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RESEARCH ARTICLE

A Non-Isothermal Viscoplastic Framework for Assessing Shaft
Resistance in Energy Geostructures

Saeed Tourchi | Arash Alimardani Lavasan

'Research Group Computational Soil Mechanics Abstract
and Foundation Engineering (COMPSOIL),
Department of Engineering, Faculty of Science,
Technology and Medicine, University of degradation in geothermal piles embedded in low-permeability clays. A thermo-viscoplastic constitutive

This study presents a coupled thermo-hydro-mechanical (THM) numerical investigation of shaft resistance

Luxembourg, Luxembourg model is developed to simulate the pile—soil interface behavior under non-isothermal conditions. The model
captures the evolution of excess porewater pressure, effective stress reduction, and their combined impact

Correspondence

Corresponding author: Saced Tourchi on shaft bearing capacity during thermal activation. Parametric simulations are carried out for a range of

Email: saced.tourchi@uni.lu fluid temperatures (21-50 °C) and soil permeabilities (107010714 m?2), representative of in-situ conditions.
Results show that undrained heating leads to substantial excess porewater pressure buildup, especially at low
permeability and high temperature, resulting in significant reductions in zero-thickness interface element
shear strength. A shaft resistance reduction function is proposed to quantify this phenomenon. The numerical
predictions are benchmarked against full-scale energy-pile measurements, showing close agreement in
temperatures, strains, uplift, and stress. The findings underline the critical role of thermal pressurization in
energy pile design and provide an enhanced modeling strategy for performance evaluation in fine-grained
soils.

KEYWORDS
Geothermal piles, Excess porewater pressure, Shaft resistance, Thermo-hydro-mechanical modeling, Finite

element simulation, Energy geostructures

1 | INTRODUCTION

The transition toward low-carbon energy systems has brought growing attention to innovative technologies capable of meeting
both structural and energy efficiency demands in urban infrastructure. Among these, energy geostructures—particularly energy
piles—offer a compelling dual-function solution by combining the mechanical support of deep foundations with the thermal
functionality of ground heat exchangers.'?2*5%%I/ These systems leverage the stable temperature of the subsurface for heating
and cooling applications, thus reducing reliance on fossil fuels and lowering greenhouse gas emissions. Their integration into
new and existing buildings supports global objectives for climate resilience and sustainable development, especially in densely
populated or retrofitted environments where spatial constraints and energy demands are high.

Thermal activation of structural elements introduces coupled thermo-hydro-mechanical (THM) phenomena that influence
both the mechanical behavior and energy performance of the system. In particular, low-permeability soils may exhibit significant
thermal pressurization, reducing effective stress and potentially degrading shaft resistance during heating phases®”. These
interactions are often neglected in standard design methodologies, despite increasing experimental and numerical evidence of
their importance in transient and long-term analyses. As interest in shallow geothermal energy continues to rise, understanding
the long-term performance and design challenges of thermally activated geotechnical systems becomes critical for safe, efficient,
and resilient deployment.

Thermal loading induces volumetric changes in both the solid skeleton and the pore fluid, generating excess porewater
pressure (PWP) when drainage is constrained /M 241 T stiff, Jow-porosity clays such as Boom Clay, London Clay, and
Opalinus Clay, the combination of high plasticity and very low hydraulic conductivity amplifies this effect, often resulting in
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significant reductions in effective stress under undrained conditions'®18, This is particularly relevant for geothermal energy
piles, where thermal activation causes temperature fluctuations in the vicinity of the pile—soil interface. In such scenarios, the
undrained thermal expansion of pore fluid and solid phases leads to excess porewater pressure accumulation, which reduces the
effective normal stress and, ultimately, degrades the mobilized shaft resistance®!?0, These effects are further exacerbated during
rapid or cyclic thermal loading, typical of seasonal operation of ground source heat pumps, where porewater pressure does not
dissipate fully between cycles“/%23, The outcome is a progressive softening of the interface, accompanied by a potential loss of
load-bearing capacity over time with repeated cycles.

Beyond mechanical weakening, elevated temperatures can also influence the hydraulic behavior of stiff clays by modifying wa-
ter viscosity, surface tension, and microstructure, including clay particle arrangement, bonding, and fabric anisotropy10/2422126220.
Experimental studies have shown that such temperature-induced changes can alter permeability, compressibility, and strength
evolution, contributing to highly nonlinear and time-dependent stress path behavior. These findings underscore the critical
importance of incorporating coupled THM effects in the design and analysis of energy piles, particularly when embedded in stiff,
low-permeability clays where drainage is delayed and thermal gradients are concentrated near the interface.

Despite the growing body of research on energy piles, most existing design approaches and numerical models either neglect
the time-dependent behavior of the pile-soil interface or treat thermal effects as simplified boundary conditions. In particular, the
long-term evolution of shaft resistance under non-isothermal loading is often approximated using elastic-perfectly plastic or
rate-independent models that fail to capture key features such as thermal creep, progressive interface weakening, and loading-rate
sensitivity. However, experimental evidence and field observations increasingly indicate that the interface response is not only
governed by instantaneous changes in effective stress, but also by the rate and duration of thermal loading, especially under
partially or fully undrained conditions®. This highlights a critical need to formulate and implement advanced constitutive models
that explicitly incorporate the coupled thermo-hydro-mechanical processes occurring at the interface zone.

The present study introduces a non-isothermal viscoplastic constitutive model specifically formulated and implemented for
the pile-soil interface, adapted and generalized from a framework originally developed for interface rock joint elements”. In this
work, the model is reformulated to describe the thermal and rate-dependent behavior of the interface element between energy
piles and surrounding low-permeability clays. The constitutive framework captures key features such as temperature-activated
yielding, interface creep, and degradation of shaft resistance under sustained or cyclic heating. By implementing this interface
model within a fully coupled thermo-hydro-mechanical (THM) finite element formulation®®, the study offers a framework
capable of simulating both porewater pressure evolution and stress redistribution at the interface elements of geothermal piles.

To evaluate the influence of governing factors, a comprehensive parametric analysis is performed, exploring the effects of soil
permeability, thermal loading intensity, and drainage conditions on excess porewater pressure generation and interface shear
stress degradation. A new degradation function is proposed to quantify the progressive reduction in shaft resistance over time.
Finally, the model is validated by reproducing the results of the well-documented full-scale energy pile experiment conducted at
EPFL"2, which provides insight into the real-world applicability of the framework and highlights the importance of accounting
for coupled non-isothermal effects in the design of geothermal foundations.

2 | THEORETICAL FORMULATION
21 | A Non-Isothermal elasto-viscoplastic model for pile—soil interfaces

The behavior of geothermal pile-soil interfaces in stiff, low-permeability clays is governed by highly nonlinear, path-dependent
processes involving coupled thermal, mechanical, and time-dependent effects. Experimental observations and field data indicate
that thermal loading at these interfaces results in accelerated degradation of shaft resistance and interface stiffness, particularly
under cyclic or prolonged thermal cycles. To accurately capture these phenomena, a non-isothermal elasto-viscoplastic consti-
tutive model is developed specifically for zero-thickness interface elements representing the pile—soil contact. The proposed
framework incorporates temperature-dependent evolution of interface stiffness and irreversible displacement accumulation,
with normal and tangential stiffness parameters defined as functions of temperature and loading rate. The constitutive approach
employs a additive decomposition of relative displacement into elastic and viscoplastic components, coupled with thermally
modulated softening laws to realistically simulate progressive degradation and time-dependent interface creep. This advanced
formulation enables robust prediction of shaft friction loss and interface performance under realistic thermal loading conditions,
bridging a critical gap in current geothermal pile design methodologies.
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21.1 | Thermoelastic behavior of pile—soil interface

The localized deformation occurring at the pile—soil interface in geothermal piles is commonly represented using zero-thickness
interface elements, where relative displacement arises from discontinuous motion between the pile surface and surrounding
soil. In this study, these elements are formulated explicitly to capture the evolution of interface behavior under coupled thermal
and mechanical loading conditions. The interface formulation accommodates both elastic and irreversible viscoplastic relative
displacements, with interface stiffness and strength properties evolving as functions of temperature and accumulated deformation.

The displacement at the midpoint of the interface element is interpolated from the nodal displacements of adjacent finite
elements, taking into account the transformation between the global and local coordinate systems. The temperature-dependent
relative displacement vector 7, at the interface midpoint is given by:

6s,T

Here, §, 7 and d;7 represent the normal and tangential components of the temperature-dependent relative displacement,
respectively. The rotation matrix » maps local displacements into the global coordinate system, while the shape function matrix
N,‘;p is evaluated at the midpoint of the interface. The vector u; contains the nodal displacements corresponding to the nodes
defining the interface element. The matrix [—14 14} defines the relative displacement between the pile surface (upper nodes) and
the surrounding soil (lower nodes). [Figure T|provides a conceptual representation of a zero-thickness interface element embedded
along the pile—soil interface, including local definitions of normal and tangential displacements (J,,r, d;.r), characteristic interface

thickness 4;, and element length dl.
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FIGURE 1 Conceptual representation of a zero-thickness interface element at the pile—soil interface with double nodes.

