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experiments in partially saturated silt
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Abstract

The paper presents an axisymmetric, small strain, fullypted, thermo-poro-mechanical
(TPM) finite element analysis (FEA) of soil-structure irgtetion (SSI) between energy founda-
tions and partially saturated silt. To account for the cedgirocesses involving the mechanical
response, gas flow, water species flow, and heat flow, nonlgmaerning equations are ob-
tained from the fundamental laws of continuum mechanicsetb@n mixture theory of porous
media at small strain. Constitutive relations consist ef ¢fffective stress concept, Fourier’s
law for heat conduction, Darcy’s law and Fick’s law for porguid and gas flow, and both
nonlinear elastic and elasto-plastic constitutive modl@the soil solid skeleton based on a
critical state soil mechanics framework. The constitupaeameters employed in the thermo-
poro-mechanical FEA are mostly fitted with experimentabdadb validate the TPM model, the
numerical results are compared with the observations dfitigge-scale tests on semi-floating
energy foundations in compacted silt. Variables measureldide the thermal axial strains
and temperature in the foundations, surface settlememtsy@umetric water contents in the
surrounding soil. Good agreement is obtained between theriexental and model results.
Thermally-induced liquid water and water vapor flow inside $oil were found to have an im-
pact on soil-structure interaction. With further improvemts (including interface elements at
the foundation-soil interface), FEA with the validatedrthe-poro-mechanical model can be
used to predict performance and soil-structure interactiechanisms for energy foundations.

keywords: partially saturated soils; thermo-poro-mea®rFEM; axisymmetric; multiphase
flow; energy foundation.
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1 Introduction

Energy foundations are becoming more popular as an enexgygsand environmentally-friendly
technology. With adequate design and installation, enéwgpdations can fulfill not only the
geotechnical but also the thermal requirements of buiklimghout relying solely on conventional
heating and cooling systems; hence, energy consumptidmeceeduced, as well as carbon dioxide
emissions [Brandl, 1998, Ennigkeit and Katzenbach, 200RdLet al., 2004]. Most energy foun-
dations involve heat exchangers attached to the insideeofeiimforcement cage of drilled shafts
[Brandl, 2006]. By fully utilizing the steady ground tempaure and the thermal properties of
concrete, buildings can be heated and cooled through efuggations with heat pumps at very
low cost [Hughes, 2008, Preene and Powrie, 2009].

Research were conducted by means of full-scale field testsamtrifuge-scale tests to inves-
tigate the mechanisms of thermo-mechanical soil-strednuteraction. The distribution of ther-
mally induced axial strain and stress were evaluated irggrfeundations by different approaches
[Laloui et al., 2006, Bourne-Webb et al., 2009, McCartnegt Rosenberg, 2011, Amatya et al.,
2012, McCartney and Murphy, 2012]. In addition, investigas showed that heat and water (lig-
uid/vapor) flow induced by the operation of energy foundasgstems occurs in the surrounding
soil. Rees et al. [2000] explained that conduction, congactand latent heat of vaporization
are the main mechanisms of heat transfer in porous medigti@udis usually negligible. The
efficiency of this heat transfer greatly depends on soil typmperature, and suction gradients
[Hepbasli, 2003].

A number of theoretical models were proposed to accounhfheat and moisture transfer in
partially saturated soil, assuming the solid skeletongglrjPhilip and de Vries, 1957, de Vries,
1958, Milly, 1982, Bear et al., 1991, Thomas and Sansom, [1¥&ended models were devel-
oped to take into account the elastic deformation of thessidl skeleton [Thomas and He, 1995,
Gawin et al., 1995, Thomas and He, 1997, Thomas and Misso889]1 Further, Khalili and
Loret [2001], Laloui and Cekerevac [2003], Francois antbua[2008] proposed modified Cam-

Clay models to include temperature as an additional statabla of the yield function. Many
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attempts were made to experimentally explore thermal &ffex the hydro-mechanical behavior
of partially saturated soils. Romero et al. [2001] studiethperature effects on the water reten-
tion curve and permeability of partially saturated claysu &/al. [2004], Uchaipichat and Khalili

[2009] designed experiments to investigate the thermaéésofg phenomenon of a partially satu-
rated clay, and discovered decreases in the pre-consohdaessure during the heating process.

Although some observations have been obtained from fieldietuissues that are still not
well understood are the complex interactions among tenyrerahange, induced effective stress,
and pore fluid flow in partially saturated soils. For examgieymal expansion and contraction of
foundations, thermally-induced volume change of soil, taedmally-induced water flow may lead
to the changes in the effective stress state and soil-fdiomdside shear resistance, thus affecting
the mechanical response of energy foundations and thejrtkenm structural performance.

