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Numerical analysis of hydro-thermal fracturing in saturated rocks
by considering material anisotropy and micro-structural
heterogeneity
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Abstract

This study is devoted to numerical modeling of cracking process induced by temperature
change in saturated porous rocks in the context of geological disposal of radioactive waste.
Effects of material anisotropy and heterogeneity are taken into account. The macroscopic
elastic properties are determined from two steps of homogenization by considering pores
and mineral inclusions at two different scales. An extended phase-field model is proposed
to describe the initiation and propagation of localized cracks. Two damage variables are
introduced to conveniently represent both tensile and shear cracks. New damage evolution
criteria are defined by incorporating the pore pressure effect. Three application examples are
presented. By assuming a random distribution of pores and inclusions, the efficiency of the
proposed model for capturing the progressive cracking process is first verified in a triaxial
compression test. The thermal cracking process in an anisotropic and heterogeneous sample
is then investigated. The respective influences of elastic anisotropy and spatial variability of
pores and inclusions are outlined. Finally, the proposed model is applied to a series of real
laboratory thermal cracking tests. Both hydromechanical responses and cracking evolution
patterns are investigated. Numerical results are compared with experimental measurements.

The main mechanisms involved in the thermal cracking process are highlighted.

Keywords: Thermal cracking, material anisotropy, heterogeneous rocks, claystone,

phase-field method, radioactive waste
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1. Introduction

Geological disposal is considered as a possible solution of radioactive waste manage-
ment in many countries. In this context, it is primordial to investigate short and long
term thermo-hydromechanical response of geological and engineered barriers. In France, the
Callovo-Oxfordian (COx) claystone formation has been selected as the potential geological
barrier for both intermediate-level long-lived waste (IL-LLW) and high-level waste (HLW)
[1]. During several decades now, the Andra has coordinated a series of research programs
for the investigation of thermo-hydromechanical properties of the COx claystone, including
laboratory and in situ experiments, theoretical and numerical modeling [1].

Among various important issues to be investigated, the understanding and character-
ization of cracking processes represents a particular interest. Indeed, initial and induced
cracks can significantly affect the transport properties of host rock and then the confining
performance of geological barrier. Cracks can be generated by different factors, disturbances
induced by gallery or borehole excavation, and pore over-pressure due to temperature rise.
The thermal cracking is particularly concerned by the radioactive waste which generates
heat power during a long period. Indeed, the heat emitted by HLW packages causes tem-
perature rise and pore pressure increase in the surrounding saturated porous rock as the
thermal expansion coefficient of pore water (2.3 x10~* K~! at 20°C and 7.2 x10~* K~! at
90°C) is higher than that of solid skeleton (1.5 x1075 K~! for the COx claystone). The ex-
cessive pore pressure increase can lead to rock cracking [2, 3, 4]. At the same time, the basic
mechanical properties of clayey rocks such as the COx claystone can also be influenced by
temperature change [5, 6]. Moreover, in order to study the thermo-hydromechanical (THM)
behavior of the COx claystone in quasi real conditions and to assess different aspects related
to the conception and design optimization of disposal facilities, several heating experiments
(among others) from small-scale to full-scale have been conducted in the Underground Re-
search Laboratory (URL) of Andra [1, 7, 8]. In particular, the monitored THM responses
obtained in the full scale experiment, called ALC1604 [8], have been the main object of

*Corresponding author: jian-fu.shao@polytech-lille.fr
2



28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

numerical modeling in the Task E of the DECOVALEX2019 projet [9]. The participating
teams have used different numerical methods and constitutive models. For more details,
the readers can refer to the special issue devoted to this topic [10]. The phase-field method
[11, 12, 13] has also been used in that project [14]. By solving a boundary value problem for
crack field, this method is able to describe continuously the transition from diffuse damage
to localized cracks in three-dimensional configurations. It has been applied to different kinds
of materials and problems, such as multi-physics coupling [15], finite deformation [16], and
plastic damage coupling [17, 18].

However, in most previous studies, homogeneous rock materials have been considered.
The COx claystone is characterized by a multi-scale heterogeneity [19, 20]. For the sake of
simplicity, two main families of materials heterogeneity should be taken into account: inter-
particle pores inside the sub-microscopic clay aggregate, and mineral inclusions, mainly
quartz and calcite in the microscopic porous clay matrix. It is known that the mechanical
properties of the COx claystone can be affected by the porosity and mineral contents of
quartz and calcite [20, 21, 22]. The cracking process, in particular, the onset and localization
of cracks, can also depend on the micro-structural parameters. At the same time, the COx
claystone also exhibits a transversely isotropic behavior. The material anisotropy affects
also the cracking process [23, 20, 24].

The objective of this study is to develop an extended and improved phase-field model
to describe hydro-thermal damage and cracking in saturated COx claystone, by considering
material anisotropy and heterogeneity. For this purpose, a new theoretical framework is
set up for the evolution description of tensile and shear crack fields in coupled thermo-
hydromechanical conditions. The effects of pore pressure and temperature changes are
properly taken into account. Further, the material heterogeneity is considered by using an
anisotropic elastic model issued from two steps of homogenization by successively involving
pores and mineral inclusions at two different scales. The efficiency of the proposed model is

assessed by numerical examples and laboratory mechanical and thermal cracking tests.
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2. Phase-field method for thermo-hydromechanical problems

We consider here a saturated porous medium that occupies the volume 2 with the
external boundary 0€2. It is subjected to the body force f, in §2, the surface force ty on the
part of external boundary d€2; and the prescribed displacement u on the complementary
part external boundary 0€2,. Meanwhile, the porous medium is also subjected to the fluid
flux @ on the external boundary 0f2, and to the prescribed fluid pressure p on the external
boundary 0€2,. At last, the temperature is assumed to be the same for the fluid and for the
rock skeleton. It has the heat flux q on the external boundary 0f), and the prescribed
temperature change 6 on the external boundary 9. The problem to be solved is to
determine the displacement (strain and stress), pore fluid pressure and temperature fields,
as well as the process of initiation and propagation of cracks within €2 during the entire

loading history.

