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Abstract. Energy foundation technology is expected to make a significant contribution to the use of
renewable energy. In this context, this paper presents the use of Finite Element simulation using PLAXIS
software for modelling different benchmark applications in Geothermal Foundations. An implicit fully-

coupled numerical scheme with global adaptive time stepping are implemented to ensure computational
efficiency and stability. Firstly, a transient simulation of thermal response tests [1], often used to estimate the
thermal conductivity of ground and thermal resistance of pile, is presented. In the second part, a Thermo-

Hydro-Mechanical analysis is performed to simulate the behavior of a single heat pile subject to a thermal
load cycle [2]. Several ingredients (constitutive behavior, interface finite elements etc.) are employed to
simulate soil-structure interactions. The obtained solutions are validated against available simulation and

experimental data to demonstrate the applicability of the simulator to energy foundation analysis and design.

1 Introduction

Together with ground source heat pump (GSHP) and
groundwater heat pump (GWHP) systems, recently
underground geotechnical structures, such as deep and
shallow foundations or tunnels are also being employed
as energy geostructures by installing the absorber pipes
directly in the structures [3]. In particular, energy
foundation technology is expected to make a significant
contribution to the use of renewable energy [4]. The
design of heat exchanger piles requires numerical
modelling in different steps, from the simulation of in situ
testing to the analysis of mechanical responses and energy
efficiency. As this technology becomes a vital and
popular part of geotechnical engineering, the use of user-
friendly computer codes would be needed to perform
advanced analyses in a robust and accurate way [5] [6]. In
this context, this paper presents the use of PLAXIS, a
Finite Element software, for modelling different
benchmark applications in Geothermal geostructures. An
implicit fully-coupled numerical scheme with global
adaptive time stepping is implemented to ensure
computational  efficiency and stability.  Firstly,
simulations of Thermal Response Tests [1], often used to
estimate the thermal conductivity of ground and thermal
resistance of pile, are presented. In the second part, a
Thermo-Hydro-Mechanical analysis is performed to
simulate the behavior of a single heat pile subjected to a
thermal load cycle [2]. Different techniques (constitutive
behavior, interface element...) are utilized to simulate
soil-structure interactions. The obtained solutions are
validated against available simulation and experimental
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data to demonstrate the applicability of the numerical
approach and the capability of the simulator for energy
geostructure analysis and design.

2 Finite element framework

PLAXIS generally considers a geomaterial as a 3-phases
(solid/liquid/gas) porous medium, but gas pressure is
assumed constant, which is widely adopted in
geotechnical engineering. In this section, only the
principal equations are briefly presented. For more
details, readers may refer to [7] [8].

2.1 Balance equations

The mass continuity equation of water is written as
follows:

d
na(spw + (1 - S)pv) +

de, 1—ndps]
+(Spw + (1 = py) [W + o ol

=7 (Ju+v) O,
where n (-) is the porosity and S (-) the water saturation.
&, (-) is the volumetric strain of the soil skeleton and py,
pw and p, are the solid, water and gas densities. V -
denotes the divergence operator, V the gradient while
d/0t the time derivative. J,, and J,, are the mass fluxes of

liquid water and vapor, respectively.
The linear momentum balance of the whole porous
medium is given by:

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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V-o+pg=0 2
where o is the total (Cauchy) stress tensor, g the gravity

force vector and p the density of a multiphase medium,
defined as:
p =1 —-n)ps+nSp, +n(l—-Sp, >
The energy balance equation for the porous medium
can be written as follows:

%(nspwew +n(1 = S)pye, + (1 —n)pges) =
~V - (Jaw +Je) + Qr )

where e, e, and e, are the internal energy in the water,
vapour and solid phases, respectively. /4, and J. are the

advective internal energy flux in water and the conductive
(diffusive) heat flux in the porous medium, respectively.
Q7 is the heat source term, i.e. heat generation rate per
unit volume.

