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Hangbiao Song, Arnaud Dizier, Séverine Levasseur, Suresh Seetharam, Frédéric4

Collin5

� A large-scale in situ PRACLAY heater test to investigate the thermal6

pressurization in the near field and to verify the far field performance.7

� An advanced constitutive model integrating both the stress and strain8

dependency of the intrinsic permeability and clay stiffness.9

� Triaxial test modelling from the in situ extraction of the sample to the10

laboratory test to validate the capability of the advanced constitutive11

model.12



A stress- and strain-dependent constitutive modelling of13

the large-scale in situ PRACLAY heater test14
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Abstract17

In Belgium, Boom Clay is considered as a potential geological formation for18

the disposal of radioactive waste in deep geological layer. The design and the19

long term safety of such underground facilities require the in situ thermo-20

hydro-mechanical (THM) characterization of the host geological formation.21

In particular, the potential impact of temperature elevation both on the exca-22

vation damage zone (EDZ, near field) and on the intact rock/clay formation23

(far field) has to be studied. The laboratory tests and small scale in situ24

heater tests on Boom Clay showed the strong THM coupling behavior but25

these experiments suffered the inevitable disturbance and low accuracy due26

to the small scale. The large-scale in situ PRACLAY heater test, conducted27

in the HADES underground research laboratories (URL) (Mol, Belgium),28

aims at filling this gap by heating the Boom Clay at large scale to reproduce29

the thermal impacts in the EDZ (or the near field) and to verify at large scale30

the far field performance. A 2D benchmark exercise within the framework of31

the European Joint programme EURAD HITEC has been proposed to model32

the PRACLAY heater test with fully coupled THM finite element code and33

to investigate the in situ behavior of the host clay formation. The thermal34

pressurization due to the discrepancy of thermal expansion between the fluid35

and solid skeleton is well predicted. To well reproduce the evolution of pore36

water pressure, the strain dependency of the intrinsic permeability and the37

stress dependency of the Young’s modulus are considered in the advanced38

modelling. The small strain stiffness theory of the HSsmall model is also39

taken into account. The constitutive model is used to reproduce the sam-40
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ple extraction from the host medium and then the triaxial test. The results41

evidence the capability of the model to predict Young’s modulus measured42

in the laboratory. Finally, a good agreement is observed between the in situ43

measurements and the numerical results. The benchmark provides valuable44

insights into the THM impact on the host rock/clay formation and reliable45

indications on the model capacity.46

Keywords: PRACLAY heater test, Boom Clay, THM modelling, clay47

stiffness, permeability48

1. Introduction49

In every nuclear power-producing country, the long-term management of50

high-level and heat-emitting radioactive wastes is an important environmen-51

tal concern (IAEA, 2022). Deep geological disposal is widely considered as52

one of the most sustainable solutions for isolating radioactive waste from the53

biosphere and ensuring its long-term management (Bredehoeft, 1978; IAEA,54

2003). The general idea of geological disposal in clay (or clayrock) forma-55

tion is to dispose the radioactive waste inside a geological formation with56

favorable properties such as its low permeability, self-sealing properties, and57

capacity of retention of radionuclides at the surface of the clay materials58

(Félix et al., 1996; Neerdael and Boyazis, 1997; Croisé et al., 2004; Bernier59

et al., 2007).60

However, high-level radioactive waste emits a significant amount of heat,61

which leads to elevated temperature over 70 ◦C in the geological host for-62

mation (Collin et al., 2002; Gens Solé et al., 2020; Dizier et al., 2021; Li63

et al., 2023a). Thus, it is important to study the perturbation resulting from64

the thermal effects and the potential impact on the favorable characteristics,65

such as its transport capabilities, of the host rock/clay formation (Bossart66

et al., 2002). In addition, when the pore water expands thermally, excess67

pore pressure may cause the formation of new fractures or the reactivation68

and propagation of old ones in the near field, altering the permeability (Gens69

et al., 2011). Tensile or shear failure could be induced at the halfway zone70

between two adjacent cells in the far field, where the thermal load is applied71

to the host rock/clay formation from both sides (Braun et al., 2022). Old72

fractures/faults could be also reactivated based on the distance between two73

neighboring cells and the thermal load intensity (Plúa et al., 2021). Under-74

standing the thermo-hydro-mechanical (THM) behavior of the host rock/clay75
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formation is thus an important input for the design of a geological radioactive76