2.1. Regularized crack topology

The phase-field method for quasi-static brittle fracture finds its theoretical background
from the variational principle proposed in [25]. The basic idea of phase-field method is to
approximate the sharp crack topology by the regularized smeared crack topology [11] by
introducing a scalar-valued auxiliary variable d(x), which constitutes the so-called phase (or
damage ) field. This variable takes the unit value on the crack surface and progressively
vanishes away from it. The phase-field can be determined by solving its own boundary value
problem. Further, the differential equations governing the boundary value problem are the
Euler equations of the variational problem consisting to minimize the total crack density
(surface) functional in the cracked body. The phase-field d(x) can also be seen as equivalent
to the scalar damage variable used in the continuum damage mechanics.

Complex cracking modes are generally observed in rock-like materials under compression-
dominating stresses [26, 27]. In order to easily deal with such mixed-mode cracks, in this
work, two phase fields are introduced to represent the two basic families of cracks, i.e. tensile

and shear cracks (d' for tensile crack and d* for shear crack). Each phase field is described



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

by the following boundary problem [11]:

d* —13Ad* =0 in Q

d*(x)=1 onT (1)

Vd*(x) -n=0 on 0
with o = t,s. [g is a length scale parameter controlling the width of smeared cracks.
According to [11], the above boundary value problem is equivalent to the following variational
one:

d“(x) = Arg{diégd I,dY)}; a=t,s (2)

with Sy = {d*|d*(x) =1 at x € I'}. I';,(d) denotes the total crack surface area, defined by:

Ty, =Tt (d) + T3, (d) = / (' V') + 2 (d°, V) }dV 3)

I (v =t,s) represent the contributions of tensile and shear cracks to the total crack area,
respectively. The tensile and shear crack density (surface area per unit volume) v*(d*, Vd®)
are defined as:

1.1

Y (d*, Vd*) = 5{l—(d%2 +1,Vd*Vd*} ; a=t,s (4)
d

In this way, the energy density per unit volume requested to create the crack is composted

by tensile crack energy and shear crack energy:
we(d', d*, Vd', Vd*) = gin'(d', Vd') + gon*(d°, V) (5)

with the material toughness for the tensile and shear cracks ¢! and g°. Further details of

this double-phase field method can be found in [28].

2.2. Variational framework

According to the variational principle proposed in [25], the crack propagation is governed
by the minimization of an energy functional, which is composed of the stored (or available)
energy and that used to create the crack. This principle is here extended to saturated
porous materials subjected to thermal-hydromechanical loads. The total energy functional

is expressed in the following general form:

B(e°,m,0,d',d) :/

we(se,m,e,dt,ds)d9+/wc(dt,ds,th,Vds)dQ (6)
Q

Q
)



100

101

102

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

w, denotes the elastic strain energy of cracked material, which is a function of elastic strain
tensor €°, fluid mass change per unit initial volume m and variation of temperature 6, as

well as two damage variables.

2.2.1. Elastic free energy
For an undamaged saturated porous medium, the constitutive relations due to the

thermo-poroelastic theory [29, 30] can be expressed as:

o—0'=Cy:e"—B(p—1") - AW (7)
m
p_p0:M<—B:€e+p—0)—|—3OémM¢9 (8)
f
Cb
S_Sozs?”m—'_ab:(‘7_‘70)_(30%—31ab)(P—p0)+?09 9)
0

o, po, s0, Ty and ,og)c denote the values of stress, fluid pressure, entropy, temperature and
volumetric density of fluid at the initial reference configuration. The variation of temperature
is defined as @ =T — T;. The scalar coefficient M is the Biot modulus and B is the second
order tensor of Biot coefficients. «, is the tensor of thermal dilatation coefficients in drained
conditions while A; denotes the tensor of drained thermo-elastic coupling coefficients. C? is
the volumetric specific heat for constant stress under drained conditions. The coefficient «,
denotes the differential thermal dilation of saturated porous medium. In this study, though
the initial anisotropy of elastic properties of COx claystone is taken into account, for the
sake of simplicity, the tensors of Biot coefficients, thermal dilation coefficients and drained
thermo-elastic coupling coefficients are taken as isotropic ones. Therefore, one has B = bI,
ap = apI and Ay, = 3Ky I, with K, being an equivalent bulk modulus and I the second
order unit tensor. In order to deal with anisotropic elastic materials, the so-called Reuss
equivalent bulk modulus is here used: K, = kgeyss(d', d*). The Biot modulus is accordingly
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 given by
am = (b — @)y + pay with the thermal dilation coefficient of the fluid ay.
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By using these constitutive relations, the elastic free energy of an undamaged saturated

porous medium can be expressed in the following form:

1 1(p—po)? 1C°
0(.e — - gf - Yo p2 1
we(ehp0) = 500 e+ 57 2T, (10)

o’ denotes the Biot (elastic) effective stress tensor, which is defined by:
o = (o — o) + B(p— ) (11)

In order to better describe two cracking processes, some physical mechanisms are here
considered. In most rocks, the evolution of tensile crack is generally induced by tensile
stress while that of shear crack is driven by shear or deviatoric stresses. For this reason,
the Biot effective stress tensor is decomposed into a positive (tensile) part and a negative

(compression) part such as o = ot +0°~. Accordingly, the elastic strain energy is rewritten

as follows:
1 _ 10)2 1cvb
wl(e,p.0) = ul (&) +uf~(ef) + L LT 1 Cepe (12
with
wit = 1ot ;e
0 1 b (13)
w, =50 g€

The decomposition of Biot effective stress tensor is due to the operators PZ: (a detailed

description is given in [28])
ottt = Pt gt
i (14)

b— _ = . b
o’ =P o

As for the previous study [28], it is assumed that the tensile damage affects the positive
stresses-related part while the shear damage influences the negative stresses-related part of
the elastic strain energy. The effects of induced damages on the rest of poroelastic properties
are neglected, such as Biot coefficient b and modulus M as well as the specific heat C°. In
this way, the equation (12) can be rewritten as:

l(p _p0)2 . 10_2"92

€ t 718\ __ t 0+ s 0—
w€(€ 7p707d7d>—ht(d)we —|—h,s(d )we +2 Y 2T0

(15)
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by using a common form of degradation function:
ho(d®) = (1 —Kk)1—d*)*+k ; a=ts (16)

where £ is a small positive value to avoid numerical instability after the material is fully

broken (d* = 1).