The paper employs an axisymmetric small strain, fully-ded@PM finite element (FE) model
to simulate soil-structure interaction (SSI) between gnéoundations and partially saturated silt.
We present briefly the formulation of the fully-coupled timerporo-elasto-plastic FE model. The
governing equations are developed based on the mixtureytioé@orous media, and satisfy the
balance of mass, linear momentum and energy conservasowgk as reduced dissipation in-
equality derived from the second law of thermodynamicsidSoid liquid water are assumed to be
isotropic and mechanically-incompressible, yet the saibsskeleton is compressible; individual
constituents can thermally expand or contract. The modetdemented for small strain analy-
sis. Darcy’s law is employed to express the advection of maate bulk gas flow through porous
media, and the diffusion of vapor and dry air through the gagwverned by Fick’s law. Fourier’s
law is assumed for heat conduction through the soil mixtditee model of van Genuchten [van
Genuchten, 1980] was used to represent the soil-watetti@tesurve (SWRC). Nodes of the en-
ergy foundation and soil meshes at the interface are asstorteale no relative displacement in
this implementation (rigid connection), although thistamption will be relaxed in future work by
considering a TPM interface element. Interpolations fofreofled isoparametric mixed quadrilat-

eral element are biquadratic for displacement and bilif@apore water, pore gas pressure and



temperature to model the coupling effects (see Figure 1).

Notation: Bold-face letters denote matrices, tensors and vectoessyimbol “” denotes an inner
product of two vectorsd - b = a;b;), or a single contraction of adjacent indices of two tensors
((c-d)ik = Gijdjk). The double contraction symbol “:” works similarly, suchatle : d = c;jdi;

or (A:x)ijj = AjuXd. Summation is implied on repeated indices. Superscugtrefers to
constituentr, which can be solid (s), liquid water (w), dry air (ga) or watapor (gv) for partially

saturated porous media. Material time derivative with egspo the motion of constituert is

DY(s) _ 9(s)

written as Dt ot

+grade) - vq, Wherev, is the absolute velocity of constitueat and
(e) indicates any variable. Cylindrical coordinates are erygd with the vector of coordinates
r = [r,Z]. Solid mechanics sign convention is used, i.e. positivesstr and positive straig for

tension. The pore water pressure is positive in compression

2 Governing Equationsand Constitutive Models

Based on the mixture theory of porous media, the paper biefgribes a coupled thermo-poro-
elasto-plastic model for partially saturated soil undeamhber of assumptions that are summarized
in detail by Wang [2014]. First, the partially saturated soireated as a three-phase mixture, i.e.
solid phase, liquid phase and gas phase. The liquid phaeeshecifically refers to liquid water,
as we ignore the dissolved air. The gas phase is treated deagas mixture composed of water
vapor and dry air. The solid and liquid phases are isotropit mechanically incompressible,
but can expand under temperature increase or contract temdperature decrease. The soil solid
skeleton is deformable mechanically, and an elasto-plastistitutive model is adopted to model
its deformable behavior. The pore space of the solid skeistblled partially with liquid and gas.
Local thermal equilibrium is assumed to be achieved inatausly among all the phases, which
requires that the movement of fluid (water or gas) is suffityesiow, and the surface areas of all
phases are sufficiently large [Neaupane and Yamabe, 20GaflAtadi and Mitchell, 1981]. In

other words, the temperature of each phase equals eachiahéf = 6" =69 =0, therefore, only



the temperature of the soil mixtuéeneeds to be solved.

According to the principles of continuum mechanics, gowegrequations are derived based
on the balance laws for mass, momentum, energy, as well aetdoand law of thermodynamics,
which applies the restriction on the form of the constiteguations.

As for the choice of primary variables, there are severakipds combinations [Lewis and
Schrefler, 1998], one of which is used in this paper: solidetka displacement vectar, temper-
ature of soil mixtured, pore water pressuigy, and pore gas pressupg. Other standard concepts
from mixture theory [Coussy, 2004, de Boer, 2005] are emgadipguch as the volume of the mix-
ture is the sum of the volumes of each phase, vs +wy + Vg, the volume fraction ofr phase
(o = s(solid), w(water),g(gas)) is defined as® = dvg /dv, andny + ng+ns = 1, the porosityn
for partially saturated porous media is defined as the surheoiater and gas volume fractions,
i.e.,n = ny+ ng; the partial mass density of phase is defined g&* = n?pR, wherepR is true
mass density ofr phase, e.g. for liquid water phagg’R = 998g/nm?® at 8 ~ 20°C, therefore,
the total density of the porous medium can be written in tesfrtie partial mass densities of the

individual phases ag = pS+ p% + pY.

