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Abstract

To better understand the coupled thermo-hydro-mechanical processes in Callovo-Oxfordian (COx) claystone for-
mations induced by heat emitting high-level radioactive waste, different scales of in-situ heater experiments have
been conducted by ANDRA in the Meuse/Haute-Marne Underground Research Laboratory (M/HM URL) at Bure in
France. In order to prove the predictability of numerical codes for a site-scale repository, two experiments, a small-
scale (TED) and a full-scale experiment (ALC), have been intensively investigated by different teams within the
international project DECOVALEX 2019. In this study, we present the numerical results obtained further developing
and using the finite element OpenGeoSys (OGS) simulator with two novel approaches. (1) A failure index-dependent
permeability model is introduced into the THM formulation to consider the effect of the permeability changes in the
excavation-damaged zone (EDZ) on the pore pressure development during the excavation and subsequent heating
phases, respectively. (2) A more general equation of state formulation for water according to the International Asso-
ciation for the Properties of Water and Steam (IAWPS) taking account of water and vapour behaviour is implemented
to simulate the pore pressure increase induced by high temperature during heating. The complete model comparison
study is presented in the Task E synthesis paper [49].
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1. Introduction

Process and safety analyses are an integral part of the long-term safety assessment for nuclear waste disposal options.
For this purpose, a comprehensive understanding of the long-term multi-physical (thermo-hydro-mechanical) and
chemical processes within the repositories is essential and has to be based on both experimental and modelling works.
The study of thermo-hydro-mechanical (THM) processes in clay formations and clay materials is a subject of intensive
research regarding the nuclear waste management [53]. Several clay formations are of interest for national repository
concepts depending on their characteristics and abundance in various countries, i.e. Boom clay in Belgium [37, 36],
Opalinus clay (OPA) in Switzerland [8, 39] and Callovo-Oxfordian (COXx) in France [44, 43]. Bentonite as a potential
sealing material within clay host rocks is under intensive investigation as well [25]. Similarities in the material
behaviour of clay-rich rocks and bentonite materials are of certain interest for developing related constitutive models
[56]. Significant research on Opalinus clay has been conducted in the Underground Research Laboratory Mt. Terri
[7]. Several experiments there have been included as tasks into previous DECOVALEX phases. Garitte et al. [22, 23]
presented the numerical modelling of the coupled THM processes in a bedded argillaceous formation (Opalinus Clay)

based on the in-situ heater experiments (HE-D and HE-E), respectively.

In the 1990s, the French National Radioactive Waste Management Agency (ANDRA) began the investigation of
Callovo-Oxfordian claystone (COx) as a potential host rock for radioactive waste disposal in the eastern part of the
Paris Basin. The suitability of COx was identified based on properties such as a very low intrinsic permeability
[21, 29] and excellent self-sealing capabilities [41]. The Meuse/Haute-Marne Underground Research Laboratory
(M/HM URL) was consequently established by ANDRA in the year 2000 for a detailed investigation of COx under
in-situ conditions. Since then, many experiments and studies have been conducted at M/HM URL by ANDRA and
its associated researchers in order to demonstrate the feasibility of constructing and operating a radioactive waste

disposal facility in the COx claystone [3, 18, 27, 4].

Among these studies, an extensive experimental program has been conducted since 2005 which aims at investigating
the thermo-hydro-mechanical (THM) response of the COx to thermal loading by potential heat emitting radioactive
waste. The program consists of two combined in-situ experiments operated at different scales: 1) a small-scale
experiment for heating boreholes (the so-called TED experiment) and 2) a full-scale experiment (the so-called ALC
experiment), cf. [4]. Both experiments were intensively investigated as part of the international DECOVALEX Project
in its seventh phases from 2016 to 2019 to analyse related scale effects and to prove the predictability of the developed
numerical model for a realistic disposal scenario. The experimental studies are mainly aimed at quantifying material
properties [11, 24, 15] which will be then used for numerical modelling of the long-term evolution of the THM
variables in the nuclear waste disposal repository. A selection of related THM material properties of COx at the M/HM

URL site was summarised by Armand et al. [4] and provides the basis for the present study. Some studies already
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exist for the characterisation of COx material properties under HM conditions. Pardoen et al. [44] simulated fracturing
around a drift in COx to estimate the damage zone by taking into account strain localisation. Guayacan-Carrillo et al.
[26] studied the pore pressure evolution during the drift excavation by considering the effects of mechanical anisotropy
of COx and hydro-mechanical coupling. With a 2D example, Guayacan-Carrillo et al. [26] also presented results of
the failure analysis and the associated tendency of permeability increase in the EDZ. To characterise migration of
hydrogen produced from the corrosion of steel containers through the initially water-saturated COx, Mahjoub et al.

[38] simulated two laboratory tests of gas injection in the water-saturated COx under HM coupling.

For numerical analysis such as the ones reviewed above, the first essential requirement is to define the initial boundary
value problem (IBVP) which mainly includes three steps: (1) establishing the governing balance equations for the
determination of the primary field variables; (2) selecting or developing constitutive models that can represent the
physical properties of the material as closely as required and that, mathematically speaking, are required to close the
system of balance equations; and (3) determining reasonable initial and boundary conditions. In practical analyses,
the last step is far from trivial but not a focus of the current paper. Finding suitable constitutive models (2) consistent
with the described IBVP (1) is crucial for performing meaningful analyses and still requires significant effort both
in terms of experimental and of theoretical work. One example of such a constitutive relationship is Fourier’s law
establishing a linear relationship between the temperature gradient and the conductive heat flux by introducing the

thermal conductivity tensor. Other examples include the equations of state for fluids described later.