The stress response at the interface is governed by a linear elastic relationship linking the temperature-dependent relative
displacement to the effective normal and tangential interface stresses. This relationship is expressed as:

g

/
a;np{ } =D 67y @
mp

T

where o is the effective normal stress acting across the interface, and 7 is the tangential shear stress. The temperature-dependent
elastic stiffness matrix D7 is defined by:
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3)

e[,

0 K.Y,T

In this formulation, K,, 7 and K| r denote the normal and tangential stiffness of the interface, respectively, and these parameters
may vary with temperature and deformation history. The effective normal stress is computed by subtracting the porewater
pressure acting at the interface from the total normal stress:

’
Omp = Omp — max(pg,mp’pl,mp) 4

Here, oy is the total normal stress, while pg mp and pyp are the gas and liquid porewater pressures at the interface midpoint,
respectively.

The total relative displacement at the geothermal pile—soil interface, dr, is decomposed into an elastic component 6% and a
viscoplastic (irreversible) component 8,7, reflecting the accumulated slip and deformation along the interface induced by thermal

loading cycles. This decomposition can be expressed as:

87 = 05+ 67 ©)

The elastic displacement component, §%, represents the recoverable deformation directly related to the current effective stress
state via the inverse stiffness matrix. In the normal and tangential directions, the elastic interface displacements are defined as

fOllOW S:
n,1 1/1(”,1 : 0 (6)
;T 0 1/1< s,1 T

This relationship implies that higher stiffness values (K, 7 and K; r) correspond to smaller elastic relative displacements at a
given stress state, whereas temperature-induced stiffness degradation will result in larger interface displacements. Therefore,
as thermal loading progressively softens the interface, the elastic displacement components become increasingly significant,
emphasizing the importance of explicitly considering thermal influences on stiffness evolution.

To capture the degradation and potential recovery of mechanical properties at the geothermal pile—soil interface under thermal
cycles and progressive slip, the stiffness parameters are modeled as functions of both the effective interface thickness and the
current temperature. At the reference temperature 7y, the normal stiffness is defined through an inverse relationship with the
effective thickness of the interface layer:

Kuy = ———.  a=ay~dur, Y
a — dmin
where a is the instantaneous interface aperture, g the initial aperture, J, 7, the normal closure at 7, amin a small admissible
aperture to prevent singularity, and m a calibration parameter. This expression ensures that as the interface narrows due to
compaction or densification effects, the interface stiffness correspondingly increases, consistent with experimental observations
on clay—structure interfaces.

The stiffness parameter at any given temperature 7 is further adjusted to account for thermally induced softening or hardening,

influenced by the direction and rate of viscoplastic slip accumulation. Accordingly, the temperature-dependent normal stiffness

can be expressed as:
T p p
Koro [1+ppIn| — ||, d,7< (5,, T)
To ? A

Kn,T = Kn,T()’ 5}":,pT = (5}:{})“ (8)

T . )
Ko 1=t ()] > (32)
0 tr

In this formulation, i, is a dimensionless parameter characterizing the sensitivity of interface stiffness to temperature changes,
and (5;{} represents a threshold viscoplastic displacement rate demarcating the transition between thermal hardening and
softening behaviors. Under slow displacement rates, thermal effects can strengthen the interface, reflecting increased bonding
or consolidation, whereas rapid slip rates result in softening due to thermal weakening of microstructural bonds and fabric
deterioration. This adaptive formulation allows realistic simulation of the complex, rate-dependent thermal response observed at

geothermal pile—soil interfaces.
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The tangential stiffness K governing shear resistance at the pile—soil interface follows a similar temperature- and rate-
dependent formulation. It evolves in response to thermal fluctuations and viscoplastic sliding along the tangential direction

as:
T - -
KS,TQ ] + /,Lﬁ ]n T N 6S,T < 6S,T
0 tr

Kir =1 Kos o= (8%) ©)

T ) )
K | 1= ()] > (32)
’ T() ” VA

Here, K7, is the reference tangential stiffness at temperature Ty, jis, is a dimensionless parameter controlling the sensitivity of
tangential stiffness to temperature variations, and (SAY!”T)H is a threshold viscoplastic slip rate in the tangential direction. Typical
values of the threshold rates (cﬁp T) . and (JZPT) ,» are determined from interface shear tests and should be treated as calibration
parameters for the model. This formulation ensures that the model can capture both thermal hardening (under low-rate slip or
mild heating) and thermal softening (under rapid shear and high thermal gradients). Together with the corresponding evolution
law in the normal direction, this approach allows the interface element to realistically represent the gradual transition from an
initially bonded, stiff interface to a degraded, shear-localized zone with diminished mechanical resistance—an essential feature
in simulating the long-term performance of geothermal piles under non-isothermal loading.

2.1.2 | Thermal yield surface and strength degradation

In geothermal pile systems, the interface between the pile and surrounding soil experiences complex stress paths due to sustained
or cyclic thermal loading. These temperature fluctuations induce not only elastic deformations but also progressive, irreversible
slip along the pile—soil interface. To realistically capture the onset and evolution of inelastic response, a thermally regulated yield
surface is adopted to govern viscoplastic slip activation. The proposed yield formulation explicitly incorporates temperature-
dependent shear strength degradation, accounting for the evolving mechanical behavior of the interface due to both accumulated
slip and thermal effects.

The yield function f7 is defined in a smooth, hyperbolic form, offering a continuous transition from elastic to viscoplastic
states and enhancing numerical stability relative to sharp-edged criteria such as Mohr-Coulomb:

2 ;N2
fr(o',T) = <qTT> +a<q“T> -1 (10)

Here, o’ is the effective normal stress and 7 is the tangential shear stress acting at the pile—soil interface. The parameter «
controls the elliptical shape of the yield surface and reflects the coupling between normal and tangential responses. The term g, 1
represents the temperature-dependent shear strength envelope of the interface. Yielding occurs when the normalized stress state
satisfies fr = 0, indicating initiation of inelastic slip.

The shear strength g, 7 evolves dynamically as a function of both normal stress and two temperature-sensitive parameters:
cohesion cr and friction angle ¢7, which are governed by the Mohr-Coulomb strength criterion:

qu,T=CT+O'/'[aI‘1¢T (11

However, unlike classical models, both ¢y and ¢r are treated as internal variables subject to degradation with thermal and
mechanical loading. The cohesion cr is assumed to decrease linearly with respect to accumulated irreversible tangential slip:

e
cr = Cor <1— (;’ ) (12)

where cg 7 is the initial cohesion at temperature 7, 6:’} is the accumulated viscoplastic tangential slip, and J. is a characteristic
slip threshold beyond which cohesion fully vanishes. This formulation captures the gradual breakdown of bonding at the
interface, as observed in direct shear and pile load tests under elevated temperatures.

Simultaneously, the friction angle ¢r transitions from a peak value @peq r to a residual value ¢, following an exponential
decay law:

tan ¢T = tan ¢res,T + (tan ¢peak,T —tan d)res,T) exXp (_/Bd(s‘;,};") (13)
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The rate of friction angle degradation is controlled by the parameter 3,;, which must be calibrated using interface shear tests
under varying thermal and mechanical loading. The residual friction angle ¢, 7 is itself a function of temperature, enabling the
model to simulate thermal weakening mechanisms associated with suction loss, interparticle bond softening, and lubrication
effects in saturated fine-grained soils.

This thermomechanical strength degradation framework allows for realistic modeling of shaft resistance evolution, particularly
under long-term heating scenarios where both time- and temperature-dependent softening phenomena are significant. It enables
the simulation of progressive interface deterioration, capturing critical processes such as creep, ratcheting, and loss of skin
friction capacity in energy piles.

This exponential softening formulation ensures a smooth and continuous evolution of the friction angle as a function of
accumulated shear displacement, where the degradation parameter 3, controls the rate at which the interface strength deteriorates.
Such a formulation is not only physically realistic but also numerically robust, minimizing abrupt strength drops that could
otherwise trigger convergence issues in finite element simulations. Importantly, the residual friction angle ¢, 7 is defined
as a temperature-dependent quantity to reflect well-documented experimental findings: higher temperatures tend to reduce
shear strength due to thermally driven loss of interparticle bonding, reduction in suction, and softening of mineral contacts in
fine-grained soils.

This temperature dependency is captured using a logarithmic function of the form:

tan ¢res,T = tan ¢res,To |:1 - 5(;5 In (T) :| (14)
To

where ¢ 1, is the residual friction angle at the reference temperature Ty, and &g is a material-specific temperature sensitivity
coefficient. A positive value of {4 leads to a progressive decline in residual strength as temperature increases, consistent with
observations from heated interface shear tests in saturated stiff clays and low-permeability geomaterials.

The onset and progression of viscoplastic slip are governed by plastic admissibility conditions, defined as:

fr<0, fr=0iffr=0, 65 >0 (15)

These criteria ensure that the interface behaves elastically when the stress state is within the yield surface (fy < 0), and
that irreversible slip develops only when the stress state reaches and stays on the yield surface (fy = 0). The irreversibility
constraint (5pr > 0 prohibits reverse plastic flow, in line with the progressive nature of frictional degradation observed in field
and laboratory studies on pile—soil interfaces under long-term heating.

2.1.3 | Flow rule and viscoplastic slip evolution

Once the yield condition is met, the pile—soil interface undergoes irreversible deformation governed by a viscoplastic flow rule.
In this section, we introduce a non-associated, rate-dependent flow formulation that is consistent with experimental observations
of clay interfaces, where slip occurs gradually and under thermally influenced conditions. The formulation allows for both shear
slip and normal dilation or contraction, depending on the local stress state and temperature.

