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Abstract

This study conducts a numerical analysis of long-term thermo-hydromechanical (THM) pro-
cesses, with a particular focus on deep geological disposal of radioactive waste. It emphasizes
the modeling of damage zones resulting from excavation activities, as well as changes in pore
pressure and temperature. The numerical model presented in this paper delineates the fun-
damental relations of thermo-poro-elasticity. It also introduces a double phase field method
specifically formulated for rock materials, taking into account THM coupling and time-
dependent behavior. The proposed method has been implemented in a finite element code
and applied to a benchmark problem associated with the French High-Level Waste (HLW)
disposal concept. This application centers on the numerical analysis of THM responses
and the progression of induced cracks, utilizing the proposed model. The occurrence of
damage in the far field can be more readily attributed to the boundary conditions on the
distant side, which are affected by the spacing between every two repositories. Additionally,
time-dependent behavior significantly impacts the long-term scenario.

Keywords: Radioactive waste, geological disposal, thermo-hydromechanical coupling,
Callovo-Oxfordian claystone, damage and cracking, phase-field method
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1. Introduction

Geological disposal is a strategy considered by many countries for the management of
radioactive waste. In this regard, understanding the short-term and long-term thermo-
hydromechanical (THM) responses of the geological barrier becomes essential. In France,
the French national agency for radioactive waste management (Andra) has established an
underground research laboratory (URL) in Bure. This URL, located within the Callovo-
Oxfordian (COx) claystone layer at an average depth of 490 meters, plays a pivotal role in
investigating the THM responses of the host rock, as outlined in the work by [1].

To thoroughly investigate the characteristics of the thermo-hydromechanical responses
of the host rock during various phases of geological disposal, as well as to evaluate the
feasibility of constructing and operating a disposal site within the COx claystone formation,
a two-pronged approach has been employed. On one hand, extensive experimental studies at
the sample scale have been conducted to examine the primary properties of COx claystone.
These investigations cover a wide range of aspects including its basic deformation and failure
behavior [2, 3, 4], time-dependent deformation [5, 6, 7], thermo-hydraulic effects [8, 9, 10],
thermal cracking under saturated conditions [6, 11, 12, 13, 14], among others. On the other
hand, a series of in-situ experiments have been carried out at the Andra URL [1, 15, 14, 16].
A variety of heating experiments, ranging from small-scale to full-scale, have been carried
out at the URL. These significant studies have led to a consensus on several key issues.
Notably, due to the thermal expansion coefficient disparity between pore water (ranging
from 2.3x107* K1 at 20°C to 7.2x10~* K~ at 90°C) and the solid skeleton of the COx
claystone (1.5x107° K1) [6, 11, 12], the pore water pressure in the surrounding saturated
claystone increases with the temperature rise caused by the heat emission from High-Level
Waste (HLW) packages. This induced overpressure in the pore water leads to a slow water
flow phase due to the low permeability of the host rock, estimated between 1.0x10721 m?
and 2.0x107% m? [17, 18]. Given that these phenomena could potentially jeopardize the
stability of the host rock, it is crucial to meticulously study and verify the crack process
induced by the complex thermo-hydromechanical coupling behavior in both the short and
long term of geological disposal.

To specifically tackle the THM coupling challenges associated with the geological disposal
of radioactive waste, the international research project DECOVALEX was established and
has been operational for several decades. Significant advancements have been made through
this initiative, with a comprehensive overview available in references [19, 20, 21]. Notably,
a variety of approaches, both continuous and discontinuous, have been proposed to address
THM coupling problems in both saturated and partially saturated porous media, employing
both elastic and inelastic models, as detailed in [22, 23, 24]. In this study, the primary focus is
on analyzing the cracking and damage processes in both of near and far field of the repository,
specifically under coupled thermo-hydromechanical conditions. Over the past decades, a
range of numerical methods has been developed to model crack initiation and propagation.
Notable among these are the Extended Finite Element Method (XFEM), which utilizes
a global enrichment technique to represent discontinuities caused by cracks or fractures
25, 26, 27], and the Enriched Finite Element Method (EFEM), employing a local enrichment
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solution with elementary sharp functions [28, 29, 30, 31]. The theory of peridynamics (PD)
is a non-local continuum theory based on integro-differential equations [32, 33, 34]. In more
recent developments, drawing on the variational principle of fracture mechanics as outlined
by [35], a novel numerical solution known as the phase-field method has been introduced
(36, 37]. The phase-field method, with its ability to approximate sharp fractures via a
regularized, smeared crack density field, is particularly adept at managing the nucleation
and propagation of cracks. It emerges as an effective approach for capturing the transition
from diffuse damage to localized cracks. Owing to its compact and coherent framework, this
method shows significant potential for addressing more complex cracking challenges, such
as those induced by THM coupling. In domain of rock mechanics, various specific models
have been developed for addressing cracking in brittle-ductile behavior [38, 39, 40]. The
phase-field method has also been applied to cracking modeling with thermo-hydromechanical
coupling [41, 42, 43].

In this paper, we shall present a short summary of numerical modeling framework of
thermo-hydromechanical responses considering time dependent behavior and induced crack-
ing processes in the context of deep geological disposal of radioactive waste. As a part work
of DECOVALEX-2023 (Task A), the benchmark of parallel, sub-horizontal micro-tunnels
(called HLW disposal cells) drilled from access drifts in the COx formation is considered to
simulate and analysis. The main objective is to improve the ability of numerical models to
predict processes and mechanisms of fracture initiation and growth in claystones due to a
rapid increase of heat overpressure. In this study, the viscoplastic model and the damage
model, utilizing the phase-field method, are integrated to address THM coupled problems
in saturated porous media, taking into account both damage effects and time-dependent
behavior. This combined model has been successfully applied to simulate an in-situ heating
test, allowing for the distinct identification of damage zones induced by excavation, heating,
and creep behavior. The simulation outcomes provide valuable insights for analyzing and
evaluating the design of underground HLW packages.

