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ARTICLE INFO ABSTRACT

Editors-in-Chief: Professor Lyesse Laloui and
Professor Tomasz Hueckel

To ensure the safety of geological disposal of high-level radioactive waste, in-situ experiments have been carried
out to examine the behavior of rocks in underground research laboratories (URLs). At the Meuse/Haute-Marne
URL in France, the French National Radioactive Waste Management Agency (Andra) has been assessing the

Keywords: Callovo-Oxfordian claystone (COx) as potential host rock of geological disposal by subjecting the COx to in-situ
yvuﬁarlwaSte heating mimicking exothermic radioactive waste. Results of the in-situ experiments are used to validate and
eak planes

bolster the numerical simulators for predicting the thermo-hydromechanically (THM) coupled behavior of the
COx. The numerical simulators are, however, yet to be tested for predicting the failure and fracture development
of the COx during heating, which is of paramount importance to the safety of the geological disposal. In this
research, we modelled a recently carried out in-situ experiment at the Meuse/Haute-Marne URL using the
TOUGH-FLAC simulator to predict the failure and fracture development of the COx during heating. The objec-
tives are to examine the effects of (i) the weak bedding planes, (ii) the softening rate of matrix/weak plane
strengths, and (iii) the stiffness anisotropy of the COx on the development of shear and tensile fractures during
heating. Results show that considering failure along the weak planes enabled accurate predictions of fracture
development. Also, fracture development intensified at a softening rate beyond a threshold level and the ge-
ometry of fractures was significantly affected by the stiffness anisotropy. These results will help boost the reli-
ability of the safety and performance assessment of geological disposal in claystone.

Geological disposal
COx claystone
Fracture

Coupled processes

1. Introduction predicting the complex behavior of the COx during heating associated
with exothermic radioactive waste. Findings included the importance of
the temperature-dependent thermal expansion coefficient of water,'!

the time-dependent deformation (i.e. creep) of the COx during excava-

Geological disposal offers a viable means of permanently removing
radioactive waste from the ground surface,'” as it utilizes a multiple

barrier system to isolate radioactive waste from the biosphere.’

The safety and performance of geological disposal have been
examined in underground research laboratories (URLs).' 374257 1p
France, the French National Radioactive Waste Management Agency
(Andra) has been investigating geological disposal of high-level (HLW)
and intermediate-level long lived (IL-LLW) radioactive waste in the
Callovo-Oxfordian claystone (COx) in the Meuse/Haute-Marne URL.”
They conducted a series of in-situ heating experiments to measured key
responses of the COx, such as temperature and pore pressure, data that
also were analyzed within the international DECOVALEX-2019 project
for development and validation of numerical simulators.*”

Results of the numerical simulations provided valuable insights into

* Corresponding author.
E-mail address: tsubasasasaki@lbl.gov (T. Sasaki).

https://doi.org/10.1016/j.gete.2024.100546

tion,” the spatial variability of the physical properties of the COx,” the
anisotropy of the COx properties,'>'® and the plastic and/or creep
behavior of the COx.*! As an extension of the modelling efforts, full-scale
simulations of a HLW geological repository were also conducted '*'%2%
24,36,38,40 These studies, however, did not consider potential failure and
fracture development of the COx during heating, as most models
assumed only elastic mechanical behavior of the COx. It is of critical
importance to predict potential failure and fracture development of the
COx to ensure a safe design of a geological repository in the COx.

This research aims to simulate failure and fracture development of
the COx by numerically modelling a recent in-situ heating experiment in
the Meuse/Haute-Marne URL in France as part of the DECOVALEX-2023
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Fig. 1. Overview of the in-situ heating experiment at the Meuse/Haute-Marne URL: (a) the drift and boreholes (after Plia et al. 2%); (b) heater.

project.”*> An overview of the in-situ heating experiment (interchange-
ably referred to as the CRQ experiment) is provided in Fig. 1a. There
were ten heater boreholes, four pore pressure/temperature monitoring
boreholes, and four acoustic boreholes drilled in parallel to the bedding
of the COx. Installed in a section of the heater boreholes were heaters
(Fig. 1b), through which thermal flux was provided to the COx to induce
fractures. The heating started on June 3, 2019, and consisted of two
heating phases; the first and second phases lasted approximately two
months and one month, respectively, separated by a cooling phase of
about four months.

A numerical modelling of the CRQ experiment was carried out by *>
and they found that material heterogeneity in the COx such as porosity
and mineral inclusions impacted cracking processes during the excava-
tion and heating stages of the CRQ experiment. Prior to the in-situ CRQ
experiment, a laboratory heating experiment was carried out on cylin-
drical samples of the COx, and a numerical simulation of this laboratory
experiment confirmed the importance of material heterogeneity on
localized cracking of the COx.** However, neither of these simulations
considered the failure of the COx along its bedding planes (i.e., weak
planes), which could have substantial effects on cracking processes of
the COx during the in-situ heating experiment. In fact, weak plane
failure was found to impact mechanical behaviors of the COx during the
excavation stage.’>** Also not considered were the anisotropic me-
chanical properties of the COx, which could affect the evolution of
stresses in the COx and in turn cracking processes of the COx.