waste disposal, to prevent the formation of the above fractures and failures.77

Some underground research laboratories (URL) have already developed in78

situ heater tests to examine how temperature affects the THM behavior of79

host rock/clay formation. Examples of these tests include the HE-D test80

and the FE experiment in Switzerland conducted in the Mont Terri URL81

(Garitte et al., 2017; Müller et al., 2018), the TED, CRQ, EPT, ALC160482

and ALC1605 tests in France conducted in the Meuse/Haute-Marne URL83

(Armand et al., 2017; Seyedi et al., 2021; Conil et al., 2020; Bumbieler et al.,84

2021).85

In Belgium, a poorly indurated clay named Boom Clay is considered as a86

potential host clay formation thanks to its low intrinsic permeability, its ex-87

cellent self-sealing property, and its capability of adsorption of radionuclides88

(Bernier et al., 2007; Sultan et al., 2010). As a marine Oligocene deposit,89

Boom Clay is mostly located in northern Belgium and has a moderate dip90

(around 1°) towards the north and east. It has an average thickness of 10091

meters in the Mol region (Mertens et al., 2004). In 1974, the Belgian Nuclear92

Research Center (SCK-CEN) initiated a research, development, and demon-93

stration programme (RD&D) for the underground disposal of radioactive94

waste (Li et al., 2023b). The HADES URL was constructed in the 1980s,95

at a depth of 190 to 290 meters beneath the surface of SCK-CEN, near the96

center of the Boom Clay formation. RD&D programme has been conducted97

for more than 40 years, to evaluate how temperature affects the characteris-98

tics and behavior of Boom Clay. Laboratory tests (Baldi et al., 1988; Sultan99

et al., 2002; Delage et al., 2000; Cui et al., 2000, 2009; Li et al., 2023a) and in100

situ small scale heater tests (BACCHUS, CACTUS, CERBERUS, and AT-101

LAS experiments) realized in the HADES URL already showed the strong102

THM coupled behavior of Boom Clay (De Bruyn and Labat, 2002; Chen103

et al., 2011; Bernier and Neerdael, 1996; Dao et al., 2015; Li et al., 2023a).104

However, on the one hand, the relatively limited size of these tests suffers105

from the inevitable mechanical disturbance induced by the installation of106

the heater and a lower accuracy in reproducing the thermal pressurization107

in the excavation damaged zone (EDZ) (Chen et al., 2021a). On the other108

hand, the distance between the monitoring points and the heater setup is109

believed to be sufficiently large for the clay to be assumed undisturbed at110

the location of the sensors. This only allows the characterization of the far-111

field Boom Clay THM behavior. To fully understand the Boom Clay THM112

behavior in near-field galleries, these interpretative heater tests are therefore113
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not sufficient.114

To address this knowledge gap and provide insight into how temperature115

affects the EDZ in the Boom Clay, a large-scale in situ PRACLAY heater test116

has been built and is currently being conducted in the HADES URL (Li et al.,117

2010). The large-scale PRACLAY heater test intends to investigate the com-118

bined effect of the large-scale thermal load caused by the high-level radioac-119

tive waste decay in deep Boom Clay formation and the hydro-mechanical120

disturbances resulting from the excavation of the gallery. It will allow to test121

whether or not the clay can withstand temperature increases in the near field122

(or in the EDZ), and in the far field without losing any of its advantageous123

properties for the radioactive waste geological disposal.124

The ongoing large-scale PRACLAY heater test started in November 2014,125

further information regarding its design, experimental setup, and first obser-126

vation derived from the monitoring system can be obtained in Dizier et al.127

(2021). This study focuses on the in situ characterization of THM behavior128

of Boom Clay at full scale, to verify the accuracy and capability of our numer-129

ical modelling. After a short description of the experimental test in section130

2, a benchmark exercise on the PRACLAY heater test is introduced with131

the constitutive model and material properties. The preliminary numerical132

prediction of the benchmark is displayed in section 3, where the overpressure133

induced by thermal pressurization is theoretically analyzed. To better repro-134

duce the experimental observations, an advanced constitutive modelling is135

introduced by integrating the dependency of both the intrinsic permeability136

and the clay stiffness on the mean effective stress and shear strain in section137