2.1 Balance of massequation for water species (liquid water + water vapor)

The balance of mass equations are derived with respect toceestituentr = s,w, gv, ga inde-
pendently. The details are omitted here, but we arrive atisi@l localized form of the balance of
mass for constituertt as

Dapa

Dt +p%divo? = p? Q)

where “div” is the divergence operator, apfl is the mass exchange onfrom other constituents.
Summing the equations of liquid water and water vapor yigldsalance of mass equation for the

water species. Using the balance equation of the solid noirgdite the material time derivative of



porosity gives the complete form as follows:

S SAHOVR
(P"RSw+ p9RSy)divus+n(p"R — po*F) DD?N gy gt

- [(1— n)(p"RSy + p?RSy) B2 +anRS~Bw] ? +div(p9Rog, +p"Roy) =0 (2)

where, p"R and p9R are respectively true mass densities of liquid water and:meaapor; 32

and B¢ are respectively thermal expansion coefficients of liquater and solidS, andS; are
respectively the degrees of saturation for water and gasGas- ny/n, § = 1—Sy. The material
time derivative with respect to solid (s) phase is given by

DS(e) Qe
Dt = at +grade) - v 3)

wherewvs = solid skeleton velocity, which is defined as the materraktderivative of the displace-
mentu of the solid skeletonvs = Dt .
Sy is assumed to be related to matric suctsoa pg — pw through the van Genuchten model

[van Genuchten, 1980], :
S =

_ 1 (1-1/m)
S-S } (@)

1-S5 {1+(s/a)m
where&; = the effective degree of saturatia®; = the residual degree of saturatiamandm are

fitting parameters, then

DSy dSyD°s  dSy (Dspg B Dspw) )

Dt ~ ds Dt  Js Dt
Darcy’s velocity of liquid watew§, =ny(vw — vs) is given by Darcy’s law [Coussy, 2004]:

=s _ _ K(MKrw(Sw) R



where Kyw(Sy) = relative permeability of the water phase as given by [vanughaten, 1980]:
1 72
Krw(se) = \/§E {1_(1—S§n>m] (7)

Lw(8) = dynamic viscosity of water at temperatufe k = 126(n) = the intrinsic permeabil-
ity of the skeleton, which depends only on the porous netwgadmetry, wheré is assumed to
characterize the porous network geometry as far as the paonedlia is saturated with one fluid
for simple geometries. A common expressionddh) is the Kozeny-Carman formula given as:
5(n)=n3/(1-n?).

As a component of the gas mixture, water vapor is transpdydabth advection governed by
Darcy’s law and molecular diffusion governed by Fick’s latherefore, the apparent velocity of

water vaporwg, is [Coussy, 2004]:

~S :_K<n>Krg _ <pﬂ)
Vgy ) Opg—D OfIn e ] (8)

where Kq(Sy) = relative permeability of gas phase given as
1 2m
Keo( %) = VI~ (1-) ©

Hg(6) = dynamic viscosity of gas at temperatiepg, = vapor pressure, as given by the ideal

gas law:
IRHR
P = (10
W
D= diffusion coefficient expressed as
1.88
D = (ngr)Do P mz%(%) (11)

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

d =2.17x 10 °mPsat Oy = 273K, andpam = 10132%a. The parameter is the tortuosity.



Notepd*R Dgv andp"R &S, in (2) are the mass fluxes of water vapor and liquid water ietsgsy.

ngRf;gv+ PR3 = 0is required for an equilibrium of fluid flow to be achieved.

2.2 Balance of massequation for dry air

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

balance of mass equation may be derived as

S sH~0aR
p9RSdives — p9RgBI (1 —n) %te NS b gt
S
—npgaR% +div(p®Rpg,) =0 (12)

where,p%R = real density of dry air. As the other component of gas mixtthie apparent velocity

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

~S :_K(n)Krg <%)
Vga ) Opg+D OfIn o ] (13)

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

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

p9=p%+p% Pg = Pgv + Pya (24)

2.3 Balanceof linear momentum equation for soil mixture

Considering water vapor and dry air together as the gas @pepaind ignoring inertia terms[de Boer,
2005], the local form of the balance of linear momentum eiqudbr each phase (a = s,w,g) is
given as

0-0%+p%b% + A" = pvg (15)

where,o? is the partial stress of the phaseg? = n%c ; and the total stress ig: = 05+ oW + o9,

b? is the body force vector per unit massmfphase, which we assume is equal to acceleration of

8



gravity: b = b = g; h% is internal body force drag by other phases on pleasand

R =0 (16)
a=sw,g

Mass exchange inertia terfi(p%wv) is usually ignored [de Boer, 2005]. Adding the equations

for the three phases yields the complete balance of linearentum equation for the soil mixture:
div(e)+pg=0 a7

To relate the total stress tenseand the effective stress tensor of the solid skeletofor partially

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

o' =(o+pgl)— Xx(Pg— pw)1 (18)

where, the sign convention follows the the rule of solid naatbs, i.e. positive for tension. The ex-
pressiony = Sy proposed by Bishop and Blight [1963], Lewis and SchrefleBB]9Borja [2004]
is employed here. Equation (18) will reduce to the classiorated effective stress equation by
settingx = O for perfectly dry soils, oy = 1 for saturated soils. The evolution fef is through
a nonlinear elasto-plastic Cam-Clay model for partiallfusated soil [Borja, 2004] extended for

temperature-dependent pre-consolidation stpg$kaloui and Cekerevac, 2003, Wang, 2014].