2. Fundamental relations of thermo-poro-elasticity

In this section, we outline the key relations that form the basis of thermo-poro-elastic
coupling analysis. For simplicity and clarity, our discussion is confined to scenarios involving
saturated materials. The saturated porous medium occupies a volume denoted as 2 and
is bounded by an external boundaryd{2. The thermo-hydromechanical behavior of this
material is described through three distinct physical fields:

(i) Within the mechanical field, there exists a body force f, throughout 2, a surface force
ty acting on part of the external boundary 0€2¢, and a prescribed displacement @ on the
complementary part of the external boundary 0f2,.

(ii) For the pore fluid pressure field, the fluid flux @ is present on the external boundary
o€, alongside a prescribed fluid pressure p on the external boundary 9€2,,.

(ili) In the temperature field, the heat flux q occurs on the external boundary 0€,, with a
prescribed temperature change 6 on the external boundary 9.

Therefore, the constitutive relations pertinent to thermo-poro-elastic theory, as outlined in
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key references such as [44, 45], can be expressed as follows:

oc—00=C,:e°— B(p—py) — Apb
p—pon(—ste—F%)—f—SamMQ (1)

s—sozsgnm—i-abi(0'—0'0)_(30%_3:ab)<p_p0)+%;9

with stress tensor o, fluid pressure py, entropy sg, temperature T and volumetric density
of fluid p(} at the initial reference configuration. In the order of appearance, C, is the forth
order elastic stiffness tensor in drained condition. B is the second order tensor of Biot
coefficients, while the scalar coefficient M is the Biot modulus. «a; and A, are two second
order tensors respectively for thermal dilatation and thermo-elastic coupling coefficients in
drained condition. 6 is the variation of temperature, which has § = T'—T;. The coefficient v,
denotes the differential thermal dilation of saturated porous medium. C? is the volumetric
specific heat for constant stress under drained condition. In the case of isotropic materials,
one has C) = 3K,J + 31K, with K and ) being the drained bulk and shear modulus
respectively. The other coefficients are also simplified as follows: B = bd, ap = a0 and
Ay = 3Kpad. The Biot modulus is given by 1/M = (b — ¢)/K,, + ¢/ Ky, with K, being
the bulk modulus of solid matrix, K that of fluid and ¢ porosity. The differential thermal
dilation coefficient is expressed ., = (b — @)y + dap with the thermal dilation coefficient
of the fluid ay.

Utilizing the momentum balance equation, Darcy’s fluid conduction law, fluid mass con-
servation, Fourier’s heat conduction law, and the energy balance relation, the following
governing equations for boundary value problems are derived:

divo + f, =0
K _10p O(B:e€ 06

dw(ﬂf :Vp) = A o + T 3a,, 5 @)
. 100 Jp 0(Ayp : €)

where k and A are respectively the permeability and heat conductivity tensors. The symbol
(s represents the dynamic viscosity of the fluid, while C? denotes the specific heat of the
porous medium under constant volume and drained conditions. It should be noted that
in the third relation, the heat convection term associated with fluid flow is omitted. Once
specific boundary and initial conditions are established, these governing equations can then
be solved for the given boundary value problems.

3. Phase-field method for saturated porous media

In the context of geological disposal of radioactive waste, excavation activities, temper-
ature fluctuations, and increases in water and gas pressure can lead to the formation of
damaged and cracked zones. Consequently, accurately describing the initiation and evolu-
tion of these zones over both short and long terms becomes essential. This section presents
the formulation of a specialized phase-field model, designed specifically for rock materials.

4
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This model incorporates thermo-hydromechanical coupling and accounts for time-dependent
behavior.

As this approach has been frequently encountered in the literature, the author opts to
maintain a straightforward and concise writing style. This decision is made to facilitate
easier reading, focusing primarily on highlighting the critical assumptions made and their
subsequent consequences.

3.1. Regularized description of crack evolution

The phase-field method originates from the variational principle of fracture mechanics,
as proposed by [35]. Its numerical implementation is achieved by approximating the sharp
crack topology with a regularized, smeared crack distribution, a technique further elaborated
in works by [36, 37]. This approach conceptualizes the nucleation and propagation of quasi-
static cracks as the minimization of an energy function, which includes both the stored
energy and the energy required for crack formation. This variational framework is aptly
suited for extension to address the crack process in saturated porous materials subjected to
THM loads. Accordingly, the total energy functional within this context is formulated as
follows:

E(e°, €, m*,m™,0,T) = E,(°,m",0,T) + Eyp(e, m™,0,T) + E.(I") (3)

where E.(I') denotes the fracture surface energy, while E (e, m, 60,I") denotes the elastic
strain energy of cracked material, which is a function of elastic strain tensor ¢, elastic and
viscoplastic fluid mass change per unit initial volume m® and m"P, variation of temperature
6, as well as the set of crack I'. E,,(e"?,m*?,0,I") denotes the viscoplastic energy of cracked
material, which is due to m", 6 and viscoplastic strain tensor €"?. It is important to
note that, for the sake of completeness, the energy functional is presented here in its most
general form. Within this framework, it is assumed that viscoplastic flow contributes to an
irreversible change in fluid mass, denoted as m,,. However, it should be recognized that this
is not applicable for a purely deviatoric viscoplastic flow in an isotropic material.