As will become evident from the presented results, the increase of the permeability in the EDZ by several orders
of magnitude [9, 20, 11, 18] associated with brittle failure of the COx [2] needs to be captured by the constitutive
model in order to predict pore pressure evolution. Early studies on permeability changes in porous media established
their connection to porosity changes, which resulted, among others, in the renowned Kozeny-Carman equation [34,
10]. The Kozeny-Carman equation was often modified to fit different permeability properties in different porous
media, e.g. the one by [16] for non-granular systems such as fiber mats and vesicular rocks. For COx, Chavant and
Fernandes [13] proposed an exponential function of porosity for permeability determination, which was applied to the
simulation of hydraulic permeability evolution in the EDZ in unsaturated argillaceous rock with slight modifications.
In that study, the strain localisation occurring in the EDZ was taken into account. Other permeability models are
parameterised in dependence on pore pressure or stress measures based on the implicit assumption that these quantities
determine porosity. Popp et al. [47] presented a semi-logarithmic permeability versus effective pore pressure model.
A large number of constitutive models available in the literature consider permeability changes by a direct stress
dependence [40, 17, 28, 30, 54]. However, these permeability formulations can not explicitly represent the fact that
the permeability change in the EDZ is mainly a consequence of mechanical failure (shear and tensile). Since the
choice of a constitutive model is circumstantial, the modeller is often faced with a dilemma: for many applications, an

elastic material model may be considered sufficiently accurate for the simulation of coupled THM processes in clay
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rock. However, the inelastic processes driving porosity and permeability increases in the EDZ can only be captured by
advanced constitutive formulations that require a large number of parameters and significant computational resources

[45]. In the regions outside the EDZ, such a sophisticated model may not be required.

In the present study, a different approach is therefore explored that relies on a purely elastic analysis but takes into
account the degree to which the material is prone to damage locally. For that purpose, a new permeability model is
introduced which is a function of a failure index (cf. Section 3.1). This index can be linked to various failure models
such as the Mohr-Coulomb or more sophisticated criteria. The new permeability model thus reflects the fact that the

permeability change in the EDZ is caused by failure/dilatancy of the COx without explicitly calculating damage.

The purpose of the present study was to numerically simulate the in-situ heater experiments conducted by ANDRA [4]
in the COx formation at M/HM URL. In particular, the effects of two constitutive choices introduced into fully coupled
THM simulation of the heater experiments were explored: (1) the failure index-dependent permeability model for the
EDZ motivated in the previous paragraph, and (2) the advantages of the sophisticated IAPWS density and viscosity
models for water. In the numerical simulations, the Galerkin finite element method has been used as implemented
in the open-source scientific software platform OpenGeoSys [33, 5]. The numerical simulation took two steps: 1)
excavation simulation and ii) the heating process simulation with the solutions of the first step as the initial conditions.
The study was conducted as a part of Task E of the DECOVALEX 2019 project with a given basic geometry and
material properties [50, 51, 46].

Hereafter, the presentation of our work is organised as follows: First, the balance equations of the THM processes
that are used for the numerical modelling will be presented in Section 2. Second, the constitutive relationships used
will be highlighted including the failure index-dependent permeability model (Section 3.1) and the IAPWS equations
of state formulations for water (Section 3.2). Finally, the detailed results of the numerical simulation of the TED
experiment within the framework of Task E of the DECOVALEX 2019 project are presented (Section 4) followed by

conclusions.

2. Theoretical and numerical methods

In this study, we consider coupled THM processes in fully water-saturated rock, which consists of incompressible

solid and slightly compressible water phases.

2.1. Governing equations

Using the concept of the representative elementary volume (REV), one can integrate the microscopic THM equations
over the REV domain and obtain the macroscopic balance equations, which are applicable for continuous domains

4
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[35, 19, 31, 52].

Thermal Process

We consider advective and conductive heat transfer in the rock mass, which leads to the heat transport equation

dsT .
(gc,,)e“% +orch grad T - wy, — div( A grad T) = Qr (1

with the following effective macroscopic parameters [59, 1]

(0cp)™ = droLcy + (1 — ¢r)osc, 2)

A" = ¢gpAL + (1 — dp) AT 3)
and the Darcy velocity for fluid movement

Kk
wp = —— (gradp — oLg) “4)
KL

where dg/dt is the material time derivative operator following the solid phase, L and S stand for, liquid phase and
solid phase, respectively; ¢r is the porosity, o stands for density, ¢, denotes specific isobaric heat capacity, Ar stands

for the thermal conductivity tensor, and Q)7 is the heat source term.

Hydraulic Process

The pore pressure change due to differential thermal expansion of the involved phases and due to pore volume change

in fully saturated rock is described by

d dsT d
B3 — [#rak +3(1 = gp)ad] = + apdiv 2 + divwy = Qu 5)

where [3; is the specific storage, u is the (solid) displacement vector, o/% is the volumetric thermal expansion of fluid,
3. is the linear thermal expansion of the solid, and Qy is the sink or source term of the fluid field. The specific
storage and the thermal expansion of fluid can either be obtained by taking the rate of change of fluid density with

respect to pressure and temperature, respectively, as

1 doL aB — ¢F

s — _—+
P ¢FQL Op Ks
1 doL
L __ - X%
ap = oL OT (6)
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or they can be obtained from empirical formulae based on experiments. In the above, K is the bulk modulus of the
solid grains such that
K

=1-— 7
ap s (7)

where K is the drained bulk modulus of the porous solid and ag is Biot’s coefficient.

Mechanical Process

The quasi-static equilibrium conditions for the mixture of solid and water are given in terms of total stress as

divo + ¢"'g =0 (8)
where o0 = 0" — appl is the total stress. Followed by the generalised Hook’s law, the effective stress, o is given as
o =C:(e— a5 ATI) )

and the effective density given by
0" = ¢roL + (1 — ¢r)os (10)

2.2. Material properties

According to the geological stratification of the M/HM URL site, the material properties of the COx host rock exhibit
strong anisotropy determined primarily by the in-plane and out-of-plane directions of the bedding. In the present
work, the anisotropic ratios of the intrinsic permeability, heat conductivity and the elastic properties of COx are kept
at the values given in task specifications [49]. The bedding plane is being assumed coincident with the horizontal

plane.

As shown in Table 1, all material properties correspond to those given in the DECOVALEX Task E specifications [49]
except for intrinsic permeability of the COx and the water properties. For permeability characterisation in the EDZ we
introduce a new failure criterion-dependent permeability description (Section 3.1), which was used to represent the
intrinsic permeability of the COx in the present simulations. The used equation of state for water allows to consider

high pressure and temperature conditions. For this reason, the IAPWS models of water was utilised (Section 3.2).