The objectives of our numerical work are to examine the effects of (i)
the weak bedding planes, (ii) the softening rate of matrix/weak plane
strength (i.e., the rate of strength decrease with increasing plastic
strains), and (iii) the stiffness anisotropy of the COx on the development
of shear and tensile fractures during heating. These were addressed by
matching the calculated pore pressure and temperature development
with the measurement data, and then by estimating shear and tensile
plastic strain development in the COx. The methodologies employed to
perform this research are provided in the following section.

2. Numerical modeling
2.1. Model geometry

Fig. 2 shows the geometry of the model of the in-situ heating
experiment. The overall dimensions are 50 m by 50 m by 50 m in the x-,
y-, 2-directions. The blue part represents the COx, while the pink part the
EDZ (excavation damaged zone) where shear and tensile fractures
develop due to excavation, the radius of which is assumed to be 8 m,
which was determined from pore pressure measurements periodically
taken after drift excavation. Note that the EDZ was probably bounded by
an ellipse ° rather than a circle, but the vertical extent of an elliptical
EDZ could not be estimated from the pore pressure data; hence, it was
assumed to be a circle. The radius of the drift (i.e., the excavated tunnel)
is 2.6 m. From the drift into the EDZ and COx in the y-direction run the
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Fig. 2. The geometry of the in-situ heating experiment model: (a) overview; (b) zoom-up of the heaters and boreholes; (c) cross-section parallel to the x-z plane

around the boreholes at y = 15 m from the drift wall.

heating and monitoring boreholes, which respectively extend to y = 20
and 25.7 m. In the sections of the heating boreholes between y = 10 and
20 m lie the heaters, from which heat was emitted into the COx during
the test. In total, 229,432 elements were used to construct the model.

Fig. 2c¢ shows the cross-section of the COx parallel to the x-z plane at
y=15m from the drift wall, in which the heating and monitoring
boreholes and their names are provided. Ten of them (i.e.,
CRQ1701-1710) are the heating boreholes and the remaining four of
them (i.e., CRQ1720-1723) are the monitoring boreholes. The presence
of the acoustic boreholes was ignored. Note that the monitoring bore-
hole CRQ1722 was actually inclined (i.e., not exactly normal to the
cross-section), but it was assumed to be perfectly horizontal in the model
so as the rest of the boreholes.

As for the boundary conditions, mechanically, the normal displace-
ments on the x and y side boundaries (i.e., the planes at x = —25, 25 m,
y = —2.6, 47.4 m) as well as on the bottom z boundary (i.e., the plane at
z = —25m) were constrained. Applied on the top z boundary was a
constant pressure of 12.7 MPa, and the surface of the drift was applied
with a constant atmospheric pressure of 0.1 MPa. Hydraulically, no fluid
flow was allowed on the x and y side boundaries, while a constant pore
pressure of 4.7 MPa was applied on the top and bottom z boundaries.
Also, a constant pore pressure of 0.1 MPa was applied on the drift sur-
face. Note that both mechanically and hydraulically gravity was not
considered in this study. Thermally, no thermal flux was allowed on the
x and y side boundaries, while constant temperatures of 21 and 23 °C
were applied on the top and bottom z boundaries, respectively. Finally, a
constant temperature of 22 °C was applied on the drift surface.

2.2. Coupled thermo-hydromechanical modelling

The coupled thermo-hydromechanical (THM) simulation of the in-

situ heating experiment model was carried out with the TOUGH-FLAC
simulator.”®?” This simulator combines TOUGH3 and FLAC3D, which
are respectively thermo-hydraulic and mechanical modeling software,
and TOUGH3 and FLAC3D are coupled in a sequential scheme.'”?° Note
that in this study the coupling proceeded only in one way from TOUGH3
to FLAC3D, i.e., permeability and porosity in TOUGH3 remained con-
stant regardless of the mechanical calculation in FLAC3D. The one-way
coupling from TOUGH3 to FLAC3D was done by updating the effective
stress with TOUGHS3's inputs of pore pressure and temperature as shown
below:

A6 = A6 + agyAPE @

where Ag is the effective stress increment tensor (of order two), agy is
the Biot-Willis coefficient, AP is a pore pressure increment, and E is the
unit tensor (of order two), and

Ac=C: (AeT —Aé? — Ae’h) 2)

where C is the fourth-order tensor of elastic moduli, and Ae”, Ae?, Ae™
are the total, plastic, and thermal strain increment tensor (of order two),
respectively, and

Ae™ = aAT 3)

where a is the linear thermal expansion coefficient, and AT is a tem-
perature increment.

In the one-way coupling approach, the porosity was updated with
temperature and pore pressure as shown in the following equations:

(1 (0 1 (0¢
so=o(5(5r) o745 () ) @
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Table 1
The thermo-hydraulic parameter values of the model components.

COx EDZ

Monitoring Heating Heater
Borehole Borehole

Grain density (kg/ 2770 2770 2770 2770 7850
m®)

Porosity (-) 0.18 0.18 0.99 0.99 0.01

Absolute 8 E- 1E- 8 E-20 (x) 8 E-20 (x) 8 E-20
permeability (//) 20 17 1E-17 () 0w ()
(m?) 0y

Absolute 2.66 1E- 2.66 E-20 2.66 E-20 2.66 E-
permeability (L) E-20 17 20
(m?)

