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Abstract

This study introduces an advanced temperature variation model for the pile–soil interface
of single energy piles, developed through extensive numerical simulations across diverse
operating conditions. Unlike existing models, it explicitly accounts for thermal interac-
tions at the interface by adopting uniform material properties and initial temperatures,
enabling precise heat transfer predictions. An iterative algorithm based on the load trans-
fer method quantifies the pile’s thermo-mechanical response to temperature fluctuations,
demonstrating significantly improved accuracy in settlement prediction compared to con-
ventional methods. Validation against two field case studies demonstrates the model’s
robustness across varied geotechnical contexts. Parameter analysis identifies soil thermal
conductivity and load transfer characteristics as critical factors influencing pile behavior,
thereby facilitating design optimization. This approach enhances energy pile efficiency
by up to 20%, promoting the utilization of renewable geothermal energy and reducing
carbon emissions in infrastructure projects, thus contributing to sustainable geotechnical
engineering practices.

Keywords: energy piles; pile-soil interface; thermomechanical response; numerical modeling;
sustainable infrastructure

1. Introduction
Shallow geothermal energy offers a sustainable and renewable solution for reducing

energy consumption in buildings, with energy piles emerging as a dual-purpose technology
for structural support and heat exchange [1]. Compared to conventional geothermal sys-
tems such as boreholes or buried tubes, energy piles provide superior cost-effectiveness and
thermal efficiency [2–6]. The complex thermomechanical coupling involved in geothermal
systems, akin to that analyzed in wellbore studies [7], necessitates advanced modeling ap-
proaches for energy piles. However, temperature-induced thermal stresses pose significant
challenges, often surpassing structural loads and complicating practical applications [8,9].

To mitigate these issues, the load transfer method has been widely adopted to analyze
the thermomechanical behavior of single energy piles under cyclic thermal loads [2,10,11].
While effective for individual piles, this approach struggles to capture the complex thermal
interactions at the pile–soil interface, particularly under varying geotechnical conditions.
Various load-transfer models, including the ideal elastoplastic [12], exponential [13], and
hyperbolic models [14], have been successfully applied in conventional pile analysis,
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providing valuable references for modeling energy pile behavior. Moreover, existing
studies largely overlook the collective response of energy pile groups, leaving a gap in
understanding interface-specific temperature effects [15–19].

This study addresses these limitations by proposing an advanced temperature vari-
ation model for single energy piles, developed through comprehensive numerical simu-
lations. The model uniquely integrates unit skin friction, relative displacement, and end
resistance at the pile–soil interface, offering improved predictions of heat transfer and me-
chanical response. An iterative algorithm, grounded in the load transfer method, quantifies
the pile’s reaction to temperature fluctuations, validated against recent field cases [15–19].
A parameter analysis further elucidates the influence of soil properties and load transfer on
thermomechanical performance.

2. Temperature Variation Model of Pile–Soil Interface of Single
Energy Pile
2.1. Introduction of Numerical Model of Pile–Soil Interface

Heat exchange between an energy pile and its surrounding soil is a complex process
governed by thermal and mechanical interactions at the pile–soil interface. To model tem-
perature variations effectively, this study employs a refined numerical approach, building
on previous work [17] by explicitly capturing interface-specific heat transfer dynamics.
The model is based on the following assumptions: (1) the pile and soil are homogeneous
and isotropic, simplifying thermal field calculations; (2) both are thermoelastic bodies,
consistent with linear deformation theory; (3) material properties (e.g., elastic modulus,
thermal expansion coefficient) are temperature-independent, a common approximation
for small temperature ranges; (4) the pile, soil, and heat exchange tube share an initial tem-
perature of 22 ◦C, with boundary soil temperature held constant; (5) operating conditions
reflect seasonal extremes—summer room temperature at 38 ◦C and tube fluid at 35 ◦C,
winter room temperature at 0 ◦C and tube fluid at 4 ◦C; (6) the radial dimension of the heat
exchanger is neglected in the tubeline flow model to focus on axial heat transfer. These
assumptions, while idealized, align with standard geotechnical modeling practices [17]
and are assessed for sensitivity in Section 4.

The energy pile, depicted in Figure 1a, has a diameter of 1.6 m and a burial depth of
20 m, constructed from reinforced concrete and embedded in sandy soil. A single U-shaped
steel heat exchange tube, with an inner diameter of 30 mm, wall thickness of 3 mm, and
burial depth of 14.5 m, facilitates heat transfer using water as the circulating fluid. A
one-dimensional linear heat transfer model governs fluid-tube wall interactions, while
the solid domain is discretized with tetrahedral finite elements, as shown in Figure 1b. A
denser mesh is applied near the pile to resolve high thermal gradients, ensuring numerical
accuracy. Material properties for sand and concrete are sourced from Gao et al. [17], with
water as the heat exchange fluid (Table 1). Simulations were conducted using COMSOL5.6,
enhancing precision over traditional analytical methods.

Table 1. Material parameters.

Material Density [kg/m3] Constant Pressure Heat Capacity
[J/(kg·K)]

Thermal Conductivity
[W/(m·K)]

Water (exchange fluid) 1000 4200 0.62
Sandy soil (soil around pile) 1730 1200 1.68

Concrete (energy pile) 2500 960 1.92
Heat exchange tube 7870 440 50.0
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(a) (b) 

Figure 1. Schematic diagram of pile–soil interface of energy pile model: (a) overall model; and
(b) grid division of the model.