2.4 Energy conservation equation for soil mixture

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

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

_ DY%Y .4

D%
a —o +h vg—p%r?+divg? +p% Y -€ =0 (19)

Dt - Dt

where, for phase, €¥ = internal energy per unit mass} = internal heat source per unit mas$; ~

= energy supply rate ta phase caused by all other constituegts;= heat flux vector, generally,

9



it includes three terms, i.e., heat conduction, convecsiod heat radiation. For now we only
consider heat conduction, for which the Fourier’s law isuassd to be validg? = —Kg grade,
where K g = the thermal conductivity matrix of the phase.

Adding the energy conservation equations of all phasedyible energy conservation equation

for the soil mixture, with details omitted, as

S

D°6
(PC)m—5;

+p"RCY &y, - grade + pIRCID - gradd — pr + divg+ p¥Hyeap =0  (20)

where, (pC)m = pSC3+ pWCW 4 p9CY, andC?®, C%, andC? are respectively the specific heat
capacity of the solid, water and gas phagass total heat source in soil mixturey; = total heat
flux vector; and the mass exchange tg@¥# 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 fullyq@ed manner using the nonlinear FE

method at small strain.

3 Coupled Finite Element Formulation

The model involves three main physical processes: nohesotal pore liquid (water) and gas flow,
soil mixture heat transport, and poroelasto-plastic ae&dion. The corresponding field variables
are soil solid-skeleton displacememnt pore water pressurpy, pore gas pressurgg, and soil
mixture temperaturé solved at the nodes of the FE mesh (in Figure 5).

The method of weighted residuals is applied to formulatecingpled variational equations
from the coupled governing differential equations, whiohthen discretized using finite elements
in an axisymmetric formulation. Quadrilateral finite elenteewith biquadratic interpolation in
solid-skeleton displacement, bilinear in pore water presspore gas pressure, and soil mixture
temperature are employed to ensure numerical stabilitygMieg functionsw;(r), n(r), w(r)
and¢(r) are used for displacement, pore water pressure, pore gesupeeand soil mixture tem-

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

tions N for displacement, an&V P for pore water and gas pressure and soil mixture temperature

such that

u'=NY.d%, wh=NY.¢° (21)
ph=NP-p§, n"=NP.a (22)
pg=NP-p§, w'=NP.3° (23)
"= NNP.9%, ¢h=NP.4° (24)

whereh implies discretization, and the shape functions matrices a

Ni O
NY=[N{---Ng|, N{= L NP =[NP N (25)
0 N{
andd®, p¢, pg and@*® are nodal degree of freedom vectors of element solid-skettisplacement,
pore water pressure, pore gas pressure, and soil mixtuggetatare, with corresponding weight

function vectorsp®, a®, 3¢ and~®€. Details aside, we arrive at the coupled nonlinear first orde

ordinary differential equation to solve, using generaim@pezoidal rule for time integration, and
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Newton-Raphson nonlinear solution algorithm.

0 0 0 o |1 a ) [ peint) [ pdEXT )
KWd — KW KW KW9 p FW’I NT FW,EXT
w
+ = (26)
K9  gwW g9 K96 pg FOINT FYEXT
Ked K@g _Keg K@Q 0 Fe,l NT F@,EXT
L _ \ J \ J \ Vs

where theK's andF'NT’s are the various nonlinear coupling matrices and “forater functions

of d, py, py and@ through the coupling terms, with details omitted here (se@y\[2014]).

4 Centrifuge Physical Model

A series of centrifuge-scale tests were performed on seratifig energy foundations in partially
saturated silt by Goode [2013]. A scale-model energy fotioddaving a diameter of 63.5 mm
and a length of 342.9 mm was fabricated to study the impactesfivanical loading and heating
on the internal strain distribution in energy foundatios.centrifuge acceleration of 24g was
used throughout this study, so the corresponding protesgaée foundation length is 8.2 m with a
diameter of 1.5 m. However, the FEA in this study was perfatnmemodel scale to avoid issues
related to the scaling of temperature and diffusive heasfex in the centrifuge as recommended
by Stewart and McCartney [2013].