Table 1: Material properties for Task E Step 2

Property Value Unit
Fluid

Density IAPWS R7-97, 0, (p, T) kg/m?
Fluid viscosity TAPWS 2008, 11, (p, T') Pas
Specific heat capacity 4.28 - 10° J/(kg K)
Thermal conductivity 0.6 W/(mK)
Solid of COx

Density 2650 kg/m3
Specific heat capacity 772 J/(kg K)
Thermal conductivity I 2.259, L 1.4 W/(mK)
Linear thermal expansion 1.4 -107° K1
Porous medium

Porosity 0.15 —
Intrinsic 2.9-1072° 1 0.8-10=2° 2
permeability with the EDZ model

Elasticity

Young’s modulus | 6-10° L 1.53-10% Pa

Poisson’s ratio

0.33

Biot’s coefficient

0.6
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2.3. Numerical approach

We use the finite element method to simulate the coupled THM processes in COx that are mathematically represented
by Equations (1), (5) and (8) together with constitutive equations as well as initial and boundary conditions. The
standard Galerkin finite element approach is employed to handle the spatial discretisation of the weak forms of the
equations. Linear shape functions were used for temperature and pressure, while quadratic shape functions were
adopted for the displacements, respectively. The temporal discretisation is performed by using the implicit Euler
method with a fixed time step size. The resulting coupled system of algebraic equations is solved by a staggered
scheme, i.e. systems of algebraic equations are solved individually by process (Equations (1), (5) and (8)) and linked

via an iterative coupling loop in each time step ¢; with time step size A¢; until convergence of the entire system has

been achieved (Fig. 1).

T:->T T T
} converged converged }
H D p g p g > P > p
| next step: ) next step: }
M->u to =11 + Aty u to = t1 + Aty u
t1, Aty to, Ato ti, At; tn

Time stepping

Figure 1: Staggered THM scheme.

The numerical THM model is implemented into the OpenGeoSys (OGS-5) open source framework [33, 5].

3. Material behaviour of the EDZ and equations of state for water

In this work we introduce a new model for permeability evolution in the excavation disturbed zone (section 3.1) and

use an extended equation of state for water (section 3.2).

3.1. Permeability model for the excavation damage zone (EDZ)

The in-situ experiments include drift excavation and micro tunnel drilling. An accurate quantification of the perme-
ability increase in the excavation damage zone (EDZ) is one of the crucial factors to capture the fluid flow during the
heating experiments and afterwards for repository operation. Inspired by the fact that the permeability increase in the
EDZ is mainly caused by the mechanical failure of rock, we developed a failure index-dependent permeability model

for EDZ characterisation that can be used in conjunction with elastic material models as described in the following.
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Excavation-induced permeability changes near the drift are an influential factor for an adequate modelling of hydraulic
processes in the rock mass during and after excavation [3, 57]. As shown by Pardoen et al. [44] the fluid permeabil-
ity increases significantly in the vicinity of excavations for Callovo-Oxfordian claystone (Fig. 2). This permeability
change is caused by mechanical effects such as damage and dilatancy. Calculating damage and the associated per-
meability increase explicitly requires constitutive formulations much more involved than elasticity [45], the use of
which is not always desired. In contrast, permeability models commonly used for elastic analyses, such as stress or
strain-dependent approaches [44, 43], neglect the fact that the change of the permeability in the excavation zone is

due to the damage. Here, we explore a novel formulation aiming at a mitigation of this limitation.

1.E-13 +— - 1.LE-13 +—= -
Vertical boreholes Horizontal borecholes
1.LE-144 & 1.E-14 1
A
1.E-15 - 1.E-15 -
l1.E-164 = ' 1.E-16
1.E-17 ~ LE-174
A 1.E-18 4 . A 1.E-18
wwee~ Shear fractures i i@ . . ® A
---- Tensile fractures - 1.E-1 9 " [ ] & . 1.E-1 9 i x x X
~ A " o + « * . &
LB . B 1E201 o7 S Ahme®
¢ 1 2 3 4 5 & 7 0o 1 2 3 4 5 6 7
Radial distance from gallery wall [m] Radial distance from gallery wall [m]

Figure 2: Permeability profile in the near field of a gallery in COx by Pardoen et al. [44]

We hypothesise that the intrinsic permeability k in the EDZ can be defined as a function of failure index f:
k =ko+ H(f—1)ke"T (11)

where kg is the intrinsic permeability of the undamaged material, H is the Heaviside step function: H(z) = 0 for
2 < land H(x) = 1 forx > 1, f is the failure index, k; is a reference permeability, b is a fitting parameter. k;
and b can be calibrated by experimental data. The failure index f can be calculated from any suitable failure criterion

comparing an acting shear stress 7y to a strength value 7y:

f="T" f>1:failure (12)

Tt

The current permeability model is a predictive aid for estimating an excavation-induced permeability increase in the
damaged near-contour zone of the excavation. The permeability equation is directly dependent on the stress state.
That means if unloading is such that 7¢/7; reduces, the permeability goes back to kq. This distinguishes it from a
damage model, in which permeability would still be enhanced after unloading (e.g. driven by max;(f — 1) in the
above equation). This prompts that the permeability model can also describe partially reversible permeability change

9
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if stress conditions change again to subcritical levels. For example, during the post-closure phase of a repository,
due to tunnel convergence and swelling-pressures transferred from the backfill to the tunnel contour, the permeability
enhancement of the EDZ is expected to be at least partially reversed [58]. The reversibility aspect of permeability
enhancement is still subject to research. Incorporating this as a transient phenomenon into the permeability model was
beyond the scope of this study. Instead, we used Equation (11) as an estimator for excavation-induced permeability
enhancement here in simulations of heater experiments primarily because of its simplicity and the ability to combine

it with different failure criteria.

In the present study, we use a failure index based on the Mohr-Coulomb failure criterion in 3D space:

01 — 03 _ ((0‘1 +0‘3)

3 3 - tang + c) cos¢

where 0, and o3 are the maximum and the minimum principal stresses, respectively, c is the cohesion and ¢ is the
internal friction angle (for clarity, stresses are positive in compression in the above expression with o1 > 03)).
Obviously the occurrence of failure can be characterized by the following condition

g1 — 03
2¢c0s¢p

f=
((01;703) 'tanqSJrc)

>1 13)

o1+ o0 . 01 — O .
where <(1T3) - tang + c> is the shear strength ¢, 217(; can be assumed as the acting stress shear stress T,
cos

and f can be used as the faliure index of the presented permeability model.