2.2 Basic constitutive equations

The stress and flux terms in the above balance equations
can be specified by the following basic constitutive laws.
The Bishop’s effective stress [9] is used:

g =g —Sepwl &)
where ¢’ is the effective stress tensor, p,, the pore water
N S-Sy

pressure, [ the second order identity tensor and S, = P
ST OT

the effective saturation with Sg and S, being the saturated
and residual saturation degrees. This effective stress
applies for both unsaturated and fully saturated (S, = 1)
conditions.

An extended Richard’s model is applied to describe
non isothermal unsaturated flow. The mass flux of water
is defined as [10]:

Jw = Pw (EKint (pr + pr)) 6
w(T) = =,

where k¢ (-) is the relative permeability of the medium,
u the dynamic viscosity, k"t is the intrinsic permeability

tensor of the porous medium.

In parallel, the mass flux of vapor in non-isothermal
processes is defined as:

lu = —-D,Vp, = Dp,Vpy — Dp, VT )
where T is the local equilibrium temperature of the porous
medium, D,, is the vapour diffusion coefficient and Dy,
and Dp, are the hydraulic and thermal diffusion
coefficients, respectively.

The conductive heat flow (Eq. (4)) is assumed to be
governed by Fourier’s law:

Je=—AVT 8
where A4 is the thermal conductivity of the multiphase
medium calculated by:

A=(1—-n)As+nSA, +n(1 -5, 9)
where Ag, 4,,, 4,, being the solid, water and vapor
conductivities, respectively.

The advective heat flux in (4), which represents the
heat transported by water flow, is given by:

ZAW = CWT[W (]0)
where C,, is the water heat capacity.

2.3 Numerical implementation

The above equations are discretized using standard
Bubnov-Galerkin Finite Element method (FEM). Apart
from soil triangular elements (either 6-noded (quadratic)
or 15-noded (fourth order)), special elements, such as
interface and plate, are also implemented to simulate
realistically soil-structure interactions.

A fully coupled scheme was implemented so that all
primary field variables (displacements, temperature and
water pore pressure) are solved within the same time step.
This is physically realistic as it does not need any further
“decoupling” assumptions within each step.

An implicit scheme is used for time discretization. The
time marching scheme is automatic as the time step is
adjusted according to convergence rate and accuracy. This
relaxes step size restriction required in explicit
discretization schemes to ensure stability.

Beside built-in geomaterial models, advanced models
can also be defined using the well-known API of User-
Defined Soil Model (UDSM) and User-Defined Flow
Model (UDFM) module. Interested readers may refer to
[8] for more detail. In the following, the numerical
approach presented above will apply to different
applications in Energy Foundation technology.

3 Simulation of Thermal Response Test

One of the key parameters in the design of ground sourced
heating and cooling systems is the heat exchange capacity
of the soil formations. For borehole heat exchanger
systems, it is common to carry out an in situ Thermal
Response Test (TRT) to determine both thermal
conductivity of the ground and thermal resistance of the
borehole, which are the key factors for the design of the
system and will allow appropriate sizing of the borehole
field to meet specific energy demands. As energy piles are
used more and more frequently, it is becoming important
to develop testing procedures and analysis methods to
evaluate the thermal conductivity of such systems which
are geometrically different than boreholes. For this
purpose, Loveridge [1] used numerical modelling and
case study data to evaluate the applicability of the
standard TRT to pile heat exchangers. In the following,
we reproduced the numerical tests performed by
Loveridge [1] to demonstrate the applicability of our
simulator to TRT simulation.

3.1 Model definition

Several 2D numerical models were built for different pile
heat exchangers geometries, as listed in Table 1. The short
nature of the piles allows to assess in the short term
(timescale of thermal response test) no significant
variation of the undisturbed ground temperature over the
depth of the pile [1]. Thus, simple 2D models (a horizontal
cross-section of the pile) are used. They include a concrete
pile with a concrete cover ¢ from the edge, plastic pipes
and surrounding soil (Figure 1).

