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Abstract

In most practical cases, the free deformation tendency of energy piles is constrained by the cap and surrounding soil. As
a result of these constrained thermal deformations, additional forces are introduced into the system and are balanced by
transfer to the ground via soil-structure interfaces. Consequently, interface conditions and structural element constraints
play crucial roles in the behavior of energy pile foundations, and their evaluation is essential. This study evaluates the effects
of constraints on the response of a large-scale piled raft foundation in homogeneous stiff saturated clay to cyclic thermal
loads using coupled Thermo-Hydro-Mechanical Finite Element modeling. Particularly, the effects of interface stiffness and
mechanical load variations in the evolution of mechanical fields, including stresses, displacements, and load-sharing ratios,
were investigated. Despite the magnitude independence of the initial stresses, the greater constraining effect of the stiffer
soil-structure interface and stronger pile-raft connection led to substantial excess loads, especially at shallow depths. Nev-
ertheless, due to the performance of floating piles, the thermal axial stress variations in deep regions were virtually identi-
cal. Moreover, the larger tendency of the soil than the piles to undergo thermal deformations was found to be the primary
determinant of the resultant load redistribution, which led to the soil-raft interface being a significant factor in determining
vertical raft displacements. In the most severe case, the thermal axial stress variation range and stabilized excess settlement of
the foundation were approximately three times the mechanical stress and one-fifth of the mechanical settlement, respectively.

Keywords Energy pile - Constraint effect - Interface stiffness - Cyclic thermal loading - Axial stress variation - Excess
settlement

Introduction loading, the design and analysis of energy pile foundations

must consider the interdependent aspects of material behav-

Energy pile foundations are an innovative system that com-
bines the geo-structural contributions of conventional pile
foundations in resisting loads with geothermal heat exchange
to provide energy to the superstructure. In addition to trans-
ferring structural loads to layers with greater load capacities,
piles with direct access to shallow depths can exchange heat
between the earth and superstructure by circulating the heat
carrier fluid in concrete-embedded absorber pipes. Due to
multifunctionality and simultaneous mechanical and thermal
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ior and Thermo-Hydro-Mechanical (THM) responses of sys-
tem components [1-7].

In most practical cases, the free radial and longitudinal
deformation tendency of energy piles caused by cyclic tem-
perature changes is constrained by the cap and surrounding
soil [8—10]. In the radial direction, volumetric contraction
of soils decreases normal effective stress at the soil-pile
interface, thus, reducing the shaft resistance [11, 12]. The
reduced shaft resistance would be compensated by the
increased base bearing of floating piles and load transfer
through the pile cap [13, 14]. Although thermally induced
pile length changes may result in additional mobilized fric-
tion along some parts, the reduction in shaft resistance due
to the reduced normal effective stress may be a more domi-
nant factor [15]. However, the soil acts as a restraint at the
pile base and shaft, while the applied mechanical load and
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group effects due to pile-raft connection may constrain ther-
mally induced elongation at the pile head [16].

In contrast to the significant constraints imposed by bed-
rock beneath end-bearing piles, the soil beneath the base of
floating piles may impose constraints comparable to those
imposed by the pile head. Consequently, ground stiffness
conditions can influence the variations in foundation dis-
placement and axial load along energy piles, and the mobi-
lized strength change of the pile base is expected in response
to thermal loading [17-20].

In addition to the applied mechanical load, the layout of
energy piles in a group containing conventional piles also
affects restraint at the pile heads, resulting in load redistri-
bution [21]. The conventional piles not directly exposed to
temperature changes impose constraints on pile head dis-
placement corresponding to the pile-raft connection rigidity
[22]. Thus, the thermomechanical load must be redistributed
through the cap in each cycle between the conventional and
energy piles [23].

According to the mechanisms described above, interface
conditions and structural element constraints play funda-
mental roles in the behavior of energy pile foundations,
and their assessment is essential. Numerous studies have
examined the responses of energy pile foundations to com-
bined loads via experimental tests [16, 24—30] and numerical
analyses [9, 19, 31-43] to date. Nevertheless, a literature
review demonstrated that existing parametric studies [5, 31,
36, 43, 44] have yet to comprehensively consider the effects
of change in the constraint conditions of a foundation con-
taining conventional and energy piles, despite its significant
contribution to the system response under cyclic thermal
loading. Hence, the impact of these variables under different
stress states and both low and high operating temperatures
is unknown. Therefore, validated numerical models, which
are a potent tool for evaluating the behavior of energy piles
over practical timescales and can simultaneously incorporate
multiple aspects governing the physical THM phenomena,
can be used to address this limitation.

This study primarily aimed to evaluate the constraints
of energy pile foundations by quantifying the effects of soil
structure and pile-raft interface stiffness and the mechanical
load on mechanical fields. To this end, numerical coupled
THM simulations were performed using the Finite Element
(FE) modeling to evaluate the spatial and temporal evolution
of stresses, displacements, and load-sharing ratio in a piled
raft foundation in saturated stiff clay. In contrast to previ-
ous studies, the applied model incorporates several prin-
cipal aspects of the actual physical phenomena simultane-
ously, including a) simulating interfaces with the possibility
of slip rather than considering perfect contact conditions,
b) considering ground temperature variations at shallow
depths instead of the unrealistic assumption of uniform
ground temperature, and c¢) assuming thermoelastic-plastic
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soil response for the proper estimation of strains under all
circumstances instead of considering elastic behavior. The
results of this study will contribute to a better understanding
of the mechanical behavior of energy pile foundations under
varying constraint conditions, particularly in saturated stiff
clay, and provide valuable information for structural design
and superstructure serviceability. This will improve engi-
neers' ability to design safe energy pile foundations.

