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Deep geological disposal facility has been considered as the most appropriated solution for the safe long-
term management of high-level radioactive waste (HLW). Geologic disposal solution consists of isolating the
radioactive waste from the biosphere. Argillaceous rock has been selected in several countries as host formation
due to its favorable properties to isolate radionuclides and chemical contaminants (very low permeability,
stable, high retention capacity, self-sealing, etc). Clays in their natural state is usually saturated. Disposal of the
exothermic waste packages in the repository leads to an increase in temperature within the host rock, which
induces the pore pressure build-up due to the difference in thermal expansion coefficients of the pore water and
the solid skeleton. The excess pore pressure generally leads to a decrease in the effective stress and can provoke
thermally hydraulic fracturing or shear failure. Therefore, understanding the thermo-hydro-mechanical (THM)
responses of the saturated host rock due to the heat generated form waste packages is a key issue to assess the
feasibility of the repository. This paper aims at presenting coupled THM constitutive equations for a saturated
porous medium and its finite element (FEM) discretization and solution. The solution is validated against
analytical solution and other numerical results from a benchmark within an international project. FEM program
is then used to describe the THM behavior of the host rock around a HLW repository (i.e. near field responses).
Sensitivity analysis were performed to evaluate effect of material anisotropy and hydraulic condition on the

micro-tunnel wall.
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1. Introduction

Most nations that generate nuclear power are moving to-
wards “completing the nuclear fuel cycle” through radioac-
tive waste management programs that ultimately aim to
emplace long-lived wastes in a geologic disposal facility.
This approach was selected after considerable debate and
discussion. For example, approaches such as sub-seabed
disposal, deep-well disposal, and even space disposal, have
been discussed and have been found wanting in terms of
cost or risk, or impracticable because of political or legal

restrictions [1].

Geological disposal is based on the isolation of waste
within the geosphere in a deep geological layer where it is
expected to be stable over a very long time. Repository con-
cepts and potential host rocks differ between nations. The
main host rocks considered are igneous crystalline and vol-
canic rocks, argillaceous clay rocks and salts. The choice of
host rock is mainly governed by the availability of suitable
geological formations of convenient thickness and geolog-
ical setting. Salt rock is practically impermeable to gases
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and liquids, very thermal conductive, and characterised
by visco-plastic behaviour, which makes the underground
cavities to seal up. However, the salt formation exhibits
high dissolution and very low sorption. Crystalline rocks
(granite, metamorphic rocks, etc) have high strength, which
makes the cavity stability. They also have low heat sensi-
tivity and low dissolution properties. The permeability of
crystalline rocks is usually very low when the rocks are in
an unfractured state, whilst they have very high perme-
ability if they are fractured. Argillaceous rocks exhibit a
wide range of types: from plastic clay to strongly consoli-
dated clay (e.g. claystone). This large range is associated
with considerable differences in deformation behaviour,
temperature sensitivity, and mechanical strength. Very low
permeability, very low dissolution behaviour, very high
sorption, as well as a good capacity in radionuclide reten-
tion are favourable properties of the argillaceous rock for
the repository. Underground laboratories for testing and
building confidence in disposal technologies have been
built in all types of potential host rocks.

Clayey rocks have been considered in several countries
for their project of deep geological radioactive disposal
facility, e.g. Boom clay in Belgium, Opalinus claystone
(OPA) in Switzerland, Callovo-Oxfordian (COx) claystone
in France, etc. Clay host rocks in their natural state are
saturated. Emplacing the exothermic high level radioactive
waste packages within the geological disposal leads to an
increase in temperature within the host rock. The temper-
ature increase induces an increase in water pore pressure
due to the difference in thermal expansion coefficients of
pore water and solid skeleton [2, 3]. Due to a very low
permeability of the argillaceous rocks, the pore pressure
increase may occurs under almost undrained condition,
which is called by the thermal pressurization phenomenon.
In the geological structure context, the pore pressure in-
crease depends on the stiffness and the permeability of the
medium, as well as the boundary condition of the forma-
tion. Indeed, thermal loading also leads to the thermal
strain and the boundary condition controls the thermal
stress variation. Moreover, the stiffness governs the vol-
umetric deformation, while the permeability controls the
dissipation. Laboratory tests of thermal pressurization un-
der undrained condition have been conducted on different
clay samples, such as Boom clay [4], OPA clay [5] and
COx claystone [6]. Further, thermal fracturing tests on
COx claystone under undrained condition and oedometric
mechanical load has been shown recently [7]]. The physi-
cal phenomenon is more complex in the configuration of
geological repository. Further understanding on the ther-
mal effects in clays has been gained from various in situ

heating experiments performed in Underground Research
Laboratory (URL), such as CACTUS, ATLAS, CERBERUS,
PRACLAY tests in the Hades URL (Belgium) [8-10]; HE-D
test In Mont Terri URL (Switzeland) [11, 12] and TER, TED,
ALC, CRQ tests in Meuse/Haute Marne URL (France) [13—
16]. All these field tests showed that the sedimentary clays
react to heat propagation with a raise of pore pressure and
related mechanical effects.