Different scenarios corresponding to different pile
diameter as well as different number of pipes are tested
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(Table 1). For each scenario, we performed 3 different
simulations corresponding to 3 values of the ratio between
the thermal conductivity of soil and concrete (respectively
As

n= 1,20r0.5).

quéﬁ

Fig. 1. Model geometry and FE mesh

Table 1. Different modelling scenarios

Scenario Pile Number Pipe Cover ¢
diameter of pipes  position
1 300 mm 2 Edge 50 mm
2 300 mm 2 Central 105 mm
3 600 mm 4 Edge 75 mm
4 600 mm 4 Central 255 mm
5 1200 mm 8 Edge 75 mm
6 1200 mm 4 Central 555 mm

Similar to [1], the pipes and circulating fluid are not
modelled, instead thermal boundary conditions are
applied on each pipe. Furthermore, the surrounding
ground in the model is extended far enough to avoid any
boundary effects. All the external boundaries are set to be
fully insulated, while constant flux is applied at all the
pipe edges. The finite element mesh is refined around
those edges to enhance numerical accuracy (Figure 1).

An initial temperature of 11°C is assumed for both the
pile and soil. The main purpose of this study is to produce
the temperature response function for the ground at pipe-
soil interface. Therefore, transient thermal analyses are
performed and both mechanical and hydraulic behavior
are neglected. Material properties are listed in Table 2.

Table 2. Soil and pile parameters

Parameter  Symbol Soil Concrete Unit
Specific heat Cs 640 640 J/kg/K
capacity
Thermal As 1.0 1.0 W/m/K
conductivity
Solid density Ps 2500 2500 kg/m?
Thermal ag 7.2:10%  1.0-10° 1/K
expansion

3.2 Simulation results

The purpose of the analysis is to compare the obtained
results with existing numerical data from [1] as well as

analytical methods generally used in heat exchanger
design.

In the analytical solutions available in the literature, a
dimensionless temperature ® = 2mAAT,/q, where Ty is
the ground temperature and q the heat flux, is often
expressed as a function of Fourier Number F, =
At/(pcr?), where t is the time, ¢ the soil heat capacity, 1
the soil thermal conductivity and ry the pile radius. For
instance, assuming a constant heat injection g, the
temperature change in the ground computed at a radial
distance r = 1, can be described by the following closed
form expressions:
e Line source heat model [11]

q 4
g )
where y = 0.5772 is Euler’s constant
e Cylindrical source heat model [12]:
AT, = %10(1‘(%)) (12)
f(F,) = —0.89129 + 0.36081 log(F,) —
0.5508 (log(F,))? + 0.00359617 (log(F,))?
e Solid cylinder model [13]:

In (A%) = —2.32016 + 0.499615 In(F,) —

0.027243 (In(F,))? — 0.00525 (In(F,))3 +

0.000264311(In(E,))* +

0.00006873912 (In(F,))° (13)

These three solutions are compared to the numerical

results obtained. Figure 2 shows a typical temperature
distribution for the case where pile diameter is 600 mm
with 4 central pipes. Note that to compare with the
analytical solutions, the value of AT, from the numerical
results is averaged from non-uniform temperature along
pipe circumference).

K
310.00

28,00
06.00
400
0200
200.00
2800
2600
2400
2200
20.00

72 26,00

Fig. 2. Temperature distribution inside and around the pile for
scenario 4

Some typical numerical/analytical comparisons are
presented in Figure 3 for the scenarios 1, 3, and 6 (see
Table 1). A close agreement between PLAXIS results and
the numerical data reported in [1] is observed. As
expected, the analytical and numerical solutions follow
the same trends but do not coincide. The difference may
come from the simplifying assumptions of the analytical
approach, where the pipe geometries and positions are not
considered.

As aforementioned, design methods that consider a
line source may be valid for boreholes heat exchangers
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with small diameters. For energy piles numerical results
deviate from the line source model and they depend on the
arrangement of the pipes. It is observed that models with
pipes centrally arranged tend to behave similarly to
borehole heat exchangers and their curve fall
approximately halfway between line source model and
solid cylinder. Meanwhile, models with pipes close to the
pile edge respond relatively similar to solid cylinder
model.