The direction of viscoplastic flow is defined using a plastic potential function G7, which governs the proportion of slip in the
normal and tangential directions. The plastic flow direction is given by:
by = 3 251

oo’
where A7 is the temperature-dependent plastic multiplier, and dG7/0o’ defines the flow direction in stress space. The use of a
separate potential function Gy # fy enables a non-associated flow rule, which is necessary to reproduce the dilative or contractive
behavior seen in interface shear tests and direct shear experiments.

To avoid numerical singularities and to capture the continuous evolution of deformation near yield, the plastic potential is
defined in a smooth, hyperbolic form:

(16)

Gr(o', 1) = V12 + 20 -1, 17)

Here, a controls the coupling between shear and normal components, and 7, is a regularization parameter that governs the
shape and position of the flow potential. The square root form ensures differentiability and a smooth transition between sliding



Page 9 of 31

A Non-Isothermal Viscoplastic Framework for Assessing Shaft Resistance in Energy Geostructures | 7

and sticking states. The parameter o may also be calibrated to reflect experimental data, such as dilation angles measured in
shear tests at different confining pressures.

The evolution of viscoplastic slip is governed by a rate-dependent law derived from Perzyna-type viscoplasticity, which
introduces a time scale into the constitutive response. The rate of plastic displacement is defined by:

=y fr<0 (18)
T = : 8GT
Ar —, =0.
T 57 Ir
This condition implies that no viscoplastic deformation occurs while the stress state lies strictly within the yield surface, and
plastic flow is activated precisely at the yield threshold.
The rate of the plastic multiplier A7 is expressed using a smooth overstress function:

/"
Ap=— (L
=5 (%) 1)

In this relation, 7 is the viscosity coefficient controlling the rate sensitivity of the interface material, f; is a reference yield
function value used to nondimensionalize the overstress, n is the stress exponent that controls the nonlinearity of rate-dependence,
and (-) is the Macaulay bracket operator defined as (x) = max(x, 0).

The evolution of the accumulated viscoplastic displacement 5;’} is updated at each time step by integrating the viscoplastic
slip rate:

St + Af) = 851 + 0V - At (20)

This cumulative displacement is used as an internal variable in the strength degradation functions for cohesion and friction
angle, closing the loop between mechanical behavior, temperature effects, and material degradation. The proposed viscoplastic
flow rule thus allows the model to capture realistic time-dependent interface behavior, including creep-like sliding under
sustained load, rate effects during rapid shearing, and stiffness degradation due to temperature rise and accumulated slip.

2.2 | Mass fluxes in the local interface frame

We use a local orthonormal frame attached to the pile—soil interface: n is the unit normal (pointing from the interface into the
soil) and s is the unit tangential direction along the interface.
The liquid-phase (advective) mass flux follows Darcy’s law

k
a = -— (Vpi-pg), Q1)
Hu

where k; is the intrinsic permeability tensor of the interface zone/adjacent soil, g, is the dynamic viscosity of water, p; is liquid
pressure, p; is liquid density, and g is gravity. In the local (n, s) frame:

op;
L ) 2
qi ( o, P8 > , (22)
H rel
k KSGSD 7
g = -—2 <p ’—ngs>, (23)
H Os

where kf and kz” are the normal and tangential components of intrinsic permeability, kf”l(Sl) is the relative permeability (e.g.,
van Genuchten—Mualem) as a function of liquid saturation S;, and g, = g-n, g, = g-s. (If partial saturation significantly affects
normal drainage, kfeﬁ can also be applied to qf-.)

Vapor-phase diffusion is modeled with Fick’s law along the interface:

W

|| Dw Al oY 24
le W 24
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i the diffusive mass flux of water in the gas phase per unit area (tangential), D;’H is the effective binary diffusion

coefficient of water vapor in air along the interface, and Y} is the mass fraction of water in the gas phase. No gravity term
appears in diffusion.

All pressures are denoted by lower-case p and are in Pa; intrinsic permeabilities k are in m?; y; in Pas; densities in kgm™;
diffusion coefficients D in m? s™'. The superscripts | and || refer to normal and tangential components. Relative permeabilities
ki°l(-) are dimensionless. We report permeability as the intrinsic permeability k (m?) unless stated otherwise. Hydraulic
conductivity K (ms™") is related to the intrinsic permeability k by K = (p,g/u) k; equivalently k = (1;/(p;g)) K. Unless specified,
water properties are taken at 20 °C.

The hydraulic conductivity along the pile—soil interface direction is estimated using the cubic law:

where iy’

3
K=

pr 12
where p denotes fluid density, g the gravitational acceleration, and p the viscosity of the fluid. The intrinsic permeability can
therefore be expressed as follows:

(25)

82

12
The hydraulic aperture (e) at the pile—soil interface can be connected to its geometric aperture (a) and roughness parameter
(r7), based on the relationship introduced by??. By employing Barton’s formulation, the expression for the intrinsic permeability

along the longitudinal direction becomes:

2
1 a

ki=—|—= 27
=15 <(ri)2'5> 27

The transverse intrinsic permeability k;, is assumed to be equal to that of the surrounding porous medium. The saturation level

ki (26)

of the interface is determined using the standard retention curve suggested by

S = [1 + (;)']*r (28)

The current suction is defined as s = p, — p;, where p, and p; represent the gas and liquid pressures, respectively. Here, A is the
van Genuchten shape parameter (often denoted by A* in other formulations), and P denotes the air entry pressure required to
initiate desaturation at the interface.

The air entry pressure of the pile—soil interface is influenced by the hydraulic aperture. This relationship can be interpreted
through the Laplace equation, where the air entry pressure depends on the surface tension, contact angle, and the characteristic
size of the aperture, and can be further linked to the ratio between the current and reference intrinsic permeabilities:

p:pm/%l (29)

Moreover, when temperature-dependent phenomena are accounted for, the value of P is adjusted by the surface tension, o:

k
P=Py | R (30)
kl ao
The relative permeability is calculated by
kiy = AS] G1)

where the exponent and prefactor are set to n=3 and A=1 for all cases considered here—commonly used values representing a
simplified form of the van Genuchten—-Mualem model.
Fourier’s law gives the heat conduction:

ic =-AVT (32)

where ) denotes the effective thermal conductivity of the interface element, and VT is the temperature gradient. To account for
the influence of moisture content, A is modeled as a function of the liquid saturation degree S;, using a widely adopted empirical
mixing law:



Page 11 of 31

A Non-Isothermal Viscoplastic Framework for Assessing Shaft Resistance in Energy Geostructures | 9
A= AV + Ay (1= /5)) (33)

Here, Agyc and Agry represent the thermal conductivities under saturated and dry conditions, respectively. The square root form
captures the nonlinear increase of thermal conductivity with saturation and reflects experimental observations in soils and
clay-rich geomaterials.

2.3 | THM formulation: balance equations (after Alonso et al.*!)

The behavior of two-phase flow within the pile—soil interface elements is characterized by deriving the governing equations for
mass and energy conservation of water and air at the interface. Water may exist in both the liquid and vapor phases. The overall
mass balance of water for a differential segment of the interface element is given as:

(0 S1 + 03 Sg)
ot
where 6} and 63’ represent the water content in the liquid and vapor phases, respectively. The parameter a indicates the hydraulic
aperture of the pile—soil interface element, and d/ is its representative length. The saturation degrees in the liquid and gas phases
are denoted by S; and S, respectively. The terms [J}"]mp and [J g]mp correspond to the fluxes of liquid and vapor water through
the interface, while f denotes an external source term contributing to water mass.

d
adl+(0YS + 9gsg)d—“; AL+ [ T + 2 T = 1Y (34)

[ mp = [0 gy A + iy d11G + (6} gy a + iy alf)
, o adl

[Jg]rInlD = [0 g, dl + lgt difg + [0 g a + l;’l aly
where gy, 4, 4y, and g, denote the advective flux vectors (for liquid and gas phases) in the transverse and longitudinal directions
at the boundaries of the interface element. Similarly, i}; , ig’t, ijf, and i;’l represent the corresponding non-advective flux vectors.
The air mass balance formulation accounts for both free air and air dissolved in the liquid phase. Its mathematical form is

provided below:

(35)

0(0}'S) + 05S,s)
ot
where 0} represents the air content dissolved in the liquid phase, and 6; refers to the amount of air in the gas (dry) phase. The
term [Jfl]mp corresponds to the dissolved air flux vector at the pile—soil interface, while [Jg]mp denotes the gas-phase air flux
vector. The parameter f* accounts for any external input of air to the system.
The thermal energy content associated with the liquid and gas phases is determined using the following expressions:

d , ,
adl+ (03 + 9gsg)d—f L+ [T + 2T = f° (36)

NE S| + EgpeSe) da )
1A% o sPe e adl+ (EipiSi+ EopySo) - A+ liclmp + Wetlp + Weglnp =/ (37)

The energies linked to the liquid and gas phases are determined by:

E1p1 = (Elwwlw +Ei“wla)p1 = EIWGIW +E1a€id

Egpy = (Ejwy + Eqwy)pg = Eg 0 + Eg0;
where E)" and E} refer to the specific internal energies (per unit mass) of water and air within the liquid phase. The symbols w}”
and wj' indicate the corresponding masses of water and air in the liquid phase. Similarly, £y and E; denote the specific internal
energies of water and air in the gas phase, while wy’ and w; represent their respective masses. The densities of the liquid and gas
phases are denoted by p; and p,, respectively.

The specific internal energies of the liquid and gas phases are denoted by E; and E,. The term [i. ], corresponds to the

conductive heat flux vector through the zero-thickness interface. The quantities [Jgilmp and [Jgglmp represent the advective
energy flux vectors associated with the liquid and gas phases at the interface.