01 — 03

_— <(01+03) .

5 - tang + c) cos¢p and T = Tmax =

Based on the curve given Fig. 2, the parameters of the new permeability model are set as

c=1MPa, ¢ =15° k, =10"""m? b=55 (14)

in the present study.

In order to justify the permeability model, the stress results of the excavation modelling (see Section 4.3) were used.
Without loss of generality, we chose a horizontal line on the cross sectional plane extending radially outwards from

the drift (see inset in Fig. 3) for an evaluation of the permeability profile. Contour lines of permeability in the EDZ

10
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Figure 3: Contour plot of EDZ permeability as well as profiles of permeability and failure index linked by Eq. (11).

One can see that the permeability calculated from the failure index (Fig. 3) is close to the horizontal permeability
profile from the experiment which is shown in Fig. 2. The permeability in the vertical direction from the top of the

drift is similar to that in the horizontal direction. Note, that here only elastic anisotropy is considered.

3.2. Water properties

During heating experiments or repository operation, water experiences high pressure and temperature changes. The
properties of water vary significantly under such changing thermodynamic conditions. There are several equations
of state (EOS) available to describe its properties, for example, the linear model [42], the Rowe-Chou equations for
water density and dynamic viscosity [48], and the IAPWS equations of state for water density and water viscosity
(Revised Release of the IAPWS Industrial Formulation 1997 for the Thermodynamic Properties of Water and Steam).
Among such water property models, the IAPWS one is precise and has an efficient computational performance in the
prediction of thermodynamic properties of pure water under high temperature and pressure. Since the temperature in
the study is much less than 623 K, the “region I’ formulas of the IAPWS models are utilised. The formula is based

on a fundamental equation for the specific Gibbs free energy g, which is expressed in dimensionless form ~ as

( T) 34
y=1 Z’T = ni(7.1—m)"(r — 1.222)" (15)
=1

11
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where 7 = p/p*, 7 = T/T* with p* = 16.53 MPa and T* = 1386 K, R the specific gas constant, and n;, I;, J; are

three sets of constants. The water density is then calculated with as

0" =p*/(RT7)

The water viscosity model uses the formula defined in Release (click here to download the PDF) on the IAPWS For-

mulation 2008 for the Viscosity of Ordinary Water Substance. In the release note, the viscosity is represented by the

equation
fi= fio(T)in (T, p)jia (T’ p) (16)
with JT
— 100vT
fo(T) = 77 Hiare constants.
3 i
Zi:O TZ
and

5 i 6
_ 1 ‘
a1 (T,p) =exp |0 E (— - 1) E H;;(g— 1)’ | , H;j are constants.

and fiz(T, p) the critical enhancement of the viscosity. In eqn (16), ji, T, p and g are dimensionless variables defined

as

f=pu/px, p*=10"%Pa-s,
=T/T*, T* =647.096 K,
p/px, p* = 22.064 MPa,

~

b~
|

0=o0/0%, 0" =322.0kg-m3

The results obtained from simulations with the IAPWS equations were compared against simulations using the linear
model in order to demonstrate the effect of non-linearities in the water’s behaviour on coupled THM behaviour (see
below). The water density variation due to changes in pore pressure and temperature op.(p,T’) can be approximated

to first order by a Taylor series expansion around a point g.(pg, Tp) giving rise to the linear density model [42]:

oo, doL
) ~ o1 (po, Ty) + S —po)+ | (=T
oL (p ) oL (po O) ap (po,To) (p pO) oT (po,To) ( 0)
1 OoL 1 doL )
oot (14— By L O g
oL (po 0)< oL(po, To) Op (po,To)(p Po) oL(po, To) OT (poyTo)( )

202 where for small temperature and pressure increments m aa% | (po,10)= ok, represents the value of the volumet-

12
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ric thermal expansion coefficient of the fluid. The linear model is simple to use but leads to inaccurate results for
higher pressure or temperature increments due to its neglect of the non-linear behaviour of water [42]. In contrast, the
IF97 water density formula developed by IPWAS represents the non-linear behaviour of the water density to a high

degree of accuracy.

In the M/HM URL experiments under investigation, the pore pressure varies in a range of 0.1 MPa to 8§ MPa, and
temperature ranges from 20 °C to 100 °C or 293K to 393 K. The parameters of the linear model can be estimated
from the IAPWS density model. By setting po = 1 MPa, we can obtain a curve of g1 (pg,T") of the IAPWS density
model in the range of [20,100] °C. As shown in Fig. 4, the corresponding curve of the linear density model takes
a straight line between the two ends of the curve by the IAPWS density model. Therefore the temperature related

parameter of the linear density model can be obtained as

_o1(po, Tv) — 01.(po, Ta)

=5.568 - 104K !
(Ty — Ta)oro

L _
ap =

with gr g = 1000 kg/m?, T,, = 20 °C, and T;, = 100 °C. Similarly, the pore pressure related parameter of the linear
density model is obtained as ay; ~ 4.54 - 10719, Pa~! VT € [20,100] °C.

IAPWS
Linear model e

1000
990
1000
980
990 970
_. 980 960
o
£ 950
2 o970
é 940
960
950
94029

Figure 4: Water density model comparison in a region of [290, 390] K X [1, 7] MPa.

With the obtained parameters of the linear density model, a comparison of the two models in the region of [290, 390] K x
[1,7] MPa is presented in Fig. 4. It becomes apparent that that two models give a distinct discrepancy both in terms

13
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of the density itself and in terms of the orientation of the tangent planes (slopes). The latter represent the thermal

expansivity and compressibility of the water phase.

The viscosity of the IAPWS model varies in a range of 1.425-10~3 (Pa s)f1 t01.725-1073 (Pa s)71 under the present

conditions as shown in Fig. 5. A linear viscosity model seems to be appropriate under the current conditions.
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Figure 5: Viscosity of water determined by the IAPWS model.