2.2.2. Fvolution of crack fields

In this subsection, we present the main equations governing the evolution of two crack
fields. A detailed description can be found in the previous study [28]. By solving the
minimization problem [31, 32] of E' given in (6), the governing equations for two crack fields

( =, s) can be written as:

—gf;; — §%0gey* =0 d*>0, in Q
_ggjj - gf;lfsd&Wa <0 ) da =0 , 1 Q (17)
\ agza.n: 0, on 60

The evolution of two crack fields are described by the following equations:

—(dYul, — g {idt - zddw(th)} =0, d>0
(18)
R (@)’ — g {id& - zddz’v(ws)} =0, d*>0

According to these equations, the tensile crack evolution is driven by the elastic strain
energy w?, which is a function of tensile (positive) Biot effective stresses o (see Equations
(13)). At the same time, the evolution of shear crack should be driven by the elastic strain
energy w?_ which is attributed to compressive (negative) Biot effective stresses a®~. How-
ever, the result due to the variational approach cannot correctly reflect the shear cracking
mechanism in rocks. Indeed, it is known that the shear cracking is mainly driven by the

maximum shear stress and compressive mean stress. Based on this physical mechanism and

8
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by extending the classical Mohr-Coulomb criterion [28], an alternative driving force w?® is

proposed and given as follows:

W — L<<U§>— —{o5)—  {o1)- +{03)
-2G 2cosp 2

with the bracket (.)1 such as:

—tany — c)* (19)

(a)y =a, (@) =0, a>0 (20)
(a)y =0, (a)-=a, a<0

ot and o} are the major and minor Terzaghi effective principal stress [33, 34]. ¢ and ¢ denote

the cohesion and friction angle of closed cracks. By substituting w® for Equations (18), the

evolution criteria for two crack fields are now expressed as:

( 1 X
—hl(d)w?, — gt {Edt - zddw(vczt)} =0, d>0
(21)

1 .
—h(d*)ws — g {Eds - lddz‘v(VdS)} =0, d*>0

\
Based on the concept of [35] for the irreversible process of crack evolution, two energy history

functionals are defined as follows:

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

(22)
He(t) = max[w? (T)]repo.q
Using these energy history functionals, Equations (21) can be rewritten as:
( 1
CRU(dOYHE — gt {l—dt - zddw(vczt)} —0
d
(23)
1
CRL(dYHE — g {l—ds - lddw(ws)} —0
\ d

3. Numerical implementation in finite element method

In this thermo-hydromechanical problem considering tensile and shear crack, five coupled

physical unknown fields should be determined by using the framework of finite element
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method. The weak forms of static equilibrium, hydraulic diffusion and heat diffusion are

expressed as:

/ de : CO(d", d*) : edV — / se : (6p)IdV — / 5e : (3apIy(d!, d*)T)IdV = / t.oudS (24)
Q Q Q Q

!

k(dt k(d 1
/ ( )Vp.V(5p)dV:/ ( )5p.VpﬁdS— —@(ﬁadv
o M Q, M o MOt
Oe 00 (25)
ek
_ bc‘?@ t s 88kk
AVT.V(0)dV = | ATVT.adS — | C*260av — | (Banks(d', d*)Ty) = s0av
t
4 / (3anTy) Lsodv + / M) G (01507
Q ot o M
(26)

Following Equations (23), the weak forms of governing equations of the tensile and shear

crack fields can be written as:

/ (gl + 2H)d'Sd" + ¢V d' - V(dd")}dV = / 21,0 dV (27)
Q Q

/{(gi/ld + 2H?)d’od® + iV d® - V(0d®)}dV = / 2H® 0d*dV (28)
Q Q
From these weak forms, the THM fields are obviously affected by the variation of C*(d*, d*),
k(d') and K,(d',d*): The drained elastic stiffness tensor of damaged material C° is given
by:

Cy(d', d°) = {hy(d")P} + hy(d*)P, } : C} (29)

with C) being the elastic stiffness tensor of undamaged material. The permeability tensor

of cracked porous medium k(d") is defined as:
k(d") = koexp(Brd") (30)

with the initial permeability tensor of intact porous medium kg and the parameter S5 con-

trolling its evolution. The drained bulk modulus K;(d*,d*) can be calculated according to
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Cy(d', d®). For the sake of simplicity, the rest of the material parameters are not affected by
the damage variables such as: the dynamic viscosity p and the tensor of thermal conductivity
A

Based on elementary approximation with suitable shape functions, the following systems

of equations to be solved are obtained:

R,,AU + C,,AP + C,7AT = AF,
C,uAU + (AtR,, + M,,)AP + C,rAT = At(—R,,P + AF,) (31)
Cr,AU + Cr,AP + (AtRyr + Mrr)AT = At(—RprT + AF,)

The increment nodal values of displacement AU, pore pressure/A P and temperature AT can
be determined by a fully coupled method at each time step. The detailed expression of all
matrices can be found in the previous study [14].

