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Coupled Thermo-Poro-M echanical Finite Element Analysis

of an Energy Foundation Centrifuge Experiment
in Partially Saturated Silt

W. Wangd', R.A. Regueird, J.S. McCartney

!Department of Civil, Environmental, and Architectural Eregring
University of Colorado, Boulder, 428 UCB, Boulder, CO, 8030
wei.wang-2@colorado.edu, richard.regueiro@coloratig.gohn.mccartney@colorado.edu

ABSTRACT: This paper presents an axisymmetric fully coupled thermmp

mechanical (TPM) finite element analysis (FEA) of a singleergg foundation

centrifuge experiment in partially saturated silt conedcat the University of Col-

orado, Boulder (UCB). The motivation is to explore thermeeamanical effects on
the foundation performance, and thermally-induced ligamdl gas flow inside the
surrounding soil. The paper compares modeling outcomeg®perimental observa-
tions regarding thermal strains and displacements of fatiowls due to heating. The
coupled FE model predicts solid skeleton deformation,igsnctand volumetric water
contents of the soil, and analyzes the thermally-induce@ pater vapor flow and
liquid water flow.

1 Introduction

Energy foundations have become more popular as an energgsand
environmentally-friendly technology, compared with itamhal energy systems. With
adequate design and installation, energy foundationswéh fot only the geotech-
nical but also the thermal requirements of buildings withielying solely on con-
ventional heating and cooling systems. Relevant investigaand studies in the past
decade have indicated the feasibility of this innovatiwitelogy both technically and
economically (Hepbasli, 2003; Laloui et al., 2006).

A number of constitutive models have been developed to stineljneat and mass
transport problem in rigid porous media (Milly, 1982; Beark, 1991). Gawin et al.
(1995); Thomas and Missoum (1999) considered the defoomafisoil solid skeleton
to enhance the coupled thermo-poro-mechanical effectobpling elasticity theory
with the state surface approach. Khalili and Loret (200bppsed elasto-plastic mod-
els to account for the nonlinear deformation behavior afisskeleton and the variation
of the yield surface with temperature and suction. Manynaptts have been made to
explore thermal effects on hydro-mechanical behavior ofiglyy saturated soils ex-
perimentally (Romero et al., 2001; Wu et al., 2004).

Although some construction observations and relevaniesuthve been conducted,
further research regarding geotechnical and thermal sssustill necessary in order
to investigate the complex interactions among temperathamge, induced effective
stress, and pore fluid flow in partially saturated soils, dsd & provide guidance for
the design and installation of energy foundations. For gtanthermal expansion and
contraction of foundations together with thermally-inddaonsolidation of soil may



lead to the loss of soil-foundation side shear resistamees, affecting the mechanical
response of energy foundations and their structural pedoce.

This paper employs an axisymmetric fully coupled TPM finitengent (FE) model
to simulate soil-structure interaction (SSI) in partiadigturated silt for a centrifuge
energy foundation experiment conducted at the UniversityColorado, Boulder
(UCB). We present briefly the governing equations and impletation of a fully
coupled thermo-poro-elastic FE model. In this model, pHytsaturated soil is treated
as a three-phase mixture (solid, liquid and gas) or four titniest mixture (solid,
liquid water, water vapor and dry air). The gas phase is dened to be a combination
of dry air and water vapor. The model is implemented for sistadlin analysis. Nodes
of the energy foundation and soil meshes at the interfaceassamed to have no
relative displacement in this implementation (rigid coctien), but this assumption
will be relaxed in future work when considering a TPM intedalement.

Notation: Bold-face letters denote matrices, tensors and vectorsindzical coor-
dinates are employed, with the vector of coordinates [r,z. Solid mechanics sign
convention is used, i.eg > 0 ande > 0O for tension;o < 0 ande < 0 for compression.

2 Couple Finite Element Formulation

The governing equations are developed based on the mikieweytof porous media,
and satisfy the balance of mass, linear momentum and energgenovation, as well
as reduced dissipation inequality derived from the secamd df thermodynamics
(de Boer, 2005). Solid and liquid water are assumed to beogiatand mechanically-
incompressible, yet the soil solid skeleton is compressibtdividual constituents
can thermally expand or contract. With details omitted, |&&ab briefly summarizes
the governing equations and constitutive equations adaptéhe model. The field
variables are soil solid-skeleton displacemantpore water pressurpy, pore gas
pressuregyg and soil mixture temperatui@

FIG. 1. Discretization into mixed quadrilateral elements.

