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Coupled axisymmetric thermo-poro-mechanical finite
element analysis of energy foundation centrifuge

experiments in partially saturated silt

W. Wang∗, R.A. Regueiro and J. S. McCartney

Department of Civil, Environmental, and Architectural Engineering

University of Colorado, Boulder

Boulder, CO 80309

December 2, 2013

Abstract

The paper presents an axisymmetric, small strain, fully-coupled, thermo-poro-mechanical
(TPM) finite element analysis (FEA) of soil-structure interaction (SSI) between energy founda-
tions and partially saturated silt. To account for the coupled processes involving the mechanical
response, gas flow, water species flow, and heat flow, nonlinear governing equations are ob-
tained from the fundamental laws of continuum mechanics, based on mixture theory of porous
media at small strain. Constitutive relations consist of the effective stress concept, Fourier’s
law for heat conduction, Darcy’s law and Fick’s law for pore liquid and gas flow, and both
nonlinear elastic and elasto-plastic constitutive modelsfor the soil solid skeleton based on a
critical state soil mechanics framework. The constitutiveparameters employed in the thermo-
poro-mechanical FEA are mostly fitted with experimental data. To validate the TPM model, the
numerical results are compared with the observations of centrifuge-scale tests on semi-floating
energy foundations in compacted silt. Variables measured include the thermal axial strains
and temperature in the foundations, surface settlements, and volumetric water contents in the
surrounding soil. Good agreement is obtained between the experimental and model results.
Thermally-induced liquid water and water vapor flow inside the soil were found to have an im-
pact on soil-structure interaction. With further improvements (including interface elements at
the foundation-soil interface), FEA with the validated thermo-poro-mechanical model can be
used to predict performance and soil-structure interaction mechanisms for energy foundations.

keywords: partially saturated soils; thermo-poro-mechanics; FEM; axisymmetric; multiphase
flow; energy foundation.
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1 Introduction

Energy foundations are becoming more popular as an energy-saving and environmentally-friendly

technology. With adequate design and installation, energyfoundations can fulfill not only the

geotechnical but also the thermal requirements of buildings without relying solely on conventional

heating and cooling systems; hence, energy consumption canbe reduced, as well as carbon dioxide

emissions [Brandl, 1998, Ennigkeit and Katzenbach, 2002, Lund et al., 2004]. Most energy foun-

dations involve heat exchangers attached to the inside of the reinforcement cage of drilled shafts

[Brandl, 2006]. By fully utilizing the steady ground temperature and the thermal properties of

concrete, buildings can be heated and cooled through energyfoundations with heat pumps at very

low cost [Hughes, 2008, Preene and Powrie, 2009].

Research were conducted by means of full-scale field tests and centrifuge-scale tests to inves-

tigate the mechanisms of thermo-mechanical soil-structure interaction. The distribution of ther-

mally induced axial strain and stress were evaluated in energy foundations by different approaches

[Laloui et al., 2006, Bourne-Webb et al., 2009, McCartney and Rosenberg, 2011, Amatya et al.,

2012, McCartney and Murphy, 2012]. In addition, investigations showed that heat and water (liq-

uid/vapor) flow induced by the operation of energy foundation systems occurs in the surrounding

soil. Rees et al. [2000] explained that conduction, convection, and latent heat of vaporization

are the main mechanisms of heat transfer in porous media; radiation is usually negligible. The

efficiency of this heat transfer greatly depends on soil type, temperature, and suction gradients

[Hepbasli, 2003].

A number of theoretical models were proposed to account for the heat and moisture transfer in

partially saturated soil, assuming the solid skeleton is rigid [Philip and de Vries, 1957, de Vries,

1958, Milly, 1982, Bear et al., 1991, Thomas and Sansom, 1995]. Extended models were devel-

oped to take into account the elastic deformation of the soilsolid skeleton [Thomas and He, 1995,

Gawin et al., 1995, Thomas and He, 1997, Thomas and Missoum, 1999]. Further, Khalili and

Loret [2001], Laloui and Cekerevac [2003], François and Laloui [2008] proposed modified Cam-

Clay models to include temperature as an additional state variable of the yield function. Many
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attempts were made to experimentally explore thermal effects on the hydro-mechanical behavior

of partially saturated soils. Romero et al. [2001] studied temperature effects on the water reten-

tion curve and permeability of partially saturated clays. Wu et al. [2004], Uchaipichat and Khalili

[2009] designed experiments to investigate the thermal softening phenomenon of a partially satu-

rated clay, and discovered decreases in the pre-consolidation pressure during the heating process.

Although some observations have been obtained from field studies, issues that are still not

well understood are the complex interactions among temperature change, induced effective stress,

and pore fluid flow in partially saturated soils. For example,thermal expansion and contraction of

foundations, thermally-induced volume change of soil, andthermally-induced water flow may lead

to the changes in the effective stress state and soil-foundation side shear resistance, thus affecting

the mechanical response of energy foundations and their long-term structural performance.

