete energy pile with undisturbed
sandy soil around the pile and filled with mineralized sandy soil.
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4. Study and Analysis of the Thermomechanical Properties of Energy Piles
4.1. Study on the Law of Variation of Axial Stress under Load and Temperature

According to Hooke’s law, statically indeterminate structures experience temperature
stresses when the temperature changes. The following figures show the surface tension
distribution of a solid energy pile with buried spiral pipe under temperature and top load
in the summer when the soil around the pile is undisturbed sandy soil.

According to Figures 13 and 14, in the summer condition, the maximum temperature
load of the pile under temperature is about 1.31 Mpa, and the minimum is about 0.1 Mpa.
The maximum compressive stress of the pile under load is about 2.3 Mpa, and the minimum
is about 0.6 Mpa. The pile stress under top load and temperature is combined with the pile
depth to represent the pile stress line diagram, as shown in Figure 15.
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According to Figure 15, the stress under the top load is greatest at the top of the pile
and gradually decreases with increasing buried depth. Under temperature, the middle
of the pile is a stress equilibrium section, and the two ends of the pile are high stress
fluctuation sections, and the temperature stress at the bottom of the pile is less than that at
the top of the pile.

In Figure 16, (a) is a solid spiral buried pipe energy pile with undisturbed sand
surrounding the pile; (b) is a spiral buried pipe energy pile with water as internal heat
storage material and undisturbed sand surrounding the pile; and (c) is a spiral buried pipe
energy pile with water as internal heat storage material and mineralized soil surrounding
the pile. As can be seen from Figure 16, temperature stress distribution rules of different
types of piles are similar; the difference is that the temperature stress of different types of
piles at the same buried depth is different: the overall stress of (c) is less than (b) about
0.07 MPa, and the overall stress of (b) is less than (a) about 0.05 MPa. It shows that the
temperature stress of the energy pipe pile with water core is reduced by about 3.85%
compared with that of solid pile. When the soil around the pile is treated by the carbon
fiber based EICP mineralization soil, the stress of the pile body is reduced by about 5.6%
under the action of temperature. Considering that the bearing area of the tubular energy
pile is smaller than that of the solid pile, the pressure of the pile body is greater under the
same upper load. Therefore, the bearing capacity of tubular pile is weaker than that of solid
pile, and each has its own advantages and disadvantages.
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4.2. Study on the Law of Variation of Displacement under Load and Temperature

Temperature changes result in temperature stresses in a pile and displacement of the
pile. Figure 17 shows the displacement of the solid energy pile made of buried spiral pipes
with undisturbed sandy soil around the pile in the summer after 36 h of operation. Figure 18
shows the displacement of a solid energy pile made of buried spiral pipes with undisturbed
sandy soil around the pile under a top load of P of 1500 KN after 36 h of operation.
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Figure 18. Surface displacement distribution of energy pile under upper load after 36 h operation.

According to Figures 17 and 18, the top of the energy pile exhibits an upward displace-
ment of about 0.31 mm under temperature; the pile base has a downward displacement of
approx. 0.28 mm. The displacement of the pile body decreases from both ends towards the
middle, and the critical point is the depth of about 9.3 m. Under top load, the difference in
displacement between the two pile ends is very small (15.8 mm) because the stiffness of the
pile body is much greater than that of the soil.

Figure 19 shows the displacement of the three pile types as shown in (a), (b), and (c) in
Figure 16. According to the figure, the critical point of displacement for the three types of
piles is about 9.3 m away from the top of the pile. For the same pile depth, the displacement
of pile (a) is about 0.04 mm greater than that of pile (b), and that of pile (b) is about 0.03 mm
greater than that of pile (c). According to the analysis, water as a heat storage medium
can reduce the slope of the pile crown under the influence of temperature. After treatment
with urease and carbon fiber, the porosity of the soil decreases by about 20%, resulting in
increased soil stiffness and greater restriction of pile displacement. The treated soil has
improved thermal conductivity and can prevent heat buildup on pile bodies.
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4.3. Study of the Law of Variation of Side Friction under Load and Temperature

The axial load stress and the thermal stress of the pile are applied in Formulas (10)
and (12) to represent the side friction of a solid energy pile with buried spiral pipe in
undisturbed sandy soil under top load and summer working temperature in Figure 20.

According to Figure 20, the distribution of side friction on the pile surface under
the action of the top load is relatively balanced, and the direction is upward. Under
temperature, the side friction of the pile changes linearly with the pile depth and intersects
the axis with a side friction of 0. The side friction in the upper part of the intersection is
downward, and the side friction in the lower part of the intersection is upward. The side
friction versus temperature is much lower than that versus the top load.
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Figure 21 shows the relationship between pile depth and side friction for three pile
types, (a), (b), and (c).
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According to Figure 21, the side friction is close to the zero displacement position,
with the side friction in the upper part of the pile body directed downward and the side
friction in the lower part directed upward. The analysis results show that the side friction
is not only influenced by the relative displacement between the pile and the soil but is also
related to soil properties such as stiffness, friction angle, and cohesion coefficient. It is the
result of these factors.

5. Conclusions

The heat transfer control equation and theoretical model for analyzing the mechanical
performance of energy piles are derived theoretically. These equations and models are then
incorporated into the numerical calculation model using COMSOL Multiphysics simulation
software. Subsequently, a simulation study of the energy pile is conducted under both
summer and winter conditions, leading to specific conclusions:

(1) The type of buried pipe significantly impacts the heat exchange and temperature
control capabilities of energy piles, with spiral buried pipes exhibiting superior perfor-
mance compared to U-shaped buried pipes. Additionally, employing water as the heat
storage and energy storage material within the inner core of tubular energy piles results in
maximum heat exchange of 1126.10 W and the lowest outlet temperature. Combining spiral
buried pipes with water further enhances temperature control abilities, leading to a positive
synergistic effect and reduced temperature fluctuations within the pile body. Moreover,
treating the soil around the pile with carbon fiber urease mineralization promotes heat
transfer diffusion from the energy within the pile to the surrounding soil. This treatment
increases the energy pile’s heat transfer by approximately 190.26 W and improves tempera-
ture control capabilities by about 2.5%. Optimizing the type of buried pipe, utilizing water
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as the inner core heat storage material, and employing soil treatment with carbon fiber
urease mineralization significantly enhance the heat exchange and temperature control
abilities of energy piles, contributing to more efficient and sustainable energy management.

(2) Under summer conditions, solid concrete energy piles exhibit the largest temper-
ature difference along the radial axis, with the temperature difference at the pile’s edge
approximately half that at the axis. In contrast, tubular energy piles mitigate the significant
temperature-related stress at the axis, enhancing the safety of the superstructure. Numerical
calculations demonstrate that compared to solid piles, tubular energy piles reduce axial
stress at the pile top by approximately 3.85% and displacement by 12.9% under tempera-
ture effects. Moreover, when the soil around the pile is treated with carbon fiber urease
mineralization, the axial stress at the pile top decreases by about 5.6%, and displacement
decreases by 11.11% under temperature effects. This soil treatment significantly enhances
the overall safety margin of the energy pile system, providing a safer operating space for
the structure.

(3) Under vertical loading, the stress within the pile diminishes linearly from the top
downward, leading to upward lateral friction forces. Conversely, under temperature fluc-
tuations, stress peaks at the center of the pile and gradually decreases nonlinearly towards
both ends. This variation in stress distribution results in both upward and downward
friction forces at the top and bottom of the pile. These frictional forces play a crucial role in
the structural stability and load-bearing capacity of the energy pile system.
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