The thermal pressurization is also a substantial key is-
sue in the design of geological radioactive waste disposal
facility within clay formation [17-20]. This phenomenon
occurs also in many geomechanical applications. Indeed,
thermal pressurization is significant in petroleum engineer-
ing when studying the integrity of the well cement lining
[21] and the stress change within the rock reservoir [22] due
to a sudden temperature change. It is also important in geo-
physics in the studies of rapid fault slip events when shear
heating tends to increase the pore pressure and decrease the
effective compressive stress and the shearing resistance of
the fault material [23, 24]. In geothermal energy extraction,
the injection of cold water into the geothermal reservoir
leads to a change in stress and that may affect the energy
production [25].

Several international projects have been dedicated to
study the thermal pressurization phenomenon occurred
within clayey host rock due to the disposal of exothermic
radioactive waste in the repository. For instance, Task E of
DECOVALEX 2016-2019 aims at investigating the upscaling
of THM modeling from small size experiments (some cubic
meters) to real scale cells (some ten cubic meters) and to the
scale of the waste repository (cubic kilometers). The task
focuses on the validation of the THM codes and then model-
ing two field-scale experiments at the Meuse/Haute Marne
URL (France): the smaller scale TED experiment and the 1:1
scale ALC heating experiment. The results of that work will
then be applied to predictive modeling of the behaviour of
a single disposal cell at the repository scale, hence investi-
gating the thermal-hydraulic-mechanical (THM) coupling
across a range of spatial scales. Five modeling teams par-
ticipated in DECOVALEX-2019 Task E, namely; French
National Radioactive Waste Management Agency (Andra,
France), Lawrence Berkeley National Laboratory (LBNL,
US), Nuclear Waste Management Organisation (NWMO,
Canada), Quintessa (funded by Radioactive Waste Manage-
ment Limited, UK), and Federal Institute for Geosciences
and Natural Resources and Helmholtz Centre for Envi-
ronmental Research (UFZ/BGR, Germany). So far, almost
THM modeling studies have considered the French concept
of HLW repository, where there is the interaction between
cells. Therefore, they have focused on THM responses
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at the middle between to cell. Whereas, the near field is
much less considered. For HLW repository concepts of
other countries (e.g. Belgium, Switzerland), the distance
between cells is far enough and thus there is no thermal
interaction between cells. In such a case, the near field be-
comes more important. Moreover, the THM modeling has
been usually performed by commercial software, in-house
code, or open-source code, where the THM equations and
its discretization is usually well-documented.

This study aims at presenting clearly the thermo-poro-
elastic coupling equations, then discretizing and imple-
menting them into a FEM code to study the THM responses
of the host rock due to the heating from the waste pack-
ages. The numerical application focuses on Belgium HLW
repository concept with a particular attention on the near
field responses of the host rock. The numerical solution
is firstly validated against analytical solution of the THM
field around a heat source obtained by Booker and Savvi-
dou [26] and numerical results obtained by modeling teams
within task E of DECOVALEX 2019 project. Then, the FEM
code is used to study the THM behavior of the host rock
around a HLW cell due to the heat emitted from the waste
packages. The considered configuration is similar to that
of Belgium concept [27]. Two aspects, including the ma-
terial anisotropies in thermal conductivity, permeability
and stiffness, and drained condition on the tunnel wall are
investigated. The results shown in this study appear to be
very useful for the design and optimization of the HLW
repository, as well as the long term safety analysis of the
disposal.

2. THM constitutive equations

This section is devoted to summary coupled thermo-
poro-elastic constitutive equations for a saturated porous
medium. The detail in development of these equations in
the thermodynamic framework is referred as to Coussy
[28]. In following equations, bold symbols (letters) signify
either a vector or a tensor, while normal symbols (letters)

are scalar.