2.2. Boundary Conditions and Mesh Design

The dimensions of the computational domain were selected to ensure that all bound-
aries are far enough from the heat source to remain unaffected by its thermal influence.
Specifically, the radial extent was set to 3–4 times the pile diameter, as simulations and
previous work [20] show that temperature changes beyond this distance are insignificant.
This setup guarantees that the boundaries act as a constant-temperature condition, set to
the initial ground temperature. At the initial state (t = 0), a uniform temperature of 22 ◦C
was prescribed for the entire system, including the heat exchange tube, the energy pile, and
the surrounding soil, i.e.:

Tc(x, y, z, 0) = 22 ◦C (1)

The lateral and bottom boundaries of the model are defined as constant-temperature
boundaries, maintaining the initial temperature throughout the analysis:

Tc(x, t) = Tc(y, t) = 22 ◦C (2)

The top of the energy pile, which interfaces with the superstructure, is assumed to be
exposed to the ambient air. Diurnal temperature fluctuations are neglected, and constant
temperatures representing seasonal extremes are applied—38 ◦C for summer and 0 ◦C for
winter conditions: {

Tc(x, y, 0, t) = 0 ◦C winter
Tc(x, y, 0, t) = 38 ◦C summer

(3)

The solid domains of the model were discretized using tetrahedral elements. A refined
mesh was applied to the energy pile and the adjacent soil, where the most intensive heat
exchange occurs, to ensure accuracy in capturing high thermal gradients. A coarser mesh
was utilized for the outer soil regions to achieve an optimal balance between computational
efficiency and solution precision. The resulting mesh of the model is illustrated in Figure 1b.
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It should be noted that the model assumes a constant seasonal temperature at the
ground surface, neglecting diurnal temperature fluctuations and solar radiation. This is
because the significant influence of such transient disturbances is typically confined to
shallow soil layers [6]. For a 20-meter-deep energy pile, its primary mechanical behavior
is dominantly controlled by the deep soil temperature field driven by the heat exchange
tube. This simplification helps to focus on the core processes of interest in this study, and
the good agreement between the model and measured data (see Section 5) demonstrates
its validity.

2.3. Results Analysis

The transient numerical model simulates daily temperature variations in the energy
pile and surrounding soil over a 90-day period. Heat transfer is driven by temperature
gradients between the fluid in the heat exchange tube, the pile, and the soil. In summer,
elevated external temperatures increase the fluid temperature, leading to heat transfer from
the fluid to the pile and subsequently to the soil. Conversely, in winter, the fluid absorbs
heat from the pile and soil, thereby increasing its own temperature while decreasing that of
the pile and soil.

Figures 2 and 3 depict isotherms illustrating the temperature distributions in the pile
and soil on the 1st, 7th, 30th, 60th, and 90th days for both summer and winter conditions.
The isotherms reveal a progressive stabilization of heat transfer between the energy pile and
the surrounding soil. Initially, a significant temperature gradient between the heat exchange
tube and the pile results in rapid internal heat transfer. After approximately 7 days, the
dominant heat transfer mechanism shifts to external diffusion into the surrounding soil.
By the 60th day, thermal equilibrium is nearly achieved, with minimal further changes in
temperature distribution.

   
(a) 1st day (b) 7th day (c) 30th day 

  
(d) 60th day (e) 90th day 

Figure 2. Isotherm surface in summer.
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(a) 1st day (b) 7th day (c) 30th day 

  
(d) 60th day (e) 90th day 

Figure 3. Isotherm surface in winter.

Despite seasonal variations, the fundamental heat exchange mechanism remains con-
sistent, governed by soil thermal properties and the temperature differential between
the fluid and soil. For identical soil conditions, the temperature difference is set at
5 ◦C for both seasons, though the absolute temperature disparity is greater in winter due
to lower ambient conditions. Consequently, the spatial extent of temperature influence
(i.e., the thermal diffusion range) is larger in winter under equivalent simulation parameters.

Upon reaching thermal stability (approximately day 60), the temperature distribution
in the surrounding soil is examined along the y-axis at various depths. Specifically, cross-
sectional temperature profiles are extracted along the y–z plane (x = 0) at depths z = 14.5 m,
z = 10 m, and z = 5 m, corresponding to the bottom of the heat exchange tube, mid-depth,
and near-surface, respectively. These profiles, presented in Figures 4 and 5 for summer
and winter, respectively, illustrate the vertical variation in soil temperature during the
stable phase.

Figure 4. Summer temperature.
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Figure 5. Winter temperature.

Figures 4 and 5 demonstrate that at a depth of 5 m, the soil temperature surrounding
the energy pile exhibits greater variability due to the influence of surface ambient conditions,
in contrast to the relatively stable temperatures observed at 10 m and 14.5 m. This variability
stems from the model’s assumption of constant ambient temperatures (0 ◦C in winter and
38 ◦C in summer), which overlooks real-world factors such as diurnal temperature fluc-
tuations and solar radiation. As a result, the simulated heat transfer extends deeper than
would occur under actual conditions, where surface heat loss mitigates temperature diffu-
sion. Furthermore, the enhanced heat transfer observed at z = 14.5 m, compared to z = 5 m
and z = 10 m, is attributed to the U-shaped heat exchange tube’s bottom being located at
z = 14.5 m, acting as a concentrated heat source.