Adopting the regularization approach outlined by [36], the state of cracks is denoted by a
scalar-valued auxiliary variable d(x), which assumes a value of one on the crack surface and
diminishes to zero in an intact state. Consequently, the total area of sharp crack surfaces
within the volume €2 is approximated through the volume integration of a crack surface
density . Moreover, to effectively address mixed-mode cracks in rock-like materials, a
double phase field method, as proposed in [46], is employed. This method introduces two
distinct parameters: tensile damage d' and shear damage d*. Based on this approach, the
approximated crack surface area within the volume I' can be mathematically represented as
follows:

Ap =~ AL(d) + AL (d) = / (' V') + (&, V) 9 (4)
Q

Here, the total surface area of a sharp crack, denoted as Ar, is approximated by the volumet-
ric integration of crack density functions for both tensile cracks v*(d', Vd") and shear cracks
v*(d®, Vd®). Among the three commonly used phase-field models proposed by [36, 47, 48],

b}
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the formulation by [47], which is thermodynamically consistent, is selected for adoption.
This formulation can be expressed as follows:
1.1
F(d*, Vd*) = §{l—(d°‘)2 +1,Vd*.Vd*} ; a=t,s (5)
d
where [; represents a length scale parameter that correlates with the width of the smeared
cracks. The crack density functions are denoted by y%(d*, Vd®) and depend on both the
damage variables d* and their gradients Vd®. This non-local formulation aids in regularizing
the issues related to damage localization. Utilizing this approximation, Equation (3) can be
reformulated as follows:

B, &, m, 0, d', d°) :/we(ee,me,e,dt,dS)dQ
Q

+ / wop (", M, 0, d", d*)dQ (6)
Q

+ / wo(d', d*, Vd', Vd*)dQ
Q

with elastic strain energy of cracked material w,, and the energy density per unit volume
requested to create the crack w,.:

we(d', d*,Vd',Vd*) = giy'(d', Vd') + giy*(d®, Vd*) (7)

3.1.1. Elastic stored energy

To incorporate the impacts of pore fluid pressure and temperature variation on crack
evolution, the elastic free energy for an intact porous medium is conveniently articulated as
follows, utilizing the constitutive relations outlined in Equation (1):

l(p _p0)2 . 10—392

2 M 2Ty (®)

1
wg(ee,p, 0) = 50’5 (e +

o' is the Biot (elastic) effective stress tensor given by:
o' = (0 —0a’)+ B(p—p) (9)

In most rock types, the evolution of tensile cracks is typically driven by tensile effective
stress. Consequently, the Biot effective stress tensor is separated into a positive (tensile)
component and a negative (compressive) component, represented as: o’ = o’ + o' . This
decomposition is achieved by employing spectral operators PE [49]:

{O'bJr:IF’j:a'b
b— _ - . b
o' =P 0o

(10)

Accordingly, the elastic strain energy is rewritten as follows:

_ 02 b
we (€%, p, 0) = w, " (e°) +w2‘(ee)+1<p Py 1C

AL A 11
2 M 2Ty (11)
6
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with
a.b+ o

o.bf o (12)

wdt =

[
The model further assumes that tensile cracks predominantly affect the positive stress-
related component of the elastic strain energy, whereas shear cracks impact the negative
stress-related component. For simplification purposes, the effects of induced cracks on the
Biot modulus M and the specific heat C® are omitted in this analysis. Consequently, the

elastic strain energy for materials with cracks is formulated as follows:

1<p _p0)2 . lc_gGQ
2 M 2T,

N[0 | =

we (e, p,0,d", d*) = hy(d)w? + hy(d*)w?™ + (13)
h; and h, are two degradation functions of elastic energy due to crack evolution. The
following widely used form is here adopted:

ho(d®) = (1 —Kk)(1—d*)?+k ; a=ts (14)

The small positive constant k is introduced to avoid numerical fluctuation when the material
is fully broken (d* =1).

3.1.2. Viscoplastic deformation

Viscoplastic theory is employed here to characterize time-dependent deformation. As
previously discussed, the elastic strain in saturated porous media is influenced by Biot’s
effective stress. However, plastic or viscoplastic deformations are typically governed by the
stress tensor and fluid pressure independently. The complete validation and applicability of
the effective stress concept in these scenarios have not been fully established yet. Nonethe-
less, to simplify the formulation of plastic and viscoplastic models, several micro-mechanical
and experimental studies have focused on determining the plastic yield or strength crite-
ria for saturated rock-like materials, as evidenced in works by [50, 51, 52]. It has been
established that Terzaghi’s effective stress concept provides an effective approximation for
accounting for the impact of fluid pressure. This concept is defined as o' = o + pI, where
I represents the second-order unit tensor. Consequently, in this study, it is assumed that
viscoplastic flow is driven by Terzaghi’s effective stress. Moreover, given the focus on the
description of damage fields, a straightforward viscoplastic model based on Lemaitre’s law
is employed, similar to approaches used in previous studies on clayey rocks [53]. Assuming
small strain conditions, the total strain increment de is conceptualized as the sum of its
elastic and viscoplastic components:

de = de® + de"” (15)
The increment of viscoplastic strain de*” is calculated from its flow rate €,,:

de’? = &P (16)



198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

Furthermore, the viscoplastic flow rate tensor is assumed to be co-axial with the devia-
toric stress tensor, that is:
. 2¢
EP =_""Pg! (17)
3q
q represents the conventional deviatoric stress and is defined as ¢ = 1/3s! : s!/2, where s’
is the deviatoric component of Terzaghi’s stress tensor of. The rate of viscoplastic strain
is quantified by the scalar variable €,,. This rate is dependent on the current value of the
deviatoric stress ¢ and the extent of accumulated viscoplastic strain, which can be described
as follows:

Zup = (T —2) 3 (L - ) (18)
Oref

where the parameter 7 represents the viscosity and controls the initial rate of viscoplastic
flow. o, signifies the threshold stress required to initiate viscoplastic flow. o, is a reference
stress, with the unit of stresses adopted here being 1 Pa, to ensure the term under the power
law remains dimensionless. The material parameters n and m are responsible for controlling
the rate of evolution of the viscoplastic flow. Additionally, the scalar variable €77 denotes
the equivalent viscoplastic strain, which is defined as follows:

£%(t) = /O t \/ gsvp(f) L (7)dr (19)

The viscoplastic energy dissipation density of an intact material can be calculated by:

wgp(s”p) = /0 o' (1) : €P(r)dr (20)

In this straightforward model, only shear viscoplastic strains are generated. Conse-
quently, it is a reasonable assumption that viscoplastic dissipation is predominantly affected
by the growth of shear cracks. For the purposes of this study, the viscoplastic-damage cou-
pling function is represented using the following simplified form:

wep (e, d°) = xhs(d*)wy, (™) (21)

where the parameter x defines the effect of shear crack on the viscoplastic dissipation. hg(d*®)
is the same as the degradation function given in (14).