Thermal 1.95 1.95 1.95 1.95 44.5
conductivity (//)
(W/(m °C))

Thermal 1.28 1.28 1.28 1.28 44.5
conductivity (L)
(W/(m °C))

Grain specific heat 800 800 800 800 475
(J/(kg °C))

Pore expansivity (1/ 45 E- 45 E- 0 0 0
°C) 6 6

Pore compressibility 8E-10 8E- 0 0 0
(1/Pa) 10

where (1/¢)(d¢/0T), and (1/¢)(d¢/0P); are the pore expansivity and
pore compressibility, respectively. The pore compressibility is corre-
lated with volumetric deformation of rock. For example, under uniaxial
strain conditions, such as the COx in the in-situ heating experiment,
where the lateral strains are constrained, the pore compressibility can be
determined from mechanical properties of rock as shown below 2%3%-31;

1 2(1 - w)
=z =50) ©
where cp is the pore compressibility, K is the bulk modulus, ¢ is the
porosity, and v is Poisson’s ratio.

Substituting the values of the bulk modulus (5 GPa), porosity (0.18),
and Poisson’s ratio (0.3) of the COx as shown in Tables 1 and 3 into Eq.
(5) yields a pore compressibility of 8.25.107 1% (Pa~1). This value was
calibrated to 8.0-1071° (Pa™!) by matching the calculated pore pressure
evolution with the experimental data. Hence, the effect of volumetric
strain on pore pressure is taken into account through a simplified one-
way pore-volume coupling approach in this study.

Note that the pore expansivity was assumed to be the same as the
volumetric thermal expansion coefficient (i.e., three times the linear

Geomechanics for Energy and the Environment 38 (2024) 100546

thermal expansion coefficient) of the COx (45.10°° k™.

The above simplified one-way coupling approach was employed to
significantly reduce time to complete the coupled THM simulation of the
in-situ heating experiment while achieving adequate accuracy.

T T T T
1.0

l\\

PN

. ~ —_— D=0
2 0.8} \\ post =
g 085 ~
g H So == bpost=1E+3
< P Sso cees bpost= LEH4
o0 . ~ post
g 0.6' . \\ 7
g : pal

. ~—
3 5 Foe
N 0.4r . -~
= .
=) e
3 %
Z. 02F ‘.‘ 7
0.0_ R R A8 88-0.8.0-0-0-0 0-0-0-1 -0 & 405 & -

0.00 0.02 0.04 0.06 0.08 0.10

Equivalent plastic strain (%)

Fig. 4. Softening of strength parameters with increasing plastic strain.

Table 2
The mechanical parameter values of the EDZ, heater, and boreholes.
EDZ  Monitoring Heating Heater
Borehole Borehole
Biot coefficient (-) 0.8 0.8 0.8 0.8
Isotropic Young’s modulus 5.0 5E-6 5E-6 5E-6
(GPa)
Isotropic Poisson’s ratio (-) 0.3 0.003 0.003 0.003
Anisotropic Young’s 6.0 6E-6 6E-6 6E-6
modulus (//) (GPa)
Anisotropic Young’s 4.0 4E-6 4E-6 4E-6
modulus (1) (GPa)
Anisotropic Poisson’s ratio 0.3 0.003 0.003 0.003
(720!
Anisotropic Poisson’s ratio 0.3 0.003 0.003 0.003
W e
Anisotropic Shear modulus 1.7 1.7E-6 1.7E-6 1.7E-6
(1) (GPa)
Zone Matrix

- Elastic Bulk Modulus (K,,)

- Elastic Shear Modulus (G,,)
- Density (p)

- Cohesion (c,,)

- Friction Angle (¢,,)

- Dilation Angle (y,,)

- Tension Limit (&)

Ubiquitous Joint

- Joint dip/dip direction
-Joint Cohesion (c)
-Joint Friction Angle ()
-Joint Dilation Angle ()
-Joint Tension Limit (&%)

Fig. 3. The general concept of the ubiquitous joint model employed to simulate the COx behavior (after 7).
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Fig. 5. Results of calibration during the opening borehole stage for the permeability values of the COx.

In the following sections, the governing equations of the thermo-
hydraulic (TOUGH3) and mechanical (FLAC3D) processes are
presented.

2.3. Thermo-hydraulic processes

The governing equation of thermo-hydraulic processes is shown
below:

E/M"dV = /f“ ondF+/q”dV (6)
dt)y r v

where V (m®) is a closed finite control volume of the system under study,
I (m?) is the boundary surface of the closed volume, n (-) is the surface
normal vector of an infinitesimal area (dI') of the boundary surface, M*
(kg/m3 or J/m>) is the mass of component x(xk =1,2,...) (e.g., water,
air, etc.) or energy (x = h), f* (kg/s/rn2 or W/mz) is a vector denoting

mass flux (x =1,2,...) or heat flux (« = h), and g* (kg/s/rn3 or W/m?) is
a sink/source of mass or energy.

The accumulation (M*) and flux (f*) terms of the mass balance are
expressed as follows:

M* = > Spp, X+ (1= d)psp XiKy @
p

where ¢ (-) is porosity, Sy (-) is the degree of saturation of phase j (= gas
or liquid), Py (kg/m3) is the density of phase g, X}j (-) is the mass fraction
of component « in phase f, pg (kg/m®) is the solid-phase grain density, P
(kg/m3) is the density of liquid phase, X] (-) is the mass fraction of
component « in liquid phase, Kz (m>/kg) is the liquid phase distribution
coefficient, and

= Xﬁjx;fﬁ ®)
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Table 3
The mechanical parameter values of the COx matrix and weak plane.