By simulating the TED heating experiment both with the linear density model and with the IAPWS density and
viscosity models, respectively, we investigated the influence of this constitutive choice on the predicted pore pressure
fields. In both simulations, all other parameters are kept the same. As shown in the comparison of measured and
simulated pore pressures at twoesre of the sensor locations, TED1253_XXX01 and TED1240_PRE02, in Fig. 6, the
simulations using the linear density model over predict the pore pressure much more significantly than the simulations
using the IAPWS density model. The positions of TED1253_XXX01 and TED1240_PREO2 are depicted in Fig. 7 and
Fig. 8b. A simple re-calibration of the linear density model would not only make it more difficult to use than the
IAPWS model which can be considered calibrated for a wide range of conditions. It also would be of limited success
as long as pressure and temperature conditions largely vary throughout time and space due to the simple fact that it is
a mere linearization around one chosen state. Based on this conclusion, the TAPWS formulation was employed in all

remaining simulations of the present work.

4. Modelling of the TED heater experiment

The TED experiment is a small-scale in-situ heating test performed in the Meuse/Haute-Marne Underground Research

Laboratory at Bure in France (see also Section 1).
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4.1. Description of the experiment

The TED experiment is located in the so-called GED drift at a depth of 490 m below the ground surface, and it was
started on 25. January 2011 until it was shutdown on 19 July 2013. In the experiment, three heaters were placed in
three 25 m separate horizontal micro-tunnels parallel to each other at a distance of 2.7 m and perpendicular to the GED
drift. Each micro-tunnel for a heater has a length of 16 m and a diameter of 160 mm, and at the end of which a 4 m
long heater was placed. As shown in Fig 7, the experiment site has several boreholes, which were heavily equipped
with many sensors [15]. These sensors were used to record the temperature and pore pressure data during the heating

experiment. Eleven of these sensors were selected for result comparison.

Among them, six sensors (termed as TED1210_.TEMO0S5, TED1219_-TEMO05, TED1250_TEMO1, TED1251_TEMO1,
TED1253_XXX01, and TED1258_XXXO01) are at a distance of 14 m from the GED drift in the plane coinciding with
the mid-section of the heaters, which are used for comparison of temperature, pore pressure and displacement results.
While the other five selected sensors are only for pore pressure data, and they are located in borehole TED1240 (see
Fig. 7), which is almost parallel to the heaters. A cubic domain of 50 m x 50 m x 50 m was defined for the study. The
domain includes the half of the GED drift, heater boreholes, and sensor boreholes. Fig. 8a depicts the domain with its
coordinate ranges, while Fig. 8b shows the positions of the selected sensors. The positions of the sensors at borehole
TED1240 are shown as a projection on the plane at y = 14 m with (z,z) = (7,—0.01). The y coordinates for the
sensors at borehole TED1240 are given in Table 2.

Sensor name | PREOI | PREO2 | PRE03 | PRE04 | PREO5
y [1992m [ 139m [ 10.39m [ 7.89m | 488 m

Table 2: y coordinate of the five sensors on TED1240 (data from [50]).
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Figure 8: Geometry of the domain for study and positions of the selected sensors (data from [50]).

4.2. Numerical model

Recapitulating the construction and operation sequence of the experimental site including instrumentation and the
actual heating test, the numerical simulation was split into two successive steps: Excavation and Heating/Cooling
phases:
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1. Simulation of the excavation based on the initial conditions of Ty = 22°C, p = 4.7MPa, o, = —12.4 MPa,
og = —16.1 MPa, and 0y = —12.7 MPa and the excavation timeline of the GED drift as well as the drilling of

boreholes in 645 days.

2. Simulation of the coupled THM processes evolving for 1270 days as a consequence of the heating and cooling

phases using the results from the excavation simulation.

The finite element method was used to conduct the numerical analysis. The domain shown in Fig. 8a was discretised

into 229,732 tetrahedral elements.

4.3. Excavation and instrumentation phase

For simulating the excavation phase, we considered the time period between the beginning of the excavation of the
GED drift and the beginning of the heating test. In that period, drilling and the installation of the experimental
devices and sensors were included, resulting in a total duration of 664 days. As described in [49], all boreholes
were assumed as watertight except the extensometer boreholes (TED1230 and TED1231) and the heater boreholes
(TED1201, TED1202 and TED1203). Therefore, we only considered the pore pressure change on the surfaces of the
GED drift, extensometer boreholes and the heater boreholes for the excavation modelling. Along with the excavation
timeline, the surface of the excavated portion of the GED domain was prescribed with a constant pore pressure of
0.1 MPa and the released traction that is calculated from the initial stress. The extensometer boreholes and the heater
boreholes have a relatively small radius, and were thus represented as lines consisting of finite element edges for
the 3D finite element method. For these boreholes, the atmospheric pressure of 0.1 MPa was applied as a boundary
conditions as soon as their drilling was started and no mechanical boundary condition was prescribed (Table 3). This

gives a simplified boundary condition at the heater borehole for the drilling simulation.

Boreholes for sensors and the watertight boreholes were drilled in a short time interval at different times, and were
sealed or grouted after drilling [50]. For example, borehole TED1240 was drilled at 6 July 2009 11.50 am. For
the boundary boundary condition at these boreholes or sensors at these boreholes, a Dirichlet boundary condition of

0.1 MPa within a two day period was applied as given in Table 3.

The complete set of boundary conditions for the excavation modelling of the TED experiment is given in Table 3.

4.3.1. Simulation results

Since there is no distinct heat source present during the excavation, we only considered the HM coupled processes

during the 664 days’ excavation, borehole drilling and instrumentation phase.
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Table 3: Boundary conditions of the excavation and instrumentation modelling.