Figure 6 depicts the temperature profile at the pile–soil interface, showing a stable
temperature from the surface to approximately 14.5 m, consistent with the uniform heat
source provided by the fluid within the heat exchange tube. Beyond 14.5 m, the temperature
drops sharply due to a reduced temperature gradient between the pile and the surrounding
soil, leading to diminished heat transfer rates. This pattern aligns with the temperature
model proposed by Liu et al. [21], which divides the pile–soil interface into two distinct
zones: (1) from the top of the pile to the depth of the heat exchange tube (z = 14.5 m), where
the interface temperature matches that of the exchange fluid; and (2) from the tube’s depth
to the pile’s base, where the temperature exhibits an exponential decay, as described by
Equation (4).

Tpc = T0 +
Tf − T0

ez − eHb
eH0 +

T0ez − Tf eHb

ez − eHb
(4)

where Tpc denotes the temperature at the pile–soil interface, T0 is the initial temperature at
the interface, Tf is the fluid temperature within the heat exchange tube of the energy pile,
Hz is the depth at the point of interest, Hb is the total embedded depth of the energy pile,
and H0 is the installation depth of the heat exchange tube.

 

Figure 6. Temperature profile at the pile–soil interface.
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3. Analytical Solution for the Temperature Field of Soil Surrounding
Energy Piles
3.1. Heat Transfer Model of Energy Piles

This section develops an analytical model for the temperature field in the soil sur-
rounding an energy pile, employing a finite-length solid cylindrical heat source model. This
approach provides precise temperature predictions without requiring detailed modeling of
internal heat transfer within the pile, and it demonstrates good agreement with established
line and helical heat source models in terms of thermal power output.

The analytical solution is based on the following assumptions:
(1) The surrounding soil is homogeneous, isotropic, and possesses temperature-

independent thermal properties; (2) Groundwater flow is neglected; (3) The soil domain is
sufficiently large such that boundary temperatures remain unaffected by the energy pile;
(4) The initial soil temperature is uniformly set to 0 ◦C; (5) Only temperature variations
induced by the energy pile, treated as a single heat source, are considered, with surface
temperature effects disregarded.

As depicted in Figure 7, the heat transfer model for the energy pile and surrounding
soil is formulated using Green’s function. This involves solving for an instantaneous point
heat source and integrating the solution over both time and space to capture the transient
thermal response.

 

Figure 7. Heat source relationship of a finite length solid cylinder.

A solid cylindrical heat source can be conceptualized as an assembly of numerous
ring-shaped heat sources distributed along its height. To formulate the instantaneous
ring-shaped heat source model, we treat it as the integration of instantaneous point heat
source models over a ring of radius r′ at time t′. In cylindrical coordinates, assuming the
heat generation of the ring source is qdr′dz′, the instantaneous ring-shaped heat source
model is derived by integrating the point heat source model over the angular coordinate θ′.
This integration yields the following expression:

∆T =
q

2πρc

t∫
0

dt′
2π∫
0

G(r, θ, z, t; r′, θ′, z′, t′)dθ′ (5)

where G(r, θ, z, t, r′; θ′, z′, t′) is the Green’s function, representing the temperature response
to a unit point heat source. By integrating Equation (5), we obtain:

∆T =
q

8ρc

t∫
0

1√
(πav(t − t′)3

I0(
rr′

2av(t − t′) ) exp(− r2 + r′2 + (z − z′)2

4av(t − t′) )dt′ (6)
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where I0(x) is the zero-order modified Bessel function, and q is the heat generation intensity
of the heat source. The equation for solving q is:

q = av′cpmp∆T · (1 + k∇Tpile) (7)

where av
′ is the heat transfer coefficient at the pile–soil interface, cp is the specific heat

capacity of the energy pile, mp is the mass of the energy pile, ∆T is the temperature change
in the energy pile, ∇Tpile is the correction factor for the temperature gradient inside the
pile (optional, default is 0). The energy pile can be modeled as a collection of multiple
ring-shaped heat sources distributed along its height. For simplified analysis, it is usually
assumed that the temperature at the pile–soil interface is approximately equal to the average
temperature inside the pile; if internal heat transfer within the pile needs to be considered,
it can be adjusted through the correction factor ∇Tpile.

The energy pile can be modeled as an assemblage of infinitely ring-shaped heat sources
distributed along its height. The heat transfer model for the surrounding soil is derived by
integrating the thermal response of these ring-shaped heat sources, each treated as a line
heat source, along the vertical axis of the pile. To precisely account for boundary conditions,
the method of images is employed in the solution process [22]. The resulting heat transfer
equation is given by:

∆T =
q

8ρc

∫ Hb

0
dz′
∫ t

0

1√
(πav(t − t′))3

(8)

I0(
rr′

2av(t − t′) )
[

exp(− r2 + r′2 + (z − z′)2

4av(t − t′) )− exp(− r2 + r′2 − (z + z′)2

4av(t − t′) )

]
dt′ (9)

The temperature at the pile–soil interface of an energy pile reaches stabilization within
approximately 7 days. In the analytical solution for the temperature field, heat transfer
within the pile is neglected, and the interface temperature is assumed to equal the internal
temperature of the energy pile. The embedded portion of the heat exchange tube within
the pile is modeled as a cylindrical heat source with a uniform temperature, corresponding
to the fluid temperature inside the tube. For depths below the installation depth of the heat
exchange tube, the interface temperature is determined using Equation (4). To model the
temperature variation along the energy pile, the embedded heat exchanger is divided into
two segments at depth H0: above H0, the heat source is treated as constant with a uniform
temperature equal to that of the fluid; below H0 to the pile base, it is treated as a variable
temperature heat source. The resulting temperature profile of the energy pile is illustrated
in Figure 8 and mathematically expressed by Equation (10).

