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Abstract

The current study aimed to examine the behavior of energy piles in saturated fine-grained soils using the finite element
method. The proposed thermo-hydro-mechanical model could demonstrate the energy pile behavior in most practical
conditions suchsas under thermal, mechanical, or thermomechanical loading. Based on the obtained results from this
study, thethermal expansion of the pile and temperature variation in the soil affect vertical effective stress in the soil.
Since vertical effective stress is an important parameter in estimating bearing capacity and consolidation settlement
of the bearing system and.controls the stability of superstructure, the effects of thermal loading on vertical effective
stress of soil and consequently,.on-bearing capacity of pile needs to be investigated accurately. For this purpose, a
comprehensive parametric.study was accomplished. Based on the results, the elastic modulus, Poisson ratio, thermal
expansion coefficient of solid grains, voidyratio, and coefficient of permeability of fine-grained soil were the most
important and effective parameters on bearing capacity and consolidation settlement of energy pile in saturated
conditions. Based on the results, the elasticity modulus of the soil has a significant effect on reducing the vertical

effective stress of the soil by up to 40 percent of the initial in-situ stress.

Keywords: Energy Piles; Finite Element; Thermo-hydro-mechanical Behavior of Soil; Fine-grained Soils;
Thermomechanical Loading.

1. Introduction

The behavior of energy piles have been studied by many researchers. The findings of
experimental tests or physical and numerical models, indicate that using pile as a heat exchanger
leads to variations in the temperature of pile and surrounding/soil [1-3], which can alter the soil
inherent properties, such as the creep rate and strength [1, 4, 5]. Additionally, applying thermal
load in saturated fine-grained soils can generate excess pore water pressure and subsequently
reduce effective stress[6], in which the magnitude of their variation.depending onithe condition of
drainage, the rate of thermal loading, and the permeability of the soil [7-10]. When the soil
permeability is very low, drained conditions can occur if the loading process is sufficiently slow
[11-14]. The majority of research has focused on the effects of thermal loads on the stress and
deformation of the pile, but less is known about how thermal loads affect the-behavior of the
surrounding soil. Amatya et al. (2012) and Bourne-Wehbb et al. (2009) presented a procedure that
illustrates the energy piles behavior under thermal and thermomechanical loading including
distribution of axial force, shear stress, and axial observed strain [2, 11]. Ng et al. (2014)

investigated the thermomechanical behavior of energy piles in moderate and heavily
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overconsolidated clay [14]. The results showed that both energy piles had a ratcheting
displacement mechanism under constant pile load and throughout five cyclic loads. A floating
energy pile in normally consolidated clay which is under thermal cyclic heating and cooling and
alsothe different magnitude of head load shows two different behaviors. Under the low mechanical
load level, the thermomechanical behavior of the energy pile is elastic and reversible, but by
applying a_high mechanical load level the settlement is irreversible [15]. Nguyen et al. (2019) used
both experimental .and. numerical methods to study the thermomechanical behavior of pile in
saturated clay.#A comparison of their findings revealed that numerical methods can be helpful for
analyzing the behavior of energy piles. Additionally, they discovered that the settlement of the
energy pile has a tendency to bereversible following a significant number of thermal cycles [16].
Considering the importance  of evaluating energy pile's behavior in different geotechnical
conditions, experimental methods_have numerous limitations. Hence, numerical methods, which
are generally faster and cheaper, can be a useful tool for studying the behavior of energy piles. For
this purpose, this paper endeavors+te-provide an accurate numerical model that can investigate the
behavior of energy piles in one of the complex conditions which is thermo-hydro-mechanical
(THM) condition. So, it is necessary to prove the suitability of the proposed model by comparing
its results with the reliable data from previous studies. Therefore, the numerical and experimental
results of an energy pile beneath a four-story building in Lausanne [3] were used for the
verification of the proposed model. According to Ravera'et al. (2020), the interaction between the
thermal pile and other piles will vary depending on the raft-foundation [17]. Garbellini and Laloui
(2021) examined the behavior of thermal piles and took into account the effect of cracking of the
reinforced concrete [18]. Pourfakhrian and Bayesteh (2020) used 3D FEM to simulate the
geometrical and mechanical parameters of the pile group with a focus on slab stiffness in order to
assess the thermo-mechanical behaviour of the energy piled-raft foundations [19]. Heidari et al.
(2022) utilized analytical and numerical methods to investigate the behavior of energy piles under
monotonic lateral loading, surpassing soil saturation [20].