A weighted residual method is used to formulate the coupéedhtional equations
from the coupled governing differential equations, which then discretized using



finite elements. Quadrilateral finite elements with bigadidrinterpolation in solid-
skeleton displacement, bilinear in pore water pressureg pas pressure and soil
mixture temperature are employed to ensure numericallisyafsiee Fig. 1). Details
aside, we arrive at a coupled nonlinear first order ordinafferéntial equation to
solve, using generalized trapezoidal rule for time integra and Newton-Raphson
nonlinear algorithm.

3 Numerical Example

A simplified axisymmetric FE mesh containing 30 elementg.(R) is created to
simulate SSI of an end-bearing energy foundation undentakermydraulic, and me-
chanical loads in the centrifuge experiment with centifign to an acceleration of
24 times gravity. In the experiment, the foundation is heatestages over a range
of temperatures expected in the field through P4-P7 as showigi 3. The partially
saturated soil is modeled as an overconsolidated soil laiterlinear thermo-elastic
behavior. Elastic, hydraulic, and thermal parameters ppéied for Bonny silt. Fluid

Table 1. Governing equations and constitutive equations

Governing eguations

Balance of linear momentum of mixture: Oo+pb=0
(P"Rsy+ p9RSy)dives+n(p QVR)
Balance of mass for water species WR Qv WR Ds6
(liquid water and water vapor): B {(17 n)(p""Su-+ PP B + 1 S"’B‘N}
gvR
+nSJ p +d|V(ngR S +pWRv3V) -0
DspgaR

PR divws — p9Rg,BI (1 - n) = +nSg
_ hneaRD Sw
np®=—;

Balance of mass for dry air:
+ dlv(pgaRvga) 0

D0 WR~W ~s R~ &S
Energy conservation of mixture: (pC)mFter c b-gradd+p C ¥g-gradd

Constitutive equations

A S LN
(Oatcysiaw and Fokolany O BE=nS= 000 in(%)]
Ideal gas law: p%Y = pgyMw/OR;  p9 = pgaMa/OR
Dalton’s law: p9=p9+p%  pg= pgv+ Pga

Kelvin's law: RH= pgv/Pgvs(6) = exp(—sMy/ROp"R)
Fourier’s law: q=-K&06




parameters are assumed for water. The geometry of the FEl isdtie same as that
in the experiments. The height of the energy foundatiod is 0.537m. The radius
of the energy foundation ia = 0.025m, and the radius of the centrifuge bucket is
R=0.3025m.

Initial conditions and boundary conditions are simplifiext@ding to knowledge
of the experimental conditions. The initial conditionsliude: porosityng = 0.425;
volumetric water contentip = 26%; suctionsp = 32kPg, gas pressur@qgo = 101kPa
temperaturedy = 20°C. As for boundary conditions, due to the axisymmetry of the
problem, and assumed rigidity of the bucket, nodal disptees@s on the axis ¢ = 0)
and right edger(= R) areu; = 0, and nodal displacements on the bottas(—H) are
uz; = 0. An unreinforced concrete energy foundation is assuméa icmpermeable in
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FIG. 2. Axisymmetric FE mesh and geometry for simulating-bedring energy foundation
centrifuge experiment. Boundary conditions are included.

Phase 1 P2 P3 P4 P5 P6 P7

I
056 1.06 131 1.64 197 231 2.64 Time (hour)

P1: Consolidation under g-level N =1

(=]

P2: Spinning up centrifuge to obtain g-level
N =24, waiting for equilibration

P3: Applying load at the foundation top,
waiting for equilibrium

20 25 30 35 40 (°C)

P4-P7: Heating the foundation in increments

FIG. 3. Schematic of testing procedure for energy foundatentrifuge experiment (P:Phase).



