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ABSTRACT

The heating and cooling processes (e.g., imposed by energy geostructures)
may cause undesired displacement of soil, which in turn may impact the long-
term stability of the geothermal structures. This is true especially those in-
stalled in sensitive clays due to the high dependence of their creep behaviour
on the temperature. This paper presents a numerical implementation algorithm
for an enhancement of an existing hydro-mechanical model into a Finite Ele-
ment code based on FEnICS platform. It also includes a validation example
against experimental data of thermal oedometer tests. The quantitative com-
parison to experimental results supported the suitability of the framework.

1. EXAMPLE INTRODUCTION

The rapid expansion of the energy geotechnics sector has driven the wide
recognition of the influence of temperature on the behaviour of geomaterials.
Thus, it is generally acknowledged that the volumetric behaviour, creep rate,
shear strength and pore water pressure of clay are temperature dependent.
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Given the complexity of the thermal behaviour, it is necessary to enhance the
understanding of the fundamental mechanisms of the coupled Thermo-Hydro-
Mechanical (THM) behaviour to satisfactorily predict the response of the geo-
structures concerned.

The response of geostructures, has been recently successfully simulated [1],
[2], [3] , thanks to the development of THM framework [4], [5], [6], [7] .
Most of these numerical codes are not easy to access and vary in complexity,
which poses challenges to their applications to specific problems based on the
needs of the user.

In addition, modelling such intricate physical processes requires robust consti-
tutive relationships. A variety of constitutive models focusing on the tempera-
ture dependent yield surface (e.g. [8], [9], [10] ) have been developed. How-
ever, to date most constitutive models were developed in the context of nu-
clear waste barriers involving significant temperature variation, whereas the
creep mechanism of sensitive clay under modest temperature changes, com-
monly the case in Canada and Scandinavia, is not yet well understood. In this
respect, informed by a systematic series of thermal oedometer tests, Li [11]
proposed a thermo-viscoplastic soil model, in which thermo-mechanical be-
haviour is incorporated using a temperature and creep rate dependent yield
surface.

Following the work of [12] [13] , this paper aims to provide a reliable compu-
tational framework combining a THM coupling and aforementioned thermal
constitutive model [11] using the FENICS platform [14] .

2. GOVERNING BALANCE EQUATIONS

This section briefly presents the governing balance equations regarding mass,
energy and mechanics with assumptions: (1) the porous geomaterial consists

of three phases - liquid (I), gas (g) and solid (s); (2) solid phase does not dis-

solve or sublimate while water may transform between vapour and liquid; (3)
dry air is not considered.

2.1 Water mass balance equation

The mass balance equation for water component is presented by:
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where n is the soil porosity, p!, is the water density in a liquid phase depend-
ent on the pore pore-water pressure u,,, and the temperature T, pJ is the va-
pour density in a gas phase. S! and §9 are the degree of saturation for liquid
and gas, respectively, where S! is assumed to be a function of suction (s) for
unsaturated soil [15]. B and B, are the coefficients of volumetric thermal
expansion in solids and water respectively. M,, is the molar mass of vapour
and R is the universal gas constant. j,,,, is the coefficient of water compressi-
bility, €, is the volumetric strain. K,,, denotes hydraulic conductivity of liquid
water. g is gravity acceleration.

2.2 Energy balance equation

The energy balance equation considering the latent heat of vaporization and
heat due to conduction and convection can be expressed as:
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where A is the thermal conductivity. T, is the reference temperature with a
value of 293.16 K for this research. L is the latent heat of water vaporization.

2.3 Mechanical balance equation

The mechanical balance equation is given by:
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V-0t +plg =0 (6)

where at°t is the total stress tensor, p”g is body force that typically denotes
self-weight of material related to its bulk density.

The corresponding weak formulation of the balance equations (Eqgs. (1), (2)
and ( 6)) can be derived by multiplying the corresponding independent test
functions X = [dU, oUw, 0T] and integrating over the spatial domain €, where
the symbols ou, duw and ST are the variations in nodal displacements, water
pressure and temperature, respectively. The full details are described in [12].

3. CREEP-SCLAYI1ST

Stress integration relies largely on the constitutive model that describes the
stress strain response of material. This section summarizes key aspects of an
enhanced version of Creep-SCLAY1S model [16] , namely Creep-
SCLAY1ST [11], which is capable of capturing the bonding-dependent ther-
mal softening and hardening of the natural sensitive clay. In what follows, for
the sake of simplicity, the model will be discussed assuming triaxial stress
state, however, the actual implementation is done with the generalized ver-
sion.