The paper employs an axisymmetric small strain, fully-coupled TPM finite element (FE) model

to simulate soil-structure interaction (SSI) between energy foundations and partially saturated silt.

We present briefly the formulation of the fully-coupled thermo-poro-elasto-plastic FE model. The

governing equations are developed based on the mixture theory of porous media, and satisfy the

balance of mass, linear momentum and energy conservation, as well as reduced dissipation in-

equality derived from the second law of thermodynamics. Solid and liquid water are assumed to be

isotropic and mechanically-incompressible, yet the soil solid skeleton is compressible; individual

constituents can thermally expand or contract. The model isimplemented for small strain analy-

sis. Darcy’s law is employed to express the advection of water and bulk gas flow through porous

media, and the diffusion of vapor and dry air through the gas is governed by Fick’s law. Fourier’s

law is assumed for heat conduction through the soil mixture.The model of van Genuchten [van

Genuchten, 1980] was used to represent the soil-water retention curve (SWRC). Nodes of the en-

ergy foundation and soil meshes at the interface are assumedto have no relative displacement in

this implementation (rigid connection), although this assumption will be relaxed in future work by

considering a TPM interface element. Interpolations for a 9-noded isoparametric mixed quadrilat-

eral element are biquadratic for displacement and bilinearfor pore water, pore gas pressure and
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temperature to model the coupling effects (see Figure 1).

Notation: Bold-face letters denote matrices, tensors and vectors. The symbol “·” denotes an inner

product of two vectors (a · b = aibi), or a single contraction of adjacent indices of two tensors

((c ·d)ik = ci jd jk). The double contraction symbol “:” works similarly, such that c : d = ci jdi j

or (A : x)i j = Ai jklxkl. Summation is implied on repeated indices. Superscript “α” refers to

constituentα, which can be solid (s), liquid water (w), dry air (ga) or water vapor (gv) for partially

saturated porous media. Material time derivative with respect to the motion of constituentα is

written as Dα(•)
Dt = ∂ (•)

∂ t + grad(•) · vα , wherevα is the absolute velocity of constituentα, and

(•) indicates any variable. Cylindrical coordinates are employed, with the vector of coordinates

r = [r,z]. Solid mechanics sign convention is used, i.e. positive stressσ and positive strainε for

tension. The pore water pressure is positive in compression.

2 Governing Equations and Constitutive Models

Based on the mixture theory of porous media, the paper brieflydescribes a coupled thermo-poro-

elasto-plastic model for partially saturated soil under a number of assumptions that are summarized

in detail by Wang [2014]. First, the partially saturated soil is treated as a three-phase mixture, i.e.

solid phase, liquid phase and gas phase. The liquid phase here specifically refers to liquid water,

as we ignore the dissolved air. The gas phase is treated as an ideal gas mixture composed of water

vapor and dry air. The solid and liquid phases are isotropic and mechanically incompressible,

but can expand under temperature increase or contract undertemperature decrease. The soil solid

skeleton is deformable mechanically, and an elasto-plastic constitutive model is adopted to model

its deformable behavior. The pore space of the solid skeleton is filled partially with liquid and gas.

Local thermal equilibrium is assumed to be achieved instantaneously among all the phases, which

requires that the movement of fluid (water or gas) is sufficiently slow, and the surface areas of all

phases are sufficiently large [Neaupane and Yamabe, 2001, Abdel-Hadi and Mitchell, 1981]. In

other words, the temperature of each phase equals each other, i.e.,θ s = θ w =θ g =θ , therefore, only
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the temperature of the soil mixtureθ needs to be solved.

According to the principles of continuum mechanics, governing equations are derived based

on the balance laws for mass, momentum, energy, as well as thesecond law of thermodynamics,

which applies the restriction on the form of the constitutive equations.

As for the choice of primary variables, there are several possible combinations [Lewis and

Schrefler, 1998], one of which is used in this paper: solid skeleton displacement vectoru, temper-

ature of soil mixtureθ , pore water pressurepw, and pore gas pressurepg. Other standard concepts

from mixture theory [Coussy, 2004, de Boer, 2005] are employed, such as the volume of the mix-

ture is the sum of the volumes of each phase,v = vs + vw + vg; the volume fraction ofα phase

(α = s(solid),w(water),g(gas)) is defined asnα = dvα/dv, andnw +ng +ns = 1, the porosityn

for partially saturated porous media is defined as the sum of the water and gas volume fractions,

i.e.,n = nw +ng; the partial mass density ofα phase is defined asρα = nαραR, whereραR is true

mass density ofα phase, e.g. for liquid water phase,ρwR = 998kg/m3 at θ ≈ 20oC, therefore,

the total density of the porous medium can be written in termsof the partial mass densities of the

individual phases asρ = ρs +ρw +ρg.

2.1 Balance of mass equation for water species (liquid water + water vapor)

The balance of mass equations are derived with respect to each constituentα = s,w,gv,ga inde-

pendently. The details are omitted here, but we arrive at theusual localized form of the balance of

mass for constituentα as
Dαρα

Dt
+ρα divvα = ρ̂α (1)

where “div” is the divergence operator, andρ̂α is the mass exchange onα from other constituents.