Seven strain gages and thermocouples were embedded withioundation to characterize
the strain response and temperature distribution witherfolundation at the depths shown in the
schematic in Figure 2. Three loops of Perfluoroalkoxy (PRAirtg with an inside diameter of
3.175 mm were used to circulate heated fluid through the fatiox. The loops were affixed to
the inside of the reinforcing cage so that the inlet and oatllees were on the opposite sides of
the foundation and so that they did not cross the bottom of#ige. The foundation has a larger
diameter than that of Stewart and McCartney [2013] to previtbre space around embedded in-

strumentation and to incorporate a larger fraction and sizmarse aggregates into the concrete
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mix design. Although drilled shafts are typically castglace, the model foundation was precast
in a cardboard mold with a reinforcement cage having an ogesize of 12.7 mm to ensure quality
construction considering the extensive instrumentatitims approach also allows for character-
ization of the mechanical and thermal properties of the dation. The larger fraction of coarse
aggregates led to a Young’s modulus of reinforced concre8® &Pa that was closer to that of
drilled shaft foundations in the field than that of Steward &dmcCartney [2013]. The measured
coefficient of thermal expansion of the scale-model eneagndation was 1 /°C, which is
greater than that of reinforced concrete in full-scaldeblishaft foundations (typically between 10
and 121¢/°C). Details of the instrumentation calibration are providlydGoode and McCartney
[2014].

A cross-sectional profile schematic and a top-view planmettie of the container used in the
centrifuge-scale tests is shown in Figure 3. The contaganialuminum cylinder with an inside
diameter of 605 mm, wall thickness of 13 mm, and an insideht&§533.4 mm. The foundation
is tested in a soil layer having a thickness of 533.4 mm, stiptsvill rest on a layer of com-
pacted silt leading to a semi-floating end restraint boundandition. The schematics in Figure
3 show the positions of the embedded strain gauges and theuples within the foundations,
linearly-variable differential transformers (LVDTSs) ust measure vertical displacements of the
foundation and soil, dielectric sensors used to monitovtiemetric water content and tempera-
ture of the surrounding soil, and thermocouple profile psdbe measuring the temperature of the
soil. A 13 mm-thick insulation sheet is wrapped around thet@imer to minimize heat transfer
through the sides of the cylinder, which corresponds witladiabatic boundary condition on the
container surface. The bottom of the container is not inedlan order to provide a stiff platform
during mechanical loading. Although a slight heat loss Vikily occur from both the top and
the bottom of the container, these boundary are assumedadiakatic in the FEA for simplic-
ity. Heat convection at the boundaries will be included itufa work to provide a more accurate
simulation. The top of the container is covered using ptastiap to minimize loss of fluid and

to reduce convective heat transfer at the soil surface. ,Tiwsvater flux at the top of the soil is
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assumed in the analysis. In the experiment, the temperattine energy foundation is controlled

by circulating fluid with a known temperature through theth@echanger tubes attached to the
inside of the reinforcement cage at r = 24.25mm, but a cohstamperature was applied to this

radial location in the FEA.

In the centrifuge-scale experiments, the same scale-nfodatlation was used in different
tests. The tests were performed with identical conditiersept that different temperature changes
were applied to the foundation in the different tests. Tis¢ peocedures involve application of a
seating load (600N) in load-control conditions (i.e., Zkeead stiffness), followed by heating of the
foundation to reach a desired temperature. After the hesgadadiements, internal axial strains, and
temperature of the foundation stabilized under each chantgemperature, the foundation was
loaded to failure to define the load-settlement curve. Aféaiching a load of 3265 N in model
scale, the foundation was unloaded. A general schematieahtperimental 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 showngarg 4.
Phase 1 Consolidation under g-level N =1 in simulation,esenting compaction of soil
Phase 2 Spin up centrifuge to a g-leveMNof= 24, wait for equilibration
Phase 3 Apply a seating load at the foundation top, wait failiegum

Phase 4 Heating the foundations to different temperatures
Phase 5 Load the foundations to failure, and then unloadrudiffierent temperatures

14
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Figure 4. Schematic of general testing procedures for grfergndation centrifuge experiment.
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5 Finite Element Modéel

To simulate SSI of an energy foundation in partially satudlagilt under thermal, hydraulic, and
mechanical loads in the centrifuge experiments, a simgldd@symmetric FE mesh contains 81
elements, 9 elements in radradlirection and 9 elements in axadirection, as shown in Figure 5.

The partially saturated soil is modeled as an overcondelitsoil layer with thermo-elasto-plastic
behavior. The geometry of the FE model (Figure 5) is the santheaexperimental samples. The

heights of the semi-floating foundation and the containeB429mm and 5334mm, respectively.