3.1.3. Fwvolution of crack fields
By minimization of the total energy functional presented in Equation (6), one gets the
governing equations of phase-field evolution:

_%_8"””?—936(1&7“:0 , de >0 , in Q

ode — de
—we e 0§y <0, d*=0 , in Q (22)

Oy _
5o =0, on 4
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047 denotes the variational derivative. Furthermore, the evolution of two crack fields are
described by the following equations:

—R(dul, — g {idt - lddw(w)} =0, d>0
(23)
— B (@) + xul)) — g {ids - zddw(ws)} =0, d*>0

where hj(d") = —2(1 — k)(1 — d") and h.(d®) = —2(1 — k)(1 — d*) are the derivatives of two
degradation functions with respect to two damage variables.

The evolution of tensile cracks is primarily driven by the elastic strain energy w?, , which
depends on the tensile (positive) Biot effective stresses . Conversely, the progression of
shear cracks is influenced by the elastic strain energy w?_, associated with compressive (neg-
ative) Biot effective stresses o®~. However, this outcome from the variational approach does
not fully capture the shear cracking mechanism in rocks. It is well-established that shear
cracking is typically governed by both the maximum shear stress and compressive mean
stress. The classical Mohr-Coulomb criterion, extensively utilized in rock mechanics, encap-
sulates this physical mechanism. In addressing shear crack evolution, this study proposes a
hybrid model. The Mohr-Coulomb criterion is reinterpreted in terms of energy, as detailed
in [49], and an alternative driving force w?® is defined in the following manner:

o1 o) —(oy)- | (o) +(03)
- ﬁ< 2cosp * 2

w —tangp — )2 (24)

with the bracket (.)_ such as:

{ (a)- =0, a>0 (25)

(@) =a, a<0

Here, ¢! and o} are the major and minor Terzaghi effective principal stress. ¢ and ¢ denote
the cohesion and frictional angle of material. By substituting the physically-based driving
energy into (23), the criteria for two crack fields are now expressed as:

—h(d)u?, — gt {idt - zddw(wt)} =0, d>0
(26)
(@) (W + Ywep) — g {ids . lddz’v(VdS)} =0, d* >0

Recognizing crack evolution as an irreversible process, and drawing inspiration from prior
research such as [47], the following energy history functionals are introduced:

H(t) = maz[w?, (T)]repy

HE () = max[w® (T)] e (27)

Hop(t) = max [wgp(T)]TG[O,t]

9
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where the time variable 7 designates the loading history from the initial state to the current
time step t. Using these energy history functionals, the evolution of both tensile and shear
cracks is determined by the following relations:

CR(dOYHE — gt {idt - zddw(wt)} —0
SR (HE + xHap) — 0 {idé‘ - lddw(VdS)} ~0

4. Numerical implementation in finite element method

In addressing tensile and shear cracks within thermo-hydromechanical problems, it is
necessary to determine five coupled physical fields. Utilizing the finite element method
framework, the weak forms of static equilibrium, hydraulic, and heat diffusion equations are
articulated as follows:

/ de : C(d", d*) : edV — / se : (6p)IdV — / 5e : (3ap Iy (d!, d*)T)IdV = / t.oudS (29)
Q Q Q

Qf
t s t 1
/ D) G )y = / ) s pmas — [ L% spav
o M Q. M o M Ot (30)
85kk 00
— | b——dpd —opd
/Q BT op V+/Q3am8t5pv
_ b89 t s 85kk
AVT.V(30)dV = [ ATVT.ads — | ¢ Zs0av — | (BapKy(d, d*)To) 2 60av
Q Q q Ot Q ot
t
+ / (3anTy) 2Lo0dV + / A G (0,v60)50av
Q ot o M
(31)

C*(d!, d*) is the drained elastic stiffness tensor of cracked material. This one is affected by
the evolution of cracks. Based on the degradation function adopted in (14), one gets:

Cyld', d*) = {hy(d")PF + hy(d*)P; } : CY (32)

with C) representing the drained elastic stiffness tensor of the intact material. The perme-
ability tensor of cracked porous media, denoted as k, is also influenced by crack growth. For
simplicity, yet without losing generality, it is assumed that permeability is predominantly
affected by both of tensile cracks and shear cracks. The relationship governing this effect is
expressed using the following simple equation [49, 43]:

k(d") = Koexp(Brmax(d', d®)) (33)

where the initial permeability tensor of the intact porous medium is denoted as kg, with the
parameter [y controlling its evolution. To simplify the model, it is assumed that the dynamic

10
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viscosity, represented by p, and the thermal conductivity tensor, A, remain unaffected by
these changes.

On the other hand, based on the governing equations (28), the weak forms for the
evolution of tensile and shear crack fields can be written as:

/ {(gt/lg + 2H,)d'5d" + ¢!V d" - V(0d") }dV = / 2H,0d'dV (34)
Q Q

/{(gﬁ/ld + 2(HE + XHop))d?0d® 4+ g2V d® - V(0d*) }dV = / 2(HE + xHyp)0d®dV  (35)
Q

Q

Employing elementary approximations and appropriate shape functions for each field,
combined with an implicit time discretization scheme, leads to the derivation of the following
discrete systems of equations tailored for coupled THM problems:

R, AU + C,,AP + C,;AT = AF,
C,.AU + (AtR,, + M,,,)AP + C,rAT = At(—R,,P + AF,)

Cr AU + Cr,AP + (AtRyr + Myp)AT = At(—Ryr'T + AF,) (36)
Kdtdt - th
deds - Fds

The detailed expression of all matrices can be found in Appendix A. Drawing inspiration
from earlier research, specifically [36, 54|, this study employs an Alternate Minimization
(AM) strategy. This approach involves initially determining the THM solutions based on
the crack fields obtained in the previous time step. These solutions are then utilized to
determine the current crack fields. An iterative loop is employed to update all solutions
until they meet the established convergence criteria.