Matrix With Matrix

only joint only
(reduced
cohesion)

With joint
(reduced
cohesion)

With joint
(anisotropic)

Biot 0.8 0.8 0.8 0.8 0.8
coefficient
©)

Isotropic 5.0 5.0 5.0 5.0 -
Young’s
modulus
(GPa)

Isotropic 0.3 0.3 0.3 0.3 -
Poisson’s
ratio (-)

Anisotropic - - - - 6.0
Young’s
modulus
(//) (GPa)

Anisotropic - - - - 4.0
Young’s
modulus
(1) (GPa)

Anisotropic - - - - 0.3
Poisson’s
ratio (//) (-)

Anisotropic - - - - 0.3
Poisson’s
ratio (L) (-)

Anisotropic - - - - 1.7
Shear
modulus
(1) (GPa)

Cohesion 9.0% 9.0% 4.0 4.0 -
(MPa)

Friction angle 20* 20* 20*
©) N - - -

Tensile 1.27 1.27 1.27 1.27 -
strength
(MPa)

Post-rupture 4.2* 4.2 1.2 1.2° -
cohesion
(MPa)

Post-rupture 0.36"" 0.36"" 0.36"" 0.36"" -
tensile
strength
(MPa)

Joint - 0.92" - 0.92" 0.92"
cohesion
(MPa)

Joint friction - 20 - 20" 20"
angle (°)

Joint tensile - 0.4 - 0.4 0.4
strength
(MPa)

Post-rupture - 0.3" - 0.3" 0.3
joint
cohesion
(MPa)

Post-rupture - 0.12 - 0.12 0.12
joint tensile
strength
(MPa)

% 45

(assuming their ‘residual’ actually means post-rupture).
#*25 (assuming their ‘residual’ actually means post-rupture; results on Opalinus
Clay).

sesen2]

where f; (kg/s/m?) is the mass flux of phase g, which is given by a
multiphase version of Darcy’s law expressed in the following form:

kesp
fs= fkﬁ(Vprp/}g) (C)]

where k (m?) is the absolute permeability, k;; (-) is the relative

Geomechanics for Energy and the Environment 38 (2024) 100546
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Fig. 6. Power output applied in the heater section of each borehole.

permeability of phase f, ji; (Pa-s) is the dynamic viscosity of phase g, Py
(Pa) is the fluid pressure of phase 3, which is calculated as the sum of a
reference pressure, P (Pa) (i.e., usually, gas pressure), and capillary
pressure, P.q, (Pa) (i.e., P; =P +P.gp),and g (m/sz) is a vector denoting
gravitational acceleration. Note that the second term on the right-hand
side of Eq. (7) was ignored in this study by setting K; =0 (i.e., no
chemically-induced mass transport).

The accumulation (M") and flux (f’ ") terms of the energy balance are
expressed as follows:

M" = (1=)psCsT+h> _SupsUp 10
P

where Cs (J/kg/°C) is the specific heat of solid grains, Uy (J/kg) is the
specific internal energy of phase g, and

f'= —INT+> hfy +£o00VT* 1)
B

where 1 (W/(m-°C)) is the effective thermal conductivity, hy (J/kg) is the
specific enthalpy in phase f, f, (-) is the radiant emittance factor, and og
(W/m?/K* is the Stefan-Boltzmann constant. Note that, in this study,
radiation heat transfer was ignored (f, = 0).

Table 1 shows the values of the thermo-hydraulic parameters of the
model. The values were estimated from the literature.'*!** Note that
the pore expansivity and pore compressibility are defined as
(1/¢)(0¢/0T)p and (1/¢)(0¢/0P), respectively. Also note that in this
study only water and water vapor were considered as pore fluid and
their relative permeability and capillary pressure were assumed con-
stant at unity and zero, respectively.

2.4. Mechanical process

The mechanical governing equation is shown below:

dv
V°5+pbg:pbif 12)
where ¢ (Pa) is the Cauchy stress tensor, p, (kg/mg) is the bulk density
(= </)z/,pﬁsﬁ + (1 —¢)pgr), and vg (m/s) is the velocity vector of the solid
phase.

The mechanical behaviors of the model components are also gov-
erned by constitutive models. Fig. 3 shows a visual representation of the
constitutive model used for the COx, referred to as the ubiquitous joint
model.>° This model assumes that each element (i.e., zone) consists of a
matrix and a joint (i.e., weak plane), each having their own mechanical
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Fig. 7. The evolution of temperature at the different locations (#1-#5) of the monitoring boreholes (CRQ1720-CRQ1723).

parameters. Note that the weak planes were assumed to lie horizontal in
this study. In the following section, the details of this constitutive model
for the COx as well as those for the other model components are pro-
vided. Note that the equations in the following section are based on the
model descriptions of the FLAC3D documentation ' except for the
soften2i?g equations, which are based on Egs. (14) and (15) of Manica
et al.

2.4.1. COx matrix

2.4.1.1. Elastic constitutive relations. The elastic constitutive model of
the COx matrix in this study is assumed to be governed by Hooke’s law
for linear isotropic or cross-anisotropic (i.e., transversely isotropic)
material. When cross-anisotropic elasticity was assumed, the yielding of
the COx matrix was disregarded and only the yielding of the weak plane
was considered. When isotropic elasticity was assumed, on the other

hand, the yielding of the COx matrix was considered (in addition to that
of the weak plane) and was governed by the Mohr-Coulomb model
described below.