In the present study heat transfer and a coupled consolidation analyses have been employed to
study energy pile behavior in saturated soil using ABAQUS software. The effect, of the
mechanical, hydraulic, and thermal characteristics of saturated fine-grained soils on the behawvior
of the system was studied. According to numerical findings, the vertical stress of soil"can_be

influenced by heat transfer to the soil and pile radial expansion at the pile-soil interface. Since the



vertical stress is a key parameter in various methods of evaluating bearing capacity, the variation
of vertical effective stress in the soil was precisely studied . The results show that analytical
methods for estimating bearing capacity and settlement of piles are not valid for energy piles and
based on these observations an appropriate modification is necessary. Although the effect of
temperature on the alteration of soil properties was not considered in the current study, it is possible
to apply it.easily if valid data exists. By developing the proposed model, some graphs could be
provided.to estimate‘the thermal consolidation and bearing capacity of energy piles.

2. Thermo-hydro-mechanical modeling of energy pile

In the current study the behaviour of energy piles in saturated soil was simulated using finite
element method by ABAQUS, software. The ABAQUS has been used for many problems that
involving THM modeling [21]. Since the permeability of fine-grained soils is low, at high loading
rates the rate of pore water pressure changes is also low. However, at high loading rates, the initial
amount of induced pore water pressure is extremely high. Therefore, the separation of the heat
transfer (HT) analysis from the analysis of pore fluid diffusion and stress will have a small
deviation from the real phenomenon. For modeling the behavior of an energy pile that is placed in
saturated soil, three phenomena are involved including the principle of energy conservation, the
principle of volume (or mass) conservation, and thesprinciple of equilibrium. The first is for heat
transfer and the last two are for modeling a soil matrix consisted of solid and fluid phases. The HT
is used to find the distribution of temperature in the whole model. In ABAQUS, the principle of
the volume is coupled with the equilibrium law to make it possible to model the consolidation in
soils. This analysis is named coupled pore fluid diffusion and stress (CPS). Consequently, by
importing the temperature of all nodes from HT to the CPS, it is passible to'model the full behavior
of an energy pile. To validate modeling, the numerical and experimental results of an energy pile
(with 26m length and 1m diameter), presented by Laloui et al. [3], were used. The-geotechnical
condition in the site (high groundwater level) is appropriate for the intended goals of the present
study, which is investigating the thermo-hydro-mechanical behavior of ‘energy piles. The
comparison between the results of the present study and those of Laloui’s [3] shows the adeguate
accuracy of the modeling. After calibration of the proposed model, properties of saturated fine-
grained soils on the behavior of pile in such medium were investigated in a parametric study. The

goal of this parametric study was to illustrate the effect of the most important properties of soil on
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vertical effective stress under a constant thermal load from the pile.

2.1 Heat transfer (HT) analysis

In this madel, the temperature distribution is considered to be independent of the stress-
displacement solution; however, there is an inverse dependency. Thus, at first, the HT problem
was solvediand the solution was inputted into the CPS analysis.

The general energy equation for the HT analysis is solved assuming that heat conduction is
governed by the Fourier law:

00
f=-k— 1
ox (1)

where k is the thermal conductivity (W/m/°C), @ is the temperature (°C), x is the position
(m) and f is heat flux (W/m?)/[22].

2.2 Coupled pore fluid diffusion and stress (CPS) analysis

Effective stress is the foundation of the poroelasticity theory, which is applied in ABAQUS.
The continuity equation can also take the compressibility of the solid or fluid phases into account.
The capability of modeling porous medium ABAQUS considers the presence of two fluids in the
medium, usually, water and air, which both of them'can have compressibility. Since this study
intends to consider saturated soil, the effect of the‘air phase is neglected and pore fluid is
considered to be water. As previously stated, the equilibrium equation and continuity equation for

the pore fluid phase in a porous medium serve as the governing equations for the CPS. The total

stress, o7 , is assumed to be made up of pore water pressure, U, , average pore air pressure, u,, and

effective stress, o, defined by

o =o; +[yu,+@1-p)u,] 2)
The factor y depends on the saturation degree and surface tension between solid and water

and when the medium is fully saturated being equal to 1.0. Thus, the form of the'equation (2)

reduces to
o =07 +U, (3)

For the fine-grained soil, the water flow through the material is assumed to be governed by



Darcy's law. Under uniform conditions and low flow velocities, Darcy's law states that the rate of

volumetric water flow through a unit area of the medium, snv,,, is proportional to the gradient of

the piezometric head:

A a¢
snv, =K.— 4

where.s isithe saturation, n is the porosity, K is the soil's permeability (m/s) and ¢ is the

piezometric headwhich is defined as equation (5).

u
= w 5
¢ Z+gpw ©)

where z is the elevation from datum (m), g is the gravity acceleration (m/s®) and P, 1S the water

density (kg/m®)[22]. Since it is.aSsumed that temperature variation is independent of stress-

displacement, the effect of the'produced heat due to friction between the pile and surrounding soil

is neglected. Validation of finite element model

3. Validation of finite element model

The validation model (VM) considers a 26 m“long energy pile with a 1m diameter circular
section. It is placed in the corner of a four-story structure in Lausanne, which belongs to the Swiss
Federal Institute of Technology (SFIT). Three analytical procedures are used in the VM, which
are named in ABAQUS as follows: heat transfer (HT); geostatic, and soil consolidation. The
purpose of the HT analysis is to find the temperature distribution in.the soil and pile it over a
thermal load. After that, results of the HT analysis were inputted in'the soil consolidation analysis
as nodal temperature to apply heat exchanging effects in the analysis. In geotechnical problems,
initial stresses of various material (soil layers and pile) should precisely equilibrate and do not
result in any deformation. However, it might be challenging to specifyuinitial stresses.and loads
that precisely equilibrate in a layered problem with different densities. Therefore, the geostatic
analysis checks the equilibrium to determine the stress state that is consistent with the<boundary
conditions and volume loads of the soil layer. After obtaining the equilibrium conditions=in the
model, the piles are analyzed by using soil consolidation procedures under mechanical“and
thermomechanical loads. Fig. 1 shows the geometry, meshing, and mechanical boundary condition

of the VM. Each element of soil has 0.5mx0.5m dimension and pile's elements have 0.25m width
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and 0.5m length. A 4-node linear axisymmetric convection-diffusion quadrilateral element with
dispersion control (DCCAX4D) is used in the HT analysis. For problems involving slow dynamics
and minimal nonlinearities, implicit algorithms permit the use of larger time steps, enhancing

numerical stability and accuracy.

~ |0.5m
<A
Layer Al
<3
26.00m 26.00m
Layer A2
152.00 52.00m Pile
<1
B K
| 4 LayerB L
-
a a a

Fig. 1 Model geometry, mechanical boundary conditions; and meshes of the VM.

The convective-diffusive elements for heat transfer analysis in ABAQUS are intended for use
in problems that involving heat transportation by a flowing fluid (convection). At the same time,
the heat is diffused by conduction in the saturated soil. These elements with dispersion control
provide an accurate solution in cases where the transient response of the preblem’is important [23].
Material properties were adapted from Laloui et al. [3]. These element types increase the aceuracy
of the HT analysis in saturated conditions [23]. In the geostatic and soil consolidation.analysis, an
8-node axisymmetric quadrilateral, biquadratic displacement, bilinear pore pressure; reduced
integration (CAX8RP) is defined for the elements of those soil layers that surround the pile
(including layers Al, A2, B, and C). This element type can consider stress, pore pressure; and

displacement in saturated soil. The pile elements have an 8-node biquadratic axisymmetric
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quadrilateral (CAX8) element type and an 8-node biquadratic axisymmetric quadrilateral reduced
integration (CAX8R) is assumed for layer D. The reason for using the CAX8 and CAX8R elements
without pore pressure degree of freedom is that the pile and layer D are assumed to be
impermeable. Reduced integration function prevents shear locking in soil elements [23]. A rough
contact between. the pile and surrounding soils is considered. To restrain any relative movement
between pile and“soil layers, the surfaces of pile and soils are tied together, which these
assumptions are in line,with the case study [3].

3.1 Material properties

The soil around the pile is_generally of granular material. Thus, to simulate the behavior of
frictional materials, the Drucker-Prager model with associated flow rule is used. Both the pile and
layer D exhibit thermo-elastic behavior and plastic behavior is not considered for them. Except for
the expansion coefficient of the layer B and C, for which Batini et al. [24] reported the lower value
in the same stratigraphy near the case'site (200m distance between the two project locations), there
is not any difference in selected parameters«The shear modulus (G) and bulk modulus (K) were
converted to the elastic modulus (E) and Poisson’s ratio (v ) based on equations (6) and (7). The
mechanical and hydraulic properties as well as the‘thermal properties are summarized in Table 1

and Table 2, respectively.