The mathematical formulation and constitutive models
will be described in the following sections. Afterward, the
proposed model is validated by comparing numerical predic-
tions to full-scale in situ tests. Finally, parametric analysis is
provided to evaluate the previously mentioned key factors.

FE model

This study focuses on characterizing the change in model
output because of the variation in model input parameters.
Indeed, sensitivity analysis is a useful tool, which not only
allows to understand how the model behavior depends on
certain parameters but also indicates which parameter values
are the most influence [45, 46]. Therefore, numerical analy-
ses were performed to gain deeper insight into the effect
and relative importance of constraint conditions with regard
to geo-structural response behavior. Numerical simulations
were implemented in COMSOL Multiphysics [47], which
employs the FE method to convert the governing equations
into numerically solvable algebraic equations. To quanti-
tatively describe coupled phenomena during the thermal
operation of energy piles in a pile foundation, it is required
to incorporate mechanical, thermal, and hydraulic aspects
into the model at the same time; material volume changes
are dependent on temperature, heat transfer is dependent on
groundwater flow possibility, water density changes with the
thermal load, and the mechanical response of soil is depend-
ent on the pore water pressure [34]. Therefore, the numerical
modeling of the system requires a fully THM formulation
that can be effectively implemented in the used software.
The main focus is on thermally induced mechanical effects
on the piles and surrounding soil for the normal operation
of the geothermal heat pump system in realistic conditions,
while the flow interaction within the pipes and its energy
aspects were neglected.

Multiphysics contact problems are often very ill-condi-
tioned, which leads to convergence problems for the non-
linear solver. In the COMSOL, there is a fully coupled
method for solving Partial Differential Equations (PDEs)
at each time-step that includes all of the couplings between
the unknowns at once. Compared to other approaches, this
method often converges in fewer iterations and is therefore
preferred for solving systems of nonlinear equations [47]. To
achieve optimum stability and the best convergence rate in
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the time-dependent study, the relative tolerance is set as 1073
for all primary variables and regarded as the convergence
criteria of the numerical solutions.

Mathematical model

According to the model presented by Di Donna et al. [34],
for negligible soil skeleton deformations (linear kinematics),
a saturated medium, and an incompressible fluid and soil
particles, the equilibrium equation, conservation of mass,
and conservation of energy are written as:

Voo, +pg=0 - V-o,—Vu+pg =0 (1)

dul(n/Ky) + (1 =m)/K)] = 0,T[a | + V- (v;) + V- (v,p) =0
@
peo,T+V -(q) + py,Cp v, ; VT =0 (3)

where V- is the divergence operator, V denotes the gradient,
;i is the total stress tensor, G;j is the effective stress tensor,
p = np,, + (1 — n)p, represents the bulk density of the porous
material (based on water density p,, and solid particle den-
sity p, at porosity n), u is pore water pressure, g; is the grav-
ity vector, d, denotes the time derivative, 1 /K|, is water com-
pressibility, 1 /K is solid particle compressibility, 7T is the
temperature, a = na;, +(1 - n)a; denotes the thermal
expansion coefficient of the porous material (based on water
thermal expansion coefficient aiv and solid particle thermal
expansion coefficient a;), v, is the solid particle velocity, v, ;
is the water velocity relative to solid particles,
pC = np,c,,, + (1 —n)p,c,  is the bulk heat capacity of the
porous material (based on the specific heat capacity of water
¢, and that of solid particles ¢, ), and g denotes heat flux.

To complete the formulation, it is required to introduce
constitutive equations for pore water flux, heat flux, and
material behavior. The velocity of water relative to solid
particles can be written based on Darcy’s law as:

Viw,i = _(k/(pwg)) : V(I/t + prZ) (4’)

where k is hydraulic conductivity, and z denotes the vertical
coordinate. Here, k is defined as a function of water param-
eters and intrinsic permeability k'™ as:

k= (kK"pyg)/py ®

where p,, is water dynamic viscosity. The temperature
dependence of k is represented by the temperature depend-
ence of u, and p,;:

p,, = 0.6612 - (T —229)”"' ¢ ©

py, = 838.5 + 1.40T — 0.00372 + 3.72¢7"T° @)

where p,, is measured in Pa.s, and T is measured in K. Fou-
rier’s law of heat conduction is assumed to be valid. Then,
heat flux is written as:

qg=—AVT (8)

where A = nA,, + (1 — n)4,is the thermal conductivity of the
porous material (based on water conductivity 4,, and solid
particle conductivity A).

Material behavior under external loading is an impor-
tant aspect of the system response. Although reinforced
concrete was assumed to be thermoelastic, the soil is sim-
ulated using a thermoelastic-plastic constitutive model
based on the Drucker—Prager failure criterion. The elastic
and post-yield effective stress increments are given by:

da;j = C;y(des, — . 1,,dT) )

where dg,, is the total strain increment, dej, is the elastic
strain increment, dezl is the plastic strain increment, [, is
the Cauchy stress tensor, and Cy, denotes the fourth-order
stiffness tensor, which consists of Young’s modulus E and
Poisson’s ratio v in an isotropic system. The plastic strain
increment of the soil can be described using the flow rule:

deg. = /lp(ag/ao-[j) an

where 4, is the plastic multiplier, while g denotes the plastic
potential surface. This model assumes the plastic potential
surface to be similar to the yield surface (with a size based
on the Mohr—Coulomb criterion). However, the effective
friction angle is replaced with the effective dilation angle
1///, and the flow rule becomes non-associated due to their
different values.

For stiff clays exposed to limited temperature changes,
the assumption of thermoelastic response is acceptable as
an initial approximation of the soil behavior [36]. But for
soft clays, the temperature changes under non-isothermal
conditions affect the size of the yield surface [32], and thus
this model is not applicable.