(38)

liclmp = [ice 11§ + [ic1 @l (39)

where i, and i represent the heat flux vectors in the transverse and longitudinal directions at the boundaries of the interface
element, respectively.
The quantities [Jgi]mp and [Jgg]mp are determined by evaluating the advective transport of energy, as follows:
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[JEl]mp = [J]W]mpElw + [J;l]mpl;:la
[JEg]mp = [J‘gv]mpE;v + [JZ]mpEig1
The balance equations are solved in a coupled manner. The primary unknowns at each node consist of the normal and
tangential relative displacements (, 7, d;), gas and liquid pressures (p,, p1), and temperature 7.
Advective flow along the longitudinal direction is governed by Darcy’s law. Diffusive transport, or non-advective fluxes, is
represented using Fick’s law. The hydraulic properties of the pile—soil interface, including permeability and air entry pressure,
are influenced by the aperture size. Heat conduction across the interface is evaluated according to Fourier’s law.

(40)

3 | NUMERICAL SIMULATION OF THE EPFL IN-SITU ENERGY PILE TEST

To validate the proposed thermo-hydro-mechanical (THM) framework for simulating pile—soil interface behavior under thermal
loading, a comprehensive numerical model was developed to replicate the well-documented in-situ energy pile test conducted at
the Swiss Federal Institute of Technology in Lausanne (EPFL)"2. This experimental campaign provides an extensive dataset
capturing the coupled thermo-mechanical response of a full-scale heat exchanger pile under combined mechanical and thermal
loading conditions, making it an ideal benchmark for validating advanced numerical models.

3.1 | Experimental configuration and site characterization

The EPFL test pile was constructed as part of a four-storey building foundation system, comprising 97 piles approximately 25 m
in length. The instrumented test pile, located at the building perimeter to minimize group effects, featured a drilled shaft with a
diameter of 0.88 m and a total length of 25.8 m. The pile was equipped with polyethylene (PE) tubes arranged in a U-shaped
configuration to facilitate the circulation of heat-carrying fluid, representing a typical geothermal energy pile configuration.

The site stratigraphy consists of five distinct geological layers, as characterized through investigations and static pile load
tests 2. The soil A; (0-5 m): alluvial deposits with moderate permeability; (ii) Layer A, (5-10 m): secondary alluvial formations;
(iii) Layer B (10-22 m): sandy gravelly moraine with enhanced drainage characteristics; (iv) Layer C (22-26 m): bottom moraine
with reduced permeability; and (v) Layer D (26+ m): molasse bedrock formation with very low permeability. The groundwater
table is located near the ground surface, creating fully saturated conditions throughout the pile length.

Extensive instrumentation was deployed to monitor the pile’s thermo-mechanical response, including 28 vibrating-wire
extensometers for vertical strain and temperature measurements, 24 fiber-optic extensometers (1 m length) for vertical strain
monitoring, 5 fiber-optic extensometers (2 m length) for radial strain measurements at five depths, one load cell at the pile base,
and four extensometers at the pile head for vertical displacement monitoring. This comprehensive instrumentation array enabled
detailed validation of numerical predictions across multiple response parameters.

3.2 | Numerical model development

The computational domain was defined as a 50 m x 50 m two-dimensional axisymmetric section, taking advantage of the
circular pile geometry and horizontally stratified soil profile. The energy pile was positioned at the domain center, surrounded by
the layered soil profile extending to sufficient depth to minimize boundary effects. To ensure numerical accuracy and capture
steep gradients around the pile—soil interface, the domain was discretized using 533 quadrilateral elements and 582 nodes, with
mesh refinement concentrated in the vicinity of the pile to accurately resolve interface behavior and thermal/hydraulic gradients
(Figure 2).

The soil layers were characterized using material properties derived from comprehensive laboratory testing programs,
including triaxial tests on samples from layers A, B, and C, as well as in-situ permeability measurements'2. Each layer was
assigned specific mechanical, hydraulic, and thermal properties, including Young’s modulus, Poisson’s ratio, permeability,
thermal conductivity, specific heat capacity, and thermal expansion coefficients. The material parameters are summarized in
reflecting the heterogeneous nature of the site stratigraphy.

The reinforced concrete energy pile was modeled using linear elastic behavior with a Young’s modulus of 29.2 GPa, determined
through laboratory tests and cross-hole ultrasonic transmission measurements. The elastic modulus accounts for the composite
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FIGURE 2 Model geometry, boundary conditions and finite element mesh employed.

TABLE 1 Material properties of soil layers, reinforced concrete elements, and HDPE pipes derived from EPFL site characterization2.

Material |EMPa) | v | n | pokegm®) | cps (kg°C) | X (Wm°C) | a(1/°C)
Soil layers

Aj (Alluvial) 190 0.22 | 0.10 2769 880 1.49 33 x10°°
A; (Alluvial) 190 0.22 | 0.10 2769 880 1.49 33 x 107°
B (Sandy moraine) 84 0.40 | 0.35 2735 890 3.68 33 x 1070
C (Bottom moraine) 90 0.40 | 0.30 2740 890 3.46 33 % 10°°
D (Molasse) 3000 0.30 | 0.10 2167 923 3.82 23 % 107
Reinforced concrete elements

Energy pile 29200 0.25 | 0.10 2500 837 1.628 1.0 x 107
Structural slab 35000 0.25 | 0.10 2722 837 1.628 1.0 x 107
Heat exchanger system

HDPE pipes | — | — | — | — | — | 0.42 | —

nature of reinforced concrete, incorporating both concrete matrix and steel reinforcement contributions. The structural slab was
assigned a higher stiffness (35 GPa) to represent the increased reinforcement density typical of building slabs.

3.3 | Interface modeling and constitutive framework

The pile—soil interface was simulated using the non-isothermal elasto-viscoplastic interface model developed in section 2.1.
The interface formulation incorporates temperature-dependent stiffness degradation, thermally-activated strength reduction,
and rate-dependent viscoplastic flow to capture the complex behavior observed during thermal loading cycles. The constitutive
model parameters were calibrated through in-situ measurements, with particular attention to capturing the observed thermal
strain evolution and pile displacement patterns.
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TABLE 2 Constitutive model parameters for the pile—soil interface, calibrated against EPFL experimental data.

Parameter Symbol Value
Initial cohesion at reference temperature co,1,, (MPa) 0.25
Peak friction angle Dpea,1y (°) 24
Residual friction angle Ores,y (°) 16
Cohesion degradation threshold dc (mm) 5.0
Friction angle degradation rate B (mm™) 0.8
Normal stiffness at T Kn,, MPa/m) | 2.0 X 10°
Tangential stiffness at T K1, (MPa/m) 1.0 x 10°
Stiffness degradation rate iy Lbfy 0.15
Yield surface shape parameter « 0.35
Viscosity coefficient n (MPa-s) 1.0 x 109
Stress exponent n 5
Plastic potential threshold Tg (MPa) 0.10
Temperature sensitivity coefficient & 0.10
Reference yield function value fo 1.0
34 | Boundary conditions and loading protocol

The mechanical boundary conditions were prescribed to replicate the experimental configuration, with vertical displacements
fixed at the domain base and roller supports constraining horizontal movement at the lateral boundaries. A constant vertical
stress of 0.21 MPa was applied to the top boundary to simulate the construction load from the overlying building structure.
The initial temperature throughout the domain was uniformly set to 13.4°C, corresponding to the natural ground temperature
measured at the site.

Hydraulic boundary conditions were implemented to represent the site’s hydrogeological conditions, with hydrostatic
porewater pressure distribution ranging from 0.01 MPa at the surface to 0.512 MPa at the base, reflecting the natural groundwater
gradient. Drainage was permitted at the ground surface and lateral boundaries for permeable layers, while the molasse formation
(Layer D) was treated as impermeable, consistent with field observations.

The thermal loading protocol was designed to replicate Test 1 of the EPFL experimental campaign, which involved a
heating—cooling cycle with the pile head free to move vertically. During the heating phase, a temperature increment of 21°C was
applied at the pile—soil interface over a period of 12 days, followed by a cooling phase extending over 16 days during which the
interface temperature gradually returned to ambient conditions. This loading sequence represents a typical operational cycle for
geothermal energy piles and provides comprehensive data for model validation.

4 | MODEL VALIDATION

The simulation was conducted using fully coupled thermo-hydro-mechanical (THM) analysis to capture the complex interactions
between thermal expansion, porewater pressure evolution, and mechanical stress redistribution. Time-dependent calculations
employed small time increments (typically 0.25 days) to accurately resolve transient phenomena, particularly those related to
temperature propagation and porewater pressure generation/dissipation in low-permeability zones.

The thermal loading was applied through Dirichlet boundary conditions at the pile interface, ensuring controlled and consistent
thermal input that matches the experimental temperature evolution. The heat exchanger system within the pile was not explicitly
modeled; instead, its thermal influence was incorporated through prescribed temperature boundary conditions derived from
experimental measurements, providing a computationally efficient approach while maintaining physical realism.