this analysis. Also zero water fll&' = 0 at the top of soil is assumed. The pore gas
pressurepg on the top is held to be atmospheric presspyig,. In the experiment or
the field, the temperature of the energy foundation is algteahtrolled by circulating
fluid with a known temperature through a series of three égsaplaced “U” shape
heat exchanger tubes attached to the inside of the reimi@noecage at = 0.02m.
Technically, a 3-D model including a CFD analysis of the kddtuid flow through
the tubes would be a more accurate estimate of the thermaidaoy condition.
However, for simplicity, we assume that temperature isqieed along the axis at

r = 0.02m. During circulation of heated fluid through the heat exclealgments in
the foundation, energy foundations typically reach a netff constant temperature
with depth. This has been observed in several previousdadayrstudies (Stewart and
McCartney, 2013). The constant temperature conditiong welected in the study to
evaluate the thermo-mechanical soil-structure intevadtiehavior of the foundation,
not to evaluate the transient heat transfer processeshwiecagree would be better
simulated with a heat flux boundary condition. The tempeea&u the top of the soil

is held constant at room temperature (20), and the other surfaces are adiabatic
as indicated in Fig. 2. Axial load is exerted on the top of timergy foundation
instantaneously, and is kept constant during the test.ctftesolid-skeleton traction
t9 = [0 —t9], t9 = 384Pa, is applied on the top of the energy foundation. The
parameters of the unreinforced concrete energy founddqtiprand soil (Table 2)
are determined from experimental measurements and otfeeemees (Stewart and
McCartney, 2013).

Table 2. Parameters used in the FEA.

Parameter Symbol Value Unit
Linear thermal expansion coefficient of concrete BC 75%x10°° /K
Linear thermal expansion coefficient of solid skeletoﬁSkel 8.7x10°° /K
Linear thermal expansion coefficient of soil solid B¢ 117x10° /K
Specific heat capacity of concrete Ce 855 J/(K-kg)
Specific heat capacity of soil solid Cs 1000 J/(K-kg)
Specific gravity of soil solid Gs 2.6
Thermal conductivity of concrete K8 2.6 W/(m-K)
Thermal conductivity of solid K8 1.24 W/(m-K)
Young's modulus of concrete foundation Ec 7.17x 10° Pa
Poisson'’s ratio of concrete foundation Ve 0.18 m/m
Lameé parameter of soil solid skeleton Askel 2.9x 10’ Pa
Lameé parameter of soil solid skeleton Hskel 4.7 x 10 Pa
van Genutchen model parameter a 0.357x 104 Pa?!
van Genutchen model parameter n 18
Hydraulic conductivity of saturated soll Ksat 1.3x10°7 m/s

4 Results

Fig. 4 - Fig. 15 are plotted contours of various results ondé®rmed mesh with
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5°C (the end of phase 4). 10°C (the end of phase 5).

40 40

35 35
30 30
25 25
20 20

FIG. 6. Temperature®C) contour atA@ = FIG. 7. Temperature®C) contour atAf =
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FIG. 8. TemperaturéC) contour at 10 hours FIG. 9. Contour of pore gas pressure (kPa) in
after the last thermal loading phase. soil at 10 hours after the last thermal loading
phase.
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FIG. 10. Contour of suction (kPa) in soil at FIG. 11. Volumetric water content (%) con-
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00,025 0.05 0.14 > 00.025 0.05 0.14 rm

7.5 75

55

50

45

40

FIG. 12. Contour of pore water vapor pres-FIG. 13. Contour of pore water pressure
sure (kPa) in soil at 10 hours after the last ther{kPa) in soil at 10 hours after the last thermal
mal loading phase hours. loading phase.

displacement magnification factor equal to 100. Tempegatantours (Fig. 4 - Fig. 7)
indicate that although the foundation reaches steady teanpes after each stage, the
soil is not necessarily at steady-state temperature, f@mele, soil mixture tempera-
ture remains near the initial valllg = 20°C at further radial distance in the soil. This
means that the system response is representative of tnahgiating. About 10 hours
after the end of phase 7 (phase 7 ends at about 2.64 hr), heghperature is observed
inside the soil near the foundation, as shown in Fig. 8. ameof the pore gas pressure
is negligible during the heating process as shown in Fig.i§. 20 and Fig. 11 indi-
cate significant changes in suction and volumetric watetesdrrespectively near the
soil-foundation interface. For example, suction incredeam an initial value of 3RPa

to nearly 6&Panear the interfacer (= 0.025m), and smaller rise occurs in the soil at
r = 0.05m. Suction drops slightly in the region of@m < r < 0.14m, however, no
significant variation of suction is observed beyand 0.14m. A corresponding trend
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FIG. 14. Pore water vapor flow vectors in FIG. 15. Pore water flow vectors in soil at 10
soil at 10 hours after the last thermal loadinghours after the last thermal loading phase.
phase.
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FIG. 16. Comparison of total vertical strain FIG. 17. Comparison of stress, between
&, between experimental (E) data and modekxperimental (E) calculations and model (M)
(M) predictions inside the energy foundation. predictions inside the energy foundation.