It should also be noted that cyclic loading produced by
the thermal operation of the system may lead to quick clay
conditions and disastrous failure [48]. However, soils with
low to medium plasticity and stiff over-consolidated clays
tend to be insensitive [49], so strength loss does not occur
in the considered problem.

This study adopted the solid mechanics’ sign con-
vention of stresses, strains, and pore water pressure.
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Therefore, stress and strains are positive under tension,
while pore water pressure is positive under compression.

System geometry

Similar to the study conducted by Salciarini et al. [36], the
design of a large-scale piled raft foundation in stiff saturated
clay was used. The foundation had a raft with a thickness of
0.8 m on concrete piles with a diameter of D=1 m, a length
of L=25 m, and a center-to-center spacing of S=2D. Due to
the symmetry of the system geometry and external loading,
modeling can be carried out on a unit cell of the system with
a depth of 2L, as shown in Fig. 1. It is worth noting that this
unit cell in modeling represents the worst-case scenario for
changes in axial load and settlement. Unlike the assump-
tion of rigid boundaries and uniform strain in the unit cell,
outer piles at foundations are free to bend outward due to
less confining stress with lateral displacement of the soil,
leading to a more conservative estimation of group effects
in the unit cell.

The domain was discretized using tetrahedral elements
through quadratic interpolation for displacements and pore
water pressure and linear interpolation for the temperature.
The discretization of the model, which was controlled using
sensitivity analysis to avoid undesirable conditions, led to
a grid with 54,368 elements and a total of 384,532 degrees
of freedom.

Initial and boundary conditions

The initial conditions included the initial stress, ground-
water level, and initial temperature in the domains. Due
to gravity, the initial stress was assumed to be geostatic;
i.e., the weights of the model components were applied
before loading. For a water table at the underlying raft
level, hydrostatic conditions were applied to the initial
pore water pressure distribution. However, it should be
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Fig. 1 The geometric layout of the piled raft foundation
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noted that the groundwater table pattern can be affected
by geo-engineering projects in combination with changes
in climate and natural variability. Therefore, despite the
assumption of constant water level, an uncertainty quan-
tification analysis can be performed to account for this
nonlinear time-dependent concern [50]. Furthermore, the
ground temperature at shallow depths is dependent on
ambient temperature [51], which indicates the necessity
of considering temperature variations in these areas and
applying them as the initial temperature. The ground tem-
perature at depth z and time ¢ can be formulated as [52]:

T(z,1) = Tm+AOexP<—Z ﬂ/(%ﬁ))
(12)
X sin<(27r/p)t -z 75/(%1’))

where T, is the average soil temperature, A, is the tempera-
ture amplitude on the ground surface, a,, is the thermal dif-
fusivity of the soil, and p denotes the period. This study
assumed 7, and A, to be 18 °C and 9 °C, respectively, and p
to be 1 year. Here, a, is a measure to show how rapidly the
soil responds to temperature changes. It is defined as [52]:

a, = A/(pC) (13)

The boundary conditions included displacements,
groundwater flow, heat flux, interaction, and thermome-
chanical loads. For stiff bedrock under the soil layer, fixed
displacements, zero heat flux, and zero groundwater flow
were applied to the end of the model. It should be noted
that this boundary was assumed to be deep enough to neu-
tralize possible boundary effects on the system response.
Furthermore, in the vertical planes of symmetry, the nor-
mal component of the displacement vector was fixed, and
no heat flux and groundwater flow existed.

A fine mesh was used near the soil-structure interface
to avoid stress localization, where relatively large shear
forces were expected, and the coarser mesh was adopted
further away from the structure. However, the elements
distribution was optimized using a convergence study that
ensured sufficient accuracy and minimized computational
time and resources. The soil-structure interface was simu-
lated using contact modeling. The penalty contact algo-
rithm was adopted, in which contact pressure would be
calculated using the normal and tangent penalty factors (p,
and p,, respectively) as the stiffness of springs connecting
the contact boundaries. These factors represent interface
stiffness and measure boundary penetrance in the normal
direction and relative surface sliding in the tangent direc-
tion [47].
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The Coulomb model was employed to reflect friction
between the side surfaces of the piles and surrounding soil.
The tangent load 7, is defined as [47]:

Tt = luTn + TCohe (14)

where T, is the normal load, y is the friction coefficient, and
Tcone denotes cohesion sliding resistance. The friction coef-
ficient u is obtained based on the following equation [53]:

u=tan(s) (15)

where &' is the interface friction angle. The magnitude &' is
assumed to be equal to 0.7 (p' [53].

The strength of structural interfaces with fine-grained
soils under non-isothermal conditions exhibits a slight sen-
sitivity to temperature variations. This evidence is related
to the more pronounced sensitivity of fine-grained soils to
temperature variations compared to coarse-grained soils,
both in terms of volumetric and deviatoric behavior [4].
However, the studied clay is considered to be stiff enough
so that the plastic yielding effects and softening caused by
thermal deformations are negligible.

To simulate the transferred mechanical load of the
superstructure in the first loading stage, a vertical con-
centrated load was applied in the center of the unit cell.
In the second step of loading, which was considered for
20 years without daily temperature variation, a uniform
thermal load that changed under a sinusoidal pattern over
time was applied to the energy pile body. The temporal
evolution of the energy pile temperature generally includes
a period of several months associated with seasonal tem-
perature changes and alternation in the phases of the air
conditioning system, which its profile can be assumed
uniform with depth based on the measurements derived

33

Temperature, T [degC]

3 ——— —————— — -
0 3 6 9 12

Time, t [months]

Fig.2 The energy pile temperature during the thermal loading

from the pile tests [51, 54]. In this transient thermal load
representing normal geothermal heat pump operation with
a period of one year, the average temperature and thermal
load amplitude were set to 18 °C and 10 °C, respectively,
as shown in Fig. 2.