4. A triaxial test modelling is proposed to model the sample extraction from138

the in situ to the laboratory test, to verify the capability of the model. Fi-139

nally, a good agreement is observed between the in situ measurements and140

the numerical results.141

2. Large-scale in situ PRACLAY heater test142

2.1. Introduction to the large-scale in situ PRACLAY heater test143

A large-scale in situ PRACLAY heater test is being carried out by EU-144

RIDICE in the HADES URL in Mol within the framework of RD&D pro-145

gramme on radioactive waste geological disposal in Belgium. The main goal146

of the experiment is to study the combined effect of the thermal loading and147

the hydro-mechanical disturbances induced by the gallery excavation. An-148

other objective is to validate the large-scale thermal characteristics of Boom149
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Clay, based on previous estimates from the small-scale in situ ATLAS exper-150

iment (Chen et al., 2011; De Bruyn and Labat, 2002; Li et al., 2023a).151

The HADES URL was built at a depth of approximately 225 m in the152

Boom Clay Formation and its construction was realized in different steps153

starting from the beginning of the eighties to the construction of the PRA-154

CLAY gallery (PG) in 2007 (Li et al., 2023b) (Fig. 1).155

Figure 1: Layout of the underground laboratory at Mol, Belgium (EURIDICE website,
2018).

2.2. Experimental set-up and main steps of the PRACLAY heater test156

The PG was constructed perpendicularly to the Connecting gallery from157

October 4, 2007 to November 6, 2007. Fig. 2 shows the overview of the158

experimental setup of the PRACLAY heater test, and a short introduction159

about the geometry and materials of the test setup is here presented. More160

information is available in Van Marcke et al. (2013). With a length of 45161

m and an external diameter of 2.5 m, the gallery is lined by 81 concrete162

lining rings (Ring 1-Ring 81) with a thickness of 0.3 m and a length of 0.5 m.163

Most of the rings possess a concrete grade of C80/95. Each ring primarily164

comprises of 8 regular segments (S1-S8) and a single key segment S9. At the165

end of the PG, C30/37 concrete was poured over a length of 2 m to form166

the end plug. The diameter of this plug is slightly larger than the rest of167

the gallery. The steel structure of the tunneling shield, made in carbon steel,168
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was left in place supporting the 2.5 m-long gallery between the end plug and169

the last ring.170

Figure 2: Overview of the PG and experimental setup (Chen et al., 2021a).

A 1.05 m-long hydraulic bentonite-based seal was installed between Ring171

20 and Ring 21 to create a hydraulic cut-off between the heated and the non-172

heated part of the PG. It was installed from January 18, 2010 to February 11,173

2010. The hydraulic seal is constructed of massive stainless steel (downstream174

flange, upstream flange, steel cylinder, closing steel frame) and compacted175

MX-80 bentonite blocks placed against Boom Clay in external annular rings.176

The heater system is composed of two main systems. The first one, the177

primary heater consists of electric cables placed 100 mm from the gallery178

intrados. The second one, which is a back-up one, was placed at the center179

of the gallery and will work only if the primary system fails. To achieve the180

expected boundary conditions and to maximize the heat transfer from the181

heater elements to the concrete lining, backfilling with M34 Mol sand was182

done in the heated section of the PG in 2011. This operation was realized by183

blowing it into the gallery in a dry state and was then artificially pressurized.184

From January to May 2012, a total volume of about 43 m3 was injected into185

this section of the gallery, and a five-step artificial increase in pore water186

pressure, as seen in Fig. 3, was carried out. A natural saturation of the187

backfilled gallery was achieved by the water flowing into it from the adjacent188

Boom Clay. At the commencement of heating experiment, the pore water189

pressure pointed to 1 MPa. The pressure in the experiment naturally changes190

during the heating period without human intervention (adding or removing191

water).192
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Figure 3: Evolution of the pore water pressure inside the backfilled part of the PG before
the switch-on of the heater (Dizier et al., 2016).