Following the elasto-plasticity theory, the total strain rate & in Creep-
SCLAY1ST that accounts for thermal effects is expressed as follows:

£= & +apT; + & (7)

where £2, aTTé‘i ; and £"P are vectors of mechanical elastic strains, thermal
expansion and viscoplastic strain, respectively. a; is the thermal expansion
coefficient. &;; is the vector {1, 1, 1, 0, 0, 0} indicating that the model as-
sumes that temperature contributes to volumetric strains only.

Similarly to Creep-SCLAY 1S model, three surfaces with similar sheared el-
lipse in triaxial stress plane, namely the Normal Compression Surface (NCS),
the Current Stress Surface (CSS) and the Imaginary Intrinsic Compression
Surface (ICS) [17][18] , are used to represent the stress state and bonding
amount of the model (Figure 1). Their sizes are defined by the intersection of
the vertical tangent to the ellipse with the mean effective stress axis py,, peq

and p,,;, respectively - e.g. Eq (8):

(q — ap')?
(M?(8,) — a®)p’

Pm=p + (8)
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Figure 1 Description of the main characteristics of Creep-SCLAY1ST in the p’- g
plane.

where p’is the mean effective stress, g is the deviatoric stress, o is a state var-
iable related to the inclination of the yield surface, M(6,) is Lode angle 8,
dependent stress ratio at critical state (details see [19]). The NCS and ICS can
be linked by the amount of natural bonding (y):

Pm = Pmi(1+ ) (9)

A novel development of Creep-SCLAY1ST relates to the introduction of an
additional temperature-dependent surface — TDS, by incorporating the effect
of the temperature (T) and the initial amount of natural bonding (x,):

!

br _ (L)—(a'r)(o'i'br) (10)

!

Pmi Tre f

where ar and br are material specific thermal factors. Eq ( 9) is therefore up-
dated with p7 to obtain a temperature dependent preconsolidation pressure:

pm =pr(1+ %) (11)

Such an update induces the shrinking of the NCS during heating (i.e., thermal
softening) and its expansion during cooling. The Creep-SCLAY1ST model
comprises three hardening laws, in which isotropic hardening (Eq. ( 12)) and
destructuration (Eq. ( 14 )) will affect the size of TDS and NCS, and rota-
tional hardening (Eqg. ( 13)) will affect the orientation of TDS, CSS and NCS.
It is worth noting that isotropic hardening evolves as a function of both volu-

metric creep strains (£5) and temperature (T) rates, while the rest of the hard-
ening laws remain the same as that for Creep-SCLAY1S model:
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where 1" is the modified intrinsic compression index, and x*is the modified
swelling index. 7 is the stress ratio and w and w, are model constants associ-
ated with the evolution of anisotropy. & and &, are model parameters related
to the bond degradation. The volumetric (¢) and deviatoric (5) creep strain
rates in Egs. (15) and ( 16 ) are calculated using the concept of a viscoplastic

multiplier A expressed by Eq. (17) [19]:

(¢ = pA—24 15
S‘U ap/ ( )
) 0Deq
83 A 2q (16)
with
. M p sznc
A="LEH— 2 (17)
T Pm 771("5
and
p=tx (18)
I

where y; is the intrinsic creep index, and z is the reference time.

4. NUMERICAL IMPLEMENTATION AND VALIDATION

The coupled THM balance equations combined with the Creep-SCLAY1ST
model were scripted using Python and ran using the open source FENiCS plat-
form. The following section presents the validation of the model results
against experimental observations from thermally controlled oedometer tests.

4.1 Numerical model
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The proposed framework was verified against the experimental test results on
Utby clay reported in [11]. A three-dimensional finite element model was es-
tablished to simulate the oedometer tests, as illustrated in Figure 2. The geom-
etry of the FE model with a height of 18 mm and diameter of 50 mm, is dis-
cretized with 496 tetrahedra elements with 4 Gauss points associated with
each element.