Summing the equations of liquid water and water vapor yieldsthe balance of mass equation for the

water species. Using the balance equation of the solid to eliminate the material time derivative of
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porosity gives the complete form as follows:

(ρwRSw +ρgvRSg)divvs +n(ρwR
−ρgvR)

DsSw

Dt
+nSg

DsρgvR

Dt

−

[
(1−n)(ρwRSw +ρgvRSg)β θ

s +nρwRSwβ θ
w

] Dsθ
Dt

+div(ρgvR ṽs
gv +ρwR ṽs

w) = 0 (2)

where,ρwR and ρgvR are respectively true mass densities of liquid water and water vapor;β θ
w

andβ θ
s are respectively thermal expansion coefficients of liquid water and solid;Sw andSg are

respectively the degrees of saturation for water and gas, and Sw = nw/n, Sg = 1−Sw. The material

time derivative with respect to solid (s) phase is given by

Ds(•)

Dt
=

∂•
∂ t

+grad(•) ·vs (3)

wherevs = solid skeleton velocity, which is defined as the material time derivative of the displace-

mentu of the solid skeleton:vs =
Dsu
Dt .

Sw is assumed to be related to matric suctions = pg − pw through the van Genuchten model

[van Genuchten, 1980], :

Se =
Sw −Sr

1−Sr
=

[
1

1+(s/a)m

](1−1/m)

(4)

whereSe = the effective degree of saturation;Sr = the residual degree of saturation;a andm are

fitting parameters, then

DsSw

Dt
=

∂Sw

∂ s
Dss
Dt

=
∂Sw

∂ s

(
Ds pg

Dt
−

Ds pw

Dt

)
(5)

Darcy’s velocity of liquid water ˜vs
w =nw(vw −vs) is given by Darcy’s law [Coussy, 2004]:

ṽs
w =−

κ(n)Krw(Sw)

µw(θ)
(∇pw −ρwRg) (6)
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where,Krw(Sw) = relative permeability of the water phase as given by [van Genuchten, 1980]:

Krw(Se) =
√

Se

[
1− (1−S

1
m
e )

m
]2

(7)

µw(θ) = dynamic viscosity of water at temperatureθ . κ = l2δ (n) = the intrinsic permeabil-

ity of the skeleton, which depends only on the porous networkgeometry, wherel is assumed to

characterize the porous network geometry as far as the porous media is saturated with one fluid

for simple geometries. A common expression ofδ (n) is the Kozeny-Carman formula given as:

δ (n) = n3/(1−n2).

As a component of the gas mixture, water vapor is transportedby both advection governed by

Darcy’s law and molecular diffusion governed by Fick’s law.Therefore, the apparent velocity of

water vapor ˜vs
gv is [Coussy, 2004]:

ṽs
gv =−

κ(n)Krg

µg(θ)
∇ pg −D ∇ [ln

(
pgv

pg

)
] (8)

where,Krg(Sw) = relative permeability of gas phase given as

Krg(Se) =
√

1−Se

(
1−S

1
m
e

)2m

(9)

µg(θ) = dynamic viscosity of gas at temperatureθ ; pgv = vapor pressure, as given by the ideal

gas law:

pgv =
ρgvRθR

Mw
(10)

D= diffusion coefficient expressed as

D = (ng τ)D0
patm

pg
; D0 = δ0

(
θ
θ0

)1.88

(11)

where, the parameters involved are obtained through experiments [de Vries and Kruger, 1966]:

δ0 = 2.17×10−5m2s at θ0 = 273K, andpatm = 101325Pa. The parameterτ is the tortuosity.
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NoteρgvR ṽs
gv andρwR ṽs

w in (2) are the mass fluxes of water vapor and liquid water respectively.

ρgvR ṽs
gv +ρwR ṽs

w = 0 is required for an equilibrium of fluid flow to be achieved.

2.2 Balance of mass equation for dry air

Different from water vapor, mass is conserved within the dryair. For the sake of brevity, the

balance of mass equation may be derived as

ρgaRSgdivvs −ρgaRSgβ θ
s (1−n)

Dsθ
Dt

+nSg
DsρgaR

Dt

−nρgaR DsSw

Dt
+div(ρgaR ṽs

ga) = 0 (12)

where,ρgaR = real density of dry air. As the other component of gas mixture, the apparent velocity

of dry air follows the similar format of (8):

ṽs
ga =−

κ(n)Krg

µg(θ)
∇ pg +D ∇ [ln

(
pga

pg

)
] (13)

where, pga = dry air pressure. According to Dalton’s law of additivity of partial pressures and

densities, the pressure and density of gas can be written as

ρg = ρgv +ρga, pg = pgv + pga (14)

2.3 Balance of linear momentum equation for soil mixture

Considering water vapor and dry air together as the gas (g) phase and ignoring inertia terms[de Boer,