Boundary T H M
Front, Rear,
Left, Right No heat flux | No water flux No normal displacement
surfaces
Top surface T=21°C p=4.7 MPa No traction increment
Bottom surface T=23°C p=4.7 MPa No normal displacement

Linearly drops from Normal traction
GED surface T=22°C 4.7 MPa to 0.1 MPa calculated from the

in 276 days initial stresses
TED1230 & TED1231 p=0.1 MPa

No boundary

(extensometers) No flux (t>455 day) condition

p=0.1 MPa

Heater boreholes:

TED1201, TED1202 (TED 1201, t>535 day)

(TED 1202, t>539 day)

& TED1203 (TED 1203, t>532 day)
TED1240 p=0.1 MPa, ¢t € [441, 443] days
TED1210 No flux p=0.1 MPa, t € [477,479] days | No boundary
TED1219 p=0.1 MPa, ¢t € [483, 485] days | condition
TED1250 p=0.1 MPa, t € [451, 453] days
TEDI1251 & TED1253 p=0.1 MPa, t € 442, 444] days
TED1258 p=0.1 MPa, t € [514, 516] days
5 5 -
44 5/\ - 44 ! f/\
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TED1258 XXX01 (calculated) ——
= K = TED1253 XX X01 (measured) e
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o TED1240PREQ3 (calculated) ——— i o !
g, | Biomaa S g |
24 i . 2 End of the GED excavation |
& | TEDIX0PRED? (mered) e s |
TED1240PREQ3 (measured) ————-
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1 | TED1240PREOS (meastred) 14 |
End of the GED excavat\on! !
0 ‘ — 1 - ‘ 0 ‘ — | ‘ | ‘
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Time [day] Time [day]
(a) Observation points on TED1240 (b) Observation points on TED1253, TED1258

Figure 9: Pore pressure evolution at the measurement points during the 664 days’ excavation and instrumentation time

Fig. 9 compares the measured and calculated temporal pore pressure evolution in five observation points at borehole
PRE1240, TED1240PREO1-05. As shown in Fig 9, the excavation deduced pressure drop was captured by the
numerical results. However the trends of pore pressure evolution after excavation, when the sensors were installed
and their host boreholes were grouted, did not follow that of the measured pore pressure. At the sensor positions, the
calculated pore pressures increase immediately in a short time and then slowly decrease. While the measured pore

pressures increase monotonically. The reason for such difference can be explained as follows:

- There are many boreholes in the TED experiment site, and only a few of them (heater boreholes and extensometer
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boreholes) were taken into consideration for their drilling simulation [50].

- Dirichlet boundary conditions of 0.1 MPa for pressure were applied to the measurement points not along the host

boreholes.

- The detailed permeability change due to drilling was simplified along with the above simplification of the drilling

condition to pore pressures.

Such simplifications in boundary conditions for pore pressures cannot exactly represent the reality of the drilling
process. The results show clearly that it is necessary to take into account the impact of the excavation of drift and
boreholes on the pore pressure development and therefore did not lead to a numerical solution that could fully match
the measurement.In fact, the same evolution behaviour occurs in the numerical results at the sensors near the heaters
as that shown in Fig.9b. At the end of the excavation and instrumentation simulation, the values of modelled and
measured results at the sensor positions are comparable. Therefore, these results can be used as initial conditions of

pore pressures for the heating phase.

Fig. 10 illustrates the variations of the maximum shear stress and normal stress on the maximum shear stress plane at
the observation points. As for stress result, we refer stress as effective stress hereafter. The maximum shear stresses at
the measurement points plotted in Fig. 10a exposes that the excavation of the GED boreholes decreases the maximum

shear stress at the measurement boreholes. Fig. 10b proofs that the excavation of GED only leads to a small amount

of change in the normal stress on the maximum shear stress plane. -Since-the-stzes-of boreholes-areretativelysmalt

Fig. 10a

shows that there is a slightly change of the maximum shear stress at the observation points excecpt at TED1258,

which is relative far from the drilled borehoes. However, as shown in Fig. 10b, -As-shown-inFig—10b-andFig—10ar

significant changes of the normal stress on the maximum shear stress plane during drilling was reproduced by the

numerical simulation even with a simplified drilling condition.

Fig. 11 shows the results of pore pressure and vertical stress distributions after the excavation process in the model
domain. The calculated vertical stress at the bottom of the GED drift is zero as expected after excavation. The stress
changes in the vicinity of the three heating boreholes were captured in the modelling by the hydraulic coupling effect

as that there is no mechanical conditions applied at all at the three heaters.

4.4. Heating phase

Analysis of the heating phase uses the results of the excavation and instrumentation phase as initial conditions. The

boundary conditions were the same as those used during the excavation and instrumentation phase (cf. Tab. 3) except
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Figure 10: Calculated shear and normal stresses on the maximum shear stress plane at the measurement points during the excava-
tion and instrumentation.

o Pore pressure (Pa) o Vertical effective stress (Pa)
1.e+05 2e+6 5.e+06 -2.8e+07 0.0e+00
b — — -

Figure 11: Distribution of pore pressure and vertical stress after excavation

that 1) the heat power curves (Fig.12) [14, 49, 15] were applied to the three lines representing the heaters as Neumann

boundary conditions,

2) the atmospheric pressure condition at the watertight boreholes was removed, and 3) a measured temperature curve
[14, 49] was applied on the surface of the GED drift as a Dirichlet boundary condition to mimic drift ventilation.

Overall, 1271 time steps (At = 1d) were computed for the 1271 days of the heating phase.

The boundary conditions of the heating phase are summarised in Table 4.
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Figure 12: Heat power curve (data from Conil et al. [14], Seyedi et al. [49], Conil et al. [15] )

Table 4: Boundary conditions for the heating modelling of TED experiment

Boundary T H M
Front, Rear,
Left, Right No heat flux No water flux | No normal displacement
surfaces
Top surface T=21°C p=4.TMPa | No traction increment
Bottom surface T =23°C p =4.7MPa | No normal displacement

Measured X
GED surface temperature [14, 49] p=0.1 MPa Free traction
TED1230 & TEDI231 No flux p=0.1 MPa No boundary
(extensometers) ..

condition

Heater boreholes:
TED1201, TED1202 Heat power [14,49] | p=0.1 MPa
& TED1203

4.4.1. Thermal process

Fig. 13adisplays the temperature evolution at the measurement points of TED1210, TED1219, TED1250 and TED1251
from the start of the heating phase. It can be seen from Fig. 13a that the numerical results and the measured ones at
these four points are in a good agreement. This holds for both the heating and the cooling phases. These four points
are close to the central heater within a distance of 0.61 m. In contrast, the points TED1253 and TED1258 are 1.14
m and 1.36m far from the heaters, respectively, and their measured temperature data history is incomplete. As shown
in Fig. 13b, the computed temperatures at these points is overestimated as the temperature variation approaches its
peak value. Excluding the measurement error, such numerical overestimation at the points TED1253 and TED1258

can come from the inaccuracy of the computed pressure field. As addressed in the following content, the pressure
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of the experiment, especially in the far field, can not be well reproduced (see Fig. 14) by the numerical modelling
due to that the complex boundary conditions of the boreholes and outer surfaces were simplified. Compared to the

other observation points, the thermal advection has more influence at TED1253 and TED 1258, which have more large

distance from the heaters.
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Figure 13: Temperature evolution at the measurement points.