50 mm

18 mm

Figure 2 Representative mesh used in the simulations.
The imposed boundary conditions in the model are as follows:

e The displacement boundary conditions include the restriction of
movements in all directions at the bottom, while the displacements
perpendicular to the cylindrical boundary are also set to zero. The top
surface is set to move freely.

e The hydraulic boundary conditions are prescribed as impermeable at
the top and the cylindrical boundaries of the mesh, whereas no change
in the pore water pressure from the initial condition is set to the bot-
tom surface for a drained condition.

e A closed form of temperature boundary condition is deployed on bot-
tom and cylindrical boundaries of the mesh, while a time-dependent
temperature is prescribed to the top boundary to simulate the heating
or cooling of the sample. Note that the temperature imposed in the
top boundary can spread to the whole sample within a short time ow-
ing to the small size of the sample.

The mechanical parameters of Creep-SCLAY1ST model in Table 1 were
adopted for the numerical simulation. A total of 18 model parameters are in-
volved. 14 of them, which were previously introduced in the Creep-
SCLAY1S, have been kept identical to the ones calibrated and reported fol-
lowing [16]. The 4 thermal parameters are then derived according to the ex-
perimental fit.
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Table 1. Parameters for Utby clay.

€o V' OCR A* K* M, M,
1.97 0.2 1.2 0.0862 0.0083 1.45 1.1

p* T (day) Qg w [OF) Xo a
0.004 1 0.5 40 0.9 6 0.3

E oT (1/K) Tref (OC) ar bT

9 3.2e-5 7 8.5e-3 5.1e-3

4.2 Loading scenarios

Herein, 4 tests from Li’s experiments [11], including two loading paths O
and O under either a cooling or heating process, on intact samples with an in-
itial void ratio equal to 1.97 from 6 m depth were selected to check the capa-
bilities of the proposed model, as shown in Figure 3. All samples were initially
loaded to the estimated in-situ vertical effective stress level of 45 kPa under
temperature T1, and then the loading procedure shown in Figure 3 proceeded
by bringing the samples to 6 different stress levels a;,. The temperature of the
sample also varied at each stress level. Details of the selected tests are given
in Table 2, where the test step, duration of each step, vertical stress level and
temperature are provided.

ay (kPa) | Path O1 weereemeee. Path O2 |

Step 11 Step 21Step 31 Step 41 Step 51 Step 61 Step 7+ Step 81 Step 9 Step 10:
1 1 1 1 1 1 1 1 1

150 s e i s Rk thelilind il - W 3 I
1 1 I 1 1 1 i I ] 1
1 1 I I 1 1 I 1 b| 1
1 1 I | ] 1 I 1 1
] 1 I ] ] 1 i 1 1
100 | i Lo ] S R TR - i ]
] [ ] ] [H I I 1
1 1 1 i 1 [ 1 1 i 1
1 1 I 1 i 1 1 1 [ 1
65 1 1 | 1 r | [’ 1 E 1
I R i i 1 E i
I 1 1 1 1 I 1 1 r 1
40 |- d- wfe ok 1 ! ! ! i !
v 1 1 [ | I 1 1 I [
25 fereeenndd ! ! ! ! ! ! 1 [H I
1 1 1 I 1 1 1z I
I/ 1 1 1 1 I 1 1 [ M I
12,5 B [Ty S N Gy SR PP SOOI J
1 I I 1 1 | 1 I 1 I
0Tl:T11T21T2:T3:T31T4:T4}T5:T5:
1 L 1 1 1 L 1 1 1 L

0 2 4 6 8 10 12 14 16 18 20 Time (days)

Figure 3 Schematic of the test procedure.
4.3 Results

The curves regarding void ratio (e) against vertical effective stress (ay,) in log-
arithm obtained from numerical analysis with Creep-SCLAY1ST and Creep-
SCLAY1S models and experimental observation are plotted in Figure 4a and
c. It is apparent that the overall mechanical behaviour is reasonably well cap-
tured by Creep-SCLAY1ST and Creep-SCLAY'1S models for the two loading
paths under heating and cooling processes. However, the Creep-SCLAY 1S
model seems unable to reproduce the variation of preconsolidation pressure
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under thermal loading. For Creep-SCLAY1ST model, as expected, an in-
crease trend of the preconsolidation pressure was observed in the cooling pro-
cess, while the heating process causes the decrease in preconsolidation pres-

Sure.

Table 2. Selected tests for numerical simulations.