On November 3, 2014, upon activation of the primary heater, the power of193

the heater was stepwise increased until the temperature of the lining extrados194

pointed to 80 ◦C. The first phase is called the start-up heating phase (Dizier195

et al., 2016). Thereafter, the heater power was reduced step by step to keep196

the temperature of the lining extrados at 80 ◦C. This phase is called the197

stationary heating phase lasting 10 years from August 2015 to August 2025198

(Dizier et al., 2016). In March 2015, a door was installed in front of the199

seal to provide insulation to limit as much as possible the dissipation of heat200

through the non-heated section.201

A large instrumentation network with approximately 1100 sensors was202

installed around the PG to monitor and follow up the responses in the test203

setup and the Boom Clay formation. Boreholes drilled from Connecting204

Gallery (CG boreholes) and PG (PG boreholes) were equipped with multi-205

filter piezometers complemented with thermocouples. Fig. 4 presents the 3D206

view of the monitoring boreholes surrounding the PG. However, the exper-207

imental results discussed herein are limited to the vertical borehole PG50D208

and the horizontal boreholes CG35E, CG38E, CG42E and CG49E. The CG209

boreholes are positioned in the horizontal plane, which contains both the PG210

and the Connecting Gallery, while the PG50D borehole is oriented in the211
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vertical direction, perpendicular to this horizontal plane. The locations of212

the sensors in the horizontal and vertical directions of a plane located at the213

middle of the heated section are illustrated in Tab. 1. The X and Y axes214

correspond to the coordinate system shown in Fig. 5 in section 3.1, with the215

origin defined at point O.216

Figure 4: 3D view of the monitoring boreholes surrounding the PG (Chen et al., 2021a).
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Table 1: Locations of the sensors in the horizontal plane and the vertical direction (Dizier
et al., 2016).

Sensors Coordinates (X, Y)

Horizontal plane

Interface ”B” (1.31, 0)
CG35E-6 (2.23, 0.14)
CG38E-2 (4.69, 0.24)
CG42E-2 (8.97, 0.04)
CG49E-5 (16.14, 0.32)

Vertical direction

Interface ”F” (0, 1.31)
PG50D-10 (0.03, 1.49)
PG50D-9 (0.03, 1.99)
PG50D-8 (0.03, 2.99)
PG50D-7 (0.03, 4.99)
PG50D-6 (0.03, 6.99)
PG50D-5 (0.03, 8.99)
PG50D-4 (0.02, 10.99)
PG50D-3 (0.02, 12.99)
PG50D-2 (0.02, 16.99)
PG50D-1 (0.02, 20.99)

3. A benchmark exercise with PRACLAY heater test217

3.1. Geometry and mesh218

A two-dimensional (2D) plane strain benchmark within the framework219

of the European Joint programme (EURAD-HITEC, 2019), is proposed to220

model the PRACLAY heater test with fully coupled THM finite element221

code and to investigate the in situ behavior of the host clay formation. Two222

principal modelling cases are proposed in this exercise. The first one consists223

of an “academic version” of the PRACLAY heater test, where the main goal224

is to calibrate the numerical codes among different teams with relatively basic225

mechanical models. The second case corresponds to a “free version”, where226

the modelling teams are free to choose the constitutive law. In all cases, it is227

proposed to model the experiment from the beginning of the excavation to the228

on-going running heater test. It is worth mentioning that, this paper mainly229

focuses on the free case to better reproduce the experimental observations230

from the in situ test.231
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The numerical prediction is carried out with the FEM code Lagamine232

developed at the University of Liège (Charlier, 1987). This model represents233

the midplane (around Ring 50) of the PRACLAY heater Test (which is per-234

pendicular to the PG axis) in a middle cross-section of the heated gallery.235

Only a quarter of the full cross section is modelled due to the symmetry of236

the problem, and the simulated area is 100 m wide in both directions (Fig.237

5). Due to the cross-anisotropy characteristic of Boom Clay, the horizontal238

direction is defined as parallel to the bedding plane for numerical simplifica-239