Table 1. The mechanical and hydrological properties of'the pile and soils VM [3].

Unit Young  Poisson's Friction

o weight Porosity ~ Permeability modulus » angle Cohesion
layer p n K E v D C
~ kg/m? m/sec MPa ’ kPa
Al 2000 0.1 2x10 259 0.14 30 5
A2 1950 0.1 7x107 259 0.14 27 3
B 2000 0.35 1x10°® 451 0 23 6
C 2200 0.3 1x10°® 634 0 27 20
D 2550 - - 1273 0.16 - -
Pile 2500 - - 33700 0.176 - -

Note: thermal expansion coefficient of water, B's=10"°




9KG 6)

v=—-2-1 (7

Table 2. The thermal properties of the pile and soils in VM [3].

i ey
Ii?/lelr conductivity capactly coefficient

p A pe p's

kg/m?® W/m/°C Jimd.°C °C?t
Al 2000 1.8 2.4x108 10
A2 1950 1.8 2.4x108 10°%
B 2000 1.8 2.4x108 2x10°
C 2200 1.8 2.4x108 2x10°
D 2550 1.1 2.0x108 10
Pile 2500 2.1 2.0x108 10°%

Note: Fluid dilation coefficient p'r=10"°

3.2 Boundary and initial condition

In the VM, two sides of the numerical model are-restricted against the horizontal movement,
and two model directions—horizontal and vertical—are also restricted, as shown in Fig. 1. The
soil is permitted to drain from the top of the model and right-hand sides. The pile and layer D are
assumed to be impervious. Therefore, there was no drainage from«the soil-pile interface. The heat
is allowed to dissipate from the bottom and right-hand side ofthe model. Additionally, the ground

surface maintains a constant temperature.

3.3 Mechanical and thermo-mechanical loading

Similar to Laloui’s [3] assumption, it is assumed that in Test 1 and Test 7 temperature varies
along with the pile over 28 days similar to Fig. 2. In Test 1, the pile is only subjected to thermal
load, and it is allowed to expand freely from its head. However, the pile head is«Subjected to a
mechanical loading in Test 7 with a magnitude of 1300 kN, which caused axial compression stress
in the pile. To apply mechanical loading in Test 7, the soil consolidation analysis was added after

the geostatic analysis. Then another consolidation analysis was performed to apply temperature
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variation corresponding to Fig. 2 for Test 7.

= —o— Test |
20 —a— Test 7
o 15
<
Z 10

0 5 10 15 20 25 30
Time (day)

Figa2. Temperature values imposed on the pile.

3.4 Comparison between numerical results and experimental test data

By comparing the results of VM with the numerical and experimental results from Laloui et al.
[3], the reliability of the proposed modeling method is evaluated. Three different aspects of the
pile behavior were considered, including theshead displacement of the pile (Fig. 3), vertical strain
(Fig. 4), and vertical stress (Fig. 5) along with the pile.-Fig. 3 shows the head displacement of the
pile for a thermal load according to Test 1 in Fig. 2:°As the pile head is free to expand, by applying
thermal load it expands in an upward direction. Fig+3'shows good conformity between the results
under thermal loading. If the soil around the pile did not exist, the pile was free to expand.
However, in the presence of the soil, it resisted against thermal deformation of the pile. Therefore,
the pile enforced some deformation to the adjacent soil, which could lead to producing stress in
the pile and surrounding soils. Therefore, if the proposed model can demonstrate induced thermal
strains along with the pile, it can be deduced that produced stresses are_correct. Figure 4
demonstrates that the VM's results are in good agreement with Laloui's’ funding, and it can
therefore be inferred that the VM is able to predict vertical strains resulted from thermal loads on
the pile. Finally, to evaluate the ability of the proposed model to consider both the thermal and
mechanical loads' effect on the pile behavior, the variation of vertical stress of pile under
thermomechanical loading was investigated. Based on the obtained results in Fig: 5, it-can be
deduced that the VM had some deviation in the upper layer, which was less noticeable in lower

layers. Altogether from Fig. 3, Fig. 4, and Fig. 5, it can be concluded that the proposed model has
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the required accuracy to simulate the energy pile behavior under thermal and thermomechanical

loading.

Fig. 3. The pile head displacement during heating and cooling within Test 1-VM and Laloui’s results

Fig. 5. Vertical stress in the pile under mechanical (1300 kN) and thermal (Test 7 in Fig. 2) loading.