To evaluate the accuracy of the proposed thermo-hydro-mechanical (THM) framework, simulation results were compared
against experimental measurements from Test 1 of the EPFL in-situ energy pile campaign. This test involved a heating—cooling
cycle consisting of 12 days of thermal loading followed by 16 days of passive cooling. Both temperature and stress responses
were monitored at multiple depths along the pile using optical fiber sensors, extensometers, and load cells. The numerical model
was configured to replicate this loading sequence and boundary setup, as described in previous sections.
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41 | Thermal response

The simulation successfully reproduced the observed thermal evolution during the heating-cooling cycle. As shown in [Figure 3h,
the imposed interface temperature rose progressively during the heating phase and dropped in a nonlinear fashion during the
cooling stage, matching the shape and amplitude of the experimental temperature curve. The peak temperature increment of
approximately 21°C occurred around day 12 and decreased steadily thereafter, consistent with field observations. As shown in
the day-12 contours concentrate along the pile—indicating strong local heating and steep gradients—whereas at day 28
the contours are more diffuse and move into the far field, reflecting reduced peak temperatures and ongoing thermal equilibration.
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FIGURE 3 (a) Interface temperature evolution during the heating—cooling cycle; (b) Temperature increment profiles along
the pile depth. Experimental measurements vs numerical simulation.

The spatial distribution of temperature along the pile was also captured accurately. compares the numerically
imposed and experimentally measured temperature increments at different depths. The simulation reproduced the stratification in
thermal response, which is influenced by the varying thermal properties of the soil layers and the boundary dissipation conditions.
Minor discrepancies near the pile head are attributed to the smoothing of the applied boundary condition in the numerical model.

42 | Thermomechanical response
42.1 | Axial and Radial Thermal Strain

The imposed temperature gradient caused axial expansion of the pile, which in turn generated measurable vertical strains along
the shaft. presents the comparison between simulated and measured axial strain profiles during both heating and
cooling phases. The model accurately reproduced the magnitude and distribution of vertical strain. Strains were highest near the
mid-depth of the pile, where friction mobilization is most active. During cooling, the thermal contraction led to strain reversal,
although full symmetry was not achieved due to residual stress buildup and partial recovery of temperature.

In addition to axial response, radial strain behavior was simulated to assess the pile—soil contact interaction. [Figure Sb shows
the time evolution of radial strain at a depth of 16 m. The model exhibited good agreement with the measured response, capturing
both the increase in radial expansion during heating and the reduction during cooling. Importantly, the simulation confirmed that
lateral contact between the pile and soil was preserved throughout the cycle, as evidenced by the non-zero residual strain at the
end of cooling.
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FIGURE 4 Computed contours of equal temperature (°C) for (a) heating (day 12); (b) cooling (day 28).
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FIGURE 5 (a) Vertical strain profiles measured and simulated under cooling and heating conditions; (b) Time evolution of
radial strain at the pile—soil interface under thermal loading.

422 |

Vertical displacement (Pile Uplift)

One of the key quantities of interest in geothermal pile systems is the pile head displacement due to thermal activation. [Figure 6
compares the vertical uplift predicted by the model against optical fiber measurements. A peak displacement of approximately
3.5 mm was observed at the end of the heating period, followed by partial reversal during cooling. The model reproduced this



Page 17 of 31

A Non-Isothermal Viscoplastic Framework for Assessing Shaft Resistance in Energy Geostructures | 15

behavior well, with good agreement in both magnitude and timing. A contour map of vertical displacement at peak uplift further
illustrates the influence of thermal expansion and interface friction (Figure 7).
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FIGURE 6 Evolution of vertical head displacement over time under thermal loading.
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FIGURE 7 Computed contours of (left) total displacements (mm); (right) vertical displacements at the end of heating.
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423 | Induced thermal stresses

The thermal strain imposed on the pile also induced vertical stresses along the shaft due to constraint from the surrounding soil.
IFigure 8|compares the simulated and measured vertical stress distribution at day 15, corresponding to the peak heating phase.
The simulation captures the layer-dependent stress profile and the influence of soil stratigraphy (layers A through D). High stress
concentration zones were observed near the transitions between layers, consistent with measured data. This validates the model’s
ability to account for variable soil stiffness and interface frictional behavior under thermally induced loading.
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FIGURE 8 (a) Comparison between measured and simulated thermal vertical stress distribution along the pile depth; (b)
Comparison between measured and simulated thermomechanical vertical stress distribution along the pile depth.

The simulation results show good agreement with experimental data across all measured quantities: temperature distribution,
axial and radial strain, vertical displacement, and induced stresses. The model effectively captures the coupled thermal
and mechanical processes activated during geothermal operation and provides strong validation for the underlying elasto-
viscoplastic interface formulation. The remaining minor deviations are attributed to idealized boundary conditions and simplified
representation of heterogeneity in thermal and hydraulic properties.

5 | THERMALLY INDUCED EXCESS POREWATER PRESSURE

The generation of excess porewater pressure under thermal loading represents a fundamental mechanism governing the
performance of energy piles in low-permeability soils. This phenomenon arises from the differential thermal expansion of the
solid skeleton and pore fluid under constrained drainage conditions, leading to significant increases in porewater pressure that
can substantially impact pile-soil interface behavior. To systematically investigate the coupled effects of soil hydraulic properties
and thermal boundary conditions on porewater pressure evolution, a comprehensive parametric study was conducted using the
enhanced thermo-hydro-mechanical (THM) framework developed in this investigation.
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5.1 | Parametric investigation framework

The parametric study encompasses five orders of magnitude variation in soil permeability, ranging from 107 to 1074 m?2,

representing the spectrum from highly permeable sandy soils to extremely low-permeability clayey formations typical of
energy pile installations. Four distinct fluid temperatures were investigated: 21°C (ambient baseline), 30°C, 40°C, and 50°C,
corresponding to typical operational ranges for geothermal heat pump systems and extreme operational scenarios. For each
permeability-temperature combination, interface nodes between the pile and surrounding soil were monitored continuously
along the pile depth to capture the spatial and temporal evolution of porewater pressure fields.

The assumption of fully undrained heating conditions was rigorously maintained for low-permeability scenarios (k < 107'°
m?), consistent with field observations from geothermal pile installations in clayey strata where drainage time scales significantly
exceed typical heating durations. This assumption is further validated by the work of Fuentes et al.®, who demonstrated that for
permeabilities below k < 10~' m?, the characteristic time for porewater pressure dissipation exceeds several months, far longer
than typical thermal loading cycles.

52 | Mechanisms of thermal pressurization

The thermal pressurization mechanisms in energy pile-soil interface are fundamentally governed by the coupled thermo-hydro-
mechanical processes occurring within the zero-thickness interface elements that represent the pile-soil contact zone. The
developed non-isothermal elasto-viscoplastic interface model provides a framework for calculating porewater pressure buildup
with temperature increase through the simultaneous solution of mass balance, energy balance, and mechanical equilibrium
equations at the interface.

The computational process starts from the water mass balance (Eq. 33), which sums storage and fluxes of water in both the
liquid and vapour phases across the interface aperture, together with the companion air mass balance and energy balance equations.
The water content terms ;" and 6} are inherently temperature-dependent, capturing the thermal expansion characteristics of
each phase within the constrained geometry of the zero-thickness interface element. As temperature increases, the differential
expansion between the pore fluid (with thermal expansion coefficient 3, ~ 3.4 x 10~ °C™') and the interface zone creates
volumetric incompatibility that cannot be accommodated through elastic deformation alone. The interface aperture e plays a
critical role in controlling this process, as it defines the effective volume available for fluid expansion and directly influences the
magnitude of pressure generation.

The framework calculates excess porewater pressure through the coupled solution of the mass and energy balance equations,
where temperature T appears as a primary unknown alongside liquid and gas pressures (p;, p,) and interface displacements (6,7,
d5.r)- This coupling is essential because the energy balance equation (Eq. 37) reveals that the specific internal energies E}" and E};
for water in liquid and gas phases are temperature-dependent, creating direct feedback between thermal and hydraulic processes.
The advective energy fluxes [jg,] and [jg, ] represent the transport of thermal energy through fluid movement, establishing spatial
variations in temperature that drive localized pressure changes throughout the interface zone.

The mechanical response of the interface controls porewater pressure via the temperature-dependent normal and tangential
stiffness. According to Eq. (8), heating induces softening, and once 5;1’ exceeds (5:;{})( , thermal softening accelerates normal

I

closure, reducing the aperture e. The loss of e lowers storage and, more critically, transmissivity ( oc e® ), which limits drainage
and amplifies thermal pressurization. This mechano-hydraulic coupling is strongest when the interface is under compression
and closure dominates. This temperature-induced stiffness reduction amplifies the thermal pressurization effect, creating a
mechanical-hydraulic coupling that becomes particularly pronounced when the viscoplastic displacement rate exceeds the
threshold value (6;‘" T) , triggering thermal softening and enhanced pressure buildup.

The non-isothermal relasto—viscoplastic law can amplify thermal pressurization when slip causes net normal closure. In fr,
the temperature- and slip-dependent strength parameters ¢y and ¢r (Eqs. 12-13) degrade with heating and accumulated slip,
promoting additional viscoplastic slip at a given shear traction. With a small/negative dilation angle, slip reduces the aperture e,
lowering storage and transmissivity ( oc e ) and thus limiting drainage. Under heating, this contraction enhances porewater
pressure buildup. The result is a feedback: thermal pressurization promotes slip; slip contracts the interface; reduced e intensifies
pressurization. This creates a computational feedback loop where thermal pressurization promotes slip, which in turn accelerates
strength degradation and further amplifies pressure buildup.
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The framework calculates the direct impact of thermal pressurization on interface performance through the effective stress
relationship (Eq. 4), where the porewater pressures pg mp and pymp are determined by the coupled solution of the THM balance
equations. As thermal pressurization increases these porewater pressures, the effective stress decreases, leading to reduced
interface shear capacity according to the temperature-dependent strength envelope (Eq. 11). This reduction in effective stress
and shear capacity represents the fundamental computational mechanism by which the framework quantifies how thermal
pressurization degrades pile shaft resistance in energy pile systems.