5. Application to HLW disposal analysis [55]

In this section, we present an application example focused on the numerical analysis of
thermo-hydromechanical responses and the progression of induced cracks within the frame-
work of the French High-Level Waste disposal concept [55, 56, 57]. The proposed THM
model incorporates the double phase field method to simulate this two-dimensional bench-
mark exercise [57]. This simulation is specifically designed to capture the thermal fracturing
of COx claystone. It focuses on the fracturing close to the borehole heater (near field) caused
by short-term heating, as well as in the deeper areas distant from the borehole heater (far
field), which is induced by long-term heating. It is important to highlight that, drawing
upon our prior research [43], the code and material parameters employed in this study have
undergone verification. This was achieved through a comparative analysis between pertinent
experimental results and an analytical solution.

5.1. Geometry and mesh

The domain under study represents a vertical cross-section at the mid-plane of the HLW
disposal cells. It is modeled within the two-dimensional plane, assuming strains perpendicu-
lar to this plane are negligible. As depicted in Figure 1, the geometric domain incorporates
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301

a single disposal cell to take advantage of symmetrical properties, given the HLW reposi-
tory’s design with multiple parallel cells. In this study, which focuses on assessing the risk of
fractures induced by heating, the disposal cells are positioned 26 meters apart. Accordingly,
the width of the study domain is set at 13 meters. To account for the varying effects of
different rock layers, a depth of 1000 meters is selected for examining the excavation and
heating processes in the HLW disposal cell, which itself has a depth of 560 meters. Specific
depths of various geological layers can be found in Table 1.

In this study, the HLW is modeled on the scale of 150-meter-long micro-tunnels, which
have an excavated diameter of 0.8 meters. Each micro-tunnel is lined with a 0.025-meter-
thick steel casing, resulting in an inner diameter of 0.75 meters. For the sake of simplicity in
this benchmark exercise, the gap between the rock and the casing is not considered, implying
that no filling material is included in the model. As depicted in Figure 2, the numerical
model utilizes a mesh comprising 4508 quadrilateral elements and 4847 nodes, with a finer
mesh concentration near the cell.

Surface UA2-3
BAR
KIM —
Steel casing
usc
OXF -
uT
Inner surface Excavation
HLW H of surface
steel casin, Cell wall
disposal cell i COX — 9* UA2-3 9 ( )
DOG
UA1
1000 m depth

Figure 1: Model domain for the HLW repository test [55]
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Table 1: Depth of the different geological layers [55]

Abbreviation Depth

Barrois limestone BAR 0.0 m—-1034 m
Kimmeridgian KIM 1034 m - 2114 m
Carbonated Oxfordian OXF 211.4 m — 488.0 m
USC UsC 488.0 m - 517.4 m
uT uT 517.4 m - 532.6 m
UA2-UA3 UA23 532.6 m - 595.8 m
UA1 UA1 595.8 m - 635.0 m
Dogger DOG 635.0 m - 1000.0 m

Figure 2: Mesh strategy of simulation

5.2. Initial conditions

The vertical profiles illustrating the initial conditions can be found in Figure 3, providing
detailed specifications at the cell level. The temperature distribution across the layers is
governed by their respective geothermal gradients, as outlined in Table 2. At a depth of 560
meters, the initial temperature stands at 24.5°C".

The initial pore pressure py (MPa) displays a gradient relative to depth, set at 0.01
MPa/m. Within the COx layer, an additional overpressure is present. This overpressure
increases linearly, reaching a peak of 0.5 MPa at the depth of the cell, corresponding to
an overall pressure of 6.1 MPa. It then gradually decreases, eventually reverting to the
hydrostatic pressure found within the Dogger layer.

At a given depth, the vertical stress is calculated as the weight of the overburden using
the approximation: Vertical stress o, (MPa) increases linearly according to the depth with
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0.0245 MPa/m. The minimum horizontal stress oy, is equal to 0,. And the maximum
horizontal stress oy (MPa) is equal to the vertical stress in the Kimmeridgian and 1.3 x o,
from top COx.
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Figure 3: Initial conditions of temperature, pore pressure and stress of the HLW repository simulation,
comparing with the measured data

Table 2: Geothermal gradient for each layer °C'/m

BAR | KIM | OXF | USC | UT | UA23 | UAL1 | DOG
0.035 | 0.035 | 0.025 | 0.024 | 0.024 | 0.04 | 0.04 | 0.024

5.3. Boundary conditions

In this simulation study, various stages are delineated to represent the drilling and heating
processes. These stages are as follows:

e S0: Generation of the initial conditions.
o Sl: Drilling of the micro-tunnel.
o S2: Installation of steel casing.

e S3: Emplacement of the HLW packages and commencement of the heating phase.
14
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The boundary conditions, which are independent of these stages, are illustrated in Figure
4-left and elaborated in Table 3. In contrast, the boundary conditions applied to the inner
surface of the steel casing and the excavation surface (cell wall) are stage-dependent, as
depicted in Figure 4-right.

The initial stage (S0) starts at time t = 0, marking the beginning of micro-tunnel drilling,
with a simulation duration of 24 hours. During this phase, the in-situ stress state and pore
pressure are set to atmospheric conditions at the cell wall. The installation of the steel
casing (S2) is modeled as occurring instantaneously at t = 1 day. This is followed by a
period of waiting until t = 2 years, during which a pore pressure of 0.1 MPa is maintained
at the cell wall and the inner boundary of the steel casing.

The heating phase (S3) begins at t = 2 years. The thermal history under consideration
is based on a HLW package. Once installed in the cell, the thermal load from these packages
will gradually diminish over time, a process that is illustrated in Figure 5. In this work,

after a cooling period of 85 years, the packages are then installed in the cell.

!
Top boundary l
(y=0m)

HLW
disposal cell
(y=-560 m)

Bottom
boundary
(y=-1000m) !

& Symmetry

boundaries

O,

Heat
power

stage

Temperature Pore pressure Mechanical
field field field
S1:
Drilling O O O
stage
Free Po — 0.1 MPa f(t)
surface
S2:
Installation @ ©\ @
of casing
Free No fluid Free
surface flux surface
S3:
Heating

O.