Considering saturated porous medium () constituted
from the solid skeleton and pore system. Its initial state
(i.e. t = 0) is usually characterized by initial tempera-
ture Ty, pore pressure py, stress tensor op, and zero dis-
placement (ug = u(0) = 0). On its boundary, 9Q" is the
part where the THM variable & is prescribed. h can be
ul F4, pd, M4, T4, qd, imposed displacement vector, force
vector, pore pressure, normal mass fluid flow vector, tem-
perature and normal heat flow vector, respectively.

u=ul (xcoQ"); c-n=F (xca)
p=p? (x€d0F); Mum=M (xeoaM); ()
T=T" (xedQl); g-n=g¢" (xecoQ)

Using infinitesimal and quasi-static transformation as-
sumption, the state (constitutive) equations are

dojj = Cijndeg — bijdp — CijqagdT @
dTHf
dp = —Mbl‘jdsl‘]‘ + MT + 3Muw,,, dT (3)
f
ar
ds = sfdmf + Cijklﬂékldsij — 3apdp + CdT (4)
or in matrix form
do = Cde — bdp — CadT 5)
T dmy
dp = —Mb de + M— + 3Muw,,dT 6)
Pf
dS =s¢dme+ Cade — 3 d-l—Cdl 7)
=S¢ f xae Xmadp d T
where
T
o= [ Oxx Oyy 0Ozz Oxy Oxz Oy ] (8)
T
&= [ Exx Eyy €z Exy Exz Eyz ] )
T
b= [ bxx byy bzz bxy bz byz ] (10)
T
&= [ Qxx Qyy Qzz Qyxy Qyxz Qyz ] (11)

are vectors of stress [Pa], strain [-], Biot coefficient [-] ([-
] means without unit) and thermal expansion coefficient
[1/°K]; C is the stiffness tensor (fourth order tensor) [Pa]; p
the pore pressure [Pa]; T the temperature [°K] ; ¢ mass of
fluid; p 7 the fluid density [kg / m3] ; M the Biot modulus
[Pa]; and

S =Ss+myss (12)
1 _1.,¢9 1 _b-9¢
M‘N+@’N_KS (13)

A = g+ Pag;ag = as (b—¢p) ;00 = as (14)

Cy = C+mep (15)

with Ss is the skeleton

J-K' =kg-m?-s72-K 1] ;s the fluid specific entropy

entropy
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[] kgl K l=m?.s2.K" 1} ¢ the porosity [—]; as the
thermal expansion coefficient of the skeleton [1/K]; « the
thermal expansion coefficient of porous medium [1/K]; &
the thermal dilation coefficient related to the porosity
[1/K]; C the skeleton tangent volumetric heat capacity at
constant pressure and constant strain [] . kgf1 K’l] ;Cp
the fluid tangent volumetric heat capacity at constant
pressure []_1 K’l}.

Balance equations including the mechanical equilibrium
(momentum balance), the fluid mass conservation, and the
energy balance equations are

V.o+pf=0 (16)
M G M =0 17
5 + = (17)

dE de
E:o':afv~(thf+q)+Mf:f (18)

§> _v. (sfo+%> (19)

where, p the overall mass density [kg-m™3]; f the body
force density [m_z] i My the fluid mass flow vector
[kg - m*3] ; E the overall density of internal energy per unit
of volume [kg-m™!-
[W-m~2]; iy the fluid specific enthalpy [] —kg ']

In the case without the body force density, equations
(16) becomes

s72] ; q the overall heat flow vector

V.oc=0 (20)

The Biot’s effective stress is defined as

c=0 +bp=0 (21)

The fluid flow through the pore network is described by
Darcy law:

M
SRS 22)
0
O K
where k is the intrinsic permeability tensor [m?], u the
fluid dynamic viscosity [Pa.s].

Substituting equation (22) into equation (17) leads to

k

Introducing equation (3) into equation (23) and rear-
rangement yield general diffusion equation

k _1oap 0¢jj oT
v (;Vp) = e thigl —du S (4

The heat conduction is represented by Fourier’s law

qg=—AVT (25)

where A is the thermal tensor
(W m1! ~K*1].

Combination of Fourier’s law and two thermodynamic

conductivity

principles leads to the heat diffusion equation

S k
TV . (sfo) +TSE - VPP =Y (AVT) (26)

Combination of equations (4) and (1) yields

Cdaa—f 3Ty 2P +Co¢Tat +TM Vs — %w.w

ot d
(27)
The term TM st ¢ represents the thermal convection,

V- (AVT) =

i.e. the heat transfer due to the fluid flow.

Moreover,
dp dT
dsy = —3a +Cp— (28)
i f of T
VSf = 7306fﬂ +Cp VTT (29)
Of

Introducing equations (22) and (29) into equation (27)
and neglecting the term Vp.Vp (second derivation of pore
pressure) yield

T 372 4 caT® :in»CpVT

V-(AVT) = Cagp 5 o
(30)

3. FEM formulations

Using the Galerkin principle and assuming that (u*, p*, T*)
are admissible kinetic fields, variational formulation reads

/8*:C:edw—/ e*:bpdw—/ s*:Cawa:/ Fu*ds
0 o) o) Ele%s

k . 9P 4
[y e

ij *
/b” o P +/3“mat”d‘: )
3

/AVTVT*dw—/ AT*V Tnds — /Cd—T*d
+/ 3Tay, ”T* /CaTatT*d +/ “Vp. VT dw
(33)
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3.1. Spatial discretization