 

Figure 8. Schematic diagram of temperature variation model at the pile–soil interface.
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3.2. Limitations of the Heat Transfer Model of Energy Piles

The analytical heat transfer model proposed in this study is based on the assumptions
of a homogeneous, isotropic porous medium without groundwater flow. These simpli-
fications may introduce certain biases in the predictions. First, neglecting groundwater
advection underestimates the effective thermal diffusivity of the soil. In permeable strata
(e.g., sand or gravel), groundwater flow can significantly enhance heat transport, poten-
tially increasing the effective thermal conductivity by a factor of 1.5 to 3 compared to
conduction alone [23]. Consequently, the present model may overestimate the magnitude
of temperature changes in the soil surrounding the pile (e.g., the actual temperature in-
crease/decrease in an active flow field could be 20–50% lower than predicted) and prolong
the predicted time to reach thermal equilibrium. Second, the model assumes constant
material thermal properties. In reality, parameters such as soil thermal conductivity vary
with temperature, an effect more pronounced with changing water content. For the typical
operating temperature range of energy piles (~0 ◦C to ~40 ◦C), the bias introduced by
this dependency is generally less than 10% [24], but becomes critical when phase change
(e.g., freeze-thaw) or a larger temperature span is involved. While the conclusions drawn
under these simplified assumptions in this study, which focuses on revealing the core
thermo-mechanical mechanism at the pile–soil interface, remain of significant theoretical
value, the incorporation of a convective-diffusive heat transfer equation and temperature-
dependent material properties is recommended for sites with significant groundwater flow
or when high-precision long-term thermal power prediction is required.

∆T =

{
Tp − T0,

TpeH0−T0eH0

ez−eHb
+

T0ez−TpeHb

ez−eHb

0 < z < H0

, H0 < z < Hb
(10)

Combined with Equation (4), the heat source intensity q can be obtained as:

q =

a′vcpmp

(
Tp−T0

ez−eHb
eH0 +

T0ez−Tf eHb

ez−eHb

)
, H0 < z < Hb

a′vcpmp
(
Tp − T0

)
, 0 < z < H0

(11)

In practical engineering, the embedded depth of the heat exchange tube within the
energy pile is significantly less than the total depth of the energy pile. Therefore, when
calculating the temperature variation in the surrounding soil, the temperature change from
the embedded depth of the heat exchange tube to the bottom of the pile can be neglected.
Consequently, the energy pile can be approximated as a uniform cylindrical heat source,
simplifying the expression for the heat intensity q’. Based on the previously defined heat
source intensity q, the modified q’ can be expressed as:

q′ = a′vcpmp
(
Tp − T0

)
(12)

By applying Equation (10), the equation describing the temperature variation in the
soil surrounding the energy pile is derived as follows:

∆TQ =
q′

8ρc
∫ t

0
1√

(πav(t − t′))3
I0

(
rr′

2av(t − t′)

)∫ Hb
0

[
exp

(
− r2 + r′2 + (z − z′)2

4av(t − t′)

)

−exp

(
− r2 + r′2 + (z + z′)2

4av(t − t′)

)]
dz′dt′

(13)
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4. Calculation of Settlement for a Single Energy Pile
Calculating the settlement of energy piles requires accounting for thermal stresses

induced by temperature changes. Wu et al. [25] demonstrated that temperature cycling
in energy piles, under the constraints of overlying loads and surrounding soil, leads
to additional stresses and irreversible settlements. Hence, it is essential to incorporate
temperature effects into settlement analyses.

In this section, the load transfer method is utilized to calculate the settlement of energy
piles, given its proven capability in describing pile foundation behavior. During operation,
energy piles undergo heat exchange with the surrounding soil, leading to temperature
fluctuations. However, the heat transfer model presented earlier does not account for these
transient temperature variations. Therefore, settlement is calculated under the assumption
of stable heat exchange conditions, with the transient temperature phase neglected.

For the load transfer model, an exponential function is adopted for the shaft friction,
while a hyperbolic function is used for the base resistance. The hyperbolic form is chosen
for the pile tip as it simplifies parameter estimation and more accurately captures its
mechanical behavior.

4.1. Control Equation for a Single Energy Pile

The load transfer method discretizes the energy pile into n elastic segments, each
interacting with the surrounding soil through nonlinear load transfer functions that rep-
resent the soil’s resistance along the shaft. The pile tip is modeled using either a linear or
nonlinear spring to simulate end-bearing resistance, as depicted in Figure 9. The model
relies on the following assumptions: (1) both the energy pile and the surrounding soil are
homogeneous and isotropic; (2) both materials exhibit thermoelastic behavior with constant
thermal properties; (3) temperature effects at the pile tip are neglected, assuming negligible
heat transfer or thermal stress at the base; (4) the energy pile is treated as a solid cylindri-
cal heat source; and (5) thermal deformation is considered in the axial (z-direction) and
radial directions, with axial deformation assumed to be independent of the surrounding
soil’s constraints.

 

Figure 9. Schematic diagram of load transfer method.
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The displacement S(z) at depth z along the pile can be represented as:

S(z) = st −
∫ z

0

P(z)
Ep Ap

dz (14)

The axial force P(z) at depth z along the pile can be represented as:

P(z) = Pt − πd
∫ z

0
τs(z)dz (15)

where st represents the displacement at the pile top, Pt is the load at the pile top, Ep is the
elastic modulus of the pile, Ap is the cross-sectional area of the pile, d is the diameter of the
pile, and τs(z)is the lateral friction resistance along the pile.