Simulation program

The numerical model scheme was validated at first using
full-scale in situ tests. Then, parametric analysis was carried
out by changing interface stiffness and mechanical loads in
a system consisting of active and passive piles (represent-
ing thermal piles connected to the heat transfer system and
conventional piles without additional inner pipes, respec-
tively), as shown in Fig. 1. Tables 1 and 2 report the material
properties and numerical parameters, respectively [32, 34,
53, 55-60]. One of the practical difficulties of the method
used is the non-commonness of required tests for measuring

Table 1 The material properties of the piled raft foundation [32, 34,
53, 55-60]

Property  Unit Soil Piles Raft

E MPa 50 2.20e4 2.20e4

v - 0.25 0.25 0.25

Py kg/m® 2613 2667 2667

P kg/m3 Equation (7) Equation (7) Equation (7)
n - 0.38 0.10 0.10

@ ° 25 - -

¢ kPa 15 - -

% ° 7.50 - -

“.,v 1/K 2.26e-5 1.00e-5 1.00e-5
aiv /K 2.00e—4 2.00e—4 2.00e—4
Ag W/mK 1.89 1.93 1.93

Ay W/mK  0.60 0.60 0.60

Cps J/kgK 2722 742 742

Cpw J/kgK 4186 4186 4186

k m/s 1.00e-9 2.00e-10 2.00e-10
u - 0.315 - -

Table 2 The variable parameters in the numerical modeling

Analysis  Soil-structure  Soil-structure Pile-raft p, Mechanical
P, [N/m?] p, [N/m?] [N/m?] load [N]
B1 1.5e7 6.0e6 1.0e9 1250e3
B2 1.0e7 4.0e6 1.0e9 1250e3
B3 2.0e7 8.0e6 1.0e9 1250e3
B4 1.5e7 6.0e6 5.0e8 1250e3
B5 1.5e7 6.0e6 2.0e9 1250e3
B6 1.5e7 6.0e6 1.0e9 1000e3
B7 1.5e7 6.0e6 1.0e9 1500e3
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material thermal properties (such as thermal expansion coef-
ficient, thermal conductivity, and heat capacity). A combina-
tion of the results of experimental tests on samples collected
on-site and information from studies conducted in the same
geographical areas is usually used in these cases.

It is worth noting that soil-structure interface stiffness was
assumed to be the same throughout the system, which can be
applied to piles in stiff over-consolidated clays.

Validation

The numerical model was validated through comparison
to full-scale in situ tests on the foundation of a water res-
ervoir in the Swiss Federal Institute of Technology, Laus-
anne [16]. The concrete foundation consisted of a raft with
a thickness of 0.9 m and an area of 9 X 25 m?, four energy
piles (EP1, EP2, EP3, and EP4) with a length of 28 m and

a diameter of 0.9 m, and sixteen conventional piles in a
fully saturated multilayer soil, as shown in Fig. 3a. To
control the THM response of the system, all the energy
piles were instrumented with thermocouples, optical fib-
ers, and strain gauges in the longitudinal direction and
pressure cells at their heads, while the two soil profiles
(meaning two boreholes in the soil, labeled S1 and S2 in
Fig. 3a) were equipped with thermistors and piezometers.

The field study involved two independent sets of tests.
The tests of the first set were carried out on unconstrained-
head piles, while the second set was performed with a
fixed load applied to the pile heads to represent post-con-
struction conditions. In the second set, including several
independent tests, the energy piles were at first subjected
to mechanical loading to reflect the dead load of the super-
structure. Then, thermal loads (temperature variations)
were separately applied to the pile bodies [16]. As shown
in Fig. 3b, EP1 operated as an active pile for 8.75 days in

421 m N
EP2 EP4 | Groundwater table 5.5m
[ s2] = = Z I 8om
=) AT P3 =ITps P7 T —
S1 |
421m @ !
= P1 @Pz P4 P6 35m
EE_ ____________________________ e S 1 359m
{[EP3 [Qlrs mpg am P10 P11 st
25 ; [JsL2
n—] Css
P12 P13 | P14 P15 P16 sS4
= = == = = EmsLs
(a)
23
—Test 1
21 A Test 2
o 19 A
o0
Q
=
= 17 1
g
=]
g 15 A
g Post-construction conditions - Test 2:
ﬁ 13 A Concentrated load [kPa]
EP1—»0
EP2 —» 1257
11 4 EP3 —» 3458
EP4 —» 3300
9 T T T v T Ll T
0 2 4 6 8 10 12

Time, t [days]

(b)

Fig.3 The full-scale in situ tests in the EPFL [16, 34] a the layout of the problem and b EP1 temperature during the thermal loading
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Table 3 The materia.l pr f)p erties Property  Unit Soil layers Piles Raft
used to simulate the in situ tests
performed in EPFL [34] SL1 SL2 SL3 SL4 SL5

E MPa 190 190 84 90 3000 2.80e4 3.50e4

) - 0.22 0.22 0.40 0.40 0.30 0.25 0.25

Py kg/m® 2769 2769 2735 2740 2556 2667 2667

P kg/m® 1000 1000 1000 1000 1000 1000 1000

n - 0.10 0.10 0.35 0.30 0.10 0.10 0.10

¢ ° 30 27 23 27 35 - -

¢ kPa 5 3 6 20 2000 - -

v ° 7.50 7.50 7.50 7.50 7.50 - -

a; 1/K 1.00e-5 1.00e-5 1.00e—4 1.00e—4 1.00e—6  3.00e—5  3.00e—5

a:v 1/K 2.00e—4  2.00e—4  2.00e—4  2.00e—4  2.00e—4  2.00e—4  2.00e—4

Ay W/mK 3.38 3.38 445 4.17 3.38 1.63 1.63

Ay W/mK  0.60 0.60 0.60 0.60 0.60 0.60 0.60

Cps J/kgKk 880 880 890 890 923 837 837

Cpw J/kgK 4186 4186 4186 4186 4186 4186 4186

k m/s 7.00e-6 1.00e-5 1.00e-5 2.00e-10  2.00e-10  2.00e-10  2.00e-10

U - 0.346 0.335 0.289 0.342 0.456 - -

the first set of tests and 11 days in one test of the second
set, which was simulated to validate the numerical mod-
eling [34]. Table 3 represents the mechanical, thermal,
and hydraulic parameters of the piles, raft, and soil layers.