On the other hand, the discrete system of equations for the tensile crack can be written

as:
Kdt dt - th

Ko = [o{(gt/la+2H)NIN, + glB] B, }dV (32)
th - fQ QHtNII;dV

and for the shear crack:

deds - Fds
Ko = Jo{(92/la+2H2 )N, N, + g2laB, B, }dV (33)
Fg = [ 2HN]dV

As mentioned above, the damage effects are taken into account in this THM problem. The
five fields are inherently coupled.

In this work, an explicit decoupled algorithm is chosen to solve the THM coupled prob-
lems with relatively small time increment. Moreover, the so-called Alternate Minimization
(AM) solver proposed in [36, 37] is used to couple the displacement field and phase fields

because of its good numerical robustness.
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4. Consideration of material heterogeneity

In most rock-like materials, the initiation or nucleation of new cracks is strongly moti-
vated by the material heterogeneity. For instance, cracks can initiate at interfaces between
stiff inclusions and weak matrix phase, or from some weak zones with high porosity. In a
number of previous studies, a numerical trick is generally used. Weak elements are arbi-
trarily placed inside samples or structures in order to facilitate the nucleation and guide the
propagation of cracks. In order to more physically reflect the effect of material heterogeneity
on macroscopic mechanical properties, a micro-mechanics based approach is adopted in this
work. More precisely, by using an analytical homogenization method, macroscopic elastic
properties are determined as explicit functions of porosity and inclusion volume fraction at
the microscopic scale.

As an example, we consider here the Callovo-Oxfordian (COx) claystone which has been
widely investigated in France in the context of geological disposal of radioactive waste.
According to the previous studies [19], two representative material scales can be considered.
Mineral particles, mainly quartz, calcite and pyrite, are randomly distributed in a quasi
continuous clay matrix at the mesoscopic scale (hundreds of micrometers). The majority
of pores are found inside the clay matrix at the microscopic scale (less than micrometer).
Therefor, two micro-structural parameters are adopted here, the porosity of the clay matrix

fp and the volume fraction of mineral inclusions f; which are defined as:

QP
e 4
fp Qp+Qm (3 )
Qin
fi= 00,0, (35)

(2 is the volume of representative volume element, while 2,,, €2, and €2,,, are respectively the

volumes occupied by pores, inclusions and solid clay matrix.

4.1. Effective elastic properties

The macroscopic elastic properties are determined by performing two steps of linear
homogenization. Considering the inclusion-matrix morphology, the standard Mori-Tanaka

12



222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

scheme is used for each step of homogenization [38]. At the first step, the effective elastic
tensor of porous matrix C™? is determined by taking into account of porosity effect. One
gets:

C = (1= )T : [(1 = [+ fy(T— PP : €)1 (36)

PP(C™) is the fourth order Hill tensor for ellipsoidal pores [39, 24], C™ is the elastic tensor
of solid matrix, and I is the fourth order unit tensor. At the mesoscopic step of homoge-
nization, the macroscopic elastic tensor of heterogeneous rocks is determined after including

the influence of mineral inclusions:
Chom = C™ + [f;(C™ — C™) : D] : [T+ fi(C™ —T)]™" (37)

with
D" = [I+P": (C™—-C™)! (38)

P*(C™?) is the Hill tensor for spherical inclusions [39, 24]. For the sake of simplicity, different
families of mineral particles are merged into an equivalent inclusion phase, and its elastic

stiffness tensor is denoted as C™.

4.2. Description of material heterogeneity

With the homogenization-based models, the macroscopic elastic properties are now func-
tions of porosity and inclusion volume fraction at two different scales. Therefore, the spatial
variability of macroscopic elastic properties of COx claystone are attributed to the non-
uniform distribution of porosity and inclusion concentration. In some previous works, for
instance [40], random micro-structures were generated by using Monte-Carlo realizations
and the elastic properties fields at the mesoscopic scale were determined by using a moving-
window homogenization method. A non-Gaussian distribution was proposed for the vari-
ability of elastic tensor. Similarly, we assume here a random distribution of porosity f,
and volumetric fraction of mineral inclusions f; by using the standard Weibull distribution
function:

Ja

%)ma—lem—(—am a=p.i (30)
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where f, is the volume fraction of pores (o« = p) and mineral inclusions (o = 7). f3, is the
scale parameter of the distribution which represents the mean value of random variable. m,,

is the homogeneity index of the material.

5. Mechanical behavior of COx claystone

In this section, the proposed elastic phase-field model is applied to studying the mechan-
ical behavior of the Callovo-Oxfordian claystone. The emphasis is put on the full mechanical
response during a triaxial compression test by considering the nucleation, propagation and
localization of cracks. For this purpose, the tested sample is seen as a small structure
composed of heterogeneous material. The sample geometry and boundary conditions are
presented in Figure 1. Two-dimensional plane strain configuration is adopted. The sample is
divided into 20000 quadrilateral elements with 20301 nodes. The elements with 0.37 mm size
are placed by a structured way. In this study, the samples are drilled in the perpendicular
direction to the bedding planes.

The input parameters are mainly based on previous studies [20, 24]. A transversely
isotropic elastic behavior is considered for both the solid clay matrix and COx claystone.
The reference values of elastic properties for the solid clay matrix are: Ej = 3.6 GPa,
E$ =24 GPa, vy = 0.3, vy, = 0.3 and G = 1.02 GPa. The elastic behavior of mineral
inclusions is assumed to be isotropic and characterized by £/ = 98 GPa and v = 0.15.
The mean values of inclusion volume fraction and of porosity are respectively: 3, = 0.16
and 8; = 0.4. With these values, the homogenized elastic properties can be obtained:
Eﬁwm = 6.08 GPa, E"™ = 4.42 GPa, yﬁ“’m = 0.28, yﬁ‘jm = 0.33 and Gﬂﬁm = 2.7 GPa. These
macroscopic elastic properties are close to those reported for COx claystone in [20]. For
the sake of simplicity, the same value of homogeneity index m = 1.5 is adopted for both
pores and inclusions. In this way, the Weibull distribution of inclusion volume fraction and

porosity are calculated and illustrated in Figure 1.
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Figure 1: Geometry of sample and boundary conditions (left), spatial distributions of porosity (middle) and

inclusion volume fraction (right) for triaxial compression test

According to previous studies [11, 12, 32|, the scale length [; is conveniently taken as
being 1 to 3 times of the smallest element size. In our study, it is equal to twice of the
smallest element size: I; = 7.4 x 107* m. In addition, the tensile material toughness g’
can be physically related to the uniaxial tensile strength of tensile crack o;. The following

relation is widely used:
t_ 2560§ld
Y= o1k,

It is worth noticing that this relation was initially proposed for isotropic materials. It is here