The porous medium Q) is discretized into n elements.
Nodal unknowns in a coupled THM problem include nodal
displacement vector U, nodal pore pressure P and nodal
temperature T. The variation of these three main variables
within an element is interpolated from nodal unknowns
using shape function. To avoid the oscillation of the solu-
tion, the shape function N for the mechanical phenomenon
is often one order more than that N’ for the pore pressure
and the temperature [19, 20].

u=[NJW); p=[N](P); T=[N}(T) G4
e=[B](U); Vp=[B](P);

Identical interpolations are used for admissible fields

VT =[B](T) (35

u*, p* and T*. The spatial discretization and the interpola-
tion transform the system of equations (31), (32), (33) into
following matrix form

Ry U+ CypyP + CuTT F_
Cw ot +RPPP+MPP aF +CPT o =tm
CTu 5t CTp o+ RrrT + MTT 5f TR T =k
(36)
in which (F Fy, Fy) is nodal force vector relating to me-
chanical force, mass fluid flow and heat flow. Different

matrix in equation (36) are

Ruy = / B'CBdw, Ryp = / Bthdw, Rrr = / BfABdw
Q Jo JO

Cup = — /Q B'ON'dw, Cpu=—Ch,

Cyr = — / B'CaN'dw, Cr,=—Cly

Cpr = / N" (3a) N'deo, Cry = —Cly

_ w2\ N :/ e N'd
My, /QN (M>N w, Mrr= [ N'C;N'dw

F= / N!Fds, Fyy = / Nthnds,Fq = —Nthqdnds
2007 oOM

(37)

3.2. Temporal discretization

Euler scheme is used for temporal discretization of un-

knowns, such as

x(t+¢A) = (1—8)x(t) +Cx(t+At) (0<¢<1) (38)
d x(t+At) —x(t)  Ax
ax(t+At) —— A (39)
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in which, ¢ = 1 for implicit scheme; ¢ = 1/2 for Cranck-
Nicholson scheme; ¢ = 2/3 for Galerkin scheme; { = 1 for
explicit scheme.

4. Numerical validation

This section is devoted to show the validation of the THM
code against the analytical solution, 190 as well as numeri-
cal results obtained by different research teams involved
in Task E of 191 international project DECOVALEX 2019
[18]. As a reminder, there are five teams (Andra, LBNL,
NWMO, Quintessa, UFZ/BGR) involved in the task E. An-
dra, NWMO and Quintessa used the commercial software
Comsol [29], while LBNL used TOUCH-FLAC [30] and
UFZ/BGR used OpenGeoSys [31] to perform the THM
simulation.

Booker and Savvidou [26] derived the closed-formed so-
lution for the THM field around a heat source in a saturated
porous medium. This solution is recently reviewed and cor-
rected by Chaudhry et al. [32]. In their works, the authors
did not consider the heat convection in the energy balance
and the body force (e.g. gravity). Moreover, both solid
skeleton and pore fluid are assumed to be incompressible.

Considering an infinite porous medium in which the
heat source with heat power Q is located at the origin of
the system, the following solutions T, p, u and stress ojj are

Q. (Dt

= -6 (72> (40)

_ X Q Dt ct
*foBMMrF(ﬁ>‘G(ﬁH )
San14 Q/\ H*, (i=xyz2) (42)

o = 6Gaeq% {G* — H* + R2 (3H* G*)} (i=xy,2z2)

(43)
= 6Gay 4QM T GH = G*) (i,j=xy,2i £ ) (44)

where r = /x2 + y2 + 22 is the distance to the heat source;
D the thermal diffusion coefficient

A
= — (45)
PCp
¢ is the consolidation coefficient and defined as
K
= - (46)
(AL +2uL) 8o

with K is the hydraulic conductivity; A; and pj are Lamé
coefficients. & is linear thermal expansion coefficient
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Table 1. THM properties of the verification simulation

Parameters Value
Solid phase density [kg/m®] 0s 2700
Bulk density of medium [kg/m?] 0 2400
Water density [kg/m?] Ow 1000
Initial porosity ¢ 0.15
Intrinsic permeability [m?] k | 2E-20
Young’'s modulus [MPa] E 4.5E3
Poisson’s ratio [-] v 0.3
Biot coefficient [—] b 0.8
Thermal expansion coefficient of skeleton (1/°C) o 4.2E-5
Thermal expansion coefficient of water (1/°C) x 4E-4
Specific heat [J/kg/K] Cp 1000
Skeleton solid specific heat [J/kg/K] Cps 773
Water specific heat [J/kg/K] Cpw | 4180
Thermal conductivity [W/m/K] A 1.7
Dynamic viscosity of water [Pa.s] 1 1E-3

teg = oy + (1 —¢)as (47)

Four functions G, H, G* and H* are expressed as

G (%) = erfc (ﬁ) (48)

Dt\ Dt (1 Dt
H(= ) ==+ (2 - = )erfc
(%) ,2+<2 r)ef

(49)

@) o
W)

with

X = 3aeq (AL +2pr) — 3as (A + 241 /3) (52)

_ 1 < X (AL +2uL/3) Dés)
~ AL+2up \(1—c/D)3agy eq
(53)
A X (54)

AL+ 2pr (1 —c/D)3ag
To verify the correctness of the numerical solution, we
consider the configuration proposed within DECOVALEX
2019 project. It consists of modeling the THM responses

within a porous medium under a heat source Q = 700 W.