Figure 4 compares the experimental and numerical axial
stresses at the end of the heating and vertical displacement
in EP1. As can be seen, the model effectively reproduced
the field data, which verifies the efficiency of the numeri-
cal approach and reliability of the modeling. However, due

0
—Test 1 - Numerical
. Test 2 - Numerical o
-5 A - —e-Test | - Field
L L)
-m-Test 2 - Field
LN
-10 4 - »
.
< -15 1 [
o L4 4
53 k! 5
a Ll .
-20 - i K
o
-25 1 ..
—m
-30 T T T T T
-2500 -2000 -1500 -1000 -500 0
Thermal axial stress [kPa]
(a)

to the high variability of soil properties in practice and the
intrinsic errors of numerical modeling, absolute magnitudes
differ somewhat. The difference between the numerical and
experimental results was quantified as:

R, = ((X, — X;)/X;) x 100

(16)

where X, and X; denote the numerical and field parameter
values of EP1, respectively.

0.6

0.5

0.4

0.3

Vertical displacement [mm]

——Test 1 - Numerical
Test 2 - Numerical
e Test 1 - Field
~m-Test 2 - Field
.l
- T
."v.
e
4 6 8 10 12
Time, t [days]
(b)

Fig.4 A comparison of the experimental [16] and numerical results for EP1 a the thermal axial stress variations at the end of the heating and b
the vertical displacement variations during the thermal loading
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Table 4 A quantitative
comparison of the experimental
and numerical results for EP1

Characteristic Unit X X, R, [%]

Test1  Test2 Test1  Test2 Test 1 Test 2
Max. thermal axial stress kPa  —-874 -2096 -787 —1903 —9.95 -9.21
Max. thermal vertical displacement mm  +048 +036 +043 +0.41 -1042 +13.89

As presented in Table 4, for the maximum thermal axial
stress and vertical displacement, R, was calculated to be
—9.95% and — 10.42% for the unconstrained-head pile (Test
1) and — 9.21% and +13.89% for the post-construction con-
ditions (Test 2), respectively. This suggests a generally good
agreement between the numerical and experimental results.

Results and discussion

This section provides the numerical simulation results to
evaluate the mechanical fields of the energy pile foundation
under different interface constraints. The thermal operation
of energy piles poses THM effects on the responses of the
system. This is evaluated with a focus on spatial and tempo-
ral evolutions in terms of:

Axial stresses of the piles

Mobilized soil-pile interface stresses

Vertical raft displacement, and

Load distribution between the piles and soil-raft inter-
face.

The parameters were undimensionalized using the nor-
malized pile thermal axial stress N,,, shaft thermal shear
stress N, , pile base thermal contact stress Ny, , thermal
vertical displacement in the middle of the top surface of the
raft N,,,, and depth N, were used:

Ny, = ((0, = 60)/04) x 100 (17)
Nae = ((Toet = 7m0) /74—0) X 100 (18)
Nyo, = ((6p—c = 0h9) /0b—0) X 100 (19)
Ny, = ((w = wp)/wo) x 100 (20)
N,=d, /L 21

where o, is the axial stress of the pile at time ¢, o, is the ini-
tial axial stress of the pile (under the mechanical load with
no thermal loading), 7,_, is the shaft shear stress at time ¢,
T,_o 1s the initial shear stress of the shaft, o} _, is the contact
stress of the pile base at time ¢, o},_ is the initial pile base

@ Springer

contact stress, w, is the vertical displacement of the raft at
time 7, w, is the initial vertical raft displacement, and d,
denotes the selected depth.

Axial stress of the piles

Figure 5 depicts the pushover curve of the normalized pile
thermal axial stress N, at different depths for B1. Due to
the symmetry of the system, the corner piles had the same
load, as well as the piles on the four sides. Therefore, only
P9, PS5, and P1 are analyzed.

As can be seen, the axial stress variation was substan-
tially larger at shallow areas than at deep areas, which is
qualitatively consistent with the observations of the energy
pile foundation by Mimouni and Laloui [16]. In fact, the
tendency of piles to undergo thermal deformation induces a
reaction in the pile-raft connection, leading to large thermal
stresses near the pile head, which are larger than the ther-
mal stresses of other areas. This occurs both in active P9
and passive P1 and P5, with the difference that these piles
experience opposite changes in the axial stress to meet static
equilibrium. In heating cycles, active P9 undergoes thermal
expansion, leading to a rise in the axial stress due to the con-
strained deformation. P1 and P5, however, tend to undergo
compression upon the upward vertical displacement of the
raft, experiencing an axial stress reduction. The opposite is
the case with cooling; i.e., active P9 experiences thermal
contraction and axial stress reduction, while the downward
vertical raft displacement increases the axial stresses of pas-
sive P1 and P5. Thus, the constraint imposed by the raft and
the surrounding soil can be assumed to be a key determinant
of axial stresses in the piles.

Figure 6 plots the thermal axial stress variation range of
the piles. To assess the intended range, |AN | is defined as:

AN 6| = | Nao] e = Vo] i

(22)

where [N M] e A0 [N M] i, denote the maximum and mini-
mum normalized thermal axial stresses of the pile in a cer-
tain loading cycle, respectively. Since |AN Ag| was the same
at different times (see Fig. 5), the variation range associated
with the 11th cycle is evaluated.