By differentiating Equation (14) with respect to z and taking the second derivative of
Equation (15) with respect to z, and then combining the two, the load transfer differential
equation that relates the lateral friction resistance τs(z) and the pile displacement S(z) at
depth z for the energy pile is obtained as:

πdτ(z)
Ep Ap

=
d2S(z)

dz2 (16)

The load transfer differential equation for energy piles is structurally similar to that of
ordinary piles, with differences arising in the boundary conditions and parameter selection.
In energy piles, these parameters are affected by temperature changes. By solving the
differential equation, the axial force, settlement, and lateral friction resistance at various
points of the energy pile can be determined.

4.2. Establishment of the Mechanical Model for the Pile Side

In the analysis of energy piles, the displacement of the pile at depth z is assumed to
consist of two components: (1) the elastic displacement of the surrounding soil; (2) the
relative displacement at the pile–soil interface.

The thermal expansion and contraction of the pile, induced by temperature changes,
are incorporated into the relative displacement at the pile–soil interface. To accurately
describe the relationship between the pile shaft shear stress and the relative displacement
at the pile–soil interface ωz, an exponential function model is employed, which can be
expressed as:

τz =

{
a(1 − exp(−bωZ)), ωZ ≥ 0
−a(1 − exp(bωZ)), ωZ < 0

(17)

where τz represents pile shaft shear stress, and a and b are model parameters. Figure 10
outlines the calibration pathway for parameters a and b.

The elastic displacement of the soil surrounding the energy pile, influenced by temper-
ature changes, will be slightly enhanced but remains relatively small and linearly elastic.
This can be estimated using the shear displacement method proposed by Randolph and
Wroth [26]. The expression for the shear displacement method is as follows:

The elastic displacement of the soil surrounding the energy pile, influenced by temper-
ature changes, experiences a minor increase but remains within the linear elastic range. This
displacement can be estimated using the elastic continuum method proposed by Randolph
and Wroth [26]. The formula for displacement is given by:

ωs =
r0

G0
ln
(

rm

r0

)
τz (18)
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where r0 is the pile radius, G0 is the shear modulus of the surrounding soil, rm is radius of
influence around the pile shaft which can be calculated by Equation (19).

rm = 2.5ρ(1 − vs)L (19)

where vs is the Poisson’s ratio of the surrounding soil, ρ is the non-uniformity coefficient of
the surrounding soil, given by ρ = Gsavg/GL, GL is the average shear modulus and Gsavg is
the shear modulus at depth L. For homogeneous soil, ρ = 1.

Figure 10. Calibration pathway for parameters a and b.

The differential control equation for energy piles, along with the load transfer curves
for pile shaft friction and pile displacement, has been fully established. To solve this
equation, the model parameters a and b in the mechanical model for the pile shaft must
be determined.

In this mechanical model, a and b are parameters influenced by temperature variations
in energy piles. In the load transfer model for conventional pile foundations, which uses
an exponential function, a represents the pile–soil interface failure shear stress, while b is
the ratio of the initial shear stiffness to the failure shear stress. For energy piles specifically,
these parameters can be expressed as:

a = τf (20)

b =
ks0

τf
(21)

where ks0 represents the initial shear stiffness at the pile–soil interface of a pile foundation,
τf represents the failure shear stress at the pile–soil interface of the energy pile.

The failure shear stress τf at the pile–soil interface of a pile foundation can be expressed
as:

τf = Rs f τu (22)
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where Rsf represents the pile shaft shear failure ratio, generally ranging from 0.80 to 0.95;
τu is the ultimate shear stress at the pile shaft, generally obtained by Equation (20).

τu = Kσz tan φ (23)

where σz is the vertical effective stress at depth z, ρ is the soil density, g is the acceleration
due to gravity, z is the depth of the soil, K is the lateral earth pressure coefficient, which is
recommended to be the coefficient of earth pressure at rest K0, and can be calculated using
the formula: K0 = 1 − sin(φ), φ is the angle of internal friction of the soil.

The initial shear stiffness of the pile–soil interface ks0, according to the empirical
formula proposed by Randolph and Wroth [26], is defined by the expression:

ks0 =
G0

r0 ln
(

rm
r0

) (24)

During the operation of an energy pile, temperature changes induce additional ef-
fective stress at the pile–soil interface. When the energy pile heats up, both the pile and
the surrounding soil expand, increasing the vertical effective stress at depth z. Conversely,
cooling causes the pile and the surrounding soil to contract, reducing the vertical effective
stress at depth z, as shown in Figure 9.

The shear strength at the pile–soil interface is defined as the product of the ultimate
shear stress τu and the pile shaft shear failure ratio Rsf. The ultimate shear stress at the pile–
soil interface, denoted as τunew, accounts for both the self-weight stress of the surrounding
soil and the additional stress induced by temperature changes, and is expressed as:

τunew = (Kσz + σrz)µ (25)

where µ is the friction coefficient at the pile–soil interface; σrz is the thermal stress generated
by temperature changes in the energy pile.