The heat source is located at the center of a cube with a

size large enough to be representative of an infinite domain.

Due to the symmetry condition, one eighth is modeled as
seen in Fig. 1. Left, bottom, ahead surfaces are prescribed

by symmetry condition (i.e. zero normal displacement,
zero normal fluid flow and zero heat exchange). On top,
back and right surfaces, far-field condition applies (here,
we use the condition of free displacement, T = 0 and p =
0). Zero displacement (# = 0), zero stress (¢ = 0), nil
temperature and pore pressure (T = 0 and p = 0) are
imposed as initial condition. The comparison between the
numerical and analytical solutions are plotted in the points
P1 (0.35,0,0). The THM properties of the porous medium
is shown in Table 1.

=
\r;
—
15m
i R 5 =
T 7
E y// \6
—
0o P

Fig. 1. Validation of FE solution against Booker and
Savvidou [26] analytical solution

Fig. 2 shows a perfect agreement between numerical
and analytical solutions, which demonstrate the accuracy
of the FEM program developed in this study. Moreover,
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numerical solution obtained by this study also matches
perfectly the numerical results of Andra, LBNL, NWMO,
Quintessa. Whereas, the pore pressure curved resulted by
UFZ/BGR is less perfect than this work and other teams.

100
920
80
70 — Analytical solution
60 ——This work
5) ——Andra
e 50
= ——LBLN
40
—NWMO
Al — Quintessa
20 —UFZ-BGR
10
0
0 50 100 150 200 250 300 350
Time (days)
(a)
16 —— Analytical solution
——This work
14
——Andra
12 ——|BLN
1o —NWMO
&
S 8 ——Quintessa
a —
6 UFZ-BGR
4
2
0
1E-2 1E-1 1E+0 1E+1 1E+2 1E+3
Time (days)
(b)

Fig. 2. Comparisonin T (a) and p (b) between numerical
and analytical solutions

5. Numerical application for a HLW repository

Numerical program developed in this study is applied to
study the THM responses of the host rock around a high
level waste (HLW) disposal due to the heat release from
the waste package. The configuration of HLW repository
is adapted from the Belgium concept [27]. This previous
study [27] only considered the thermo-mechanical cou-
pling of the host clay rock. The HLW cell consists of a
micro-tunnel with d = 1 m of diameter and /| = 200 m
in of length. We assume that the HLW is located about
~ 800 m under the free surface of ground, which makes
the vertical stress is about 20MPa and pore pressure about
po = 8.5MPa. The initial stress state is assumed to be
isotropic, i.e. Uy = 0yy0 = 0zz0 = 20MPa. Thank to the

location and the configuration of the HLW, the case of an
opening within an infinite medium under far-field condi-
tion with the plane strain condition can be assumed. In the
numerical model, only a quarter of model is considered.

c=20MPa, p=8 MPa

e 100 m
s
S | 0= 0o =0"n0=-13,6 MPa, !
S | T,=22°C, p,=8MPa ' o
o =
= o
o A <
3 =
P6 9 10R e p
o~
1]
P4¢5R 4 ©
p2 &R A
R SR  10R ‘
PL p3 p5  DY=0,q=0,M;=0

Fig. 3. Numerical model of a HLW repository

Fig. 3shows the numerical model including the geome-
try, the initial condition and the boundary condition. The
mesh is shown in Fig. 4. The mesh size on the micro-tunnel
wallis R/20 = 1/20 = 0.05 m. The simulation steps and
THM loading applied on the HLW cell boundary (micro-
tunnel wall) are described in Table 2

)
kR

Ao AVAVAY
SOPAI
XSRS
SRR
SR
W

VA
%
7

S
K
Y

5

A

¥y A

ST VAT AVAVSAVATAYA

RO

R AR
KRS

IS

Fig. 4. Mesh: (a) whole domain; (b) zoom around the HLW
wall

Five different simulations were performed to evaluate
the role of different anisotropies. We consider isotropic
material (Case 1), only transversely isotropy in conduc-
tivity anisotropy (Case 2), only transversely isotropy in
permeability (Case 3), only transversely isotropy in stiff-
ness (Case 4) and triple transversely isotropies (Case 5).
THM properties of these five cases are shown in Table 3.
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Table 2. THM loads applied on the microtunnel boundary