A change in the constraints expectedly changed the ther-
mal stresses of the piles. Based on the curves, higher soil
stiffness (B3), a stronger connection (B5), and a smaller
mechanical load (B6) led to a larger |AN 5|, while lower
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Fig.6 The thermal axial stress variation range of the piles a P9; b P5; and ¢ P1

soil stiffness (B2), a weaker connection (B4), and a larger
mechanical load (B7) resulted in a smaller |AN,,|. As the
magnitude of the excess axial stress is a function of pile
degree of freedom, |AN | could be studied by evaluat-
ing the displacements of the system components and piles
constraining.

An increase in soil stiffness increases the friction strength
of the pile shaft and reduces the load-sharing ratio of the
piles, leading to relatively the same axial stress profile in the
piles before thermal loading. Thus, the thermal/mechanical
axial stress ratio increases due to a further thermal defor-
mation constraint. Likewise, a rise in the stiffness of the
pile-raft connection raises the reactive stresses, with the
piles resisting larger excess loads upon a change in the tem-
perature. However, it was observed that a larger mechanical

@ Springer

load on the foundation had a different effect; i.e., the further
constraint caused by it did not raise |AN | compared to
a smaller mechanical load. This does not necessarily sug-
gest an increase in the thermal axial stress under a smaller
mechanical load; rather it implies that the magnitude of the
mechanical axial stress is a determinant of N, . In other
words, the thermal axial stress magnitude under practical
operations is not dependent on the initial stresses, and a
larger initial pile axial stress would lead to a larger reduc-
tion in |AN .

Furthermore, the axial stress changes mostly occur at
shallow depths, and the variation range magnitude at the pile
ends is the same, regardless of the constraint. To explain this
behavior, it is required to understand the function of floating
piles, which resist loads mostly through shaft friction and
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have lower base capacity importance than end-bearing piles.
As the raft and mechanical load along with shaft strength
pose a greater constraining effect than the base strength
in such foundations, the pile end stresses undergo smaller
changes, leading to smaller thermal axial stress variations. In
the most critical cases, the maximum and minimum thermal
axial stress variation range of P9 were found to be 294.93%
and 11.36% of the mechanical axial stress, respectively (as
shown in Fig. 6a). This implies that excess stresses should
be incorporated into the structural design of piles.

Previous evidence shows that the effects of thermal loads
generally do not cause the failure of energy piles and only
significantly characterize the deformation of these piles. In
terms of the reinforced concrete performance, heating ther-
mal loads usually cannot overcome compressive strength,
and conversely, cooling thermal loads should be considered
as critical variables in the performance-based design of
energy piles [61].

It should also be noted that since geological materials are
formed under a wide variety of complex physical conditions,
the history of which is not completely known, geomechanics
involves many uncertainties. In dealing with these uncer-
tainties, a logical step beyond the numerical approach is to
use capacity design principles. In the basic form of capacity
design, there are two types of design methods: Allowable
Stress Design (ASD) and Load and Resistance Factor Design
(LRFD). In many parts of the world, ASD and LRFD are
also known as working stress design and limit-state design,
respectively. ASD compares capacities derived from the
allowable stress against the service loads without any load
factors, while limit-state design has factors for loadings and
partial factors for materials. When either of them is used, it
greatly reduces the uncertainty of loads and material prop-
erties, simplifying the task of creating a reliable analysis
model [62].

Mobilized stresses in the soil-pile interface

From a geotechnical perspective, the cyclic thermal expan-
sion and contraction of piles not only affect the axial stress
distribution but also challenge the mobilized stresses in the
soil-pile interface. Figure 7 plots the shaft shear stress versus
the base contact stress during the thermal loading for active
P9 under different conditions.

Once head-constrained piles undergo a temperature vari-
ation, the total mobilized strength along the pile shaft and
base changes, being no longer equal to the mechanical load
in the first loading stage. As can be seen, the curves have
a common implication; repetitive stress reversals substan-
tially influence the magnitude of strengths in long-term
operations, so that the pile shaft shear stress declines over
time due to the softening behavior of the soil-pile interface,
reducing the axial stress of the pile upper part. However, due

to the partial constraint, the pile base remains stable with
an increase in the contact stress, increasing the axial stress
of the pile tip (see Fig. 5). Nevertheless, it is obvious that
the constraining factors have different effects on mobilized
strengths.

The pile expands upon a temperature rise, and bearing
stress rises due to the downward displacement of the pile
base. On the other hand, a temperature reduction leads to
pile contraction, with the bearing stress reducing due to the
upward displacement of the base. However, the shear stress
is dependent on the stress path in the soil-pile interface and
axial displacement in the longitudinal direction. Overall,
the pile nodes upward/downward displacement relative to
the soil nodes reduces/increases the shear stresses of the
soil-pile interaction. Therefore, the location of the null-
point along the pile (at which stress reversal from negative
to positive occurs) and interface constraint conditions can
be assumed as the major mobilized strength determinants
of the shaft.

According to Fig. 7a, arise in the soil stiffness increased/
reduced the normalized thermal shear stresses of the pile
shaft in heating/cooling cycles. Once soil stiffness increases,
the thermal longitudinal deformation constraint increases
and downshifts the null-point; i.e., the length of those parts
of the pile that relative to the soil moves downwards dur-
ing heating cycles and upwards during cooling cycles will
decrease in stiffer soil. However, a stiffer interface with
higher continuity leads to a larger tangential force in the pile
shaft and increases shear stresses arising from a temperature
change. As can be seen, the resultant of these two contradic-
tory effects increases the shaft strength variation range in
stiffer soils. It should be noted that stiffer soil reduces the
shaft strength diminution rate over thermal loading cycles,
which means reducing softening behavior in the soil-pile
interface. This increases/decreases the normalized thermal
shear stress magnitude difference between the stiffer soil
(B3) and softer soil (B2) at the end of the 20th cycle under
heating/cooling modes. Furthermore, a soil stiffness reduc-
tion increases pile base expansion, raising the contact stress
in heating cycles, while pile base contraction is not signifi-
cantly dependent on soil stiffness (due to the negligence
of the tensile strength of the soil). Thus, the contact stress
declines in cooling cycles. Accordingly, it can be said that
soil stiffness reduction always increases the thermal contact
stresses of the pile base.