tion, while the vertical direction corresponds to the normal to the bedding.240

The discretized mesh consists of 18543 nodes and 6120 elements. Each el-241

ement is a 2D isoparametric element with eight nodes, where displacement242

fields, fluid pressure, and temperature are interpolated. As shown in Fig. 5,243

the numerical model incorporates two materials: Boom Clay and concrete244

lining. The segmental concrete lining is modelled through a monolithic ring245

where the joints are not represented. The concrete lining has an inner radius246

of 0.95 m and an outer radius of 1.25 m, respectively. The excavation radius247

is estimated to be 1.31 m, with a 6 cm over-excavation being considered. It248

is worth noting that the backfilled sand is not considered in any modelling249

for simplification.250
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Figure 5: Geometry (not at scale) and materials for the PRACLAY heater test within the
2D plane strain coupled THM model.

The initial conditions for Boom Clay are presented in Tab. 2. These val-251

ues come form the in situ measurements at the level of the URL and previous252

studies on Boom Clay (Bernier et al., 2007; Chen et al., 2011). A constant253

temperature of 16.5 ◦C is defined for all the materials initially. The initial254

pore pressure in the Boom Clay is 2.25 MPa, while an initial pore pressure of255

0.1 MPa is assumed in the concrete. There is no initial stress defined for the256

lining. At the external boundary (CD and DE), constant total stress, pore257

pressure, and temperature are imposed during the full computation. Due to258

the symmetry conditions, the water and thermal flow along the symmetry259

axes are prevented by the introduction of an adiabatic and an impervious260

boundary. The normal displacements are fixed.261
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Table 2: Initial conditions for Boom Clay.

Parameters Components Boom Clay

σyy 4.5
Total stress MPa σxx 3.825

σzz 3.825
Pore pressure MPa P0 2.25
Temperature ◦C T0 16.5

The proposed model is conducted by adapting the boundary conditions262

of the gallery wall and concrete lining (Fig. 5). The main time points of263

the PRACLAY heater test are presented in Tab. 3, where t0 denotes the264

start of excavation. For the mechanical boundary conditions, a stress release265

technique combined with contact elements is used to model the progressive266

contact between Boom Clay and concrete lining during gallery excavation.267

The total stress at the gallery wall is reduced to 0.1 MPa within 24 hours268

(t0+1 day), after which it remains constant. In terms of the hydraulic bound-269

ary conditions, the pore pressure is reduced to 0.1 MPa during excavation270

(t0+1 day). The model is allowed to stabilize before artificial pressurization,271

during which the pore pressure inside the gallery wall equals the atmospheric272

pressure (between t0+1 day and t0+1609 days). From the start of the arti-273

ficial pressurization in the backfill sand up to the end of the heating phase274

(t0+6522 days), the pore water pressure at the intrados of the lining (bound-275

ary GA) follows the in situ measurements, as shown in Fig. 6. Regarding276

thermal boundary conditions, the lining extrados is set with a temperature277

boundary condition derived from the in situ measurements, as depicted in278

Fig. 7. A stepwise heating phase with different heat power is described. The279

heater was switched on November 3, 2014 (t0+2582 days), and a tempera-280

ture of 80 ◦C was reached at the lining extrados on August 17, 2015 (t0+2829281

days). Hereafter the temperature was maintained at 80 ◦C for 10 years until282

August 17, 2025 (t0+6522 days).283
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Figure 6: Pore pressure boundary condition in the PG after pressurization used in the 2D
plain strain model, modified from Dizier et al. (2021).