The temporal evolution of thermal pressurization is controlled computationally through the balance between pressure
generation and dissipation mechanisms captured in the mass balance equations. The transverse and longitudinal flux components
(qf-, qy , qj,-, qg) govern the drainage capacity of the interface zone, while the non-advective flux terms (i};, ij;, iy, i) represent
diffusive transport processes that provide alternative pathways for pressure dissipation. In low-permeability conditions typical of
stiff clays, the limited drainage capacity restricts the dissipation of thermally generated excess pressures, leading to sustained
pressure elevation and prolonged effective stress reduction. The interface aperture e and length L, parameters in the mass balance
equations control the effective volume available for pressure dissipation, making the geometric characteristics of the interface
zone critical computational factors in determining the magnitude and persistence of thermal pressurization effects.

The computational framework thus provides a comprehensive approach for calculating porewater pressure buildup by
simultaneously solving the coupled system of equations that govern thermal expansion, mechanical deformation, and fluid flow at
the pile-soil interface. The temperature-dependent material properties, viscoplastic slip mechanisms, and drainage characteristics
are all integrated within the solution process, enabling accurate prediction of thermal pressurization effects under realistic
operational conditions for energy pile systems.

5.3 |  Analysis of pressure evolution

The simulation results presented in [Figure 9| demonstrate the fundamental relationship between soil permeability, operating
temperature, and thermal pressurization in the energy pile—soil interface. reveals a systematic logarithmic relationship
between permeability and excess Porewater pressure accumulation, with each order of magnitude reduction in permeability
producing progressively higher pressure buildup across all temperature conditions. The data clearly identify two critical
permeability thresholds that govern thermal pressurization behavior. The first critical threshold occurs at k = 10 m2, marking a
transition from moderate to severe thermal pressurization conditions. Below this threshold, thermal pressurization intensifies
dramatically, establishing this permeability value as a fundamental design boundary. A second critical threshold emerges at
k = 10""" m2, representing a severe risk boundary where thermal effects become extreme across all operating temperatures.

The temperature effect is evident through the discrete data points representing four operational conditions: 21°C (baseline),
30°C, 40°C, and 50°C. For any given permeability, increasing temperature systematically elevates excess porewater pressure
generation, with the 50°C condition consistently producing the highest pressures across the entire permeability range. The
temperature-dependent response exhibits consistent patterns across all permeability conditions, indicating predictable thermal
scaling behavior. The secondary y-axis in presents the effective stress ratio Au/a’,,, providing direct quantification
of thermal effects on soil effective stress. This ratio represents the fraction of initial effective stress affected by thermal
pressurization, with values approaching 0.5 indicating significant effective stress reduction and values reaching 1.0 representing
complete effective stress loss. The purple data points overlaid on the secondary axis demonstrate the spatial distribution of these
effects throughout the pile length. Horizontal reference lines at ratios of 0.5 and 1.0 provide clear visual indicators, enabling
rapid assessment of thermal impact severity.

The depth-segmented analysis presented in [Figure | reveals distinct thermal pressurization patterns across three depth zones.
The shallow zone (0-10m) analysis in shows the lowest pressure accumulation across all permeability-temperature
combinations, reflecting enhanced drainage efficiency near the ground surface. The intermediate zone (10-20m) analysis in
demonstrates elevated pressure buildup compared to the shallow zone, indicating reduced drainage effectiveness
with depth. The deep zone (20-26m) analysis in [Figure 9d exhibits the most severe thermal pressurization conditions, with
the highest pressure accumulation occurring at the pile tip region, where thermal loading effects are most pronounced. Each
depth-segmented subplot maintains the same permeability range and temperature conditions as the main plot, allowing for a
direct comparison of thermal effects across different pile depths. The consistent data patterns across all three depth zones confirm
that the fundamental permeability-controlled behavior remains valid throughout the pile length, while the absolute pressure
magnitudes vary systematically with depth position.
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The color coding in all figures represents normalized depth position along the pile, providing additional spatial context for the
thermal pressurization analysis. This comprehensive visualization enables the simultaneous assessment of permeability effects,
temperature dependencies, effective stress impacts, and depth-related variations within a single, integrated analysis framework.
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FIGURE 9 The relationship between soil permeability, operating temperature, and thermal pressurization. (a) excess
porewater pressure versus permeability with temperature data points and critical threshold annotations. The secondary y-axis
shows the effective stress ratio Au/c’,,. (b) depth-segmented analysis for shallow (0-10m); (c) intermediate (10-20m); and (d)
deep (20-26m) zones. Color coding indicates normalized depth position along the pile.
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54 | Spatial pressure development

The depth profile analysis in shows the spatial distribution of thermal effects along the pile length for four operational
scenarios: low permeability with high temperature (LP-HT, k = 107'> m?, T = 50°C), low permeability with moderate temperature
(LP-MT, k = 1072 m?, T = 30°C), moderate permeability with high temperature (MP-HT, k = 107'° m?, T = 50°C), and high
permeability with high temperature (HP-HT, k = 10® m?, T = 50°C). The initial effective stress profile ) shows the
baseline geotechnical conditions across four soil layers: alluvial soils A (0-5m) and A; (5-10m), sandy gravelly moraine B
(10-22m), and bottom moraine C (22-26m). The effective stress increases from 2.1 MPa at the surface to 2.6 MPa at 26m depth,
with distinct changes in gradient at layer boundaries reflecting the different unit weights of each geological unit.

The excess porewater pressure profiles (Figure T0p) demonstrate systematic thermal pressurization across the operational
scenarios. The LP-HT scenario produces the highest pressures, ranging from 270 kPa at the surface to 405 kPa at the pile
tip. The LP-MT scenario shows reduced pressures (84-126 kPa) due to lower temperature increase. The MP-HT and HP-HT
scenarios exhibit progressively lower pressures (180-270 kPa and 72-108 kPa, respectively) due to enhanced drainage at higher
permeabilities. All profiles show increasing pressure with depth, reflecting more confined conditions and reduced drainage
efficiency at greater depths.
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FIGURE 10 Depth profile analysis showing the spatial distribution of thermal effects along the pile length. (a) initial
effective stress profile with soil layer stratification; (b) excess porewater pressure profiles for different permeability-temperature
scenarios; (c) effective stress reduction ratios (Au/c?,)), and (d) degradation factor profiles.

The effective stress reduction ratios (Figure 10¢) quantify the relative magnitude of thermal effects. The LP-HT scenario
produces ratios of 0.13-0.16, indicating that thermal pressurization reduces the effective stress by 13-16%. The LP-MT scenario
shows smaller ratios (0.04-0.05), while the MP-HT and HP-HT scenarios produce intermediate and minimal ratios (0.09-0.11
and 0.03-0.04, respectively). These ratios remain below 0.20 for all examined conditions, indicating moderate thermal effects
that preserve substantial effective stress for shaft resistance mobilization. The degradation factor profiles (Figure TOd) translate
stress ratios into shaft capacity reduction. The LP-HT scenario shows degradation factors of 0.84-0.87, indicating 13-16% shaft
capacity loss. The LP-MT scenario maintains factors of 0.95-0.96 (4-5% loss), while MP-HT and HP-HT scenarios show 9-11%
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and 3-4% capacity losses, respectively. All scenarios maintain degradation factors above 0.84, confirming that the pile retains at
least 84% of its original shaft capacity under the examined thermal loading conditions.

The comparative analysis reveals a clear hierarchy: LP-HT > LP-MT > MP-HT > HP-HT, demonstrating that both reduced
permeability and increased temperature contribute to enhanced thermal pressurization. The soil layer transitions are visible in all
profiles, with gradient changes at boundaries reflecting the influence of geological stratification on thermal response. These
results provide a quantitative foundation for energy pile design, showing that moderate thermal effects can be expected under
typical operational conditions, with capacity reductions generally remaining below 20% for the parameter ranges examined.

55 | Time-dependent pressure and stress evolution
The temporal analysis presented in reveals time-dependent thermal pressurization mechanisms that exhibit distinct

permeability-controlled evolution patterns, asymmetric heating-cooling dynamics, and persistent thermal effects that challenge
conventional assumptions about thermal loading reversibility.
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Legend: VLP = Very Low Permeability (k =1 x 10712 m?); LP = Low Permeability (k =1 x 10~ m?); MP = Moderate Permeability
(k=1 x 10~19m?2); HP = High Permeability (k =1 x 1072 m?). PWP = Pore Water Pressure. Heating phase: 0-12 days; Cooling phase:
12-28 days. Gray vertical line marks heating-cooling transition. Dashed black horizontal lines in (c) and (d) represent initial effective stress

at each depth before any thermal loading.

FIGURE 11 Time-dependent evolution of thermal effects during heating (0-12 days) and cooling (12-28 days) cycles. (a,b)
Excess porewater pressure development at Sm and 20m depths showing permeability-dependent amplification and asymmetric
recovery patterns; (c,d) effective stress evolution at Sm and 20m depths with black dashed lines indicating initial stress conditions.
Gray vertical lines mark the heating-cooling transition at 12 days.
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The excess porewater pressure evolution at shallow depth (Figure TTh) and deep depth (Figure TIp) reveals systematic

permeability-dependent amplification patterns with consistent 2.5 depth amplification factors across all scenarios. Very
low permeability conditions (VLP, k = 10~'> m?) produce maximum pressures of 49.0 kPa (shallow) and 122.4 kPa (deep),
representing the most severe thermal pressurization scenario. The pressure evolution demonstrates an exponential approach
during heating with time constants of 3.9 days, followed by different cooling behavior where pressure dissipation rates span four
orders of magnitude: from 6.9 days (HP) to 6,931 days (VLP).