Period Mechanical loads Hydraulic loads Thermal loads
Linear decrease in pore
To + Tp + 1 day: Linear decrease of stress pressure from initial No fl
excavation from initial stress to 0 value to atmospheric o tow
pressure

Torl d.ay .T.TO +6 Free surface Atmospheric pressure No flow

months: waiting

To+6 rrllonth‘s +Tot Free surface No flow Whermal power 160

10 years: heating

Table 3. THM properties of five considered simulations
Parameters Casel | Case2 | Case3 | Case4 | Caseb

Solid phase density [kg/m®] 0s 2690 2690 2690 2690 2690
Bulk density [kg/m®] 2400 2400 2400 2400 2400
Initial porosity 0.15 0.15 0.15 0.15 0.15
Intrinsic permeability parallel to bedding [m?] k,) |3E—20 | 3E—20|5E—20 | 3E—20 | 3E—20
Intrinsic permeability normal to bedding [m?] k, 3E—20 | 3BE—20 | IE—20 | 3E—20 | 3E—20
Young’s modulus parallel to bedding [MPa] E,, | 10E3 10E3 10E3 12E3 12E3
Young’s modulus normal to bedding [MPa] E, | 10E3 10E3 10E3 8E3 8E3
Poisson’s ratio parallel to bedding [—] vy | 03 0.3 0.3 0.3 0.3
Poisson’s ratio normal to bedding [—] v,;; |03 0.3 0.3 0.35 0.35
Biot coefficient [—] b 0.8 0.8 0.8 0.8 0.8
Thermal expansion coefficient (1/°C) « 1IE-5 |1E-5 |1E-5 |1E-5 |1E—-5
Specific heat [J/kg/K] Cp 1000 1000 1000 1000 1000
Skeleton solid specific heat [J/kg/K] Cps | 800 800 800 800 800
Thermal conductivity parallel to bedding [W/m/K] | A,, | 1.5 1.8 1.5 1.5 1.8
Thermal conductivity normal to bedding [W/m/K] | A, | 1.5 12 1.5 1.5 1.2

To study the effect of hydraulic boundary condition on
the micro-tunnel wall, we performed two more simulations
Case 1 d and Case 5 d, in which the host rock properties
are identical to Case 1 and Case 5 but a perfectly drained
boundary condition (i.e. p = Atmospheric pressure) is
prescribed on the excavated wall during the heating phase
(after 6 months).

For cases 4, 5 and 5 d, where the stiffness is anisotropic,
we need to provide also the shear modulus. In this study,
shear modulus G,, is approximated by Saint-Venant’s
formulation

1 1 1+2UL//
==+ —" (55)
E;/ E,

Gr/1

The water properties including the bulk density py =

1000 kg/ m3, the specific heat 4180 ] /kg /K, the bulk mod-

ulus of water Ky = 2.2GPa; linear thermal expansion co-

efficient «; and dynamic viscosity y; depending on the

temperature as approximated by following equations [33—
36].

a/(T) =0, 0000063055400148261T° — 0,00145711324821415T>+

0,161283442120817T — 0,645156577819239
(56)

#=Aexp(B/T) (A=21-10"Pa-sand B = 18085K)
(57)

5.1. Effect of transversely isotropy

This subsection compares the THM responses around the
micro-tunnel (specifically the evolution in T and P at points
P;,i =1,6in Fig. 3) of cases 1,2, 3,4, 5 to evaluate the trans-
versely isotropy of each key properties: thermal conductiv-
ity, permeability and stiffness.

Comparing cases 1 to 5 shows only the case 2 and 5 gives
a slight different in temperature field around the micro-
tunnel from the case 1 due to the anisotropy in thermal
conductivity (Fig. 5). The maximal temperature reaches at
the micro-tunnel boundary, where the heat flow is applied.
The difference in T between the isotropic and anisotropic
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cases (case 1 vs case 2 ) at the microtunnel wall is negligi-
ble (< 0.5°C), while this difference is more pronounced
at points P3,P4 and P5, P6 (~ 2°C). Cases 1, 3 and 4
give identical temperature evolution. As shown below, the
anisotropies in permeability and stiffness affect the pore
pressure evolution in compared to the isotropic case (case
1). However, the temperature does not change as seen the
comparison between case 1 and case 3 in Fig. 6. It means
that the thermal convection (as seen in equation (27)) is
negligible for a geomaterial with a very low permeability
like clay.