20 F

-30

—— AT=3°C - Exp Laloui
—e— AT=21°C- Exp Laloui
—&— AT=3°C - Num Laloui
—8— AT=21°C - Num Laloui|
——AT=3°C- VM
——AT=21°C- VM

0/0

0/5

1/0 /5 2/0 2/5 3/0
Axial strains (x104)
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4 /\ AT=21°C Num Lalou|
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~ / :'.."\
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Fig. 4. Vertical strains along with the pile under thermal loading corresponding to Test 1.
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3.5 Parametric study of the pile behavior in fine-grained soils: a parametric study (PS)

Based on the results, Fig. 6 and Fig. 7 show the variation of effective vertical stress in the
adjacent soil to the pile under the effect of imposing thermal and thermomechanical loading,
respectively. By comparing these results, it can be concluded that a fraction of vertical effective

stress variations‘in the soil is related to thermal loads.

10 | P

Depth (m)
Y-
~N

20 | 7

g r - Geostatic
— — —Thermal

-350 -300 -250.-200 -150 -100 -50 O
Vertical Effective Stress (kPa)

Fig. 6. Vertical stress in surrounding soeils — Test 1, Max Temp = 21°C.

0 s
I Geostatic by
g | s Mechanical 75 ;
|| -~~~ Thermomechanical ,,f-‘{' {
10 f ; g
\E/ I ”’
'5 - ’ ’
& 15 27
a gy
20 | y ,’
5% | o ,'
30 L L L L - ~ L . 4 h . .

-350 -300 -250 -200 -150 -100 -50 O
Vertical effective stress (kPa)

Fig. 7. Vertical stress in surrounding soil — Test 7, Max Temp = 13.4°C.

As shown in Fig. 8, it can be observed that the soil reached equilibrium in a stress state soon

after reaching a steady-state in the HT. This can be related to the effect of temperature change in
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the soil and pile on the variation of soil stress. A slight difference in reaching stress equilibrium is
because of fewer hydraulic conductivity in comparison with thermal conductivity. After reaching
equilibrium in pore water diffusion and thermal transfer, the stress state reached a stable condition.

-50 I.,Thermal steady S.}%)te -
\1& - Stress equilibrum —e—Depth=5m
|
~ -100 o -
5 i[ || Depth=10m
| o-6-0-0-0-0-0-0-0-0-6-0-0-0-00-000000060
8 < ! 5
?; P \ 15 ao, —*—Depth=15m
-% o | 2
- HHHHHHH I HHHHHHHHFFEHHIOHEHX
L L@P‘" g —A—Depth=20m
§ -200 | 10 E
g 14 l
3 i | A —&—Depth=25m
=250 : g
r b b hhh b hAdd —8—Temperature
|
|
300 &—s - . . . 0
0 | 10 15 20 25 30
Time (day)

Fig. 8. Comparison between the variation of temperature and effective vertical stress in surrounding soils during
the 28-day heating of the pile with 20°C.

Since effective vertical stress is an important parameter for predicting bearing capacity and
settlement of piles, it is essential to determine effectiveparameters on their variation under thermal
loads. Regarding Fig. 6 and Fig. 7, it can be observed that the‘various layers of the soil in this
model lead to complex results. Thus, some simplifications for identifying important parameters on
the effective vertical stress of surrounding soil are considered [24]< For this purpose, a parametric
study (PS) was implemented by assuming a pile in a single layer consisting of saturated fine-
grained soil. The PS model was a 10-meter-long pile with a 0.5-meter diameter. In the PS model,
the properties of fine-grained soils for thermal, hydraulic, and mechanical parameters were
obtained from Mitchell and Soga [4], and Rajapakse [25], respectively. The materialproperties for
the primary simulation of the PS are presented in Table 3 and properties of the subset models are

summarized in Table 4.
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Table 3. Material properties used for the primary PS model.

Material o Young . ccon’s Friction . . . Permeabilit Void ~°0)d grains Thermal ~ Heat
type Density Modulu ratio angle Cohesion ratio €Xpansion conductivity specific
yp S 9 y coefficient Y sP

Kg/mé  MPa ° kPa m/sec 1/°C W/m."C  J/kg.°C
Pile 2500 25000 0.2 - - - - 1x10° 2 800
Soil 1800 2 0.4 26 5 1x1010 0.5 1x10° 1.5 1000

*Thermal expansion coefficient of pore water=1.5x10*

Table 4. Material properties used for the subset PS models.