(40)

extended to transversely isotropic ones. For this purpose, the perpendicular elastic modulus
E is used. For the COx claystone, the uniaxial tensile strength is evaluated to be o, = 3
MPa. This leads to ¢ = 15 N/m. The shear damage evolution is controlled by the material
toughness ¢, friction angle ¢ and cohesion c. Their values can be calibrated from the peak
deviatoric stresses obtained in triaxial compression tests with different confining pressures.
Some details can be found in [28]. In this work, the following values are retained: g& = 950

N/m, ¢ = 15° and ¢ = 0.1 MPa.

Table 1: Mechanical parameters of COx claystone

Parameters Values

Elastic parameters Ej =36 GPa, B = 2.4 GPa, vy = 0.3, ). = 0.3, G)L = 1.02 GPa

Damage parameters gt =15 N/m, g = 950 N/m, ¢ = 15°, ¢ = 0.1 MPa
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Figure 2 presents the numerical and experimental results for the triaxial compression
test with a confining pressure of 2 MPa. It is found that both the pre- and post peak
responses are correctly reproduced by the phase-field model. However, from a quantitative
point of view, the strains in the pre-peak part are underestimated by the model. This is
due to the fact that only the elastic damage behavior is taken into account in the present
model as the emphasis is put on hydro-thermal fracturing. It is also worth noticing that the
numerical results in Figure 2 represent the averaged strains of the tested samples while the

experimental data are the local strains measured by gauges.

25 '
£ 20 |
=)
Z15¢ .
£ 107 -
Q
s
>
o 5r¢ ]
A Num. P, = 2MPa
- = Exp. P, =2MPa
0 l 1 T
-1 -0.5 0 0.5 1 1.5
Radial strain (%) Axial strain (%)

Figure 2: Axial and lateral strains versus differential stress in triaxial compression test with a confining
pressure of 2 MPa: comparisons between numerical results (continuous line) and experimental data (dotted

lines) reported in [20]

In Figure 3, we show the distributions of tensile and shear damage at four different load-
ing stages during the triaxial compression test with a confining pressure of 2 MPa. It is
observed that the shear damage evolves more quickly and localizes earlier than the tensile
one. Therefore, shear cracking is the dominant process under the triaxial compression con-
dition. But due to the coupling effect, the tensile damage also initiates and evolves. The
cracking patterns (localized damage bands) obtained by the phase-field model are consis-

tent with common experimental observations. It is worth noticing that, in the majority of
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previous studies, a weak element was inserted in the mesh to enhance the onset of damage
localization. But in the present work, the process of localized damage is naturally due to

the material heterogeneity, without the need for any numerical tips.
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Figure 3: Distributions of tensile and shear damage in the triaxial compression test with 2 MPa confining

pressure, at four levels of axial strain: (a) e, = 0.95%; (b) e, = 1.00%; (c¢) e, = 1.05%; (d) e, = 1.10%

6. Study of hydro-thermal fracturing

In this section, we shall present numerical modeling of cracking process induced by
temperature change in saturated porous materials. A numerical test is first considered to
show the coupling mechanisms between thermal-hydro-mechanical responses and cracking

process. Then, a laboratory heating test is investigated.
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6.1. A numerical test

We consider here a cylindrical sample of saturated porous medium with a radius of 10mm,
as shown in Figure 4. The external boundary is first subjected to a confining stress of 0, =
-12 MPa. An initial pore pressure of py = 5 MPa is also prescribed. Then, a constant heat
power of Q=0.44 W is applied at the cylinder center point for ¢ > 0. The external boundary
surface is considered as impermeable adiabatic during the heating period. Due to the double
symmetry of this plane strain problem, only a quarter of the cross section is considered, and
it is meshed by 50632 quadrilateral elements with 50990 nodes. The elements with a average

size of 0.4 mm are placed by a structured (regular) way.

1 Bedding

Pc
<

Heating
point

Figure 4: Geometry and boundary conditions of numerical heating test

The same mechanical parameters as those used for the COx claystone given in the pre-
vious section are used. It is also the case for the mean values of porosity and inclusion
volume fraction as well as the homogeneity index of Weibull distribution. The scale length
is adapted to the twice of the smallest element size: Iy = 8 x 107° m.

In Figure 5, we show the distributions of temperature, pore pressure and tensile damage
at four different heating times respectively of 600, 880, 1080 and 1200 minutes. It is worth
noticing that in this specific case, it is expected that the tensile damage should be the main
cracking process due to the thermal induced pore pressure raise. Thus, only the tensile

damage distribution is presented in this figure. One can see that due to the small size of
18
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the sample, the heat and liquid diffusion takes place quite rapidly in the whole sample.
The distributions of temperature and pore pressure become nearly uniform quite quickly.
However, it is very interesting to observe that the tensile damage field is clearly not uniform.
This is the consequence of material heterogeneity. Moreover, at the first two heating steps,
namely at 600 and 880 minutes, the thermal-induced pore pressure is clearly smaller than
the prescribed confining stress of 12 MPa. It means that the average effective stress still
remains in compression. But one gets already important distributions of tensile damage.
At some particular points, the damage variable value is even close to 1. This shows that
due to material heterogeneity, there exist a number of weak zones in the sample, facilitating
the appearance of cracks. Therefore, the material heterogeneity plays a primordial role in
the cracking process. Finally, at the two last heating steps, multiple localized fractures are
formed in the sample. The proposed phase-field model captures this process well.