80
= P1-P2-T-Case 1

70 = = =P1-T-Case 2

====-P2-T-Case 2
60
———P3-P4-T-Case |

50 - = =P3-T-Case 2

P R O s P4-T-Case 2

Temperature (°C)

P5-P6-T-Case 1

20 = = =P5-T-Case2

20 ====-P6-T-Case2

0 2 4 6 8 10
Time (years)

Fig. 5. Evolution in T at points Pi (i = 1,5) for two Cases 1
and 2

80
——PI1-P2-T-Case 1

70 = = =PI1-T-Case 3
----- P2-T-Case 3
60
———P3-P4-T-Case 1
50 - - -P3-T-Case 3

B ====-P4-T-Case 3

Temperature (°C)

———P5-P6-T-Case 1

30 = = =P5-T-Case3

20 ====-P6-T-Case3
0 2 4 6 8 10
Time (years)

Fig. 6. Evolution in T at points Pi(i = 1,5) for two Cases 1
and 3

Figs. 7 to 9 show the comparison in pore pressure evo-
lution at points P1, P2 (Fig. 7); P3, P4 (Fig. 8) and P5, P6
(Fig. 9). Anisotropies do not affect much the pore pressure
on the excavated wall where applies the heat flow. Indeed,
the highest pore pressure obtained in case 3 is ~ 0.5MPa
higher than the lowest pore pressure obtained in case 4 .
However, the effect of anisotropy is more pronounced in
points P3, P4 and P5, P6. The effect of only the thermal con-
ductivity anisotropy is marginal. The effect of permeability
anisotropy is significant during both waiting and heating
phases (case 3), while the stiffness anisotropy presents a
strong effect only during the excavation and waiting phase.
As shown by Tran [37], the elastic anisotropy leads to an

over pore pressure in the direction where the Young mod-
ulus is higher and a depression in the direction where the
Young modulus is lower. This is due to the fact that the
volumetric strain is in compression or extension. How-
ever, the effect of stiffness anisotropy is also marginal when
considered points is far from the wall (e.g. P5 and P6).

= P1-P2-p-Casel
——— P1-p-Case2
10 = = =P2-p-Case2
——P1-p-Case3
— = =P2-p-Case3

Pressure (MPa)
[~

———Pl-p-Cased
4 = = =P2-p-Cased

2 ——P1-p-Case5

= = =P2-p-Case5

0 2 4 6 8 10
Time (years)

Fig. 7. Evolution in p at points P1 and P2 for two Cases 1
to5
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= = =P4-p-Case2
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Fig. 8. Evolution in p at points P3 and P4 for two Cases 1
to5
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Fig. 9. Evolution in p at points P5 and P6 for two Cases 1
to5

5.2. Effect of drained and undrained conditions on the
micro-tunnel boundary

In the HLW concept, there is often a thin metal casing be-

tween the waste package and the excavated wall. The void
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between the casing and the rock is often filled by stuffing
materials. In the real 3D configuration, longitudinal water
flow is unavoidable in the interface between the casing
and the host rock. Therefore, even if the casing is imper-
vious, perfectly undrained condition on the cell boundary
is not evident. The hydraulic condition must be between
perfectly undrained and drained condition. However, to
determine correctly this condition is not a trivial task, even
impossible. Therefore, we consider two extremely cases
in this subsection: perfectly undrained condition (Cases 1
and 5) and drained condition (Cases 1 d and 5d ).

Fig. 10 to Fig. 15 shows the THM responses including
the pore pressure, the radial stress and the hoop stress (or-
thoradial or tangent stress) around the micro-tunnel at 10
years for Cases 1, 1d (isotropic cases) and Cases 5, 5d
(anisotropic cases). It is observed that the hydraulic con-
dition prescribed on the cell boundary affects significantly
the THM responses in the near field. Indeed, the pore pres-
sure reaches the maximal value on the excavated wall for
undrained condition (Cases 1 and 5), while it is obviously
equal to the atmospheric pressure for the perfectly drained
condition (cases 1 d and 5 d ). The difference in pore pres-
sure leads to the different in stress state. For two boundary
conditions, the hoop stress are compressive everywhere
and always reaches the maximal value on the excavated
wall. The difference in maximal hoop stress is moderate
between two boundary conditions (see Fig. 12 and Fig. 15).
However, the pore pressure affects much more significantly
radial stress than hoop stress. Undrained condition leads
to a tensile radial stress on the cell wall, while it is through-
out compressive with drained condition (see Fig. 11 and
Fig. 14).