Figure 7: Temperature boundary condition at the lining extrados, modified from Dizier
et al. (2021).
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Table 3: Main time slots of the PRACLAY heater test.
Test phases Date Days (t0+days)
End of excavation 2007-10-10 t0+1
Before pressurization 2012-03-05 t0+1609
Before switch-on of heater 2014-11-03 t0+2582
End of 250 W/m 2015-01-07 t0+2647
End of 350 W/m 2015-03-03 t0+2702
End of startup heating 2015-08-17 t0+2869
3 years heating 2018-08-17 t0+3965
10 years heating 2025-08-17 t0+6522

3.2. Balance equations284

To numerically investigate the coupled THM problem in the PRACLAY285

heater test, it is essential to establish the governing balance equations. A286

fully saturated condition is assumed in the modelling. This assumption is287

supported by several factors. First, the excavation of the PG was carried out288

rapidly, followed by the immediate installation of the concrete liner. Hence289

the ventilation between the PG and the Connecting Gallery was limited.290

Second, the PG was backfilled with sand and subsequently subjected to arti-291

ficial pressurization, which led to a rise in pore pressure, as shown in Fig. 3.292

Over time, the inflow of water from the surrounding Boom Clay resulted in293

the natural saturation of the backfilled gallery. As a result, the Boom Clay294

was considered fully saturated prior to the initiation of the heating phase.295

Consequently, any variations in saturation during excavation and heating are296

not accounted for in this study. Under these conditions, the porous medium297

is treated as a continuous mixture composed of a solid phase and a water298

phase. Some studies further classify the water phase into free and bound wa-299

ter components. The dehydration of bound water at elevated temperatures300

can contribute to pore pressure generation (Sojoudi and Li, 2023; Sojoudi301

et al., 2024). However, for the sake of simplicity, this effect is not considered302

in the present study. The governing equations for momentum, mass, and303

energy balance are established, with further details available in Song et al.304

(2023) and Simo et al. (2025).305

The momentum balance equation accounts for both the effective stresses306

within the solid matrix and the external body forces acting on it and is307
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expressed as follows:308

∂σij
∂xj

+Gi = 0 (1)

where σij is the total Cauchy stress tensor, xj denotes the Cartesian co-309

ordinates. Gi is the body force per unit volume, typically associated with310

gravity.311

The mass balance equations for the solid and water phases are formulated312

within the framework of classical poromechanics. The conservation of solid313

mass is expressed in its time derivative form as:314

Ṁs =
∂

∂t

(
ρs
(
1− ϕ

)
Ω

)
= 0 (2)

where ρs denotes the density of the solid phase, and ϕ = Ωv/Ω is the porosity,315

defined as the ratio of pore volume Ωv to the total material volume Ω.316

The water mass balance equation is given by:317

∂fw,i

∂xi
+ Ṁw −Qw = 0 (3)

where Ṁw is the time derivative of the water mass, Qw is a water source/sink318

term, and fw,i represents the water flux, governed by Darcy’s law. Under fully319

saturated conditions, the mass of fluid in a representative elementary volume320

Ω is:321

Mw = ρwϕΩ (4)

where ρw denotes the fluid density. Taking the time derivative of the fluid322

mass per unit mixture volume yields:323

Ṁw = ρw

(( ṗw
Kw

− αwṪ
)
ϕ−

(
1− ϕ

)
αdṪ +

Ω̇

Ω

)
(5)

where Kw is the bulk modulus of the fluid phase. αd is the drained vol-324

umetric thermal expansion coefficient of the porous medium, and αw is325

the temperature-dependent thermal expansion coefficient of the fluid (Kell,326

1975). For a homogeneous, isotropic porous medium, αd is typically taken as327

equal to the thermal expansion coefficient of the solid skeleton, 3αs (Ghabe-328

zloo et al., 2009).329

The fluid flow is obtained by using the Darcy’s law:330

fw,i = −ρw
kij
µw

(
∂pw
∂xj

+ ρwgj

)
(6)
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where kij is the intrinsic permeability tensor, gj is the gravity accelera-331

tion vector, and µw is the fluid viscosity which is considered temperature-332

dependent (Rumble, 2019).333

The energy balance equation is achieved using classic poromechanics the-334

ory and written for a unit mixture volume:335

∂fT,i
∂xi

+ ṠT −QT = 0 (7)