2005], the local form of the balance of linear momentum equation for each phaseα(α = s,w,g) is

given as

∇ ·σα +ραbα + ĥ
α
= ρ̂αvα (15)

where,σα is the partial stress of theα phase,σα = nασ ; and the total stress is:σ=σs+σw+σg;

bα is the body force vector per unit mass ofα phase, which we assume is equal to acceleration of
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gravity: bα = b= g; ĥ
α

is internal body force drag by other phases on phaseα, and

∑
α=s,w,g

ĥα = 0 (16)

Mass exchange inertia term∑(ρ̂αvα) is usually ignored [de Boer, 2005]. Adding the equations

for the three phases yields the complete balance of linear momentum equation for the soil mixture:

div(σ)+ρg = 0 (17)

To relate the total stress tensorσ and the effective stress tensor of the solid skeletonσ′ for partially

saturated soil, Bishop’s effective stress factorχ is adopted [Bishop, 1959]. Therefore,

σ′ = (σ+ pg1)−χ(pg − pw)1 (18)

where, the sign convention follows the the rule of solid mechanics, i.e. positive for tension. The ex-

pressionχ = Sw proposed by Bishop and Blight [1963], Lewis and Schrefler [1998], Borja [2004]

is employed here. Equation (18) will reduce to the classic saturated effective stress equation by

settingχ = 0 for perfectly dry soils, orχ = 1 for saturated soils. The evolution forσ′ is through

a nonlinear elasto-plastic Cam-Clay model for partially saturated soil [Borja, 2004] extended for

temperature-dependent pre-consolidation stresspc [Laloui and Cekerevac, 2003, Wang, 2014].

2.4 Energy conservation equation for soil mixture

To obtain the energy conservation equation for the soil mixture, the local form of the energy con-

servation equation for each phase is derived. For theα phase [de Boer, 2005]:

ρα Dαeα

Dt
−σα :

Dαǫα

Dt
+ ĥ

α
·vα −ραrα +divqα + ρ̂αeα

− êα = 0 (19)

where, for phaseα, eα = internal energy per unit mass;rα = internal heat source per unit mass; ˆeα

= energy supply rate toα phase caused by all other constituents;qα = heat flux vector, generally,
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it includes three terms, i.e., heat conduction, convectionand heat radiation. For now we only

consider heat conduction, for which the Fourier’s law is assumed to be valid:qα = −Kθ
α gradθ ,

whereKθ
α = the thermal conductivity matrix of theα phase.

Adding the energy conservation equations of all phases yields the energy conservation equation

for the soil mixture, with details omitted, as

(ρ C)m
Dsθ
Dt

+ρwRCw ṽs
w ·gradθ +ρgRCg ṽs

g ·gradθ −ρr+divq+ ρ̂gvHvap = 0 (20)

where, (ρ C)m = ρs Cs + ρwCw + ρgCg, andCs, Cw, andCg are respectively the specific heat

capacity of the solid, water and gas phases;ρr = total heat source in soil mixture;q = total heat

flux vector; and the mass exchange termρ̂gv due to phase change can be obtained from the balance

of mass equation of either liquid water or water vapor.

Equations (2), (12), (17), and (20) are solved in a fully-coupled manner using the nonlinear FE

method at small strain.

3 Coupled Finite Element Formulation

The model involves three main physical processes: non-isothermal pore liquid (water) and gas flow,

soil mixture heat transport, and poroelasto-plastic deformation. The corresponding field variables

are soil solid-skeleton displacementu, pore water pressurepw, pore gas pressurepg, and soil

mixture temperatureθ solved at the nodes of the FE mesh (in Figure 5).

The method of weighted residuals is applied to formulate thecoupled variational equations

from the coupled governing differential equations, which are then discretized using finite elements

in an axisymmetric formulation. Quadrilateral finite elements with biquadratic interpolation in

solid-skeleton displacement, bilinear in pore water pressure, pore gas pressure, and soil mixture

temperature are employed to ensure numerical stability. Weighting functionswi(r), η(r), ω(r)

andϕ(r) are used for displacement, pore water pressure, pore gas pressure, and soil mixture tem-

perature, respectively. We employ isoparametric interpolations [Hughes, 1987] with shape func-
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Figure 1. Discretization into mixed quadrilateral elements.

tionsN u for displacement, andN p for pore water and gas pressure and soil mixture temperature,

such that

uh =N u
·de , wh =N u

·φe (21)

ph
w =N p

·pe
w , ηh =N p

·αe (22)

ph
g =N p

·pe
g , ωh =N p

·βe (23)

θ h =N p
·θe , ϕh =N p

·γe (24)

whereh implies discretization, and the shape functions matrices are

N u = [Nu
1 · · ·N

u
9] , N

u
1 =




Nu
1 0

0 Nu
1


 , N p = [N p

1 · · ·N
p
4 ] (25)

andde, pe
w, pe

g andθe are nodal degree of freedom vectors of element solid-skeleton displacement,

pore water pressure, pore gas pressure, and soil mixture temperature, with corresponding weight

function vectorsφe, αe, βe andγe. Details aside, we arrive at the coupled nonlinear first order

ordinary differential equation to solve, using generalized trapezoidal rule for time integration, and
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Newton-Raphson nonlinear solution algorithm.
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(26)

where theK ’s andF INT ’s are the various nonlinear coupling matrices and “force” vector functions

of d, pw, pg andθ through the coupling terms, with details omitted here (see Wang [2014]).