2r,=300mm, pipes close to the edge

0.1 1 10
Fo[]
-=-=-Solid Cylinder Model -==-Cylindrical Source Model ==---Line Source Model
© Ag=Ac Loveridge ——Ag=Ac PLAXIS ° Ag=2Ac Loveridge
——Ag=2Ac PLAXIS ° 2Ag=Ac Loveridge ——2Ag=Ac PLAXIS

2r,=600mm, pipes close to the edge

0.1 1
Fo[-]
~-=--Solid Cylinder Model -=-=-Cylindrical Source Model =----Line Source Model
o Ag=Ac Loveridge ——Ag=Ac PLAXIS ° Ag=2Ac Loveridge
= Ag=2Ac PLAXIS © 2Ag=Ac Loveridge ——2Ag=Ac PLAXIS

2r,=1200mm, centrally placed pipes

1 10
Fo[1]
-=-=--Solid Cylinder Model ~==-Cylindrical Source Model =----Line Source Model
° Ag=Ac Loveridge ——Ag=Ac PLAXIS ——Ag=2Ac PLAXIS
° Ag=2Ac Loveridge © 2Ag=Ac Loveridge ——2Ag=Ac PLAXIS

Fig. 3. Comparisons between PLAXIS’ results versus
numerical and analytical data [1] for scenarios 1, 3 and 6

4 Simulation of THM response of a single
heat pile

When piles are used as heat exchanger, additional loads
may result from heating-cooling cycles. Generated excess

pore pressures, stresses, and deformation should be
considered in the design process. Finite element THM
simulation is believed to be a useful and reliable tool to
assess correctly this information [10]. In this section, an
in-situ experiment for the behaviour of a single heat pile
[11] will be simulated to illustrate the capability of our
numerical framework.

4.1 Model definition

The numerical model consists of an axisymetric
representation of the model with a concrete pile (Iength of
26m and diameter of 1m) embedded in a stratified ground.
The ground is extended far enough to ensure an
imperturbation at far-field. The corresponding mesh is
shown in Figure 4.

Soil A1 a

o

Soil A2 n

Alluvional soil 3
£
o
o~

Soil B ﬁ

oy ravely g

Soil C »

Bofiom morsine 3

~

a

3

Fig. 4. Model geometry, stratigraphy and corresponding FE
mesh

25 T T T

Heating

Cooling

Temperature variation, AT ("C)
>

0 5 10 15 20 25 30
Time (days)

Fig. 5. Heating-cooling cycle applied on pile shaft [11].

Plastic pipes and circulating fluid are not modelled
and only a thermal boundary condition is applied to the
pile-soil interface. The initial, as well as the far-field
(unaffected) temperatures are fixed at 11°C. Radial
displacements and flow are fixed at the symmetry axis,
while the head of the pile is not restrained because no
mechanical loads are considered in this test. According to
[2], a constant temperature of 11° is applied to the top
surface to simulate the atmosphere temperature and a
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heating-cooling cycle (Figure 5) is applied to the pile shaft
boundary to simulate heat exchange by the pile, according
to the experimental conditions [11].

where experimental measurements are available for
numerical comparisons.

Table 3b. Model parameters (continued)
Table 3a. Model parameters [2,14]