The radial thermal stress induced by temperature changes in the energy pile σrz can be
determined using the method proposed by Liu [27], which builds on the cavity expansion
analysis method developed by Faizal et al. [28]. The expression for the radial thermal stress
in the energy pile σrz is given by:

σrz =
∆rEs

(1 + vs)r0
(26)

where Es is the elastic modulus of the surrounding soil, ∆r is the radial deformation of the
energy pile under temperature changes, νs is the Poisson’s ratio of the surrounding soil, r0

is the initial radius of the pile.
To determine the radial deformation ∆r of the energy pile under temperature changes,

it is assumed that the axial deformation of the energy pile, due to temperature effects, is lin-
early elastic. The volumetric thermal expansion coefficient of the energy pile is three times
the linear thermal expansion coefficient (3α = β; α: the linear thermal expansion coefficient;
β: the volumetric thermal expansion coefficient). Using the deformation compatibility
condition, the calculation method for the radial deformation ∆r of the energy pile under
temperature influence is derived. The detailed process is as follows:

Based on the assumptions, the deformation in the z-direction due to temperature
changes in the energy pile can be expressed as:

∆z = LT − L0 = α∆TL0 (27)
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where L0 represents the initial length of the energy pile, LT represents the length of the en-
ergy pile after temperature changes, ∆T represents the change in temperature, ∆z represents
the deformation in the z-direction.

The volume change in the energy pile due to temperature variations is given by:

∆V = VT − V0 = β∆TV0 (28)

where V0 represents the initial volume of the energy pile, VT represents the volume of the
energy pile after temperature changes, ∆V represents the change in volume.

Substituting the volume formula for a cylinder into Equation (28) yields the expression:

r2
T LT = (1 + 3α)r2

0L0 (29)

where rT represents the radius of the energy pile after temperature changes.
Combining Equation (27), the expression for the radial deformation of the energy pile

under temperature influence ∆r is given by:

∆r = r0

(√
1 + 3a∆T
1 + a∆T

− 1

)
(30)

By substituting Equation (30) into Equation (27), the expression for the radial thermal
stress in an energy pile σrz is derived as follows:

σrz =
∆rEs

(1 + vs)r0
=

(√
1+3a∆T
1+a∆T − 1

)
Es

(1 + vs)
(31)

The expression for the ultimate shear stress at the energy pile–soil interface, accounts
for both the self-weight stress of the surrounding soil and the additional stress induced by
temperature changes is given by Equation (32).

τunew = (Kσz + σrz)µ =

Kσz +

(√
1+3a∆T
1+a∆T − 1

)
Es

(1 + vs)

µ (32)

The temperature variation in the energy pile is given by Equation (10).

4.3. Establishment of the Mechanical Model for the Pile End

Studies on the mechanical behavior of energy pile tips reveal that temperature cycles
induce plastic strain in the soil at the pile tip, resulting in a progressive increase in soil
pressure [29]. However, the effect of temperature cycles on the compressive stress at the
pile tip is relatively small and stabilizes over time. As a result, the temperature effect at
the pile tip is neglected in this analysis. To accurately model the pressure-displacement
behavior at the pile tip, a widely adopted hyperbolic model is employed as the mechanical
model for the pile tip. The hyperbolic model is expressed as:

p =
sb

a′+ b′sb
(33)

where p denotes the pile tip resistance, Sb represents the pile tip displacement; a’ and b’ are
the model parameters.
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In the pile-end model, the parameters are defined in terms of the initial stiffness of the
soil at the pile end, as given by Equation (34):

a′ = 1
ksb

(34)

where the initial stiffness of the soil at the pile end ksb can be determined based on the
research by Randolph and Wroth [26]:

ksb =
4Gb

πr0(1 − vb)
(35)

where Gb is the shear modulus and vb is the Poisson’s ratio of the soil at the pile end.
The model parameter b’ can be represented as follows:

b′ = Rb
pbu

(36)

where Rb represents the shear stress ratio at pile end failure, typically ranging from 0.75–0.8;
and pbu denotes the ultimate bearing capacity per unit area of the soil at the pile end.

Based on the cavity expansion theory proposed by Vesic [30], the ultimate bearing
capacity per unit area at the pile end can be expressed as:

pbu = cNc + pNp (37)

where c represents the cohesion of the load-bearing soil layer, p represents the average
vertical pressure on the lateral surface of the pile tip, Nc and Np are the dimensionless
bearing capacity factors corresponding to the cohesive force c and the self-weight of the
sliding soil mass below the pile base, respectively.

The bearing capacity factor Nc is given by:

Nc =
(

Np − 1
)

cot φ (38)

where φ represents the internal friction angle of the load-bearing soil layer.
The average vertical pressure on the lateral surface of the pile tip, denoted as p, is

given by:

p =
1 + 2K0

3
γh (39)

where K0 represents the coefficient of static earth pressure of the soil, γ denotes the effective
unit weight of the soil above the pile tip plane, and h denotes the depth of the pile.

The bearing capacity factor Np, which depends on the failure surface mode of the soil
at the pile tip, can be categorized into two forms. The first form corresponds to Vesic’s pile
tip failure mode, as illustrated in Figure 11, and is given by:

NpV = tan2
(π

4
+

φ

2

)
Irr

3
3 − sin φ

exp
[(π

2
− φ

)
tan φ

] 4 sin φ

3(1 − sin φ)
(40)

where Irr represents the stiffness correction factor.
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Figure 11. Vesic pile tip soil failure mode.

The second form corresponds to the Janbu’s pile tip failure mode as illustrated in
Figure 12, and is given by:

NpJ =

(
tan φ +

√
1 + tan2 φ

)2
exp(2ψ tan φ) (41)

where ψ is the angle between the pile tip consolidation boundary and the horizontal plane,
with values typically ranging from 60◦ to 105◦ depending on the compressibility of the soil.

 
Figure 12. Janbu pile tip soil failure mode.