2.4.1.2. Yield and plastic potential functions. The yield criteria of the
COx matrix are specified by the Mohr-Coulomb model with a tension
cutoff as shown below:

f* =061 —03N,+2c\/N, (13)
fl=0-0 a4
where 0, and o3 are the maximum and minimum principal stresses

(tension is positive), ¢ is the cohesion, ¢ is the tensile strength, and

1 +sing

N, =
1 —sing

(15)
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Pore pressure (MPa)

Table 4

The y-coordinates of temperature/pore pressure sensors in each monitoring
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Fig. 8. The evolution of pore pressure at the different locations (#1-#5) of the monitoring boreholes (CRQ1720-CRQ1723).

borehole in meters.

P c

Onax

= (16)
tang

The plastic potential of the COx matrix is specified by the equations

CRQ1720 CRQ1721 CRQ1722 CRQ1724 below:
#1 (m) 2.48E+01 2.48E+01 2.48E+01 2.48E+01 ¢ =0, — 03N, a7)
#2 (m) 1.81E+01 1.81E+01 1.81E+01 1.94E+01
#3 (m) 1.56E+01 1.56E+01 1.44E+01 1.44E+01 . 18
#4 (m) 1.19E+01 1.19E+01 1.19E+01 9.68E+00 § =03 (e
#5 (m) 7.75E+00 8.39E+00 7.75E+00 4.54E+00
where
1 + siny
where ¢ is the internal friction angle of the COx matrix. Note that the N, = 1~ siny (19)

superscripts s and t respectively indicate shear and tension. The
maximum tensile strength is specified by the following equation:

where y is the dilation angle of the COx matrix.
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2.4.1.3. Flow rule. The flow rule of the COx matrix is in the form shown
below:

dg*

s =% (20)
i
A = 1% @

where 2* and /' are plastic multipliers for shear and tensile yielding,
respectively (i =1, 2, 3, i.e., the principal stress directions in the global
coordinates).

2.4.1.4. Hardening rule. Hardening rules specify changes in plastic pa-
rameters due to the development of plastic strains. If the parameter
values decrease with increasing plastic strains, it is called strain-
softening as opposed to strain-hardening. In this study, only the

cohesion and tensile strength of the COx matrix were assumed to follow
the softening rule shown in the equation below *':

y= (ypmk - yposl)exp( - bpmlep.,eq) +yp0slexp( - bmsep‘eq) (22)
where y is the cohesion/tensile strength, y,.. is the peak cohesion/
tensile strength, ypos is the post-rupture cohesion/tensile strength,
which is distinguished from the residual cohesion/tensile strength,'%!
bpost and by are the softening parameters, and ¢! is the equivalent
plastic strain defined as follows:

Ae"l = \/Aers + Aert (23)

where Ae?® and AePt are shear and tensile plastic strain increments,
respectively, which are calculated as follows:
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Fig. 10. Spatial distributions of plastic strains at y = 15.6 m from the drift, compared among varied softening rates and between with and without the weak planes:

(a) plastic shear strain; (b) plastic tensile strain.

e = XA~ AT+ (A + (6~ A (24)
Ae™ = Aeg! (25)
where

Ay =3 (A’ +A) (26)

where Aé)* and A} are plastic shear strain increments in the maximum

and minimum compressive principal stress directions, respectively, and

Ach* is the plastic tensile strain increment in the minimum compressive

principal stress direction.

Fig. 4 shows the softening of cohesion/tensile strength according to
(22). The normalized strength ratio is defined as

(y 7ypost> / (ypeal 7ypost). Note that in this study only the softening up to

Eq.

the post-rupture state was considered (i.e., brs = 0), because the
maximum values of the equivalent plastic strain remained around 0.1%
in the simulation, which is too small to reach the residual state. Different
softening rates were considered by changing the value of by, among 0,
1E+ 3, and 1E+ 4 as shown in Fig. 4.

2.4.2. COx weak plane

2.4.2.1. Elastic constitutive relations. The cross-anisotropic (i.e., trans-
versely isotropic) elastic constitutive model of the COx weak plane is
introduced below. The subscripts with apostrophes indicate the prin-
cipal directions aligned with the weak plane. For example, 1'- and 2"-axes
lie on the weak plane and are perpendicular to each other, while 3-axis
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is perpendicular to the weak plane.

Aoy = anlej +apnlel, +aizAeyy 27)
Acyy = apAel, +an ey, +asAeyy (28)
Acyy = azAely +anlAel, +azley, (29)
AT = 2GAy (30)

Note that the elastic strain increment is defined as

Ae® = At —AeP —Ae™ where A, AeP, and Ae™ are the total, plastic,
and thermal strain increments, respectively. Also, Az and Ay are the
shear stress and strain increments on the weak plane and are defined as
follows:

T=4/0%, + 0l (31)
7=/ 6%’3’ + 52’3’ (32
The coefficients are defined as follows:
B Ey —V3Ep -
M AT U1 —vp)Ey — 22Es] " (33)
vpEy + V3 Ep .
= E 34
N U u)[(1 = vp)Ey — 203Ep] " 34)
E,
a;z = Lo Ep (35)

(1 —vp)Ey — 23Ep
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Fig. 11. Spatial distributions of plastic strains at y = 15.6 m from the drift with reduced COx matrix cohesion, compared among varied softening rates and between
with and without the weak planes: (a) plastic shear strain; (b) plastic tensile strain.