Figure 7b illustrates the effect of pile-raft connection
stiffness on the strengths. A rise in pile-raft connection
stiffness enhances pile-raft continuity, raising the pile head
constraint. This reduces the degree of freedom of thermal
deformations near the pile head, upshifting the null-point
and increasing the shaft strength variation range; i.e., the
thermal shear stresses increase in heating cycles and reduce
in cooling cycles. However, it was observed that the contact

@ Springer
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Fig. 7 The shaft thermal shear stress versus the base thermal contact stress for P9 a B1-B2-B3; b B1-B4-B5; and ¢ B1-B6-B7

stresses of the pile base did not change substantially. This
suggests that the compactness of the soil below the pile is
not heavily dependent on pile-raft connection stiffness. In
fact, the reactive stress change of the pile head (due to the
change in connection stiffness) is mostly neutralized by the
change in shaft strength.

Figure 7c plots the mechanical load effect on the
strengths. As can be seen, the normalized thermal shear
stresses were almost the same in heating cycles; however,
their difference was larger in cooling cycles, which could
be attributed to the pile displacement. An increase in the
mechanical load under a given thermal load reduces the
net upward displacement of the pile body in heating cycles
and increases its downward displacement in cooling cycles.
This increased/reduces the relative displacements of pile

@ Springer

and soil nodes in heating and cooling cycles, respectively.
As a result, larger positive shear stresses appear in heating
cycles, and smaller negative shear stresses occur in cooling
cycles. In addition, a rise in the mechanical load raises the
normal stress in the soil-pile interface, increasing the initial
shear stress. Hence, based on the formulation of N, , the
curves move closer in heating cycles and distant in cool-
ing cycles. As with the pile body, an increased mechanical
load increases the pile base expansion in heating cycles and
reduces the pile base contraction in cooling cycles, leading
to higher stress enhancement and lower stress relaxation in
the contact area, respectively. Therefore, the mobilized con-
tact stress of the pile base increases with the increase of the
mechanical load.
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stress

Figure 8 plots the extrema of Ny, and N,, under dif-
ferent conditions. As can be seen, the minimum and maxi-
mum N, values were +29.68% (B5) and — 180.65% (B5),
respectively, while the maximum and minimum Ny, val-
ues were obtained to be +82.43% (B2) and +23.34% (B3),
respectively.

Vertical displacement of the raft

Figure 9 indicates the normalized thermal vertical displace-
ment pushover curve in the middle of the top surface of the

[\
S

------- Bl —B2 ----B3 — B4

raft N,,, under different conditions. The heating of the soil
around active P9 led to the partial uplift and reduced vertical
displacement of the raft, while the opposite is the case with
cooling. However, it was observed that the vertical displace-
ment of the raft increased over time, approaching a stabilized
excess settlement.

According to Fig. 9a, a change in soil stiffness strongly
changes the vertical displacement of the raft in heating
cycles, while changes in connection stiffness and mechani-
cal load had no significant effects. This can be explained by
the larger thermal expansion coefficient of the saturated soil
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than the piles. Since soil tends to undergo a larger expansion
than the piles, soil-raft interface stiffness becomes a vertical
displacement determinant of the raft under a given thermal
load; an increase/reduction in the stiffness of the connect-
ing springs increases/reduces the upward displacement of
the raft.

According to Fig. 9b, only connection stiffness is a non-
influential parameter in cooling cycles. As can be seen,
softer soil (B2) and a smaller mechanical load (B6) raised
the normalized downward displacement of the raft, whereas
stiffer soil (B3) and a larger mechanical load (B7) decreased
it. A soil with lower stiffness has higher pile contraction-
induced penetrance, leading to a larger raft settlement. As
mentioned, a reduction in the mechanical load has two differ-
ent effects on pile displacement in cooling cycles; it reduces
the downward displacement in the top part of the pile and
increases the upward displacement in the bottom part of the
pile. However, as the soil undergoes greater contraction than
the pile and the raft experiences a smaller initial settlement,
N,,, is larger under a smaller mechanical load. It should be
noted that the similarity of the curves for the mechanical
load in heating cycles suggests a combination of a larger
net settlement and a smaller upward displacement under
a larger mechanical load and a smaller net settlement and
a larger upward displacement under a smaller mechanical
load, leading to almost the same normalized vertical dis-
placement (based on the formulation of N,,,).

The evaluation of the stabilized ultimate displace-
ment demonstrates that the maximum and minimum ther-
mal raft displacements at the end of the thermal loading
were +12.82% (B2) and +5.45% (B3) of the mechanical
vertical displacement in heating cycles and +20.8% (B2)
and +14.45% (B3) of the mechanical vertical displacement
in cooling cycles, respectively (as shown in Fig. 9).

Load distribution between the piles and soil-raft
interface

To obtain deeper insights into the effects of the thermal load
on the system, Fig. 10 plots the temporal evolution of the
resultant load transferred to the soil-raft interface and pile
heads. To calculate the resultant load transferred, the load-
sharing ratio is defined as:

Rl—sh = Lx/Lt (23)

where L, is the resultant load transferred to the soil-raft
interface or pile heads, while L, is the total load transferred.