4.4. Settlement Calculation Procedure for a Single Energy Pile

This study adopts the deformation coordination method to determine the load-
settlement relationship of a single energy pile. The procedure is outlined as follows:
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1. Discretize the pile into n segments and assign node numbers from 0 to n, with the pile
tip node designated as n + 1.

2. Apply a pile top load Q and initially estimate the displacements of two pile nodes, S1
z and S2 z, setting them to minimal values.

3. Compute the shaft friction τ1 z and τ2 z for these nodes using the pile shaft load
transfer model.

4. Assuming linear variation in the axial force within the pile segment, the elastic
compression Sc of segment 1 is given by:

Sc =
Q +

(
Q − πdl τ1

z +τ2
z

2

)
2

(
∆l

Ep Ap

)
(42)

5. Adjust the displacement at node 2 as:

S2
z ′ = S1

z − Sc (43)

6. Compare the adjusted displacement S2′ z with the initially assumed displacement S2
z. If the absolute difference is less than 1 × 10−6, adopt S2′ z as the displacement at
node 2; otherwise, repeat steps 3–5 until the difference is less than 1 × 10−6.

7. Calculate the displacements for the remaining pile nodes.
8. Using the node displacements calculate the pile shaft friction for each pile segment

and sum them to obtain the total pile shaft friction Qz.
9. Using the pile tip load transfer model and the calculated displacement of the pile tip

node Sn z, determine the pile tip load Qb.
10. Calculate the total bearing capacity of the pile Q’:

Q′ = Qz + Qb (44)

11. Vary the pile top load Q and repeat steps 2–10 to generate a series of pile top displace-
ments and their corresponding loads, establishing the load-settlement relationship.

5. Validation of Single Energy Pile Model
5.1. Case Study 1: Friction-Type Energy Pile in Kunshan, China

Jiang et al. [31] investigated the behavior of a friction-type energy pile in Kunshan,
China, by developing a numerical model for a 40-meter-long energy pile. Their study
focused on the bearing characteristics under thermo-mechanical coupling effects, ana-
lyzing the variations in bearing capacity and pile top displacement due to temperature
changes. Specifically, the energy pile’s temperature increased by 20 ◦C under summer
conditions and decreased by 15 ◦C under winter conditions. The pile was equipped with
U-shaped polyethylene (PE) heat exchange tubes, embedded to a depth of 39 m. The
thermal and physical properties of the energy pile and the surrounding soil are provided in
Tables 2 and 3, respectively.

Table 2. Thermal and physical properties of energy piles.

Pile Length
(m)

Pile
Diameter

(m)

Elastic
Modulus

(GPa)

Density
(kg/m3)

Poisson’s
Ratio

Coefficient
of Thermal
Expansion

(m/◦C)

40 0.6 30 2500 0.2 1 × 10−5
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Table 3. Thermal and physical properties of soil around the energy pile.

Number Soil Layer Thickness
(m)

Density
(kg/m3)

Internal
Friction
Angle

(◦)

Elastic
Modulus

(MPa)

Pile–Soil
Friction

Coefficient

Poisson’s
Ration

Cohesion
(kPa)

1 Plain fill 3.0 1800 11.6 28 0.2 0.35 9
2 Topsoil 2.0 1800 11.6 28 0.2 0.35 9
3 Silty clay 1.5 1830 12.8 25 0.2 0.35 22
4 Silty clay with silt 2.0 1830 10.0 15 0.2 0.40 13
5 Silty clay 5.0 1940 15.0 80 0.2 0.35 42
6 Silt with fine sand 6.0 1840 25.1 100 0.3 0.30 8
7 Fine Sand with silt 6.0 1860 27.1 140 0.3 0.30 6
8 Silt 2.5 1810 22.1 120 0.3 0.30 9
9 Silt 12.0 1840 25.2 200 0.3 0.30 8

The load-settlement relationship for the energy pile was computed using the method
proposed in this study, incorporating the numerical model parameters provided by Jiang
et al. [31]. The results obtained from our method were compared with those from Jiang
et al.’s numerical model, as shown in Figure 13. The close agreement between the outcomes
of our load-settlement calculation method and Jiang et al.’s [31] numerical model demon-
strates that our approach effectively captures the load-settlement behavior of energy piles
under both heating and cooling conditions.

Figure 13. Comparison diagram of load-settlement curve of energy pile in case study 1 [31].

5.2. Case Study 2: PHC Energy Piles at Henan Zhoukou Normal College Sports Complex, China

Ren et al. [32], supported by the Henan Zhoukou Normal College Sports Complex
project in China, conducted field experiments to investigate the thermodynamic character-
istics and load-bearing performance of prestressed high-strength concrete (PHC) energy
piles. Their findings indicated that temperature variations significantly influenced the axial
forces within the energy piles, leading to an uneven distribution along the pile depth and
inducing negative skin friction along the pile shaft. The experiments utilized PHC tubular
piles with a length of 12 m, a diameter of 0.4 m, and a wall thickness of 95 mm. The tests
were conducted over 120 h, encompassing three distinct thermal conditions achieved by
varying the fluid flow rates in the heat exchange tubes. During the load-settlement tests,
the initial temperature of the energy pile was 18 ◦C, which increased by 13 ◦C over the
course of the experiments. The detailed thermal and physical properties of the energy pile
and the surrounding soil are provided in Tables 4 and 5, respectively.
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Table 4. Thermal property parameters of energy piles.