Parameter Unit Quantity
Elasticity Modulus MPa 2,4,6,8,10,12,14,16,18,20
Poisson’s'ratio - 0.2,0.25,0.3,0.35,0.4
Solid grains expansion ;7.1 1 51050,100,500,1000
coefficient
Permeability %1072 m/sec 1~108
Void ratio - 0.5,1,2

The plastic behavior of the soil.was'modeled with Mohr-Coulomb with a non-associated flow
rule. Mechanical, thermal, and drainage boundary conditions are the same as those used for the
VM. Fig. 9 represents a geometry, element mesh, and mechanical boundary condition of the PS
model. In PS models, there is no mechanicalload on the pile and the pile is free to expand from
its head. All over the pile, a constant thermal load with-20°C magnitude and 30 days duration is
imposed and a rough contact is assigned between the pile and soil. The analysis procedures and

element type were the same as the VM. The lateral earth preSsure was calculated as follows.

=1—si P 8
K=1 sm¢ 0.25m — . 0.25m - ( )
10.00m 1o.t|mm
<+—Pile
Soil
—D <
60.00m 60.00m
> <t <1
— — =
JAY JAY a [A

Fig. 9. Finite element mesh, model geometry, and mechanical boundary — PS models.
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4. Results and discussion

4.1 Parametric study results

In-this section, the results of parametric studies for different values of thermal expansion
coefficient of pore water and solid grains, elasticity modulus, Poisson's ratio, void ratio,
permeabilitycoefficient, specific heat, and thermal conductivity of soil are performed to determine
their effects on effective vertical stress. In this study by comparing effective vertical stress of the
soil in geostatic'state and under thermal loads, it was found that variation of effective vertical stress
in soils was independent of specific heat and thermal conductivity of the soil. Although poor plastic
properties were selected for the soil, no plastic strain was observed along the contact surface of
the soil and pile. Thus, thesparametric study for plastic properties was neglected. However, the
other mentioned parameters in the first part of this section had effects with different magnitudes.

To achieve an outline of the.effect of ‘each parameter, the sum of the vertical stress of the soil
under thermal loads along the interface with the pile was normalized to the sum of effective vertical

stress in the geostatic state based on the following equation.

Ao (%) = w—l ©)

o geostatic

Although Equation (9) can cause some deviations, due'to observed linear variations of vertical
stresses with depth in geostatic state and under thermal load, this relationship can be a simple
approximation of the effects of the parameters. Therefore, the effect of each parameter and the

magnitude of its impact can be estimated.

4.2 Effect of elasticity modulus

Fig. 10 shows an outline of the effect of pile’s radial expansion on the surrounding soil. The

heating of the pile leads to its expansion axially and radially. However, the surrounding soil

resisted against the free thermal radial expansion ( &, o9 ) Of the pile. Hence, a fraction‘of free
radial expansion could occur, which was named as observed radial strain ( € o4 )- The difference
between the observed and free strains was blocked strain (& oe raq ) » Which raised the applied

horizontal stress (O, ) in the soil. Similarly, increasing in horizontal stress in the soil was
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observed by DI Donna and Laloui [13]. Then, due to Poisson's effect, increasing the horizontal
stress'caused a reduction in the effective vertical stress ( 0y, ). If the properties of the pile were

assumed to be constant, effective parameters in this phenomenon would include the elastic
maodulus and Poisson’'s ratio of the soil.

0y ot = VE Eypoct i

A-AT A~ o
ol TR Sl S S g
& free rad I e LRl Lpa (WSS (Y1 [ s
;q
5
1
(o]
oc=E¢ }:h
—> 1 -
L Pile — | S
Pile ; oll
S
Il
ty
::?)
g
K
L4 L4

Fig. 10. A schematic view of the pile radial thermal strains and imposed thermal stress effects from the pile to

the surrounding soil.

A parametric attempt was conducted to examine the effect of elasticity modulus variation on
the effective vertical stress under thermal load (Fig. 11). This parameter with the various
magnitude of elasticity modulus the same as givenivalues for PS 1 to PS 10 and with other
properties mentioned in Table 3 was used for the parametricsstudy. As expected, it was observed

that increasing elasticity modulus resulted in decreasing effective vertical stress in the soil under

thermal loading. 0
-10 F

20 F

A (%)

30 F

40 F

-50

2 4 6 8 10 12 14 16 18 20
Elasticity Modulus (MPa)

Fig. 11. The effect of elasticity modulus on the variation of effective vertical stress in soil under thermal loading;
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the elasticity modulus of soil varied between 2 to 20 MPa.