4 Centrifuge Physical Model

A series of centrifuge-scale tests were performed on semi-floating energy foundations in partially

saturated silt by Goode [2013]. A scale-model energy foundation having a diameter of 63.5 mm

and a length of 342.9 mm was fabricated to study the impact of mechanical loading and heating

on the internal strain distribution in energy foundations.A centrifuge acceleration of 24g was

used throughout this study, so the corresponding prototype-scale foundation length is 8.2 m with a

diameter of 1.5 m. However, the FEA in this study was performed in model scale to avoid issues

related to the scaling of temperature and diffusive heat transfer in the centrifuge as recommended

by Stewart and McCartney [2013].

Seven strain gages and thermocouples were embedded within the foundation to characterize

the strain response and temperature distribution within the foundation at the depths shown in the

schematic in Figure 2. Three loops of Perfluoroalkoxy (PFA) tubing with an inside diameter of

3.175 mm were used to circulate heated fluid through the foundation. The loops were affixed to

the inside of the reinforcing cage so that the inlet and outlet tubes were on the opposite sides of

the foundation and so that they did not cross the bottom of thecage. The foundation has a larger

diameter than that of Stewart and McCartney [2013] to provide more space around embedded in-

strumentation and to incorporate a larger fraction and sizeof coarse aggregates into the concrete
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mix design. Although drilled shafts are typically cast-in-place, the model foundation was precast

in a cardboard mold with a reinforcement cage having an opening size of 12.7 mm to ensure quality

construction considering the extensive instrumentation.This approach also allows for character-

ization of the mechanical and thermal properties of the foundation. The larger fraction of coarse

aggregates led to a Young’s modulus of reinforced concrete of 30 GPa that was closer to that of

drilled shaft foundations in the field than that of Stewart and McCartney [2013]. The measured

coefficient of thermal expansion of the scale-model energy foundation was 16µε/oC, which is

greater than that of reinforced concrete in full-scale drilled shaft foundations (typically between 10

and 12µε/oC). Details of the instrumentation calibration are providedby Goode and McCartney

[2014].

A cross-sectional profile schematic and a top-view plan schematic of the container used in the

centrifuge-scale tests is shown in Figure 3. The container is an aluminum cylinder with an inside

diameter of 605 mm, wall thickness of 13 mm, and an inside height of 533.4 mm. The foundation

is tested in a soil layer having a thickness of 533.4 mm, so itstip will rest on a layer of com-

pacted silt leading to a semi-floating end restraint boundary condition. The schematics in Figure

3 show the positions of the embedded strain gauges and thermocouples within the foundations,

linearly-variable differential transformers (LVDTs) used to measure vertical displacements of the

foundation and soil, dielectric sensors used to monitor thevolumetric water content and tempera-

ture of the surrounding soil, and thermocouple profile probes for measuring the temperature of the

soil. A 13 mm-thick insulation sheet is wrapped around the container to minimize heat transfer

through the sides of the cylinder, which corresponds with anadiabatic boundary condition on the

container surface. The bottom of the container is not insulated in order to provide a stiff platform

during mechanical loading. Although a slight heat loss willlikely occur from both the top and

the bottom of the container, these boundary are assumed to beadiabatic in the FEA for simplic-

ity. Heat convection at the boundaries will be included in future work to provide a more accurate

simulation. The top of the container is covered using plastic wrap to minimize loss of fluid and

to reduce convective heat transfer at the soil surface. Thus, no water flux at the top of the soil is
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assumed in the analysis. In the experiment, the temperatureof the energy foundation is controlled

by circulating fluid with a known temperature through the heat exchanger tubes attached to the

inside of the reinforcement cage at r = 24.25mm, but a constant temperature was applied to this

radial location in the FEA.

In the centrifuge-scale experiments, the same scale-modelfoundation was used in different

tests. The tests were performed with identical conditions,except that different temperature changes

were applied to the foundation in the different tests. The test procedures involve application of a

seating load (600N) in load-control conditions (i.e., zerohead stiffness), followed by heating of the

foundation to reach a desired temperature. After the head displacements, internal axial strains, and

temperature of the foundation stabilized under each changein temperature, the foundation was

loaded to failure to define the load-settlement curve. Afterreaching a load of 3265 N in model

scale, the foundation was unloaded. A general schematic of the experimental procedures is shown

in Figure 4, and a list of the testing phases is shown in Table 1.