(1 —vp)Ey E» (36)

43 = (1 Z0p)Ey — 2R3 Ep

where Ey, Ep are Young’s moduli in the normal and parallel directions to
the bedding (i.e., weak plane), respectively, and vy, vp are Poisson’s
ratios in the respective directions. Also, G in Eq. (30) is the shear
modulus calculated as G = Gyy = Ep/[2(1 +vp)]. Note that the above
anisotropic relations reduce to the isotropic ones if Ey = Ep = E and vy
= vp = v are substituted.

2.4.2.2. Yield and plastic potential functions. The yield criteria of the
weak plane are shown below:

ff =T+ oyytang; —¢; (37)

(38)

fi=037—0

where ¢; is the cohesion of the weak plane, g is the friction angle of the
weak plane, and (7]? is the tensile strength of the weak plane. Note that the
subscript j indicates the joint (i.e., the weak plane). The maximum value
of the joint tensile strength is specified by the following equation:

r <

Fo= 39

o-j.mux tan(pj ( )
The plastic potential of the weak plane is defined as follows:

g = 7+ oytany; (40)

g = 033 41)

where y; is the dilation angle of the weak plane (i.e., joint dilation
angle). In this study, however, the joint dilation was not considered (i.e.,
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y; = 0).

2.4.2.3. Flow rule. The flow rules of the weak plane are shown below:

0g5
Aeld = 2L 2
=0 3o (42)

og’

pt __ a1 Sj
Ae{-,- _ljdalj (43)

where Ac}* and Ae"i;‘t are the shear and tensile plastic strain increments,
respectively, and 4; and lj‘» are shear and tensile plastic multipliers,

respectively (i, j = 1/, 2, 3, i.e., the local coordinates aligned with the
weak plane).

2.4.2.4. Hardening rule. The same form of the hardening (softening)
rule used for the COx is applied to the weak plane as shown below:

yj = (yj.peak _yj,pns't) CXP( - bpus‘tej']'u[) +yj.pvslexp< - brexe_f‘eq) (44)

where y; is the joint cohesion/tensile strength, y;,eu is the joint peak
cohesion/tensile strength, yjpos is the joint post-rupture cohesion/ten-
sile strength, byoss and by are the softening parameters, and ejp “4 is the
joint equivalent plastic strain defined as follows:

Aé‘f"yq _ /A(:‘;-J"Y + Ae‘fp"

5 Lt s e . . . .
where ef * and e}p are joint shear and tensile plastic strain increments,

(45)

respectively, which are calculated as follows:
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5 1 5 5 s
s = Hady + ay + acyy )
g - ac @)

2.4.3. EDZ, heater, and boreholes

The EDZ (excavation damaged zone), heater, and boreholes were
assumed to be isotropic or anisotropic elastic. Note that for the heater
and boreholes, their elastic parameter values were scaled down by a
factor of 1E+ 6 (Young’s modulus) and 100 (Poisson’s ratio) compared
to those of the EDZ and COx so that the heater and boreholes effectively
represent void within the EDZ and COx.

2.5. Simulation cases

To examine the effect of the weak planes, the stiffness anisotropy of
the matrix (COx), and their softening rate, five simulation cases were
employed as shown in Table 3. The values of the Biot coefficient and
elastic properties were estimated from the literature.'>'**%% The ‘ma-
trix only’ case indicates an isotropic elastic COx without the weak
planes, while the ‘with joint’ case with the weak planes. These two cases
were repeated with reduced matrix cohesion (i.e., reduced cohesion
matrix-only and with-joint cases), which allowed for potential simulta-
neous failure of the matrix and weak planes, to examine its effect on the
fracture development during heating. Finally, the stiffness anisotropy
was considered by replacing isotropic elasticity in the with-joint case
with anisotropic elasticity (i.e., anisotropic with-joint case). Note that in
this specific case matrix failure was disregarded.
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2.6. Simulation stages

2.6.1. Initial conditions

In the initial state, the volume inside the drift was filled with ele-
ments, i.e., the entire model was a solid cube of side of 50 m. Mechan-
ically, constant total normal compressive stresses of 16.1, 12.4,
12.7 MPa were assigned in the x-, y-, and z-directions, respectively, in all
elements. These values were in-situ stress levels estimated on the main
level of the Meuse/Haute-Marne URL.%’ The shear stresses were set to
zeros. Hydraulically, a constant pore pressure of 4.7 MPa was assigned
to all elements. Thermally, temperatures ranging between 21 °C and
23 °C from the top to bottom boundaries were assigned with a linear
temperature gradient.

Mechanically, all elements were assigned with the values of the
isotropic Young’s modulus and Poisson’s ratio listed in Table 3 in all but
the anisotropic simulation case, in which they were assigned with those
of the anisotropic Young’s moduli, Poisson’s ratios, and shear modulus.
Plastic deformation was not considered until the heating stage initiated.

2.6.2. Drift excavation

In this stage, the drift elements were removed from the model.
Applied on the exposed drift wall surface were thermo-hydromechanical
boundary conditions: a surface pressure of 0.1 MPa; a pore pressure of
0.1 MPa; and a temperature of 22 °C. The other boundary conditions of
the model remained unchanged. Also, the elastic properties listed in
Table 2 were applied to the EDZ. The model was then brought toward
THM equilibrium until 2891 days elapsed in simulation steps.