4.4.2. Hydraulic process

During the excavation and the instrumentation phases, hydraulic processes are only driven by the excavation opera-
tions. Conversely, after the commencement of heating, the main source driving the hydraulic process is the tempera-
ture change. The temperature change decreases the water density, i.e. leads to thermal expansion in the fluid which

exceeds the expansion of the pore space due to solid thermal expansion and thus eventually results in a local pore

pressure increase.
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Figure 14: Pore pressure evolution at the indicated measurement points
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Fig. 14 shows the pore pressure variation at the specified measurement points. Although the evolution trends as well
as the magnitudes are similar between the measured and simulated pore pressure, some discrepancies remain. The
magnitude of these discrepancies is similar regardless of the positions of the measurement points. Points of TED1253,
TED1258 are much closer to the heaters than that of points on borehole 1240, where the pore pressure varies signif-
icantly along with the variation of the heat power. Fig. 14b shows that the numerical results at points of TED1253,
TED1258 roughly reproduced the fluctuation of the measured pore pressure data. The reason of the discrepancy in
the calculated and measured pore pressure values can have various reasons: (i) simplified boundary conditions as
discussed previously in relation to Fig. 9, (ii) effect of elevated hydraulic properties, e.g. by heterogeneity, and/or (iii)

compressibilities. Furthermore, the values are neither consistently over-predicted nor under-predicted.

4.5. Mechanical process

As there are no measured data available for the mechanical process, only the obtained numerical results will be

presented and discussed on their plausibility.

The temporal variation of the mechanical variables at the specified points are plotted in Figs. 15. Fig. 15a shows
that thermally induced displacements during the heating test are small. The maximum displacement magnitude at the
specified points, which are close to heaters, is less than 1.7 mm. Fig. 15b illustrates that among the specified points,
TED1251 experienced the maximum shear stress during the heating test. These stress results capture the fact that
TED1251 is near to the central heater. The stress change there should be larger than that at the other specified points.
Fig. 15c also depicts that the maximum stress change is around 4 MPa. Although the magnitude of the stress change
is large, the variation of maximum shear stress keeps in a small range as shown in Fig. 15b. The corresponding failure

index under the present failure criterion is in the safe regime (Fig. 15d).

For more details, we provide cross-sectional plots at a vertical plane cutting the centres of the three heaters. Fig. 16
displays the distributions of the maximum shear stress ((c5 — 01)/2) and the normal stress on the maximum shear
stress plane ((o3 + 01)/2) at day 950. Fig. 16 shows that in a small area around the heaters the highest magnitude of
stress changes occurs. This means that if failure occurs during the heating process, it may occur in the vicinity of the

heaters.

However, the drilling damage zones of the heater boreholes are ignored because the radii of the heater borehole are

relatively small and therefore do not affect the remaining domain appreciably.

Fig. 17 visualises the distribution of the increments of THM variables from the initial state until 400 days, 950 days,

and 1200 days of heating, respectively.




375

376

377

378

379

380

381

382

383

384

385

14 14
€ TED1210 M
1.2 4 e 1
= TED1219 —— & 121
= TED1250 % s
© 1 TEDIS1 —o— =
£ TED1253 g 17
TED1258 —— 2 1
3 o8 7
2y 5 05 |
g 06 - 7 [
£ T TED1210 —+— 1
8 o4d 2 06 TED1219 —— '
2 £ TED1250
c & TED1251 —=— f
& 02 S 044 TEDI1253
s TED1258 ——
0 ‘ ‘ ‘ ‘ ‘ ‘ 0.2 ‘ ‘ ‘ : ‘ ‘
0 200 600 800 1000 1200 0 200 600 800 1000 1200
Time [day] Time [day]
(a) Displacement magnitude, ||ul| (b) Maximum shear stress, Tmax
-14
g
2 =15 0.3
Za
&=
g T 0.25
_16 4
£ _
5 %‘ 1024
2 17 3
1] 8 £ 015,
o] [¢3]
E1-18 3 :
5 ® o01{ TEDI210 i
z w TED1219 —— s
TED1250 )
-19 ‘ ‘ ‘ ‘ ‘ : 005 TED1251 —=—
0 200 600 800 1000 1200 : TED1253
Time [day] TED1258 ——
0 ‘ ‘ ‘ : ‘ ‘
. . 0 200 400 600 800 1000 1200
(¢) Normal stress on the maximum shear stress plane. Its negative value Time [day]
means that it is compressive.
(d) Failure index

Figure 15: Variations of the variables of mechanical process at the measurement points.

Before 400 days, only the middle heater provides the heat power. The temperature distribution in Fig. 17a shows that
the other two heaters just started heating at 400 days, which as also shown in Fig. 17a increases the pore pressure
and the stress magnitude near the two heaters immediately. In the vicinity of the middle heater, the pore pressure has
already been driven down to the air pressure boundary condition at the heater by the 400 day’s thermal expansion. As
shown in Fig. 17b, the temperature almost reaches its maximum value at all the three heaters after 950 days of heating.
Associated with the highest temperature change, the highest pressure increment occurs in a large domain surround the
three heaters even the water can flow out along the heaters under an assumption of a constant pressure of 0.1 MPa.
Without the exception, the maximum stress increment occurs at the heater boreholes as shown in Fig. 17b. At 1200
days since the heating, the heat power is in an attenuation state, as a consequence the changed THM variables are
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Figure 16: Distributions the maximum shear shear stress (left figure) and its associated normal stress (right figure) at 950 days on
a vertical cross section (50 m x 50 m)

in the heater borehole direction and at the depth of 12 m in the heater borehole.

recovering to the their initial status. This trend can be identified by comparing Fig. 17c and Fig. 17b. Fig. 17 gives
an impression of the extent of the area affected by the temperature variations. Obviously, high pressures and stresses
occur in the region around the heaters, where the thermal expansion is highest. The draining boreholes are also clearly
visible as low-pressure areas. This visualisation highlights the importance of THM coupling effects in the context of

heat-emitting waste deposition.