4.3 Effect of Poisson’s ratio

According to what was discussed in the last part, Poisson's effect on the soil can reduce the
effective vertical stress. To ensure this and quantify the effect of the Poisson's ratio on vertical
effective stress of'the soil, various magnitudes of the Poisson's ratio with constant elasticity
modulus.were investigated. The obtained results confirmed the initial hypothesis presented in Fig.
10 and they are’summarized in Fig. 12 based on Equation (9). As it can be deduced, increasing the

Poisson’s ratio leads to decreasing the effective vertical stress in the soil under thermal loading.
0

2/5 F

Ac (%)
i

=715k

-10

0/2 025 0/3 0/35 0/4
Poigson's ratio

Fig. 12. The effect of the Poisson’s ratio on the variation of'the effective vertical stress in the soil under thermal
loading. The input values of the Poisson’s ratio are'based on the proposed values for PS 11 to PS 15.

4.4 Effect of expansion coefficient of soil grains

As shown in Fig. 13a, the saturated soil consists of two phases: pore water and solid grain.
When heat transfers to the soil (Fig. 13a), both phases are_eXxpanded. Since the expansion
coefficient of pore water is usually more than that of solid grains, pore water resists against grains
expansion and results in increased pore water pressure. As shown in Fig. 13b, by concerning
constant total stress, increasing pore water pressure causes to decrease effective stress. As there is

little variation in the value of the pore water expansion coefficient, it is.assumed o be constant

and equal to 1.5x107°C .
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Fig. 13. A'schematic view of (a) the heat transferred from the pile to the soil; (b) contraction of soil grain due to pore
pressure.

As shown in Fig. 14, it-.was observed that under thermal loading, increasing the expansion
coefficient of solid grains resultsqin increased effective vertical stress in the soil to an extent more

than the geostatic state. These.results are consistent with the concept presented in Fig. 13b.
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Fig. 14. The effect of the expansion coefficient of solid grains on the variation of €ffective vertical stress in the soil
under thermal loading; the expansion coefficient varied between 107to 10* °C™,

4.5 Effect of permeability

When the permeability of the soil increases, the thermally induced 'pore ‘water pressure
according to Fig. 13b can be dissipated faster. Thus, less excess pore water pressure.remains in the
soil and consequently, less reduction will occur in the effective vertical stress. This hypothesis for
different values of permeability of the fine-grained soils has been investigated and the‘results

presented in Fig. 15 approve its validity.
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Fig. 15. The effect of permeability on the variation of effective vertical stress in the soil under thermal loading;

permeability varied between 1022 to 10 m/sec.

4.6 Effect of void ratio

The void ratio played two important roles in'the thermo-hydro-mechanical behavior of the soils.
At first, it had a considerable impact on the‘heat-conductivity of the soil. On the other hand, in a
unit volume of the saturated soil, increasing theoid ratio.means allocating more portions to pore
water in comparison with solid grains volume: Hence,/under the effect of temperature, more
volume of pore water can expand and more pore water pressure will develop (similar to Fig. 13b).
Consequently, the void ratio determines the amount of increase in"pore water pressure under
thermal loading. Fig. 16 shows the effect of the void ratio increase on.the decrease of the effective

vertical stress in the soil.
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Fig. 16. The effect of the voidiratio on thewariation of effective vertical stress in the soil under thermal loading (PS
28 to PS 30).

As stated, the behavior of the energy pile.in the saturated soil was more complicated than that
of the energy pile in the dry soil. The main reason for this complexity was the effects of pore water
on soil behavior. The proposed THM modelin the.current paper led to a deeper understanding of
temperature effects on the bearing system. By applying thermal load on the pile, in addition to
raising the temperature of the pile, could lead to heat transfer to the surrounding soil. This, in turn,
causes thermally induced stresses and deformations in_the pile and surrounding soil. Thus,
increasing the temperature had two main effects on the surrounding soil. First, it imposed
horizontal stress from the pile to the soil. Second, it induced @n excess pore water pressure in the
saturated soil. These two effects reduced the vertical effective stress of‘the soil. As effective
vertical stress is a key parameter for estimating bearing capacity and settlement of pile foundation,
its changes under thermal loads must be evaluated accurately.