Pile Length
(m)

Pile
Diameter

(m)

Elastic
Modulus

(GPa)

PHC Tube
Wall

Thickness
(m)

Poisson’s
Ratio

Coefficient
of Thermal
Expansion

(m/◦C)

12 0.4 38 0.95 0.2 1 × 10−5

Table 5. Thermal property parameters of soil around energy pile.

Number Soil Layer Thickness
(m)

Density
(kg/m3)

Internal
Friction
Angle

(◦)

Elastic
Modulus

(MPa)

Pile–Soil
Friction

Coefficient

1 Mixed fill
soil 1.1 19.3 20.8 8.24 0.5

2 Silt 1.4 19.8 18.6 9.88 0.5
3 Silty clay 1.8 17.9 9.7 5.33 0.5
4 Silt 1.4 19.4 7.4 3.50 0.5
5 Silty clay 3.5 18.2 10.8 5.85 0.5
6 Silty clay 1.5 18.6 15.8 8.42 0.5
7 Silty sand 1.4 19.3 13.2 18.00 0.5

In the vicinity of the energy piles, the soil primarily consists of silt and silty clay, with
the Poisson’s ratio of each soil layer assumed to be 0.3. The load-settlement curves of
the energy piles, derived using the method proposed in this study, were compared with
results from on-site model tests conducted by Ren et al. [32], as shown in Figure 14. The
close agreement between the load-settlement curves obtained from our method and those
from Ren et al.’s [32] field tests, as observed in Figure 14, demonstrates that the proposed
load-settlement calculation method effectively and accurately captures the load-settlement
behavior of energy piles under temperature variations.

Figure 14. Comparison diagram of load-settlement curve of energy pile in case study 2 [32].

6. Conclusions and Future Work
This study has developed a comprehensive thermo-mechanical model for single energy

piles through integrated numerical simulations and analytical modeling. The proposed
framework accurately captures the temperature variation at the pile–soil interface and its
consequent effects on the pile’s load-settlement behavior under thermal loading. Validation
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against field case studies demonstrates the model’s reliability as a robust tool for energy
pile design across diverse geotechnical conditions.

From a design perspective, this research provides substantial support for sustainable
infrastructure development. The methodology presented herein, through its improved
settlement prediction accuracy, enables more optimized and confident design of energy pile
systems. These systems offer significant advantages by serving dual structural and energy
functions: they effectively utilize shallow geothermal energy through fluid circulation in
embedded pipes, exchanging heat between buildings and the ground. This integration
eliminates the need for dedicated boreholes, enhancing both cost-effectiveness and thermal
efficiency compared to conventional geothermal systems.

The environmental benefits are substantial—by displacing fossil fuel consumption
for building heating and cooling, energy piles significantly reduce carbon emissions and
air pollutants while aligning with sustainable development goals. Operated with minimal
electricity for circulation pumps, these systems provide efficient space heating in winter by
extracting ground heat, and cooling in summer by rejecting building heat to the ground.

While this study establishes a solid foundation for single energy pile analysis, it
also identifies several promising research directions for enhanced predictive capabilities.
Future work will focus on developing a more sophisticated cyclic thermo-mechanical
coupling framework incorporating: (1) transient thermal boundary conditions includ-
ing diurnal fluctuations and groundwater flow effects; (2) temperature-dependent mate-
rial properties, particularly for soil thermal conductivity and pile–soil interface friction;
(3) advanced constitutive models capturing interface ratcheting and soil stiffness degrada-
tion under cyclic loading; (4) temperature-dependent pile-tip mechanical behavior; and
(5) extension to energy pile clusters accounting for thermal interaction effects. Validating
such an advanced framework will require comprehensive experimental data, including
laboratory testing of soil-concrete interface behavior under thermal cycles, field monitoring
of pile-tip thermomechanical response, and systematic measurements of thermal property
variations across different soil types.

This work contributes to the growing body of knowledge supporting the integration
of geothermal technology into foundation systems, promoting wider adoption of energy
piles as a key element in sustainable urban development and the transition to renewable
energy sources.
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Abbreviations
The following abbreviations are used in this manuscript:

Tpc temperature at the pile–soil interface;
∆T temperature variation in the energy pile;
q intensity of the heat source;
q’ modified intensity of the heat source;
∆TQ temperature variation in the soil surrounding the energy pile;
S(z) displacement at depth z along the pile;
P(z) axial force at depth z along the pile;
τz pile shaft shear stress;
ωs relative displacement between the energy pile and the soil;
rm radius of influence around the pile shaft;
a pile–soil interface failure shear stress;
b ratio of the initial shear stiffness to the failure shear stress;
τf failure shear stress;
τu ultimate shear stress at the pile shaft;
ks0 initial shear stiffness of the pile–soil interface;
τunew ultimate shear stress at the pile–soil interface, accounts for both the self-weight

stress of the surrounding soil and the additional stress induced by temperature changes;
σrz radial thermal stress induced by temperature changes in the energy pile;
∆z deformation in the z-direction due to temperature changes in the energy pile;
∆V volume change in the energy pile due to temperature variations;
∆r radial deformation of the energy pile under temperature influence;
p the pile tip resistance;
a’ model parameter;
b’ model parameter;
ksb initial stiffness of the soil at the pile end;
pbu ultimate bearing capacity per unit area of the soil at the pile end;
Nc bearing capacity factor;
p average vertical pressure on the lateral surface of the pile tip;
NpV bearing capacity factor corresponds to Vesic’s pile tip failure mode;
NpJ bearing capacity factor corresponds to Janbu pile tip failure mode
Sc the elastic compression;
Q’ total bearing capacity of the pil.
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