No fluid
flux

Free
surface

Figure 4: Boundary conditions of the HLW repository test

Table 3: Boundary conditions of HLW repository simulation

Boundary

Thermal

Hydraulic

Mechanical

Symmetry boundaries

No heat flux

No fluid flux

Zero normal displacement

Top boundary

Initial temperature

Initial pore pressure

Free surface

Bottom boundary

Initial temperature

Initial pore pressure

Zero normal displacement
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Figure 5: Average power history per unit length of the HLW packages [55]

5.4. Material parameters

The material parameters for the various geological layers are enumerated in Table 4.
COx claystone, comprising three sub-layers USC, UT, and UA (including UA1 and UA23)
is treated as a transversely isotropic material. The anisotropy ratios for these transversely
isotropic materials are provided in Table 5. In contrast, BAR, KIM, and OXF layers are
considered isotropic in terms of elastic properties and permeability, but transversely isotropic
with respect to thermal conductivity. The DOG layer, on the other hand, is modeled entirely
as an isotropic material. Consequently, the shear modulus G (GPa) for transversely
isotropic materials can be effectively approximated using Saint-Venant’s formula:

1 1 1 ]

= — +2

- 37
Gy Eo B By 7

The regular parameters of water are used in this work. For simplicity, the following pa-
rameters are considered as constant: bulk modulus of water K; = 2.2 GPa, density of water
pr = 1000 kg/m?, heat capacity of water C; = 4180 J/kg/K. The water dynamic viscosity
ps (Pa-s) is due to temperature 7' (°C'), it has:

pp(T) = 4.2844 x 107° + (0.157(T + 64.993)% — 91.296) (38)

And the volumetric thermal expansion of water ay (1/°C') is also dependent on temper-
ature T' (°C):

a;(T) = —6T* + 1660T> — 19779672 + 16862446T — 64319951 (39)

It should be noted that Equations (38) and (39) delineate the mathematical relationships
between pif, ooy and T, derived from the trendlines of experimental measurements. As these
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equations primarily serve a descriptive purpose based on empirical data and lack direct
physical interpretation, there is a discrepancy in the units.

Furthermore, since the phase field method is applied to describe the cracking process
in this study, the parameters defined in this numerical method should be chosen carefully
as shown in Table 6. The evolution of tensile damage zone is controlled by the material
toughness coefficient g%, which cannot be experimentally measured. A widely used equation
to define ¢! is used in this work:

t 2560’t2 ld
Je = "91E,,

with the average value of uniaxial tensile strength for COx claystone o; = 3 MPa. The
equivalent isotropic elastic modulus, Ee4, is calculated using the formula (£ x E x E )Y3.
According to Equation (28), the evolution of the shear damage zone is influenced by three
parameters: the toughness coefficient of shear damage g2, the friction angle ¢, and cohesion
c. The rationale for selecting these parameters for COx claystone is detailed in the study
cited as [49]. The scale length l;, which determines the width of localized damage, is set
to be twice the size of the mesh elements in the anticipated damage area. Furthermore,
the permeability variation coefficient S, as defined in Equation (33), was determined from
experimental studies [58] and has been successfully applied in previous two-dimensional
numerical studies of this rock [49].

Table 6 also presents the viscoplastic parameters employed in this simulation. These
parameters were previously used to simulate creep tests for the same rock-like material,
COx claystone, as detailed in our earlier work [49]. In that study, the experimental data
were successfully reproduced using this set of parameters. The scale length [; is usually
selected to be one to three times the size of the mesh element to effectively capture the
damage behavior, as suggested in previous studies [37, 59, 60]. In this study, we have chosen
lq to be twice the size of the element anticipated to be damaged around the micro-tunnel,
setting [4=0.075 m.

(40)

Table 4: Reference values of the geological layers for the Base Case

Layer EU Uhy b ¢ Kv Ps )\v A Cp,s
GPa - - - 10720 m? | kg/m3 | W/m/°C | 107°°C~t | J/kg/°C
BAR 3.60 |0.30 | 0.80 | 0.13 10.0 2670 1.10 2.20 848
KIM 3.60 |0.30 | 0.80 | 0.13 10.0 2670 1.10 2.20 848
OXF | 30.00 | 0.30 | 0.80 | 0.13 | 10000.0 2690 2.30 0.45 745
UsC 12.80 | 0.30 | 0.80 | 0.15 1.87 2740 1.79 1.75 772
UT 8.50 10.30 | 0.80 | 0.173 1.87 2750 1.47 1.75 735
UA23 | 4.00 [0.30 | 0.80 | 0.18 1.33 2770 1.28 1.50 800
UA1l 12.5 | 0.30 | 0.80 | 0.164 1.87 2750 1.63 1.75 750
DOG | 30.00 | 0.30 | 0.80 | 0.1 100.0 2630 2.30 0.45 788
Casing | 200.00 | 0.30 | 1.0 | 0.001 0.001 7850 44.5 1.25 475
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Table 5: Reference values of the geological layers for the Base Case

Layer Eh/EU Uhv/UhH Kh/Kv >\h/>\v
BAR 1.00 1.00 1.00 1.40
KIM 1.00 1.00 1.00 1.40
OXF 1.00 1.00 1.00 1.40
USC 1.50 1.50 3.00 1.00

uT 1.50 1.50 3.00 1.50
UA23 1.50 1.50 3.00 1.50
UA1 1.50 1.50 3.00 1.50
DOG 1.00 1.00 1.00 1.00
Casing | 1.00 1.00 1.00 1.00

Table 6: Parameter of phase field model and viscoplastic behavior for CRQ simulation

Parameters Value
Material toughness gt=1100 N/m; ¢g:=1500 N/m
Friction angle p=15°
Cohesion c¢=0.1 MPa
Scale length [4=0.075 m
Permeability variation Br=20
Viscoplastic threshold stress o,=4 MPa
Viscosity coefficient n=10" day !
Viscoplastic flow rate parameter n=0.63; m=530