Due to the raft-induced constraint, the tendency of the
soil to undergo larger thermal deformations than the piles
leads to larger/smaller contact stresses in the soil-raft
interface in heating/cooling cycles. These changes in the
load shares should be neutralized by the piles (for static
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equilibrium). Hence, the resultant load transferred to the
pile heads experiences the opposite evolution. As with the
temporal evolutions of the pile axial stresses and vertical raft
displacement, it was observed that an increase in the thermal
loading cycles led to a smaller increase rate of the resultant
load transferred to the soil-raft interface and a smaller reduc-
tion rate of the resultant load transferred to the pile heads,
approaching a stabilized value.

As can be seen, a change in soil stiffness and mechanical
load substantially changed the load-sharing ratio, whereas a
change in connection stiffness had no significant effect dur-
ing thermal loading. In general, lower soil stiffness results
leads in a larger load-sharing ratio of the soil-raft interface
under thermal loading; however, it reduces the load-sharing
ratio of the soil-raft interface in initial heating cycles, which
can be attributed to the higher compaction of softer soil in
loading cycles due to the increased penetration of the raft
into the soil. The level of initial involvement of the raft in
the softer soil is not large enough to increase the resulting
contact stress above that of the stiffer soil; however, upon
alternating thermal deformations, the settlement of the softer
soil increases further, leading to a larger load-sharing ratio
in heating and cooling cycles. Nevertheless, once the raft
has penetrated the soil up to a certain depth (depending
on the stiffness coefficient of the connecting springs), the
remaining load is transferred to the piles. Therefore, a larger
mechanical load would increase the load-sharing ratio of the
pile heads and reduce that of the soil-raft interface. This is
particularly the case with heating cycles since the contact
stress of the soil reduces in cooling cycles due to the larger
contraction of soil than piles, with the majority of the load
being transferred to the pile heads anyway. Moreover, since
pile-raft connection stiffness is much higher than soil-raft
interface stiffness, a change in the stiffness of the connec-
tion would not significantly change the load-sharing ratio.
It should be noted that a stronger connection maximizes the
load-sharing ratio of the pile heads in initial cooling cycles
(despite an insignificant difference with the other cases).

Figure 11 depicts the limit states of the load distribution
between the system components, representing the minimum
and maximum load-sharing ratios of the pile heads and soil-
raft interface. As can be seen, the most critical load-sharing
ratio in the soil-raft interface and pile heads was calculated
to be 0.72 and 0.28 (B2) in heating cycles and 0.083 and
0.917 (B5) in cooling cycles, respectively.

Conclusion

The primary objective of the present study was to obtain
deeper insights into the behavior of energy pile foundations
under different constraints. To this end, a set of coupled
THM simulations were run via FE modeling to evaluate the
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Fig. 10 The temporal evolution of the resultant load transferred to the soil-raft interface and pile heads a heating cycles and b cooling cycles

contributions of interface stiffness and mechanical loading
on stresses, displacements, and load-sharing ratios in a piled
raft foundation within stiff saturated clay. The numerical
results demonstrated that the constraint level of the system
components could significantly influence the foundation's
response to thermal loading. The main results can be sum-
marized as follows:

— A change in the foundation constraints altered the
stresses; an increase in the constraint as a result of
increased soil stiffness and pile-raft connection stiffness
led to a larger excess (positive and negative) loads in the
piles. This occurs due to the stiffer soil's greater resist-
ance to thermal deformations and the stronger connec-
tion's greater reaction stress. However, due to the ther-
mal axial stress being in the elastic range, its magnitude

would not depend on initial stresses in practical applica-
tions.

— Regardless of the constraint level, axial stress changes
mostly occur at shallow depths due to the significant
reaction forces at the pile-raft connection. Moreover, the
variation range magnitude at the pile ends was nearly
identical in most cases due to the greater constraining
effect of the raft and shaft strength than the base strength
of floating piles. In the most severe case, the active pile
had a thermal axial stress variation of about three times
the mechanical axial stress. This suggests that excess
stresses should be incorporated into the structural design
of piles.

— The consecutive thermal deformations of the piles not
only influence the axial stress distribution but also
change the mobilized stresses in the soil-pile interface,
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Fig. 11 The limit states of the load distribution a heating cycles and b cooling cycles

whose mechanism is dependent on the relative pile dis-
placement. It was observed that the contact stress of
the pile base increased under thermal loads; however,
remobilized shaft strength often declined compared to
the initial strength of the shaft. In long-term operations,
this phenomenon occurs due to the soil-pile interface's
softening and the soil's densification beneath the pile
base. The highest pile base contact stress occurred in
the softer soil (heating cycles), while the lowest shaft
shear stress was observed under the stronger pile-raft
connection (cooling cycles).

— The vertical displacement of the raft increased dur-
ing thermal loading and approached a stabilized excess
settlement, which is consistent with the continuous
increase in pile base contact stress. However, due to the
greater tendency of the soil than the piles to undergo
thermal expansion and contraction, the stiffness of the
soil-raft interface under a given thermal load was the
most influential factor in determining the vertical raft
displacement. The highest ultimate excess displace-
ment was obtained nearly one-fifth of the mechanical
settlement (in the softer soil), suggesting that the real-
istic stiffness estimation of the connecting springs is
crucial in evaluating superstructure serviceability.

— Due to raft-constrained vertical displacement and the
thermal deformation potential difference between the
soil and piles, the contact stress of the soil-raft inter-
face increased/decreased in heating/cooling cycles,
modifying the resultant load transferred to the pile
heads. Therefore, raft penetration into the soil and the
stiffness ratio of the pile heads connection to the soil-
raft interface could be determinants of the load-sharing

@ Springer

ratios of the system components. The limit state evalu-
ation revealed that the load-sharing ratio of the pile
heads varied between one-third and eleven times that
of the soil-raft interface.
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