Figure 6 shows the results at 1200 minutes of heating by considering an isotropic material.
As said before, the distributions of temperature and pore pressure are nearly uniform, and
they are not clearly affected by the material anisotropy. But more interestingly, even the
difference on the tensile damage field is also very small. This seems to indicate that the
tensile damage evolution in this case is mainly influenced by the material heterogeneity
rather than anisotropy.

In the present micro-mechanics based elastic model, the macroscopic elastic properties
are affected by the porosity and inclusions at two different scales. In order to investigate
the respective effects of these two kinds of micro-structural parameters, two comparative
calculations are performed by respectively considering the porosity or inclusion fraction het-
erogeneity alone. The obtained results of tensile damage field at 1200 minutes of heating
are presented in Figure 7. Significant differences are obtained. In the case of heterogeneous
porosity but homogeneous inclusion fraction, one obtains a small number of but large lo-
calized fractures. Moreover, there are more cracks along the horizontal direction than the
vertical one. It seems that in this situation, the material anisotropy effect is significant.
Inversely, for the case with homogeneous porosity but heterogeneous inclusion fraction, one

gets a high number of but narrow fractures. There is no clear effect of material anisotropy.
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Figure 6: Distributions of temperature (°C), pore pressure (MPa) and tensile damage at 1200 minutes of

heating by considering an isotropic porous medium

Figure 7: Distributions of tensile damage at 1200 minutes of heating: comparison between the case with
heterogeneous porosity and homogeneous inclusion fraction (left) and that with homogeneous porosity and

heterogeneous inclusion fraction (right)

6.2. Analysis of laboratory tests

In the previous studies [3, 41], the authors have performed a series of laboratory tests
aiming at the characterization of thermal induced cracking in saturated COx claystone.
Those tests were conducted on cylindrical samples under undrained conditions. The geom-
etry, initial and boundary conditions are presented in Figure 8. Three tests, denoted as
EXT1, EXT2 and EXT3, are here considered. The initial values of radial, axial stresses
(0§, 0&), pore pressure (py) and temperature (7p) of these tests are given in Table 2. The
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elastic and damage parameters, the average porosity and inclusion volume fraction as well
as the homogeneity index are the same as those given in the previous section on the triaxial
compression test. The other input parameters as given in Table 3.

However, the volumetric thermal expansion coefficient of water «,, is taken as a function

of temperature by using the following empirical relation [42]:

p = (=6 x 107°T* +1.66 x 10T — 0.197796T2 + 16.862446T — 64.319951) x 10 (41)

i i , l igg og(t) —— [mpermeable
K i boundary

o bTy _ Temperature

) i Po |, T, +AT(t)
© !

VO . Beddin

i oedding
20mm

Figure 8: Geometry, initial and boundary conditions of thermal cracking tests

Table 2: Initial condition in three thermal cracking tests [41]

Sample | of(MPa) | of(MPa) | po(MPa) | Ty(°C)
EXT1 -11.8 -12.6 4.9 25
EXT2 -5.6 -4.8 2.1 24
EXT3 -12.4 -7.2 4.0 35
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Table 3: Input parameters for thermal cracking tests [41]

Density of solid grains kg-m=3 s 2770
Biot’s coefficient — b 0.8
Permeability (parallel to bedding) m? kn | 4.0x 1072
Permeability (perpendicular to bedding) m? k, | 1.33 x 10720
Thermal conductivity (parallel to bedding) W-m™t- Kt N\, 1.95
Thermal conductivity (perpendicular to bedding) | W -m™'- K1 | ), 1.28
Heat capacity of rock J kg7t K7V | G, 800
Thermal expansion of rock K=t a, | 1.5 x107°
Bulk modulus of water Pa K, | 22x10°
Dynamic viscosity of water Pa - s L 1x1073
Density of water kg - m™3 Pu 1x 103
Heat capacity of water J- kg7t K7t | O, 4180

After setting the initial conditions given in Table 2, the samples were subjected to a
heating process at the external boundary surfaces. The variations of temperature in three
tests are presented in Figure 9. The evolution of axial stress on the upper boundary surface
was also monitored during the heating, and the obtained results are provided in the same
figure. In the present numerical study, the experimental values of temperature and axial
stress are used as input data of boundary conditions.

The thermal cracking problem is here solved under the axi-symmetrical conditions. The
half-cross section of sample is meshed by 2375 (95x25) quadrilateral elements and 2496
nodes, as shown in Figure 10. The elements with a size of 0.4 mm are created by a struc-
tured way. At the same time, by using the material heterogeneity coefficient given above,
the distributions of porosity and inclusion volume fraction inside the meshed sample are

calculated and presented also in Figure 10. The scale length [; is equal to the 1.5 time of the
23



s element size: [; = 0.6 mm. The material toughness parameters are calculated with Equation

o (40).
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Figure 9: Experimental variations of temperature (left) and of axial stress (right) during heating phase,

used as input boundary conditions in numerical simulations

|

Figure 10: Finite element mesh (left), spatial distributions of porosity (middle) and inclusion volume fraction

I
s

(right) inside the sample

In Figure 11, we show the variations of pore pressure, axial strain and radial stress
induced by the temperature increase for three tests. The general trends of experimental
measurements are well reproduced by numerical modeling. It is found that due to the
prescribed axial compressive stress and blocked radial displacement, there is a significant rise

of pore pressure during the heating. At the same time, one also obtains an important increase
24
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of compressive radial stress. From a quantitative point of view, there are some scatters
between numerical and experimental results. It is worth noticing that the experimental
values are locally measured on the outside surfaces of the sample. But due to material

heterogeneity, the local fields of stress, strain et pore pressure are clearly not uniform. The

numerical results represent the volumetric averaged values of the sample.
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Figure 11: Variations of pore pressure, axial strain and radial stress in three tests