Parameter Soil B Soil C Soil D Unit
Parameter Concrete  Soil A1 Soil A2 Unit General
General Model* MC MC MC -
Model* LE MC MC - Wet unit 21.27 22.18 25.5 kN/m?
Wet unit 25.0 26.0 25.35 kN/m? weight
weight Initial void 0.538 0.429 - -
Initial void - 0.111 0.111 - ratio
ratio Mechanical
Mechanical Stiffness 8.4-10% 9.0-10*  2.6:10° kN/m?
Stiffness 2.92-107  2.6-10° 2.6:10° kN/m? Poisson’s 0.4 0.4 0.1517 -
Poisson’s 0.1769 0.1461 0.1461 - ratio
ratio Cohesion 6 20 - kPa
Cohesion - 5 3 kPa Friction 23 27 - °
Friction - 30 27 ° angle
angle Dilatancy 7.5 7.5 - °
Dilatancy - 7.5 7.5 ° angle
angle Hydraulic
Hydraulic Permeability 1.0-10°  2.0-10°1° 0 m/s
Permeability 0 2.0-10°  7.0-107 m/s Thermal
Thermal Specific heat 890 890 784 J/kg/K
Specific heat 800 863 863 J/kg/K capacity
capacity Thermal 4.45 4.17 1.1 W/m/
Thermal 2.1 1.8 1.8 W/m/K conductivity K
conductivity Solid density 2735 2740 2550 kg/m?
Solid density 2500 2780 2780 kg/m? Thermal 1.0-10 1.0-104  1.0-10°6  1/K
Thermal 1.0-10° 1.0-10°  1.0-10°7 1/K expansion
expansion Interfaces
Interfaces Strength - 0.8 0.8 -
Strength - 0.8 0.8 - reduction
reduction Cross - 0 0 m/s
Cross - 0 0 m/s permeability
permeability Thermal - 0 0 m?K/
Thermal - 0 0 m2K/W resistance w
resistance

The properties of the soil layers are based on the data
reported in [2] and [14] (Table 3a,b). The concrete is
supposed to behave elastically (LE) while the soil has an
elasto-plastic Mohr Coulomb behavior (MC) (see [7] for
more detail).

To simulate realistic soil — structure interaction,
interface elements are used at the pile — soil contact. In
each geological layer, interfaces behave similarly to soil
material of that layer, but with a strength reduction ratio
Riner. As the concrete pile is assumed to be non-porous,
these interfaces are set to be impermeable for water flow.
For thermal behavior, we assume that the interfaces are
infinitely conductive (without any thermal resistance).
The interface element parameters are also presented in
Table 3a,b.

“Staged construction” concept is used to model this in
situ test with different construction phases, including a
pile installation phase and thermal loading phases. The
pile installation phase is particularly useful to ensure an
equilibrium stress state prior to the thermal phases.
Although heating and cooling can be applied easily within
one unique phase, we decided to split heating and cooling
processes into 2 phases to capture precisely the time
evolution of each period the test. In the following, we will
only present the results for the thermal loading phases

4.1 Simulation results

Figure 6 shows the temperature distribution at the end of
the cooling period. As expected, hot temperature
concentrates around the pile shaft due to the imposed
boundary conditions, while at far-field the soil is not
thermally affected (T=11°C). Because of the delay effect
of heat conduction, the hottest zone, however, is not at the
pile edge where the temperature is applied, but
somewhere near that location.

Figure 7 shows the temporal vertical Dpile
displacement. A good agreement is observed between the
obtained numerical results and the experimental ones
measured by different techniques reported in [2], as well
as with other numerical results reported in [15]. As
expected, pile movement follows thermal loading path
due to soil and concrete thermal expansion.

The imposed thermal field generates strains and
displacement in the pile due to thermal expansion. The
profiles of vertical strains along the pile at the end of the
heating and cooling periods are shown in Figure 8. Once
again, we observe a reatively good agreement between the
numerical results and the experimental data reported in [2]
[15]. The imposed thermal field generates strains which
distribute differently for each soil layer
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Fig. 6. Temperature distribution at the end of the simulation
(end of the cooling phase)
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Fig. 7. Vertical pile head displacement during the test
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Fig. 8. Profile of vertical strains along the pile at the end of the
cooling and heating periods

Conclusions

This paper illustrates the applicability of THM coupled
numerical approach for modelling of energy foundation
systems. Experimental and numerical data available in the
literature are successfully reproduced using the PLAXIS
software. This helps to enhance the confidence on

modelling capability for complex multiphysics problems
encountered in this topic, which is generally beyond
classic design in geotechnics
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