A 31.75 mm
0
VWV By = Patm » SY = 0 (zero water flux), 6 = 20°C
- :) _—
/| /7
/| /
7 7 3
g ", == Foundation
/ /
/ /
A g.
L ;
E / /
o 7 2 == Adiabatic
IS¢ o
E ™ /
g g : 7 == Impermeable
B g soil P
o ge Q7 == Temperature
o y the positjon of heat s Prescribed
/ /
0 exichanger tubgs /
B A y
“lo q,
/ /
/ /
/ /
/ /
P g,
; /
/
/ o /
A o) 0 O o) AN
7/ V4 / / / / /7 /‘
|

/ / / /
1 R=302.5mm

Figure 5. Axisymmetric FE mesh and geometry for simulating-bearing energy foundation centrifuge
experiment. Boundary conditions are included.

Boundary conditions and initial conditions are simplifi@ed@rding to knowledge of the exper-

imental conditions. The initial conditions are shown in [Ea®. As for boundary conditions, due to
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the axisymmetry of the problem, and assumed rigidity of tinekkt, nodal displacements on the
axis = 0) and right edger(= R) areu, = 0, and nodal displacements on the bottam (—H) are
uz = 0. An unreinforced concrete energy foundation is assumbd tmpermeable in this analysis.
For now, on the top of the soil, we assume zero water®tix 0, and the pore gas pressure being
kept to be atmospheric pressypg= pam. We notice that the assumption of undrained boundary
condition for pore water pressure and drained boundaryittondor pore gas pressure at the top
may not be justified, but it will be improved in future work where consider soil-atmosphere in-
teraction to account for evaporation fluxes.To mimic thetingeacondition of the circulating fluid
through the “U” shape heat exchanger tubes, we assume thpétature is prescribed along the
axis atr = 24.25mm for simplicity. However, technically, a 3-D model includja computational
fluid dynamics (CFD) analysis of the heated fluid flow througttubes would be a more accurate
estimate of the thermal boundary condition. During cirtolaof heated fluid through the heat
exchange elements in the foundation, energy foundatignsaly reach a relatively constant tem-
perature with depth. This has been observed in severalqueVaboratory studies [Stewart and
McCartney, 2013]. The constant temperature conditiongwelected in the study to evaluate the
thermo-mechanical soil-structure interaction behavidhe foundation, not to evaluate the tran-
sient heat transfer processes, which we believe would berlsgtnulated with a heat flux boundary
condition. The temperature at the top of the soil is held tatsat room temperature (2C, 293
K), and the other surfaces are adiabatic as indicated inr&fuCorresponding to the seating load
(600N), a corresponding effective solid-skeleton tractin= [0 —t%'], t7 = 18%Pa, is applied
on the top of the energy foundation. During Phase 5, a loadsd88 was applied to simulate
the load to fail the foundation [Goode, 2013]. The paransetéithe reinforced concrete energy
foundation (F) and soil (Table 2) are determined from expental measurements [Goode, 2013].
Fluid parameters are assumed for water. In addition, therpagbers to Borja [2004] for certain
elasto-plastic parameters of the soil that are not testdteiexperiment.

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

model. After the model is further improved and validated AREan be combined with the cen-
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trifuge experiments to obtain a comprehensive understgnali the fundamental soil mechanics
phenomena involved in energy foundations. With this knolgée we may assess the potential
issues, evaluate the long-term performance and susthipathiereby 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 ,E’ 16x 10°° /K
Linear thermal expansion coefficient of solid skeleton By 87x10° /K
Linear thermal expansion coefficient of solid B 117x10°° /K
Linear thermal expansion coefficient of water B 6.9x10°° /K
Specific heat capacity of energy foundation Cr 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 OF 2564 kg/m?
Specific gravity of soil solids Gs 2.6

Thermal conductivity of reinforced concrete K& 1.978 W/(m-K)
Thermal conductivity of soil mixture K$ 1.24 W/(m-K)
Young’s modulus of reinforced concrete Er 30x 10° Pa
Poisson’s ratio of energy foundation VE 0.18 m/m

van Genutchen model parameter a 19.4x 10° Pa

van Genutchen model parameter m 18

Intrinsic permeability of soil mixture K 1.22x 107 n?

Initial mean effective preconsolidation pressure oA 100x 10° Pa

Initial mean effective pressure P 70x 10° Pa

Elastoplastic parameter (slope of critical state line) M 1.305
Elastoplastic parameter (slope of isotropic normal cosgiom line) A 0.14
Elastoplastic parameter (slope of isotropic recompresaie) K 0.034
Thermoplastic parameter y? 0.04

Table 3. Initial conditions for soil used in FEA.