S

RESULIN_DEPL_PRE1 (233/233)
8442406 1.08e407 1326407 te+05 4976406 9 84e+06
L

RESULIN_DEPL_PRE1 (233/233)

Fig. 10. Pore pressure field around the micro-tunnel for
isotropic cases: undrained condition — Case 1 (left) and
drained condition (right) (at 10 years)

Increase in pore pressure due to undrained condition
and heating and the vanishing of applied stress on the cell
boundary after the excavation (i.e. total stress = 0) leads to
a tensile radial effective stress on the HLW wall. However,

SIGM_SIEF, NOEU slxx (233/233) SIGM_SIEF _t NOEU slxx (233/233)
135 07 mz +07 -158e m 785 +05

Fig. 11. Radial stress field around the micro-tunnel for
isotropic cases: undrained condition — Case 1 (left) and
drained condition (right) (at 10 years)
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Fig. 12. Hoop stress field around the micro-tunnel for
isotropic cases: undrained condition — Case 1 (left) and
drained condition (right) (at 10 years)
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Fig. 13. Pore pressure field around the micro-tunnel for
anisotropic cases: undrained condition — Case 1 (left) and
drained condition (right) (at 10 years)

the tensile stress zone is very limited around the cell, since
the compressive thermal stress is significant. In most cases,
the excavation induced near field damage is unavoidable
[38, 39].

For drained cases (Case 1 d and 5 d ), the zone where
the maximal pore pressure is located is ~ 8R from the cell
wall. The effective radial stress reaches the maximal value
in zone ~ 5R from the wall in the Case 1 d where the pore
pressure is close to the maximal value. This means that this



Journal of Applied Science and Engineering, Vol. 26, No 12, Page 1689-1702 1699

SIGM_SIEF L NOEU slxx (233/233) SIGM_SIEF_t NOEU SIXX (2337233
m 07 ‘m 07 156 m m 05

Fig. 14. Radial stress field around the micro-tunnel for
anisotropic cases: undrained condition — Case 1 (left) and
drained condition (right) (at 10 years)
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Fig. 15. Hoop stress field around the micro-tunnel for
anisotropic cases: undrained condition — Case 1 (left) and
drained condition (right) (at 10 years)

zone is the most compressive due to the thermal expansion.
Anisotropy material and drained condition (Case 5d) leads
to a localized zone in the side of the cell (in horizontal
direction) where the radial stress is the most compressible.
The anisotropy effect is more pronounced for drained cases
(Cases 1 d and 5d) in compared to undrained cases (Cases
1 and 5). This observation is confirmed when plotting the
evolution in pore pressure in points P3 and P4, P5 and P6
(see Fig. 16 and Fig. 17).
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Fig. 16. Evolution in p at points P3 and P4 for four Cases 1,
5and 1d, 5d

Even if the pore pressure field in the near field of the
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Fig. 17. Evolution in p at points P5 and P6 for four Cases 1,
5and 1d, 5d
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Fig. 18. Evolution in T at points Pi (i=1,5) for two Cases 1
and 1d

HLW cell is very different between drained and undrained
cases, the temperature field is almost identical between
them (see Fig. 18). This shows again that the thermal con-
vection is negligible for a low permeable host rock as one
considered in this study.

6. Conclusion

In this study, constitutive equations of fully thermo-hydro-
mechanical (THM) coupling in the framework of poroelas-
ticity and its spatial (via FEM) and temporal discretization
are clearly and fully presented in this paper. These THM
equations is then implemented in an in-house FEM code in
order to study the THM responses of the host rock around
a HLW repository (i.e. near field responses). Exothermic
radioactive waste packages disposed within the repository
leads to a temperature increase within the host formation.
Clay formation is usually saturated and low permeable.
The temperature raise induces the pore pressure build-up
due to the difference in thermal expansion between the
pore water and the skeleton solid, which makes change
the stress state and might provoke the shear and/or ten-
sile failures. The design of the HLW repository is in many
countries currently based on a poroelastic approach (e.g.
Belgium, Switzerland, France). A configuration of HLW
based on Belgium concept is considered and the following
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main results can be made:

¢ Thermal convection is negligible in compared to the
thermal diffusion;

¢ Effect of material anisotropies, including anisotropies
in permeability, thermal conductivity and stiffness
does not affect significantly the final THM responses
of the host rock;

¢ Anisotropies in elasticity and permeability play an
important role to the pore pressure variation during
the excavation and waitting phases;

® Drained condition on the micro-tunnel wall affects
significantly the pore pressure and stress state;

¢ Temperature always reaches the maximal value on the
excavated wall;

® Pore pressure reaches the maximal value on the wall
for undrained cases, while it is maximal inside the

host rock for drained cases;

¢ Undrained condition leads to tensile radial stress in a
limited zone around the excavation, whilst it is maxi-
mal inside the ground;

e Effect of anisotropy is more pronounced for drained
cases than undrained cases.

These observations should be useful for the design of
the HLW cell and long term safety analysis of the repository.
Non-linear short term and time-dependent behaviors are
the next step to be considered and implemented in this
in-house FEM code to demonstrate the robustness of the
poroelastic approach currently adopted in many countries
(e.g. France, Belgium, etc).
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