Table 1. Experimental and FE simulation procedure shown in Figure 4.
Phase 1 Consolidation under g-level N =1 in simulation, representing compaction of soil
Phase 2 Spin up centrifuge to a g-level ofN = 24, wait for equilibration
Phase 3 Apply a seating load at the foundation top, wait for equilibrium
Phase 4 Heating the foundations to different temperatures
Phase 5 Load the foundations to failure, and then unload under different temperatures

14
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Figure 2. Cross-sections of the scale-
model energy foundation [Goode and Mc-
Cartney, 2014].

Figure 3. Experimental setup and in-
strumentation plan [Goode and McCartney,
2014].
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Figure 4. Schematic of general testing procedures for energy foundation centrifuge experiment.
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5 Finite Element Model

To simulate SSI of an energy foundation in partially saturated silt under thermal, hydraulic, and

mechanical loads in the centrifuge experiments, a simplified axisymmetric FE mesh contains 81

elements, 9 elements in radialr direction and 9 elements in axialz direction, as shown in Figure 5.

The partially saturated soil is modeled as an overconsolidated soil layer with thermo-elasto-plastic

behavior. The geometry of the FE model (Figure 5) is the same as the experimental samples. The

heights of the semi-floating foundation and the container are 342.9mm and 533.4mm, respectively.
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Figure 5. Axisymmetric FE mesh and geometry for simulating end-bearing energy foundation centrifuge
experiment. Boundary conditions are included.

Boundary conditions and initial conditions are simplified according to knowledge of the exper-

imental conditions. The initial conditions are shown in Table 3. As for boundary conditions, due to
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the axisymmetry of the problem, and assumed rigidity of the bucket, nodal displacements on thez

axis (r = 0) and right edge (r = R) areur = 0, and nodal displacements on the bottom (z =−H) are

uz = 0. An unreinforced concrete energy foundation is assumed tobe impermeable in this analysis.

For now, on the top of the soil, we assume zero water fluxSw = 0, and the pore gas pressure being

kept to be atmospheric pressurepg = patm. We notice that the assumption of undrained boundary

condition for pore water pressure and drained boundary condition for pore gas pressure at the top

may not be justified, but it will be improved in future work when we consider soil-atmosphere in-

teraction to account for evaporation fluxes.To mimic the heating condition of the circulating fluid

through the “U” shape heat exchanger tubes, we assume that temperature is prescribed along thez

axis atr = 24.25mm for simplicity. However, technically, a 3-D model including a computational

fluid dynamics (CFD) analysis of the heated fluid flow through the tubes would be a more accurate

estimate of the thermal boundary condition. During circulation of heated fluid through the heat

exchange elements in the foundation, energy foundations typically reach a relatively constant tem-

perature with depth. This has been observed in several previous laboratory studies [Stewart and

McCartney, 2013]. The constant temperature conditions were selected in the study to evaluate the

thermo-mechanical soil-structure interaction behavior of the foundation, not to evaluate the tran-

sient heat transfer processes, which we believe would be better simulated with a heat flux boundary

condition. The temperature at the top of the soil is held constant at room temperature (20◦C, 293

K), and the other surfaces are adiabatic as indicated in Figure 5. Corresponding to the seating load

(600N), a corresponding effective solid-skeleton tractiontσ ′

= [0 − tσ ′

], tσ ′

= 189kPa, is applied

on the top of the energy foundation. During Phase 5, a load of 3645N was applied to simulate

the load to fail the foundation [Goode, 2013]. The parameters of the reinforced concrete energy

foundation (F) and soil (Table 2) are determined from experimental measurements [Goode, 2013].

Fluid parameters are assumed for water. In addition, the paper refers to Borja [2004] for certain

elasto-plastic parameters of the soil that are not tested inthe experiment.

The simulation of the centrifuge experiments is part of the validation process of the TPM

model. After the model is further improved and validated, FEA can be combined with the cen-
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trifuge experiments to obtain a comprehensive understanding of the fundamental soil mechanics

phenomena involved in energy foundations. With this knowledge, we may assess the potential

issues, evaluate the long-term performance and sustainability, thereby providing practical design

guidance for energy foundations.

Table 2. Parameters used in the FEA.

Parameter Symbol Value Unit
Linear thermal expansion coefficient of energy foundation β θ

F 16×10−6 /K
Linear thermal expansion coefficient of solid skeleton β θ

skel 8.7×10−6 /K
Linear thermal expansion coefficient of solid β θ

s 1.17×10−5 /K
Linear thermal expansion coefficient of water β θ

w 6.9×10−5 /K
Specific heat capacity of energy foundation CF 855 J/(K · kg)
Specific heat capacity of solid Cs 1000 J/(K · kg)
Specific heat capacity of water Cw 4180 J/(K · kg)
Mass density of energy foundation ρF 2564 kg/m3

Specific gravity of soil solids Gs 2.6
Thermal conductivity of reinforced concrete Kθ