In order to quantify the critical stresses driving the macroscopic thermal failure, the
variation of Terzaghi effective stresses were given in the experimental data respectively on
the upper and lateral surfaces of samples [3, 41]. The same values are here calculated
from numerical results and compared with the experimental data in Figure 12. There is
also a good qualitative agreement between numerical and experimental results despite some
quantitative differences, in particular for the radial effective stress. In general, the radial
effective stresses remain or increase in the compression zone. On the contrary, due to the
significant rise of pore pressure, the initial compressive axial effective stresses progressively

decrease and become tensile ones. It is interesting to observe that the experimental values of

peak tensile effective axial stresses in three tests are quite close to each other and around 3
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e MPa. But the numerical results are generally higher than the experimental ones, and reach
300 4 MPa the tests in EXT1 and EXT3. This feature will be discussed later in the sensitivity

a0 study.
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Figure 12: Variations of axial and radial effective stress in three tests

401 In addition to the hydromechanical response, the proposed phase-field method is able
w2 to describe the onset and propagation of cracks in terms of damage localization. Only the
w3 tensile damage d' appears in the tests. For instance, the distributions of tensile damage in
ws  the test EXT3 are presented in Figure 13 for four different heating instances. The value
ws d' = 1 denotes the totally broken areas, marked by the red color. It is found that due
ws to the material heterogeneity, the damage localization starts from some weak zones. With
w7 the heating process, a main crack is generated and propagates in a sub-horizontal direction.
w8 Some secondly cracks are also created. The numerical cracking patterns seem to be consistent

w0 with that observed in the tested sample as shown in Figure 13.
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Figure 13: Distributions of tensile damage d* for test EXT3 at five heating times; comparison with experi-

mental observation

a10 In order to depict the local thermo-hydromechanical responses and cracking process, in
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addition to the averaged values given above, in Figures 14, we present the distributions of
temperature, pore pressure, stresses and strains inside the sample used for the test EXT3
at t=9058s. It is seen that the temperature distribution is almost uniform and not affected
by the cracking process. However, all other fields are clearly not uniform and coupled with
the onset and propagation of cracks. For instance, the increase of permeability with the
tensile damage evolution leads to a decrease of pore pressure. The axial strain has the
highest (tensile) value at the crack positions, where the radial stress exhibits the smallest

(compressive) value.
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Figure 14: Distribution of temperature (°C), pore pressure (MPa), radial, axial strains (%) and stresses

(MPa) at t=9058 s for test EXT3

6.2.1. Sensitivity study

In the preceding section, the numerical results for a selected case are compared with
the experimental data, demonstrating a high degree of consistency of the proposed phase
field model. This section aims to further evaluate the sensitivity of the model by examining

three aspects: i) the influence of randomly generated heterogeneous distributions of material
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parameters, ii) the impact of mesh size, and iii) the effect of tensile damage driving force.
In order to investigate the sensitivity of material heterogeneity, three additional simula-
tions are carried out for the test of EXT3, using different random distributions of porosity
and mineral inclusion, as depicted in 15. The average porosity and volumetric fraction of
inclusion remain unchanged from the previous simulation. For simplicity, the focus is lim-
ited to the variation of axial Terzaghi effective stress and distribution of tensile damage,
see Figure 16. Compared with the previous simulation which is considered as a reference,
the curves are quite similar. The difference in peak value between the three calculations is
less than 5%. This suggests that the numerical results are meaningful of the macroscopic
responses of the sample. Although the location of cracks may vary due to the different
distributions, the main cracks are primarily horizontal, indicating that the tensile damage
is dominating in this test. It is worth noting that no vertical cracking patterns are observed

in any of the calculations using different random distributions of material parameters.

1

08 | 0.8
0.6 0.6
04 0.4
|
0.2 0.2
0 0
(a) Random field n° 1 (b) Random field n° 2 (¢) Random field n° 3

Figure 15: Random distribution for porosity (left) and volumetric fraction of inclusion (right): cases n° 1,

n° 2 and n° 3
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Figure 16: Comparisons of axial Terzaghi effective stress due to temperature change between different

random distributions in test EXT3; and related tensile damage d* fields at the failure (peak) stat of sample

Furthermore, the mesh dependence is also studied by considering two additional finer
meshes: 9500 (190x50) and 38000 (380x100) elements, respectively. For each mesh, three
random distributions of material properties are used. The variations of the axial Terzaghi
effective stress are shown for each of these two meshes in Figure 17. For the sake of read-
ability, one of the three randoms generations is selected to illustrate the crack pattern. It
is worth noticing that in the calculations using the two different meshes, the scale length [,
is defined as 1.5 times the element size and the corresponding toughness parameter ¢’ (l;)
is then decreased according to Equation (40). This leads to a decrease in the thickness of
obtained cracks. Given that the main cracks always appear quasi horizontally, they can be
seen as tensile cracks. Further, the curves of effective stress versus temperature are almost
identical for the different cases. It can be concluded that the random distribution of material

heterogeneity does not significantly impact the macroscopic responses of the studied sample.
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Figure 18 presents a comparison of all nine calculations previously mentioned (3 generations
x 3 mesh finesse levels). The maximum difference in the peak axial stress among these calcu-
lations is approximately 7%. This suggests that the mesh size and random distribution have
little impact on the macroscopic response of the tested sample, and the numerical results

can be considered as representative.
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Figure 17: Comparisons of axial Terzaghi effective stress versus temperature between different random fields
of material parameters in test EXT3, by using mesh of 9500 (left) and 38000 elements (right); and related

distribution of tensile damage d® at the peak stress stat
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Figure 18: Comparisons of axial Terzaghi effective stress in test EXT3 between nine different calculations
including three meshes (2375, 9500 and 38000 elements) and three random distributions of material hetero-
geneity