The effective stress evolution at shallow depth (Figure TTk) and deep depth (Figure T1d) demonstrates the direct effect of
thermal pressurization on soil strength. During thermal loading, effective stress reductions follow the inverse pattern of porewater
pressure development, with VLP conditions showing maximum stress reductions of 0.049 MPa (shallow) and 0.122 MPa (deep).
The temporal analysis reveals a critical asymmetry in stress recovery, with VLP conditions showing only 0.2% pressure recovery
during the 16-day cooling phase compared to 79.8% recovery for HP conditions. This finding establishes that effective stress
degradation in low-permeability soils exhibits quasi-permanent characteristics that accumulate over multiple thermal cycles.

The depth amplification phenomenon is clearly demonstrated through the comparative analysis between shallow and deep
locations. Maximum porewater pressures increase by 2.5x from 5m to 20m depth across all permeability scenarios, while
effective stress reductions show proportional amplification. This systematic depth dependency indicates that thermal effects
become progressively more severe with depth, with the pile tip experiencing the most significant thermal loading. The consistent
amplification factor across different permeability conditions suggests that depth effects are primarily controlled by thermal and
hydraulic mechanisms rather than soil-specific properties.

The permeability-dependent recovery characteristics reveal fundamental differences in the reversibility of thermal loading.
High permeability conditions demonstrate rapid pressure dissipation and effective stress recovery, with both parameters returning
to near-baseline conditions within the 16-day cooling period. Conversely, very low permeability conditions show minimal
recovery, with porewater pressures and effective stress reductions persisting at elevated levels throughout the cooling phase.
This asymmetric behavior creates conditions that allow multiple thermal cycles to produce cumulative degradation effects in
low-permeability soils.

6 | SHAFT RESISTANCE DEGRADATION

Thermal cycles in geothermal piles lead to coupled thermo—hydro—mechanical processes at the pile-soil interface. As detailed in
the non-isothermal elasto—viscoplastic formulation (Section [2), temperature changes not only alter the stiffness of the interface
but also generate excess porewater pressures and modify the intrinsic strength parameters. These combined effects reduce the
mobilized shear stress along the pile shaft and must therefore be quantified in design.

Following the framework proposed by Fuentes et al.®, the effect of thermally induced excess porewater pressures can be
expressed through a shaft resistance reduction ratio. This dimensionless parameter quantifies the degradation of interface shear
strength under non-isothermal conditions relative to isothermal reference conditions. The shaft resistance reduction ratio is
defined as -

RT - witemp (41)

Twoltemp
where 7,emp is the shear stress at the pile—soil interface with temperature changes and 7,,o/emp is the shear stress without

temperature effects.
The shear stress at the interface can be generally written in terms of the effective normal stress as 7 = o7, tan ¢’, which can be
developed into
7 = K,yo!, tan ¢’ (42)
where K, is a mobilized earth pressure coefficient at the interface and o), is the vertical effective stress. For the case with
temperature changes, the vertical effective stress is reduced by thermally induced excess porewater pressure. Writing the vertical
effective stress as a function of total and porewater pressures gives

Twitemp = Ky (0y —up — Au) tan SOI (43)

where u is the initial porewater pressure before temperature changes are applied, and Au is the thermally induced excess
porewater pressure. The same formulation for the case without temperature is

Twoltemp = Ky (o) —up) tan QOI (44)
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Substituting Eqs. (@3) and (@4)) into Eq. (#1), and assuming that K,, and tan ¢’ do not change when the temperature gradient is
applied, gives the most general form of the shaft resistance reduction ratio

o, —up— Au

R,=——m (45)
gy, — U
or equivalently A
Ry=1-—21 (46)
oy — Uy

The independence of K,, and tan ¢’ to temperature gradients was demonstrated by~Z, who showed that the strain and total
stress changes at the interface are small when the temperature is applied. The shaft resistance reduction ratio R is bound between
negative values and 1.0, where R = 1.0 when there is no thermal loading (i.e., Au = 0), R, = 0if Au = o, — uy (complete loss
of effective stress), and R, < 0 when Au > o, — ug (excess porewater pressure exceeds initial effective stress).

For saturated soils where the water table is at the ground surface and the vertical planes are principal planes, o, = ys:z and
oy —up = 7'z. Under these conditions, Eq. @3)) can be rewritten as

Rr=1-—. (47)
Yz
This formulation highlights that the shaft resistance reduction ratio depends on the magnitude of thermally induced excess
porewater pressure Ay, the initial effective stress state o/, = o, — iy, and the depth z along the pile shaft.
For practical design applications, it is convenient to define a degradation factor « that represents the remaining shaft capacity

under thermal loading as
Au

a=R.=1-= (48)
Oy0

This degradation factor is bound between negative values and 1, where o = 1 indicates no degradation and o« = 0 indicates
complete loss of shaft resistance. The total shaft capacity under thermal loading can then be expressed as

L
0ur = / az.1) - fio(2) - Pdz 49)
0

where L is the pile length, f; o(z) is the unit shaft resistance under isothermal conditions, and P is the pile perimeter.

The magnitude of the degradation factor « is primarily controlled by soil permeability, soil compressibility, temperature
increase, depth, and drainage conditions. Low-permeability soils (k < 10~'! m/s) experience limited drainage during thermal
loading, leading to higher excess porewater pressures and greater shaft resistance reduction, while high-permeability soils
allow rapid dissipation of thermal pressures, resulting in minimal degradation. Stiffer soils with lower compressibility generate
higher thermal pressures for a given temperature change, as the volumetric expansion of porewater is more constrained, whereas
compressible soils accommodate thermal expansion more readily, reducing pressure buildup. Higher temperature increases
produce proportionally larger thermal expansion of porewater, resulting in greater excess pore pressures and more significant
shaft resistance degradation. The degradation effect is more pronounced at shallow depths where the initial effective stress is
lower; at greater depths, the same excess porewater pressure represents a smaller fraction of the total effective stress, resulting
in less relative degradation. Rapid thermal loading or cyclic heating without sufficient rest periods prevents full dissipation
of excess pressures, leading to cumulative degradation over multiple cycles, while slow heating rates allow partial drainage,
reducing the peak thermal pressures.

The shaft resistance reduction ratio provides a rational framework for assessing thermal effects on geothermal pile capacity. In
numerical simulations, the excess porewater pressure Au(z, t) is directly computed at each time step from the coupled THM
analysis, allowing straightforward evaluation of the degradation factor through Eq. (8). For design purposes, conservative
estimates of « should account for the most critical combination of low permeability, high temperature increase, and shallow
depth.

6.1 | Shaft resistance degradation analysis

The degradation factor analysis presented in reveals fundamental permeability-controlled mechanisms governing
thermal effects on energy pile capacity. The comprehensive analysis demonstrates that thermal degradation exhibits distinct
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behavioral regimes characterized by critical permeability thresholds rather than continuous transitions, establishing quantitative
boundaries for thermal loading assessment in energy pile design.
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Comprehensive shaft resistance degradation analysis showing (a) degradation factor versus permeability with

critical thresholds, (b) absolute resistance loss quantification, (c) theoretical degradation curves based on empirical relationship,
and (d) Depth-averaged degradation factor with spatial variability. Color coding indicates normalized depth position along the

pile.



Page 27 of 31

A Non-Isothermal Viscoplastic Framework for Assessing Shaft Resistance in Energy Geostructures | 25
The degradation factor evolution (Figure 12p) reveals three distinct performance regimes defined by permeability boundaries.

High-permeability conditions (k > 10~ m?) maintain degradation factors above a = 0.9, indicating minimal thermal impact with
less than 10% capacity reduction. The critical transition occurs at k = 10~'! m?, where degradation factors drop precipitously to
the a = 0.5-0.8 range, representing 20-50% shaft capacity loss. Below k = 10~'> m?, severe degradation conditions emerge with
degradation factors approaching zero (« < 0.1), indicating near-complete loss of shaft resistance under thermal loading.

Temperature scaling effects demonstrate systematic amplification patterns with degradation intensifying approximately 2-
fold per 10 °C increase across all permeability ranges. This scaling relationship provides quantitative basis for operational
temperature limit establishment, with the most pronounced effects occurring in low-permeability conditions where temperature
restrictions become critical design constraints. The depth dependency, visualized through color coding, reveals progressive
degradation intensification from shallow (green) to deep (purple) locations, with intermediate depths showing 5-fold greater
degradation than surface conditions.

The absolute resistance loss quantification (Figure 12p) provides direct engineering metrics for design application, demon-
strating resistance losses ranging from negligible values in permeable soils to complete capacity elimination in impermeable
conditions. The logarithmic scaling reveals that 47.6% of evaluated scenarios exceed the 20% capacity loss threshold, while
41.4% experience severe degradation with greater than 50% capacity reduction, establishing the prevalence of significant thermal
effects across realistic soil conditions.