F 1.978 W/(m ·K)
Thermal conductivity of soil mixture Kθ

s 1.24 W/(m ·K)
Young’s modulus of reinforced concrete EF 30×109 Pa
Poisson’s ratio of energy foundation νF 0.18 m/m
van Genutchen model parameter a 19.4×103 Pa
van Genutchen model parameter m 1.8
Intrinsic permeability of soil mixture κ 1.22×10−14 m2

Initial mean effective preconsolidation pressure p′c 100×103 Pa
Initial mean effective pressure p′0 70×103 Pa
Elastoplastic parameter (slope of critical state line) M 1.305
Elastoplastic parameter (slope of isotropic normal compression line) λ̃ 0.14
Elastoplastic parameter (slope of isotropic recompression line) κ̃ 0.034
Thermoplastic parameter γθ 0.04

Table 3. Initial conditions for soil used in FEA.
Porosity 0.4
Volumetric water content 0.226
Suction 30kPa
Gas pressure 101kPa
Temperature 20oC(293K)
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6 Results

Contour plots show various results on the deformed mesh withdisplacement magnification factor

equal to 100. Temperature contours (Figures 6, 8, and 10) indicate that although the foundation

reaches steady-state temperature at the end of each test, the soil is not necessarily at steady-state

temperature, for example, soil mixture temperature remains near the initial valueθ0= 20oC(293K)

at further radial distance in the soil. This means that the system response is representative of tran-

sient heating, meaning the soil mixture temperature is still evolving. The modeling results of

thermal axial strainsεθ
zz within the foundation are compared with experimental data collected by

the strain gauges in Figure 18. Good agreement is observed inthe comparison throughout the

energy foundation. Note that, different from the sign conventions used by Stewart and McCartney

[2013] and Goode [2013], positive strains are used to denoteelongation of a foundation or soil

element (e.g., due to application of tension or due to thermal expansion), the coefficient of thermal

expansion is defined as a positive value, and a positive settlement is defined as an upward heave.

Here, the so-called “thermal axial strain” should not be confused with the term we usually use,

which is defined asεθ = β θ ∆θ . In this paper particularly, the thermal axial strainεθ
zz actually is

the total vertical strain at the end of temperature increaseεzz zeroed out by subtracting the total

vertical strain caused by mechanical effectsεmech
zz including the gravity and building load, i.e.,

εθ
zz = εzz − εmech

zz . The energy foundation achieves almost uniform thermal axial strain distribution

except at the bottom where much smaller thermal strain is observed. It is understandable because

the thermal expansion of the foundation bottom is partiallyconstrained by the soil resistance un-

derneath. Also, as shown in the temperature contours, the temperature at the foundation bottom is

always relatively lower than the upper region due to the contact with the underneath soil. While,

for the foundation top, we can conclude that it almost expands freely under thermal loading, based

on the fact that the strain values are approximately equal tothe calculation by free thermal expan-

sion εθ = β θ ∆θ . Figures 7, 9 and 11 show that thermal axial strains inside the soil vary more

noticeably. Temperature increases cause expansion of the soil near the foundation-soil interface

(31.75mm < r < 132.75mm). Negligible positive expansive axial strains are observed at further
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radial distance. The negative compressive axial strains within the soil underneath the foundation

imply that the compression due to the building load on the topof the foundation is dominant,

compared to the thermal expansion.

Figures 12 and 13 indicate significant changes in suction andvolumetric water content respec-

tively near the soil-foundation interface. For example, volumetric water content decreases from

an initial value of 0.226 to approximately 0.18 near the interface (r = 31.75mm), and a small rise

occurs in the soil atr = 56.75mm. Volumetric water contents increase slightly in the regionof

56.75mm < r < 92mm, however, no significant variation is observed beyondr = 92mm. Figure

14 indicates that a net rate of evaporation is produced within the soil due to rapidly increasing

temperatures. A sharp rise of water vapor pressure (from initial value of 2.5kPa to around 6.5kPa)

happens near the soil-foundation interface (r = 31.75mm), and a smaller rise occurs further from

the interface. The formed density gradients drive vapor from the hotter region (soil-foundation

interface) to the cooler region. Arrows in Figure 16 show thedirection of water vapor flow in-

side the soil. Also, higher vapor velocity is observed underlarger temperature gradients. This

diffusion process is governed by many factors including hydraulic and thermal properties of soil,

which require further research. Condensation occurs when the hotter vapor migrates to the region

of lower temperature, and hence leads to a rise in volumetricwater content, as shown in Figure 13

at 56.75mm< r < 92mm. As the soil near the soil-foundation interface becomes drier (pw ≈ 60kPa

atr = 31.75mm ) compared to the soil further from the interface (pw approaches 75kPa at 56.75mm

), pore water pressure gradients are formed, which force liquid water to flow from the wetter re-

gion to the drier region, as shown in Figure 15. The movement of pore water is illustrated by the

direction of water flow inside the soil in Figure 17. In the soil at further radial distance, gravity

mainly induces downward pore water flow. The pore liquid water flow is in the direction of the

soil-foundation interface near the interface. The trend ofthermally-induced fluid flow will be more

obvious as the tests run longer or under higher thermal load [Wang et al., 2014]. Variations of

volumetric water content are compared vertically and horizontally between the modeling and ex-

perimental results in Figure 19. Similar trends are observed though the experimental results exhibit
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slightly higher values. Volumetric water contents are veryclose at the same radius (r = 58mm).