Porosity 04
Volumetric water content .Q26
Suction 3kPa

Gas pressure 1&Pa
Temperature 20C(29XK)
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6 Results

Contour plots show various results on the deformed meshdigfiiacement magnification factor
equal to 100. Temperature contours (Figures 6, 8, and 1@®atedthat although the foundation
reaches steady-state temperature at the end of each &stitls not necessarily at steady-state
temperature, for example, soil mixture temperature resvagar the initial valu€p = 20°C(293K)

at further radial distance in the soil. This means that tlstesy response is representative of tran-
sient heating, meaning the soil mixture temperature i$ estiblving. The modeling results of
thermal axial strainz;zeZ within the foundation are compared with experimental daléected by
the strain gauges in Figure 18. Good agreement is observete inomparison throughout the
energy foundation. Note that, different from the sign cartians used by Stewart and McCartney
[2013] and Goode [2013], positive strains are used to deslotegation of a foundation or soil
element (e.g., due to application of tension or due to theexg@ansion), the coefficient of thermal
expansion is defined as a positive value, and a positiveesedtit is defined as an upward heave.
Here, the so-called “thermal axial strain” should not befasad with the term we usually use,
which is defined ag® = B9A8. In this paper particularly, the thermal axial strafh actually is
the total vertical strain at the end of temperature increaseeroed out by subtracting the total
vertical strain caused by mechanical effegf$" including the gravity and building load, i.e.,
€9 — £, — eP*N. The energy foundation achieves almost uniform thermallatiain distribution
except at the bottom where much smaller thermal strain isrobd. It is understandable because
the thermal expansion of the foundation bottom is partiedigstrained by the soil resistance un-
derneath. Also, as shown in the temperature contours, thygebature at the foundation bottom is
always relatively lower than the upper region due to the acnwith the underneath soil. While,
for the foundation top, we can conclude that it almost expdrekly under thermal loading, based
on the fact that the strain values are approximately equhlecalculation by free thermal expan-
sione? = BPAO. Figures 7, 9 and 11 show that thermal axial strains insidesthil vary more
noticeably. Temperature increases cause expansion obiheesr the foundation-soil interface

(3L75mm < r < 13275mm). Negligible positive expansive axial strains are obseéraefurther
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radial distance. The negative compressive axial straittsnmihe soil underneath the foundation
imply that the compression due to the building load on thedbgthe foundation is dominant,
compared to the thermal expansion.

Figures 12 and 13 indicate significant changes in suctiorvahamnetric water content respec-
tively near the soil-foundation interface. For examplduwaetric water content decreases from
an initial value of 0226 to approximately .A8 near the interface & 31.75mm), and a small rise
occurs in the soil at = 56.75mm. Volumetric water contents increase slightly in the regadn
56.75mm < r < 92mm, however, no significant variation is observed beyonrd 92mm. Figure
14 indicates that a net rate of evaporation is produced mitine soil due to rapidly increasing
temperatures. A sharp rise of water vapor pressure (fromlinalue of 25kPa to around 66kPa)
happens near the soil-foundation interface=(31.75mm), and a smaller rise occurs further from
the interface. The formed density gradients drive vapomftbe hotter region (soil-foundation
interface) to the cooler region. Arrows in Figure 16 show divection of water vapor flow in-
side the soil. Also, higher vapor velocity is observed unldeger temperature gradients. This
diffusion process is governed by many factors includingraytic and thermal properties of sail,
which require further research. Condensation occurs wiehatter vapor migrates to the region
of lower temperature, and hence leads to a rise in volumwtter content, as shown in Figure 13
at5675mm< r < 92mm. As the soil near the soil-foundation interface become=r dpi, ~ 60kPa
atr = 31.75mm) compared to the soil further from the interfagg, @pproaches #a at 56 75mm
), pore water pressure gradients are formed, which foregedig/ater to flow from the wetter re-
gion to the drier region, as shown in Figure 15. The movemgpbee water is illustrated by the
direction of water flow inside the soil in Figure 17. In thelsatifurther radial distance, gravity
mainly induces downward pore water flow. The pore liquid wétawv is in the direction of the
soil-foundation interface near the interface. The trenhefmally-induced fluid flow will be more
obvious as the tests run longer or under higher thermal I@&h§ et al., 2014]. Variations of
volumetric water content are compared vertically and looally between the modeling and ex-

perimental results in Figure 19. Similar trends are obsktiveugh the experimental results exhibit
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slightly higher values. Volumetric water contents are velgse at the same radius £ 58mm).
While the temperature increases within soil, volumetricev@ontents rise higher in the region
closer to the foundation-soil surface= 58mm) than in the further regionr (= 101mm). In the
further region ( = 177mm), much lower increase of the volumetric water content iseoled at the
end of Phase 4. But the thermally driven moisture movemeghtwhange the distribution of vol-
umetric water content as the temperature gradients beams@z Within the soil. Further research
involving higher temperature gradients and longer-terseolations are necessary to investigate
the thermally-induced fluid (liquid water and water vapoowfl Figure 20 presents the average
temperature variations of the foundation center and tHeréifit positions in the soil during Phase
4. The temperature trend at the foundation center depentswrthe prescribed temperature is
applied atr = 24.25mm. In the simulation, the prescribed temperature lineartyps up from
room temperature (2€) to 3PC during the first 1.35 hours, and then is kept constant foreke r
of Phase 4. According to the temperature comparison, thpligiead assumption of the thermal
boundary condition does not capture the transient trerfteebundation center exactly, but after a
certain time (3 hours in this case), the difference becoragkgible when the foundation arrives at
the steady-state temperature. The temperature withiroihé s= 106,155 216 293nm) changes
relatively slow, compared to the foundation.