Step Time Temperature T (°C) Stress a,, (kPa)
(days) | Cooling T Heating | O: 0O,
1 2 5 T1 25 125 25
2 2 5 T1 25 25 40
3 2 10 T2 20 25 40
4 2 10 T2 20 40 65
5 2 15 T3 15 40 65
6 2 15 T3 15 65 100
7 2 20 T4 10 65 100
8 2 20 T4 10 100 150
9 2 25 TS5 5 100 150
10 2 25 T5 5 150 125
2- 2
0O Ol cooling - Experiments
8--._H_ ----0l cooling - Creep-SCLAYIST
‘Q*\\ <O cooling - Creep-SCLAY IS TEEE=
18- % | O Ol heating - Experiments. 1.8¢
w !|==~-0l heating - Creep-SCLAY IST w
- E O1 heating - Creep-SCLAY 1S o
El16- Sl Bler
= b =
=] W =} —0l1 ling - Experi 1t
= | Z |-t cosling - CreepsCLAYIST
1.4 - @3\ 1.4 {01 cooling - Creep-SCLAY 1§ =
Y ——01 heating - Experiments Q\\\
'e ==="01 heating - Creep-SCLAY ST S
12 ' 12 Ol heating - Creep-SCLAY 1S S
ot 102 108 "o 100 200 300 400 500
Vertical effective stress o, (kPa) Time ¢ (hours)
(a) (b)
2 O 02 cooling - Experiments 2 ——02 cooling - Experiments
B8--38 —---02 cooling - Creep-SCLAY1ST -—-.02 cooling - Creep-SCLAY IST
S O2 cooling - Creep-SCLAY1S 02 cooling - Creep-SCLAY 1S
1.8 Y o o2 heating - Experiments 18 —— 02 heating - Experiments
R —-—-02 heating - Creep-SCLAYIST . -=-02 heating - Creep-SCLAY1ST
; L 02 heating - Creep-SCLAY 18 ; 02 heating - Creep-SCLAY IS
Eie % ST
= 5 =
2 ; 4
14 B 14
o B
EEES s T :‘ su
sty T
1.2 o ‘ 12 ' '
10! 10? 0 100 200 300 400 500
Vertical effective stress (T’V (kPa) Time ¢ (hours)
(©) (d)

Figure 4 Compression curves (a) for loading path O1 and (c) for loading path O2
and the time-void ratio curves (b) for loading path O1 and (d) for loading path O2.
note O1 and O2 cooling/heating Creep-SCLAY1S curves overlapped.

The variations of void ratio in Figure 4b and d again show overall encourag-
ing results regarding the performance of Creep-SCLAY1ST and Creep-
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SCLAY1S models when compared with experimental results, although a
slight overestimation of the decrease in void ratio when samples are loaded
beyond their respective preconsolidation pressures (Step 4).

It is worthwhile to investigate the influence of temperature on deformation of
the clay under constant stress level. Figure 5 shows the variation of void ratio
under vertical stress of 65 kPa at step 7 in loading path O1, where the intact
clay samples with identical stress histories are thermally loaded from an equal
temperature for heating (15 °C to 20 °C) and cooling (15 °C to 10 °C). The
experimental results indicate that larger compression is induced by heating
than by cooling due to the heating softening. Such phenomenon is better re-
produced by Creep-SCLAY1ST, while no difference was observed between
heating and cooling in the results by Creep-SCLAY1S.

0
)
<
0.02 ¢
S
=
<
-
S -0.04 ¢
S
>
g 0.06 - ——OI cooling - Experiments
Y ----01 cooling - Creep-SCLAY 1ST
= ~-01 cooling - Creep-SCLAY 1S
5 20.08 —O0l heat?ng - Experiments
----01 heating - Creep-SCLAY IST
Ol1 heating - Creep-SCLAY 1S
-0.1 : : :

50 60 70 80 90 100
Time ¢ (hours)

Figure 5 Change in void ratio under temperature change with 5°C under stress level
of 65 kPa for O1 stress paths. note O1 cooling/heating Creep-SCLAY1S curves are
overlapped.

5. CONCLUSIONS

This paper presented an implementation of a new thermo-viscoplastic consti-
tutive model into a coupled THM framework based on FEniCS platform. The
proposed constitutive model improves the thermal performance of Creep-
SCLAY1S by introducing an additional temperature and creep rate dependent
surface to keep track of the variation of preconsolidation pressure induced by
the thermal loading. The model results were validated by simulating results of
oedometer tests on soft soil under combined mechanical and thermal loading
conditions. The results highlighted the potential of the model and the compu-
tational framework to accurately predict the thermal response of intact sensi-
tive clay, as well as to be employed in the simulation of thermal related ge-
otechnical problems.
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