The theoretical prediction framework (Figure 12k) demonstrates that degradation behavior follows exponential decay
relationships with respect to both permeability and temperature, enabling predictive modeling for design applications. The
temperature-dependent curves capture the fundamental physics of thermal pressurization, with steeper decay rates at higher
temperatures reflecting intensified thermal loading effects.

presents the mean degradation factor and its spatial variation (x1 standard deviation) along the pile depth for each
permeability—temperature combination. The error bars quantify the depth-dependent variability of «, which arises from the
increasing effective stress with depth according to Eq. [@8). Greater variability occurs in intermediate permeability ranges (107!
to 1079 m?), where the degradation is most sensitive to the competing effects of thermal pressurization and drainage capacity.

Critical design implications emerge from the permeability threshold identification, establishing k = 10~'! m? as the fundamental
boundary where thermal effects transition from manageable to critical. This threshold provides quantitative guidance for site
characterization requirements and thermal loading assessment protocols. The 14-fold amplification factor between k = 10~'° and
k=107 m? conditions demonstrates the extreme sensitivity of thermal effects to permeability variations, necessitating precise
soil characterization in the critical permeability range for reliable thermal loading prediction.

6.2 |  Shaft capacity evolution

The temporal analysis of shaft capacity evolution presented in[Figure 13|reveals permeability-dependent thermal loading effects
with different time constants for heating and cooling phases. The shaft capacity evolution demonstrates that thermal effects
exhibit distinct heating-cooling dynamics, establishing critical design considerations for long-term energy pile performance
under operational loading.

The depth-averaged shaft capacity loss analysis demonstrates permeability-controlled degradation patterns with maximum
losses ranging from 0.55% (HP) to 5.5% (VLP) during peak thermal loading. The temporal evolution exhibits rapid capacity
loss during the 12-day heating phase, characterized by exponential approach to maximum degradation with time constants of
approximately 3.9 days across all permeability scenarios. This rapid response reflects the immediate development of thermal
pressurization as heating progresses, with shaft capacity reduction following the temperature evolution pattern established in the
thermal boundary condition.

Different recovery behavior emerges during the 16-day cooling phase, where shaft capacity recovery demonstrates extreme
permeability dependence. High-permeability conditions (HP) achieve substantial recovery of 0.44 percentage points (79.8%
of initial loss), returning to near-baseline shaft capacity levels within the cooling period. Conversely, very low permeability
conditions (VLP) show virtually no recovery, with shaft capacity remaining at degraded levels throughout the cooling phase.
This behavior creates a 1,000 ratio between heating and cooling time constants for VLP conditions, indicating fundamental
irreversibility in thermal loading effects for low-permeability soils.
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FIGURE 13 Depth-averaged shaft capacity loss (percentage of initial shaft capacity) during 12-day heating and 16-day
cooling cycle, showing permeability-dependent degradation and limited recovery in low-permeability conditions. VLP = Very
Low Permeability (k = 1 x 107'2 m?); LP = Low Permeability (k = 1 x 10! m?); MP = Moderate Permeability (k = 1 x 1071°
m?); HP = High Permeability (k = 1 x 10 m?).

6.3 | Engineering implications and design considerations

The operational temperature guidelines (Figure T4h) establish quantitative boundaries based on acceptable depth-averaged shaft
capacity degradation levels, revealing critical design thresholds that vary by four orders of magnitude across the permeability
spectrum. For high-permeability conditions (k > 10~ m?), operational temperatures up to 60 °C produce negligible thermal
effects, enabling unrestricted energy pile operation. However, the analysis identifies a critical permeability threshold at k = 107!
m? where allowable temperatures decrease dramatically: from 45 °C to 25 °C for depth-averaged shaft capacity loss thresholds
of 20% and 10%, respectively. This threshold represents a fundamental design boundary where thermal effects transition from
manageable to potentially critical, necessitating site-specific thermal loading assessment and operational constraint development.

The degradation factor contours (Figure 14p) provide a comprehensive design tool for evaluating thermal effects across the full
operational parameter space, enabling direct assessment of shaft capacity degradation for any combination of soil permeability
and operating temperature. The contour map reveals the nonlinear coupling between permeability and temperature effects,
with degradation factors ranging from o = 0.9 (minimal thermal effects) to o = 0.1 (severe degradation) depending on site
conditions. This visualization enables designers to rapidly assess whether proposed operational parameters fall within acceptable
performance limits or require design modifications.

The depth-dependent degradation factors (Figure 14f) illustrate the influence of depth on thermal degradation for a reference
case of T =30 °C. Each curve represents the degradation factor «v at a specific depth (5, 10, 15, 20, or 25 m) as a function of soil
permeability. The analysis demonstrates that deeper sections experience progressively greater degradation than shallow sections,
with degradation factors decreasing from o = 0.95 at Sm depth to o = 0.81 at 25m depth for intermediate permeability conditions
(k = 107" m?). This depth stratification reflects the increasing thermal pore pressure generation with depth, which outpaces the
compensating effect of increasing confining stress. The permeability dependence is most pronounced in the range 107!2 to 1071°
m?, where degradation factors transition from near-unity (minimal thermal effects) to values approaching or below the 20% shaft
capacity loss threshold (o = 0.8). At very low permeability (k < 10712 m?), all depth levels experience severe degradation, with
deeper sections exceeding the 20% loss threshold and approaching 50% shaft capacity loss (« = 0.5) at the pile tip.

The risk classification framework (Figure T4d) provides preliminary guidance for design approach selection based on soil
permeability and operating temperature. The four-tier system categorizes conditions as: Low Risk (k > 10~° m?, standard design
procedures applicable), Moderate Risk (107" < k < 10~ m? with T < 35 °C, thermal considerations required), High Risk (10~!2
<k < 10" m?, detailed thermal analysis necessary), and Very High Risk (k < 1072 m? with T > 35 °C, design modifications or
operational constraints required). It must be emphasized that these risk categories represent illustrative thresholds for preliminary
screening and must be adapted to project-specific requirements, including the relative contribution of shaft versus base capacity,
applied safety factors, and acceptable performance criteria. The classification assumes a shaft-dominated pile in relatively
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homogeneous soil conditions; site-specific analysis is required for stratified profiles or piles with significant base capacity
contributions. The stepwise boundaries between risk zones, while useful for initial assessment, represent simplified thresholds
applied to the continuous degradation behavior shown in[Figure T4p, and designers should recognize that actual risk transitions
occur gradually rather than abruptly.

The integrated design framework establishes critical engineering implications that fundamentally alter energy pile design
practice in low-permeability conditions. Enhanced site characterization with detailed permeability assessment is essential to
identify conditions approaching the critical 10~'" m? threshold, as thermal effects become increasingly significant below this
value. Operational temperature limits must be established based on site-specific soil conditions rather than generic constraints,
utilizing the design charts to evaluate acceptable temperature ranges for measured permeability values. Current design approaches
that neglect thermal effects or apply uniform degradation factors significantly underestimate capacity loss in low-permeability
conditions, where quasi-permanent thermal effects require consideration of cumulative loading over the entire operational lifetime
rather than cyclic assessment. For very low permeability conditions (k < 10712 m?), the analysis demonstrates that thermal effects
exhibit minimal recovery between heating cycles, necessitating integration of thermal-mechanical analysis into standard design
procedures and potentially requiring operational constraints or enhanced pile dimensions to maintain adequate safety margins.
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FIGURE 14 Design charts for energy pile thermal loading assessment in low-permeability clays. (a) Maximum allowable
operating temperature versus soil permeability for specified shaft capacity loss limits (10-50%); (b) degradation factor contours
across operational parameter space; (c) depth-dependent degradation factors («) at T = 35 °C; (d) preliminary risk classification
framework with four-tier system for design approach selection.
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7 | CONCLUSIONS

This work examined the thermo—hydro—mechanical response of geothermal piles in low-permeability clays with a focus on
interface behavior, excess porewater pressure generation, and the resulting reduction in mobilized shaft resistance under thermal
activation. A zero-thickness thermo-viscoplastic interface formulation was generalized and implemented within a finite-element
framework and compared with full-scale in-situ test observations. The simulations reproduce the expected coupled behavior by
which heating generates excess porewater pressure at the interface, lowers effective normal stress, and diminishes shear transfer,
while cooling partially reverses these effects with a clear path dependence due to viscoplasticity and hydraulic lag.

Permeability emerges as the controlling material parameter for both the amplitude and persistence of thermal pressurization.
In the range characteristic of plastic clays, dissipation times are comparable to practical operational cycles, so strength recovery
during cooling remains incomplete and a net seasonal reduction in available shaft resistance is observed. The proposed interface
law captures temperature-dependent stiffness, rate-dependent inelastic slip, and the coupling between effective stress changes
and shear mobilization, which proves necessary to represent the measured hysteresis and delayed strength recovery. Building on
these mechanisms, a reduction function expressed in terms of temperature history and hydraulic diffusivity consistently bounds
the simulated and observed loss of shaft resistance and is suitable for serviceability checks.

Comparisons against full-scale temperature fields, axial strains, and pile-head displacements show agreement in both timing
and magnitude, indicating that the dominant mechanisms—thermal pressurization, effective-stress reduction, and interface
softening—are correctly represented for the tested conditions. For design practice, explicitly accounting for thermal cycles in the
assessment of shaft resistance is warranted in fine-grained soils. Operational envelopes that limit rapid or large temperature swings
mitigate cumulative degradation, and drainage provisions that shorten dissipation times can materially improve performance
without compromising energy yield.

The results demonstrate that explicit THM coupling at the pile—soil interface is essential for reliable prediction of energy-pile
performance in clays, and that the presented constitutive framework and reduction function provide a tractable path to incorporate
thermal cycling into routine design and assessment.
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