In an attempt to simulate the failure process during Phasetlei centrifuge experiment, the
model uses a failure load of 36M=stimated from the experimental observations [Goode, [2AH. 3
the ultimate load on the top of the foundation. Figure 21 shthat the settlements corresponding
to the ultimate capacity in the experiment are much largen tinose from the modeling results.
Load-settlement curves from the modeling results imply glasticity is not reached in the soil
continuum under the estimate ultimate load, even thoughdnénear thermo-elasto-plastic con-
stitutive model is applied to the soil continuum. Becaus¢hefassumption of a perfect bond at
the foundation-soil interface, the model failed to captilre side-shear failure that induced the
slippage at the interface and meanwhile contributed toaigelsettlements in the experiment. We

believe that with the interface elements implemented atbadgoundation-soil interface, the model
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can provide more accurate simulation of the failure medrann the future.

y |

Figure 6. Temperatur@C) contours at the end of Figure 7. Thermal axial straig(p€) contours at
Phase 4 undekf = 6°C. the end of Phase 4 undaf = 6°C.

40 300

200

] 100

-100

il

-200

300

200

100

1 -100

-200

Figure 8. Temperaturé@C) contours at the end of Figure 9. Thermal axial straig,(u€) contours at
Phase 4 undek6 = 14°C. the end of Phase 4 und&f = 14°C.
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Figure 10. TemperaturéQ) contours at the end of Figure 11. Thermal axial straig,(u¢€) contours at
Phase 4 undek6 = 19°C. the end of Phase 4 undaf = 19°C.
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Figure 12. Contours of suction (kPa) in soil at the Figure 13. Volumetric water content (%) contours
end of Phase 4 und&®9 = 19°C. in soil at the end of Phase 4 und&f = 19°C.
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Figure 14. Contours of absolute pore water vaporFigure 15. Contours of pore water liquid pressure
pressure (kPa) in soil at the end of Phase 4 undefkPa) in soil at the end of Phase 4 undér= 19°C.
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Figure 16. Pore water vapor flow vectors in soil atFigure 17. Pore water liquid flow vectors in soil at
the end of Phase 4 undaf = 19°C. the end of Phase 4 undaf = 19°C.
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Figure 18. Comparison of thermal axial straiy ~ Figure 19. Comparison of volumetric water con-
within the energy foundations at the end of Phase 4ent within soil during Phase 4 und&® = 19°C
under different temperature changes between modeit different positions (mm) between model (M) pre-

(M) predictions and experimental (E) data. dictions and experimental (E) data.
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Figure 20. Comparison of temperature variationFigure 21. Comparison of load-settlement curves
at the center of the energy foundation=£ Omm)  between model (M) predictions and experimental
and different radii inside the surrounding soil dur- (E) data within soil during Phase 5.

ing Phase 4 undek6 = 19°C between model (M)

predictions and experimental (E) data.
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7 Conclusions

The paper applies a small strain, fully coupled thermo-puszhanical (TPM) finite element anal-
ysis (FEA) of partially saturated, nonlinear elasto-ptasoil solid skeleton to simulate change of
temperature, displacement, and strain in an energy foiomdas well as suction and volumetric
water content in the surrounding soil through SSI. Good egent with respect to temperature,
strain and volumetric water content under the building lisaxbtained through the comparisons be-
tween the modeling and the experimental results. Reaseeaplanations are provided regarding
the thermally-induced fluid flow. The main issue of the curraondel is that it can not accurately
represent the plastic failure due to the loss of side shastamce without the implementation of
interface elements at the foundation-soil interface. Arotssue is the identification of proper
thermal boundary conditions. For example, the top-(0) temperature is simply assumed to be
constant (room temperature). This boundary conditionadbel improved by considering evapo-
ration fluxes at the top of the soil due to soil-atmosphereradtion. In addition, the assumption
of prescribed temperature along the directmat r = 31.75mm in the model does not represent
the experimental condition exactly. Extension of the axisyetric model to 3D and inclusion of
a computational fluid dynamics (CFD) analysis for heatedifflow through the heating tubes

within the foundation could resolve this issue.
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