2.6.3. Opening of boreholes

Following the excavation stage, the elements in the heating bore-
holes were removed including the heater sections, and applied on the
exposed borehole surfaces were a constant surface pressure of 0.1 MPa,
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Fig. 13. Spatial distributions of plastic strains with anisotropic COx matrix stiffness, compared among varied y-axis distance from the drift and between with and
without the weak plane failure: (a) plastic shear strain; (b) plastic tensile strain. (byoss = 1E+4).

a pore pressure of 0.1 MPa, and a temperature of 22 °C. Also, the ele-
ments in the monitoring boreholes were assigned with the reduced
elastic properties listed in Table 2. The model was then brought toward
THM equilibrium until 263 days elapsed in simulation steps.

Note that unlike the heating borehole elements, the monitoring
borehole elements were not removed because sensing tools were
assumed to have been installed there for pore pressure matching. Instead
of removing, the elements were assigned with softer elastic properties
and higher permeability values than the surrounding rock, which
worked well to replicate previous in-situ experiments in the Meuse/
Haute-Marne URL.>’ Calibrated through the matching were the
permeability values of the COx and EDZ listed in Table 1, and calibration
results are shown in Fig. 5; temperatures are not shown because they
remained constant.

2.6.4. Heating

Restored following the opening borehole stage were the elements of
the heating boreholes including the heater sections, to which a total
normal compressive stress of 0.1 MPa and the elastic properties listed in
Table 2 were then applied. From this stage, the plastic deformation of
the COx matrix and/or along the weak planes was considered according
to each simulation case shown earlier in Table 3.

Applied in the heater sections were time-varying power sources
shown in Fig. 6. Although this heater power was much higher than what
is expected from the typical HLW, this was done to accelerate the pore
pressure buildup in the COx, which would otherwise take tens of years
22 Note that the CRQ1704 heater had failed after the first power cycle (i.
e., at approx. 70 days) and it could thus not emit power during the
second cycle. The heating stage was simulated for 415 days.
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3. Results

Results of the heating stage are presented below. First, numerical
results of temperature and pore pressure are compared with those of the
experiment to calibrate the pore compressibility of the COx and EDZ (the
values listed in Table 1 are the calibrated values). Second, under the
calibrated conditions, the development of shear and tensile fractures
around the boreholes are examined in the five different simulation cases
described in Table 3.

3.1. Temperature and pore pressure matching

Fig. 7 and Fig. 8 show the results of temperature and pore pressure
matching. The labels printed in each row on the right-hand side indicate
the sensor (i.e., measurement) locations, which are listed in Table 4.

The calculated temperature evolution matched the measured tem-
perature evolution at all sensor locations in each borehole as shown in
Fig. 7. Temperature changes were greater in the location #2, #3, and #4
because these locations sit within the heating intervals between
y =10 m and y = 20 m. The two peaks in each figure correspond to the
two heating phases previously shown in Fig. 6. Note that the sensor for
the CRQ1721 borehole at location #2 had failed after the first heating
phase and could thus not record data afterwards.

Compared with the temperature matching, pore pressure matching
was less satisfactory as shown in Fig. 8. For example, the pore pressure
peaks could not be captured in the CRQ1720 borehole at location #1.
However, in general pore pressure evolution could be replicated in the
simulation in most boreholes. Same with the temperatures, the peaks
corresponded to the two heating phases and were generated due to
thermal pressurization of pore water, i.e., pore pressure increased
because the thermal expansion of water is greater than that of rock.

Fig. 9 shows the combination of the temperature and pore pressure
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evolution. In most boreholes, simulation results matched measured data.
Exceptions are the CRQ1720 borehole at location #2 and #3 as well as
the CRQ1721 borehole at location #2 where pore pressure levels during
temperature drop were underestimated. Precise matching was difficult
because these boreholes were affected by failed sealing between the
sensing locations (i.e., #1-#5). Packers separated the sensing locations
but their capacity was roughly 15 MPa; some packers located within the
heater sections (y = 10-20 m) allowed fluid flow along the boreholes
toward the outside of the heater sections when a pore pressure of
15 MPa or above was reached. Such leakage along the boreholes was
approximated by setting the permeability of the monitoring boreholes to
a large value (1E-14 m?) along the borehole axis direction, but it could
only approximate the leakage. Thus, the matching could not be
improved further.

Apart from the leakage-induced pore pressure changes, the simula-
tion was able to capture the evolution of temperature and pore pressure
in the monitoring boreholes. Hence, under these temperature and pore
pressure conditions the development of fractures was estimated, which
are presented in the following sections.

3.2. Impact of the softening rate of rock failure

Fig. 10 compares the distributions of plastic strains around the
boreholes on the cross-section at y = 15.6 m from the drift wall between
two simulation cases: the matrix-only and with-joint cases (listed in
Table 3). Also compared are different softening rates represented by the
value of by in Egs. (22) and (44). The top row of Fig. 10a, for example,
compares the distributions of plastic shear strain between the matrix-
only and with-joint cases at by, = 0. Fig. 10a shows two trends:
significantly greater plastic shear strain developed with an increasing (i.
e., faster) softening rate; and the COx matrix did not develop shear
fractures without considering the weak planes. Also, it was found that
only with the steepest softening rate (by,s: = 1E+4) did significant shear
fractures develop. These results show the importance of considering the
failure of the weak planes with the strength softening.