0 6. Numerical results and analysis

381 To enhance the clarity and analysis of the numerical results, models that both include
ss2 and exclude viscoplastic behavior are utilized to simulate the HLW repository benchmark
ss3 problem. The investigation of THM behavior during the process involves selecting both
s« horizontal and vertical points at various depths near the cell wall. The coordinates of
s these specific study points are provided in Table 7. Given that a primary objective of this
s study is to anticipate damage in both the near and far field, the analysis will focus on
;7 temperature, pore pressure, displacements, total stresses, and Terzaghi’s effective stresses
;s at these particular points.
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Table 7: Study points for the numerical results for Stepl.3

Point | x-direction (m) | y-direction (m)
P1 0.4 -560.0
P2 1.2 -560.0
P3 6.5 -560.0
P4 13.0 -560.0
P5 0.0 -559.6
P6 0.0 -558.8
P7 0.0 -553.5
P8 0.0 -547.0

6.1. Simulation results without considering viscoplastic behavior

Figure 6, 7 and 8 present simulation results depicting temperature and pore pressure
without considering viscoplastic behavior. As illustrated in Figure 6-left, our observations
show that the peak temperature, which reaches approximately 88°C, is observed around the
40th year at the proximate points P1 and P5. This peak is followed by a gradual decrease
in temperature over time.

There are two noteworthy points to highlight for the temperature results. Firstly,
concerning material anisotropy, the evolution and distribution of temperature indicate an
anisotropic nature within the high-temperature zone. Specifically, the temperature values in
the horizontal direction are notably higher than those in the vertical direction, particularly
in distant areas like P4 and PS.

Secondly, regarding the concentrated high-temperature zone as illustrated in Figure 7,
it’s evident that there exists a pronounced high-temperature zone near the initially heated
borehole, as evident in the initial two distribution figures. Remarkably, this heightened
temperature gradually extends across the entire domain of this zoomed area, which spans a
dimension of 13 meters after 1000 years, as depicted in the final figure.

In terms of pore pressure, Figure 6-right presents the simulation results that do not incor-
porate viscoplastic behavior. Notably, the overpressure zone exhibits anisotropic behavior,
with higher pressures observed in the horizontal direction. This anisotropy is particularly
pronounced during the initial phase, before 40 years. The peak pore pressure is recorded
at approximately t = 180 years, reaching a maximum of 15.08 MPa. However, as depicted
in Figure 8, the pore pressure gradient is significant during the early heating period, such
as at 1 year of heating. This gradient diminishes almost completely after 10 years of heat-
ing. From 10 years to 180 years, the increase in pore pressure, followed by a subsequent
decrease, occurs uniformly across the entire UA2-3 layer. This uniformity is contingent on
the boundary condition, specifically the designed distance between two cells.
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Figure 6: Evolution of temperature and pore pressure versus time without considering viscoplastic behavior
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Figure 7: Distribution of temperature at the moment t=1, 10, 40 and 1000 years (without considering
viscoplastic behavior)
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Figure 8: Distribution of pore pressure at the moment t=1, 10, 40 and 1000 years (without considering
viscoplastic behavior)

< X

Figure 9 and 10 show the simulation results for distribution of damage. Figure 9 shows
the shear damage while Figure 10 shows the tensile damage at four important moments.

In the first moment depicted in figures (a), observed prior to heating, an excavation-
induced damaged zone (EDZ) is noticeable. Predominantly, the shear damage zone manifests
primarily in the horizontal direction, while no evidence of tensile damage is observed. At
this moment, the maximum value of shear damage variable is about 0.26.

Moving on to figures (b), representing the state at 40 years post-heating, coinciding with
the period of peak temperature. Here, notable development in shear damage is observed,
with the maximum value escalating from 0.26 to 0.45. Additionally, there’s initiation of
tensile damage induced by the heating, apparent specifically around the heater of cell. The
maximum value of tensile damage variable has almost reach to 1.

Figures (c) depict the state at 180 years after heating, a time corresponding to the peak
of pore pressure. Compared to the 40-year mark, the shear damage remains unchanged,
whereas the tensile damage zone extends deeper, forming two diagonal bands as a result of
the heating.

In Figures (d), which illustrate the state 1000 years after heating, the far field is further
impacted by this tensile damage zone, exhibiting a variable value of approximately 0.4. It
seems that the proximity of the two HLW disposal cells is too close to effectively control the
development of fractures.
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Figure 9: Distribution of shear damage at the moment t=0, 40, 180 and 1000 years
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Figure 10: Distribution of tensile damage at the moment t=0, 40, 180 and 1000 years
43 In further examining the THM behavior influenced by the damage effect, it is observed

i35 that the temperature remains constant, as damage does not affect thermal conductivity.
16 However, the evolution of pore pressure is altered when the impact of permeability changes

22



437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

due to the damage zone is considered. Figure 11 provides a comparative analysis between
results obtained from simulations that account for the damage effect and those that do not.
Specifically, Figure 11-left presents comparisons at horizontal points, while Figure 11-right
focuses on vertical points.

A noticeable trend emerges: the increment in permeability due to damage can reduce
pore pressure in long-term behavior, contrasting short-term behavior where such reduction
is not observed. This phenomenon can be attributed to the reduced impact of damage,
which arises from the impermeable condition at the cell wall caused by the casing, especially
in the short term.
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Figure 11: Evolution of pore pressure versus time, comparing between the simulation with and without
considering damage effects