is detected regarding volumetric water content distrioutiFig. 12 indicates that a net
rate of evaporation is produced within the soil due to rapidtreasing temperatures.
A sharp rise of water vapor pressure (from initial value &@kPato around kPa) hap-
pens near the soil-foundation interface={ 0.025m), and a smaller rise occurs further
from the interface. The formed density gradients drive vdpam the hotter region
(soil-foundation interface) to the cooler region. ArrowdHig. 14 show the direction of
water vapor flow inside the soil. Also, higher vapor veloggybserved under larger
temperature gradients. This diffusion process is govehyethany factors including
hydraulic and thermal properties of soil, which requiretier research. Condensation
occurs when the hotter vapor migrates to the region of loesperature, and hence
leads to a rise in volumetric water content, as shown in Figatl005m < r < 0.14m.
As the soil near the soil-foundation interface becomes dpg~ 45kPaatr = 0.025m

) compared to the solil further from the interfagg, (= 70kPaatr = 0.05m), pore water
pressure gradients are formed ,which force liquid wateraw ffom the wetter region
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FIG. 18. Plot of vertical displacement ver- FIG. 19. Vertical displacement, of the top
sus temperature at the center of the foundationf the energy foundation and soil surface as a
top. function ofr at different Phases.

to the drier region, as shown in Fig. 13. The movement of pateis illustrated by
the direction of water flow inside the solil in Fig. 15. In thelsa further radial dis-
tance, gravity mainly induces downward pore water flow. Theepiquid water flow

is in the direction of the soil-foundation interface neag thterface. The comparison
of thermal strain between FEA and experimental resultsgn F6 shows good agree-
ment at the foundation top, with similar trend observed far test of the foundation.
One of the possible reasons for the difference is the assompt perfect bond at the
soil-foundation interface in the model, therefore, sideasiresistance along the length
of the foundation is not well represented. Implementatibmt@rface elements at the
soil-foundation interface will allow closer representatiof the SSI conditions. Fig. 17
indicates that both experimental and modeling results ssroaller thermally induced
stress at the top of the foundation. Fig. 18 shows good agreeof displacement at the
foundation top in the temperature range ofQ6- 30°C, but in the range 3T — 40°C,
the linear elastic solid skeleton constitutive behaviat famction of temperature needs
to be modified. The thermal expansion coefficient of the gnéygndation estimated
from Fig. 18 is~ 6.8 x 10~%/K. This value is slightly smaller than the given parameter
B8 =7.5x10°%/K due to the assumption of perfect bond at the soil-foundatiten-
face in the FEA model. This assumption will be relaxed whemititerface element
is implemented. The top displacements of foundation anldaseishown in Fig. 19
with respect to radial coordinateand Phase loading. The deformation of soil is a
combination of thermal expansion and solid skeleton cadatbn due to gravity level
increases in centrifuge experiments.

5 Conclusions

This paper applies a fully coupled thermo-poro-mechan{@&M) FE model of
partially saturated, linear isotropic elastic soil solkkketon to simulate change of
temperature, displacement, and strain in an energy foiomdas well as suction and
volumetric water contents in the soil through SSI. One igstlee identification of the
thermal boundary conditions. For example, the top-(0) temperature is simply as-
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sumed to be constant (room temperature). This boundaryitcmmdould be improved
by considering evaporation fluxes at the top of soil due tbaonosphere interaction.
Also, the assumption of prescribed temperature along tleetibbnz atr = 0.02min
the model does not represent the experimental conditiontlgxaExtension of the
axisymmetric model to 3D and inclusion of a CFD analysis daelsolve this issue.
In addition, implementation of interface elements at thiefeaindation interface will
allow us to better represent the interaction between sdijgle.
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