In the present study, stresses also play a critical role in the permeability change via the failure index as that described
in Section 3.1. Fig. 18 displays the distributions of the failure index and the permeability at 950 days on a vertical
cross section containing the centre heater. Since the GED drift has a far distance from the heaters, and water is
allowed to drain out from the GED surface through the damage zone, the stress field in the vicinity of the the GED
drift exhibits only small changes after the excavation process. Therefore, in that area the failure index as well as
its associated permeability reduction by the presented permeability model remains almost unchanged from the post

excavation status as shown in Fig. 3 and Fig.18. The permeability reduction in the EDZ flattens the pore pressure

increment driven by the thermal expansion of water. Without the consideration of the permeability reduction in the
EDZ, the computed pressures at the measurement points would be larger than that are shown in Fig. 14. In the vicinity
of the heaters, the stress changes are mainly caused by thermal expansion, which results in smaller shear stresses.
Therefore, the failure index there is smaller than 1 as depicted in Fig. 18, and consequently there is no permeability

change predicted in the vicinity of the heaters by the present numerical simulation.
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5. Conclusions

In this paper, a numerical study of coupled thermal-hydro-mechanical (THM) processes during an in situ heater exper-
iment in Callovo-Oxfordian clay rock, the TED experiment conducted by ANDRA [4], is presented. The excavation
damage zone (EDZ) in the site was investigated in detail by Pardoen et al. [44]. To better describe THM processes
in the EDZ, which is highly affected by permeability reduction, a mechanical failure index dependent permeability
model was introduced. The model was justified against the permeability profile in the EDZ in Callovo-Oxfordian
claystone by Pardoen et al. [44]. Since the presented permeability model is based on stress changes, the new approach
can also describe the permeability recovery in the closure process of drifts or boreholes. The properties of water ex-
hibit distinct nonlinear variation under high temperature and pressure. We employed the IAPWS density and viscosity

models to more precisely represent such water behaviour in the heated Callovo-Oxfordian claystone.

The main outcomes for presented THM analyses and related suggestions can be summarised as follows

Thermal processes: Good agreement between calculated results and measured data was achieved at all sensor locations
in the vicinity of the heaters (< 1m). The overestimation at the two sensors TED1253 and 1258 (about one meter from
the heaters) may be due to measurement uncertainty or variations in the thermal conductivity. In this case, possibly

an unsaturated zone in the near-field should be considered, additional measurements are recommended to clarify this.

Hydraulic processes: At the selected observation points, the obtained pore pressure recovery variations after the
excavation and the borehole drilling cannot exactly follow the temporal measurements. The reason behind is that the
pore pressure boundary conditions were applied only at few selected boreholes or even at the selected sensor points
on the boreholes. Such simplifications of pore pressure boundary conditions cannot fully represent the pore pressure
field during excavation - due to the fact that the experimental site has many boreholes. At the end of excavation and
instrumentation’s, the obtained pore pressure values are close to the measured ones again and, therefore, can server
well as initial conditions for the subsequent heating/cooling phases. During the heating stage, the simulated pore
pressure results capture the measured values in their temporal evolution and magnitude very well with the help of the

presented permeability model and the IAPWS water models.

Mechanical processes: As there were no mechanical measurement data available, the evaluation is based on plausi-
bility and the comparison against other modeling teams Task E of the DECOVALEX 2019 project [51] which justifies
the obtained numerical results in the presented study. Moreover, the permeability profile and distribution obtained
with the new failure index dependent permeability model prompts that obtained stress distribution after excavation is
reasonable. The importance of THM coupling effects could be clearly demonstrated and should be taken into account

for related safety analyses.

Accounting for the non-linear dependence of water density on pressure and temperature as well as for the temperature-
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dependence of viscosity significantly improves pressure predictions. Using the IAPWS formulation requires no extra
parameters and provides a highly accurate equation of state for water. The permeability changes in the EDZ have rep-
resented by introducing a failure index criterion into elastic simulations. Thus, for a first approximation, damage does
not need to be calculated by sophisticated material models. Furthermore, the permeability model can be combined
with a wide range of failure criteria. Accounting for the permeability enhancement resulted in better findings of the

computed pore pressure results at the measurement points for the TED experiment.

Remaining discrepancies, particularly between the calculated and measured pressure data, may be attributed to the
following aspects: (i) material properties were assumed to be homogeneous, (ii) not all boreholes were considered in
the modelling of excavation, this would extremely complicate numerical simulation due to according mesh require-
ments, (iii) the closed model domain (no flux boundary conditions on the sides) will suppress water supply in the
excavation phase and the cooling stage of the heating test, (iv) the presence of small amounts of gases can change
water compressibility drastically and hence alter the pressure transients. Further research is required to resolve those

open questions.

For further discussion, comparison results of all participating modelling teams of Task E of DECOVALEX 2019

please refer to the synthesis paper Seyedi et al. [51].
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Figure 17: Distribution of the increments of temperature, pore pfessure and vertical stress from the initial state: Inside view after
400, 950, and 120 days, respectively, since the heating started.

(R1:14 )
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Figure 18: Failure index (left) and permeability distributions (right) at 950 days on a vertical cross section containing the centre
heater (50m x 50 m).
(R1:13 )
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EOS Equation of state

GED A drift in the MHM URL

HE-D, HE-E  In-situ heater experiments in the Mont Terri URL

HM Hydro-Mechanical

TAWPS International Association for the Properties of Water and Steam (www . 1apws.orq)

1IF97 Water density formula developed by ITAWPS

M/HM Meuse/Haute-Marne ictps: //international andra. £r/sites/international/files/2019-03/CHEM_2015_Version2017_8N_relu_planche_1.pdf)
OGS OpenGeoSys

OPA Opalinus clay

REV Representative elementary volume

TED Small-scale heater experiment at MHM

TEDnumber  Sensor positions of the TED experiment
THM Thermo-Hydro-Mechanical

URL Underground Research Laboratory
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