Figure 12 illustrates the displacements in horizontal and vertical directions, respectively.
Notably, the horizontal displacement of P5-P8 remains fixed due to their designation as
boundary conditions, thus not being depicted here. Comparatively, the horizontal dis-
placement is relatively small, largely influenced by the proximity of the two heating cells.
Moreover, concerning vertical displacement, it’s logical to observe that the displacement
of vertical points (P5-P8) surpasses that of horizontal points (P1-P4). Consequently, the
maximum vertical displacement at point P8 exceeds 200 mm in this scenario.
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Figure 12: Evolution of horizontal and vertical displacement versus time without considering damage effects
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Figures 13 and 14 offer a comparative analysis of the Terzaghi effective stress variation
using models that both consider and disregard the damage effect. In Figure 13, which
illustrates results from the model without damage consideration, a significant observation is
the presence of curves at several points exceeding the tension strength value (0,=3 MPa).
For example, o’ at point P1 and UZy at points P5 and P6 demonstrate values surpassing
this threshold, indicating that heating likely induces failure behavior in these areas. In
contrast, after considering the damage effect, Figure 14 shows that, when comparing these
curves with those from Figure 13, a clear trend is observed: all curves now fall below the
COx claystone’s tension strength. This decrease in stress levels can be attributed to the
material stiffness degradation caused by localized damage. Therefore, this simulation serves

as a validation of our thermo-poro-elastic damage model.
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Figure 13: Evolution of Terzaghi effective stress o, and aéy versus time without considering damage effects
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Figure 14: Evolution of Terzaghi effective stress ot and aéy versus time with considering damage effects

6.2. Simulation results with considering time-dependent behavior

Given that the simulation aims to study rock behavior over a substantial timespan of
1000 years, incorporating time-dependent behavior into the numerical model is crucial. In
this section, focusing on the simulation that accounts for damage effects, the inclusion of
viscoplastic behavior is comprehensively considered.
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Compared to the previous simulation that did not account for viscoplastic behavior,
the distribution of tensile damage remains unchanged. We attribute this to the assumption
made in Equation (28), where the driving force for tensile damage is not influenced by stored
viscoplastic behavior. Figure 15 illustrates the shear damage distribution when simulating
with viscoplastic behavior under the assumption that y = 0.1. Unlike the previous simu-
lation results shown in Figure 9, where the shear damage zone stayed constant during the
heating stage, the current simulation reveals an expansion of the shear damage zone in both
the near and far fields. In the near field, the shear damage zone extends from the excava-
tion damaged zone horizontally, with the maximum shear damage variable reaching 0.6 in
this expanded area. In the far field, the shear damage zone develops toward deeper areas
in the form of two diagonal bands, similar to the propagation pattern of tensile damage.
Additionally, the far field experiences minor shear damage, with variable values less than
0.1.
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Figure 15: Distribution of shear damage at the moment t=0, 40, 180 and 1000 years considering the time-
dependent behavior with xy=0.1

Given the challenge in quantifying the parameter y, we conducted additional simula-
tions using varied values for this parameter to assess its influence on the contribution of
viscoplastic behavior to shear damage development. Figure 16 depicts the distribution of
shear damage for x values of 0.1, 0.2, 0.3, and 0.4. It is evident that increasing the y value
does not alter the shear damage in the near field, where the maximum value remains con-
stant. However, in the far field, the shear damage value intensifies, as do the two diagonal
bands. For instance, with y = 0.4, the shear damage variable can reach nearly 0.2 in the
far field. These findings suggest that considering shear damage, influenced by viscoplastic
behavior, is a critical factor in designing the spacing between the cells.
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Figure 16: Distribution of shear damage at the moment t=1000 years considering the time-dependent
behavior for x=0.1, 0.2, 0.3, 0.4

Figure 17 compares the pore pressure results from simulations that both incorporate and
omit viscoplastic behavior. During the initial 10 years of heating, the pore pressure curves for
the studied points in both horizontal and vertical directions are almost identical. However,
when viscoplastic effects are considered, the pore pressure reaches its peak at around the
50th year of heating, which is sooner than in the previous simulation. Consequently, the
peak value observed is lower, at 13.4 MPa, and this reduced level is also evident at the
1000th year of heating. It is evident that the viscoplastic behavior of the rock reduces pore
pressure over the long term. However, this reduction in pore pressure does not diminish the
onset of either tensile or shear damage.
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Figure 17: Evolution of pore pressure versus time, comparing between the simulation with and without
considering time-dependent behavior
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7. Conclusion

The study of thermo-hydromechanical coupling plays a vital role in both the short-term
and long-term safety analysis of the geological disposal of radioactive waste. In this context,
a THM model has been developed to address both damage and time-dependent behavior
in saturated porous media in this work. This model incorporates two independent damage
variables, facilitating a comprehensive description of complex cracking processes, including
tensile, shear, and mixed-mode cracks. Specifically, the evolution of tensile cracks is driven
by tensile elastic strain energy, whereas the development of shear cracks is governed by the
generalized Mohr-Coulomb effective shear stress. Additionally, the model accounts for the
interaction between shear cracking and viscoplastic flow.

As part of DECOVALEX-2023 Task A, a 2D plane strain benchmark, specifically de-
signed for the scale of a repository, has been proposed. This benchmark necessitated a
detailed replication of initial conditions, boundary conditions, and the different layers of
rock. During the numerical analysis, two distinct methodologies were employed: a thermo-
poro-elastic-damage model both with and without the inclusion of viscoplastic behavior.
Each approach was utilized for its respective specialized analysis.

The simulation results reveal a peak in temperature around t = 40 years, followed by
a peak in pore pressure at approximately t = 180 years. Notably, at the time when the
pore pressure reaches its peak, the Terzaghi effective stress exceeds the tensile strength of
COx claystone near the cell wall, indicating potential failure. The proposed thermo-poro-
elastic-damage model successfully captures this failure behavior. While the drilling of the
micro-tunnel predominantly results in shear damage, the heating process contributes to
tensile damage. In the model, the tensile damage variable approaches 1.0 before the peak
of pore pressure, signaling the onset of thermal hydraulic fracturing. This cracking process
is observed to cause minor damage in the far field. Furthermore, by incorporating time-
dependent behavior through a viscoplastic model, the EDZ of shear damage progressively
extends toward the far field. This observation leads to the conclusion that a 26-meter
distance between two parallel heating cells is insufficient for an effective anti-fracture design.
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N, denotes the matrix of shape functions for approximation of displacement components,
while B,, is the matrix of their derivatives to calculate the corresponding strain components.
N, is the matrix of shape function for approximation of fluid pressure or temperature, and
B, is the matrix of their derivatives to calculate the corresponding gradient components of
fluid pressure or temperature.
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