As a summary of above comparisons, it is shown that the tensile damage is the principal
mechanism in three thermal cracking tests. But the tensile damage is driven by the positive
strain energy w2t = 10" : €® defined in equations (13), where o”* is the positive part of
Biot effective stress. In order to investigate the influence of the tensile damage driving force
on the hydromechanical responses and cracking process, four different kinds of forms are

here considered:

1. case 1, wlt =1otT:e® | ot = (00— 0"+ B(p—po)
2. case 2, W =10 :e® | o' = (0 —0")+I(p—po)
3. case 3, wl" = 50" e, 0" =(0—0)+B(p—po) + Apf
4. case 4, wit = 30" :e¢ 0" = (0 —0") +I(p—po) + A

The case 1 is the reference one presented above. Three additional series of calculations
are performed by using the other forms of driving energy for the tensile damage. As the
most relevant comparisons between the four cases, the variations of axial Terzaghi effective
stress with temperature rise are calculated and compared with experimental data in Figure
19. It is found that one obtains almost the same results for all cases during the first stage
of heating when the crack density is small. However, important differences appear when
approaching the peak value and in the post-peak zone. From a quantitative point of view, it

seems that the peak value obtained in case 2 is the closest one to the experimental data. In

32



472

473

474

475

476

477

478

479

481

this case, the positive part of Terzaghi effective stress is used as the tensile damage driving
force. It is also seen that the contribution of thermal term A0 involved in the cases 3
and 4 leads to a decrease of the peak axial stress probably due to the fact the temperature
change rather enhances the compressive part of stress. From these results, it seems the
tensile cracking is mainly driven by the positive part of Terzaghi effective stress. However,
there are still some quantitative scatters between the numerical and experimental results.
As mentioned above, the numerical results represent the volumetric averages of non-uniform
stress and pore pressure fields while the experimental data are taken on the sample boundary.
Moreover, due to the technical limitations, the post-peak responses were not measured in

three tests. The maximum values given correspond to the macroscopic failure of samples.
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Figure 19: Comparisons of variations of axial Terzaghi effective stress between 4 cases in three tests EXT1,

EXT2 and EXT3
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7. Conclusion

In this paper, we have proposed an extended phase-field model to describe the progres-
sive cracking process in saturated rocks by considering thermo-hydromechanical coupling.
Material heterogeneity and anisotropy are taken into account. The macroscopic elastic prop-
erties are determined by a micro-mechanical model issued from two steps of homogenization
incorporating the effects of pores and mineral inclusions at two different scales.

It is highlighted that at the scale of tested samples, the onset of localized cracks is strongly
correlated to the heterogeneous distributions of pores and inclusions. By considering such
material heterogeneity, it is not needed to introduce artificial weak element to enhance
the onset of localized cracks. The obtained cracking patterns are quite consistent with
experimental observations.

There is a clear interaction between the material anisotropy and heterogeneity in the
cracking process. It is found that the spatial variation of inclusion distribution attenuates
the influence of bedding planes on the orientation of localized cracks. In the case with
non-uniform distribution of porosity only, the localized cracks are clearly guided by the
orientation of bedding planes.

Under thermo-hydromechanical loading, the pore pressure rise due to temperature change
plays an essential role in cracking process, but it is affected by the permeability variation due
to open cracks. There is a strong coupling mechanism between the thermo-hydromechanical
responses and cracking process.

The proposed model is applied to the analysis of laboratory heating tests in which macro-
scopic fractures were observed. Again, due to material heterogeneity, the local fields of
stresses, strains and pore pressure are clearly not uniform inside the samples. This leads to
the onset of localized cracks. The cracking patterns obtained in numerical simulations are
overall consistent with that observed in the tested samples. With the temperature increase,
the tensile cracking is the principal mechanism, which is mainly driven by tensile Terzaghi
effective stresses. The present work can be improved by considering plastic deformation in

clayey rocks.
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Appendix: Verification with analytical solution

In order to verify the accuracy of computing code for basic thermo-hydromechanical
coupling problem, we consider here a three-dimensional heating benchmark for which an
analytical solution is found in [43]. As shown in Figure 20, we consider a cubic domain
with a length of 30 m. The cube is heated at its center with a power of 700 W. Due to the
symmetry conditions, only a 1/8 of this cube is meshed. The material of cube is an isotropic,
linear and homogeneous porous medium. The materials parameters are those of the COx
claystone as shown in Table 4. Additionally, the water is assumed to be incompressible and

the Biot coefficient is equal to 1.
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Figure 20: Geometry and boundary condition of 3D heating benchmark

Table 4: Material parameters for 3D heating benchmark

Parameters Unit Notation Value
Young’s modulus GPa E 4.5
Poisson — v 0.3
Density of pore medium kg-m™3 p 2400
Porosity — ) 0.15
Permeability (parallel to bedding) m? k 4.5 x 10720
Thermal conductivity of pore medium | W -m™t . K1 A 1.7
Heat capacity of pore medium J kgt K1 C, 1000
Thermal expansion of rock (vol) Kt Qg 4.2 x 107°
Dynamic viscosity of water Pa - s Lo 1x1073
Density of water kg - m™3 Puw 1x 103
Thermal expansion of water (vol) Kt Qi 4.0 x 1074
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For the sake of simplicity, the detailed expressions of analytical solutions are not given

20 here and can be found in [43]. In Figures 21 and 22, we show the comparisons between

s30 numerical results and analytical solutions for temperature, pore pressure, displacement and

531

stress. A very good agreement is obtained.
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Figure 21: Evolution of temperature, pore pressure, displacement (along x-axis) and normal stress (along

x-axis) with time: comparisons between numerical and analytical results at two different locations
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Figure 22: Evolution of temperature, pore pressure, displacement (along x-axis) and normal stress (along
x-axis) with distance to heating point: comparisons between numerical and analytical results at 15 days of
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