While the temperature increases within soil, volumetric water contents rise higher in the region

closer to the foundation-soil surface (r = 58mm) than in the further region (r = 101mm). In the

further region (r = 177mm), much lower increase of the volumetric water content is observed at the

end of Phase 4. But the thermally driven moisture movement might change the distribution of vol-

umetric water content as the temperature gradients become lower within the soil. Further research

involving higher temperature gradients and longer-term observations are necessary to investigate

the thermally-induced fluid (liquid water and water vapor) flow. Figure 20 presents the average

temperature variations of the foundation center and the different positions in the soil during Phase

4. The temperature trend at the foundation center depends onhow the prescribed temperature is

applied atr = 24.25mm. In the simulation, the prescribed temperature linearly ramps up from

room temperature (20oC) to 39oC during the first 1.35 hours, and then is kept constant for the rest

of Phase 4. According to the temperature comparison, the simplified assumption of the thermal

boundary condition does not capture the transient trend at the foundation center exactly, but after a

certain time (3 hours in this case), the difference becomes negligible when the foundation arrives at

the steady-state temperature. The temperature within the soil (r = 106,155,216,293mm) changes

relatively slow, compared to the foundation.

In an attempt to simulate the failure process during Phase 5 in the centrifuge experiment, the

model uses a failure load of 3645N estimated from the experimental observations [Goode, 2013] as

the ultimate load on the top of the foundation. Figure 21 shows that the settlements corresponding

to the ultimate capacity in the experiment are much larger than those from the modeling results.

Load-settlement curves from the modeling results imply that plasticity is not reached in the soil

continuum under the estimate ultimate load, even though thenonlinear thermo-elasto-plastic con-

stitutive model is applied to the soil continuum. Because ofthe assumption of a perfect bond at

the foundation-soil interface, the model failed to capturethe side-shear failure that induced the

slippage at the interface and meanwhile contributed to the large settlements in the experiment. We

believe that with the interface elements implemented alongthe foundation-soil interface, the model
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can provide more accurate simulation of the failure mechanism in the future.

Figure 6. Temperature (oC) contours at the end of
Phase 4 under∆θ = 6oC.

Figure 7. Thermal axial strainεzz(µε) contours at
the end of Phase 4 under∆θ = 6oC.

Figure 8. Temperature (oC) contours at the end of
Phase 4 under∆θ = 14oC.

Figure 9. Thermal axial strainεzz(µε) contours at
the end of Phase 4 under∆θ = 14oC.
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Figure 10. Temperature (oC) contours at the end of
Phase 4 under∆θ = 19oC.

Figure 11. Thermal axial strainεzz(µε) contours at
the end of Phase 4 under∆θ = 19oC.

Figure 12. Contours of suction (kPa) in soil at the
end of Phase 4 under∆θ = 19oC.

Figure 13. Volumetric water content (%) contours
in soil at the end of Phase 4 under∆θ = 19oC.
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Figure 14. Contours of absolute pore water vapor
pressure (kPa) in soil at the end of Phase 4 under
∆θ = 19oC.

Figure 15. Contours of pore water liquid pressure
(kPa) in soil at the end of Phase 4 under∆θ = 19oC.

Figure 16. Pore water vapor flow vectors in soil at
the end of Phase 4 under∆θ = 19oC.

Figure 17. Pore water liquid flow vectors in soil at
the end of Phase 4 under∆θ = 19oC.
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zz
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under different temperature changes between model
(M) predictions and experimental (E) data.
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7 Conclusions

The paper applies a small strain, fully coupled thermo-poro-mechanical (TPM) finite element anal-

ysis (FEA) of partially saturated, nonlinear elasto-plastic soil solid skeleton to simulate change of

temperature, displacement, and strain in an energy foundation as well as suction and volumetric

water content in the surrounding soil through SSI. Good agreement with respect to temperature,

strain and volumetric water content under the building loadis obtained through the comparisons be-

tween the modeling and the experimental results. Reasonable explanations are provided regarding

the thermally-induced fluid flow. The main issue of the current model is that it can not accurately

represent the plastic failure due to the loss of side shear resistance without the implementation of

interface elements at the foundation-soil interface. Another issue is the identification of proper

thermal boundary conditions. For example, the top (z = 0) temperature is simply assumed to be

constant (room temperature). This boundary condition could be improved by considering evapo-

ration fluxes at the top of the soil due to soil-atmosphere interaction. In addition, the assumption

of prescribed temperature along the directionz at r = 31.75mm in the model does not represent

the experimental condition exactly. Extension of the axisymmetric model to 3D and inclusion of

a computational fluid dynamics (CFD) analysis for heated fluid flow through the heating tubes

within the foundation could resolve this issue.
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