The same claim can be made from the results of plastic tensile strain
shown in Fig. 10b. Significantly greater plastic tensile strain developed
when the weak planes were considered with the fastest softening rate.
Note that the white cross marker near x = 0 m and z = —0.5 m indicates
the location of a borehole drilled after the heating stage to examine
potential fractures. More on this are described later.

Note that the figures provide plastic strain distributions at the end of
the heating stage (t = 415 days), but the identical distributions already
developed sometime between the start and peak of the second heating
cycle (t = 223 and 265 days, respectively). The exact timing of fracture
formation is unknown in the experiment.

The above comparison found no shear fractures and only few tensile
fractures in the matrix-only case. This could be because of overestimated
strength properties of the COx matrix. Here, Fig. 11 compares plastic
strain distributions under reduced matrix cohesion between the matrix-
only and with-joint cases. It was found that reduced matrix cohesion
helped to generate some shear fractures within the matrix only when the
steepest softening rate was employed. This accentuates the trend dis-
cussed in the previous section that steep softening of rock strength
significantly impacts the development of fractures. Also, even under
reduced cohesion substantially more fractures developed when the joint
failure was considered. This reasserts the importance of considering the
weak planes for estimating fracture development during heating.

3.3. Impact of rock failure along the weak planes

Fig. 12 compares plastic strain distributions between matrix-only
and with-joint cases (with reduced cohesion) at different cross-
sectional locations. Also shown in the figures are the white cross
markers indicating the approximate locations of a borehole drilled after
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the heating stage for detecting signs of fractures. The borehole survey
indicated that there was a shear fracture at approximately y = 16.5 m
from the drift wall.”®

Considering the borehole survey result, Fig. 12a shows that the with-
joint case caused shear fractures to develop at the borehole location near
y = 16 m, whereas the matrix-only case failed to predict shear fractures
there. Fig. 12b shows that the with-joint case also predicted tensile
fractures at the borehole location near y = 16 m, while the matrix-only
case indicated no sign of such fractures.

3.4. Impact of the anisotropy of rock stiffness

Fig. 13 compares plastic strain distributions between isotropic and
anisotropic with-joint cases at different cross-section locations. It was
found that both cases predicted fractures at the approximate location
where the post-heating borehole survey indicated fractures (y = 15.6 m)
while also correctly predicting the absence of fractures at the other lo-
cations (y = 11.9 m and 16.9 m).

However, the geometry of shear fractures significantly differed be-
tween the isotropic and anisotropic cases. In the isotropic case, shear
fractures developed in a straight shape in the vertical and horizontal
directions, whereas in the anisotropic case they formed in a zig-zag
shape in the diagonal directions (e.g., from near the center (x = — 1
m,z = — 0.5 m) toward the lower left corner (x =2 —2m,z = — 2m)).
Also, more tensile fractures developed in the anisotropic case than in the
isotropic case. These results indicate that the stiffness anisotropy of rock
substantially impacts the development of fractures during heating even
if the anisotropy is as small as E;, = 6 GPa and E, = 4 GPa.

4. Conclusions

In this research, we modelled the thermo-hydromechanically (THM)
coupled behavior of the Callovo-Oxfordian (COx) claystone during an
in-situ heating experiment aimed at simulating the thermal flux from
geologically disposed nuclear waste. The TOUGH-FLAC simulator was
used for the THM coupled modelling incorporated with mechanical
constitutive models for the COx considering the weak planes (i.e.,
bedding). The objectives were to examine the effects of (i) the weak
planes, (ii) the softening rate of matrix/weak plane strength, and (iii) the
stiffness anisotropy of the COx on the development of shear and tensile
fractures during heating. Fulfilling these objectives lead to a better
prediction of potential fracture development around geologically
disposed nuclear waste in claystone. Results offered the following
findings:

e Considering rock failure along its weak planes enabled accurate
predictions of fracture development. Considering only matrix failure,
when a simple continuum-based elasto-plastic constitutive model (e.
8., Mohr-Coulomb model) was used, led to incorrectly predicting the
complete absence of fractures or predicting fractures at locations not
confirmed by an in-situ borehole survey.

Fracture development was significantly affected by the stiffness
anisotropy of the COx. Assuming stiffness isotropy (E = 5 GPa)
caused shear fractures to develop in a straight shape in the vertical
and horizontal directions, whereas assuming anisotropy as small as
Ej = 6 GPa and E, = 4 GPa led to shear fractures developing in a zig-
zag shape in the diagonal directions.

Fracture development intensified at a threshold softening rate of rock
strengths. Using a gentler or zero softening rate resulted in predicting
only few fractures.

Note that in this study the EDZ was preassigned as a circular zone
around the drift (i.e., development of the EDZ was not simulated during
the excavation stage) and the porosity and stiffness were assumed
identical to those of the intact COx. Such an assumption might have
impacted the simulation results during the heating stage, particularly in
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terms of pore pressure development near the EDZ. Simulating the frac-
ture development during the excavation stage prior to the heating stage
could allow for better prediction of mechanical behaviors of the COx
during heating.

This research also did not consider the complex interaction between
rock failure and permeability, as the permeability was assumed to
remain constant. In future research, the effect of such complex inter-
action may be investigated to improve the prediction of fracture
development in the COx during heating associated with radioactive
waste.
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