By considering constant properties for the pile, the first effect was due to fadial expansion of
the pile that imposed horizontal stress to the adjacent soil. Because of the existing Poisson's effect
in the soil, the imposed horizontal stress from the pile to the soil caused a decrease’ in effective
vertical stress. According to Fig. 10, Poisson's ratio, elasticity modulus, and probably the thermal
expansion of the soil influenced the magnitude of vertical effective stress changes. This prebability

arose from that the soil’s thermal expansion could control the Pile’s radial expansion and withstand
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it (Fig. 10). As can be seen in Fig. 13D, if the expansion coefficient of the soil increases, it prevents
the pore water expansion and results in a reduction in the induced pore pressure. Therefore, the
nonlinear effect of the thermal expansion coefficient of the soil on the variation of the effective
vertical stress in Fig. 14 can be related to these two circumstances. Altogether, increasing Poisson's
ratio and elasticity modulus leads to more decrease in effective vertical stress.

The second effect was the result of transferring heat from the pile to the adjacent soil. Hence,
thermal “expansionsoccurred in two phases of saturated soil structure. Since the expansion
coefficient of pore.water is.usually greater than that of solid grain, increasing temperature leads to
increasing pore water pressure in the soil. By considering constant total stress, increasing pore
pressure reduces the effective stress. The amount of the thermally induced pore water pressure
depends on the void ratio, permeability, and thermal expansion coefficient of solid grains and pore
water. These parameters control effective vertical stress changes under thermal loads. The void
ratio determines the volume of pore water. Thus, when the temperature in the soil increases, this
void ratio determines the volume of.pore water that can expand. As a result, as illustrated in Fig.
16, with increasing the void ratio, more porewater pressure is induced in the soil. Due to the low
permeability of the fine-grained soil, theithermally induced pore water pressure disappears slowly.
As shown in Fig. 15, increasing the permeability leads to a lower decrease of vertical effective
stress. The effect of the thermal expansion coefficient is similar to permeability, both of which
result in lower pore water pressure to remain in the soil,as presented in Fig. 13.

Different from previous research, this study proposes a THM model for analyzing energy pile
behavior in saturated soil. It shows that the thermal expansion of the pile and transferred heat to
surrounding soils can change the vertical effective stress of'the soil, with the magnitude of this
change depending on the hydraulic and mechanical properties of the soil. This gap has been
addressed in the present study, which comparatively investigates the effects of soil parameters on
variation of vertical effective stress of soil, which an important parameter in evaluating bearing

capacity and settlement of pile.

5. Conclusion

This paper presented a thermo-hydro-mechanical model to study how energy piles‘behave in
saturated fine-grained soils. The results proved that numerical models are powerful tools. for

investigating the behavior of energy piles in various conditions. It was found that the transferred
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heat from the pile to the adjacent soil increased the temperature of the surrounding soil. Moreover,
thermal loads affected the soil behavior, which could change the effective vertical stress in the soil
and induce excess pore water pressure. These changes are more obvious in fine-grained soils as
theyshave low permeability. The importance of vertical effective stress variation is that it could
lead to a change. in the bearing capacity and settlement of the pile. Thus, a parametric study was
performed_on the soil properties to determine effective parameters on the soil behavior under
thermal loads. The following conclusions are taken from the findings:

1. The importance,of the surrounding soil was discussed in more detail and new concepts of soil
effect on energy piles were presented.

2. The fine-grained_soil usually has less hydraulic conductivity in comparison with heat
conductivity. Thus, the equiltbrium in the soil body is attained shortly after reaching a steady-state
in the HT. In other words; the vertical effective stress of the soil varies until reaching a steady-
state in the HT.

3. When heat is transferred to the'seil;"the thermal properties of the soil do not affect its effective
vertical stress. Their main role is to determine the volume of soil, which is under the effect of
thermal load piles.

4. Variation of elastic and hydraulic properties of sail influences its vertical effective stress. Under
the thermal load, the plastic strain does not occur in thesoil. Therefore, their effects on the variation
of vertical effective stress in the soil are neglected.

5. Increasing elasticity modulus, Poisson's ratio, and void ratio under thermal loads cause a greater
decrease in effective vertical stress in comparison with geostatic conditions.

6. Increasing the permeability and thermal expansion coefficient of soil solid grains can reduce the
induced excess pore water pressure, and as a result, the vertical ‘effectivesstress of the soil under
thermal load is reduced.

7. The effect of temperature on the effective stress of the soil should be considered in the
calculation of the bearing capacity and settlement of energy piles.

The effect of vertical effective stress variation on pile bearing capacity and thermal consolidation

requires further investigation, which will be addressed in future research.
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