where ṠT is the time derivative of the enthalpy, fT,i is the thermal flow,336

and QT is the heat source/sink term. The total enthalpy ST of the system337

is expressed as the sum of the contributions from both the fluid and solid338

phases:339

ST =

(
ϕρwcp,w +

(
1− ϕ

)
ρscp,s

)(
T − T0

)
Ω (8)

where cp,w and cp,s are the specific heat capacities of the fluid and solid phases,340

respectively, T0 is the initial reference temperature. The time derivative of341

the enthalpy for a unit volume of the porous medium, which represents the342

rate of heat storage, can be written as:343

ṠT = cp,wρw

(
1− ϕ

)(Ω̇

Ω
− αdṪ

)(
T − T0

)
+ cp,wρwϕ

(
ṗw
Kw

− αwṪ

)(
T − T0

)
+ cp,wρwϕṪ + cp,wρwϕ

(
T − T0

)Ω̇
Ω

+ cp,sρs

(
1− ϕ

)
Ṫ

(9)

The thermal flow fT,i is characterized by two effects: conduction and344

convection by the fluid phase, as expressed by the following equations:345

fT,i = −λij∇jT + cp,wfw,i(T − T0) (10)

where λij is the mixture conductivity, and it depends on the thermal proper-346

ties of the components. Notably, the convection of the solid phase is implicitly347

incorporated in the modelling through the updated Lagrangian formulation348

implemented in the LAGAMINE code (Charlier, 1987).349

3.3. Constitutive law and material parameters350

The classical Hooke’s law is used to describe the linear elastic behaviour351

of Boom Clay, accounting for its transverse isotropy. For the plastic response,352
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it is proposed to use an internal friction angle criterion such as a Drucker-353

Prager model (Drucker and Prager, 1952). For defining the onset of plastic354

yielding, the following yield criterion is adopted, which can be written as355

(positive in compression) (Desai and Siriwardane, 1984):356

f ≡
√
IIσ̂ −

2 sinϕ√
3 (3− sinϕ)

(
Iσ +

3c

tanϕ

)
= 0 (11)

where Iσ is the first stress tensor invariant defined by Iσ = σii; IIσ̂ is the357

second deviatoric stress tensor invariant defined by IIσ̂ = 1
2
σ̂ijσ̂ij with σ̂ij =358

σij − Iσ
3
δij; ϕ and c are the internal friction angle and the cohesion.359

A non-associated plastic flow rule is assumed with the plastic potential g360

corresponding to the function:361

g ≡
√
IIσ̂ −

2 sinψ√
3 (3− sinψ)

(
Iσ +

3c

tanψ

)
= 0 (12)

where ψ is the dilatancy angle.362

It is believed that the hardening and softening of the yield surface are363

induced by the plastic flow. By using the Von Mises equivalent plastic strain364

ϵpeq, the variation of the yield surface is described by the hyperbolic evolution365

of friction angle and cohesion (Barnichon, 1998):366

ϕ = ϕ0 +
(ϕf − ϕ0) ϵ

p
eq

Bϕ + ϵpeq
(13)

367

c = c0 +
(cf − c0)ϵ

p
eq

Bc + ϵpeq
(14)

where ϕ0 and ϕf are the initial and final friction angles, c0 and cf are the368

initial and final cohesion, and the coefficients Bϕ and Bc are the values of369

the equivalent plastic strain where half of the hardening/softening of friction370

angle and cohesion are reached. The Von Mises equivalent plastic strain ϵpeq371

is obtained by integration of the Von Mises equivalent plastic strain rate ϵ̇peq372

:373

ϵ̇peq =

√
2

3
˙̂ϵpeq ˙̂ϵ

p
eq (15)

As a typical cross-anisotropic material, Boom Clay has higher THM param-374

eters parallel to the bedding plane than those perpendicular to it. Tab. 4375

defines the anisotropic material properties of Boom Clay which come mainly376

17



from Charlier et al. (2010), Bernier et al. (2007), and Chen et al. (2011).377

The elastic behavior is introduced by five independent parameters (E∥, E⊥,378

ν∥∥, ν∥⊥ and G∥⊥), where the subscripts ∥ and ⊥ respectively represent the379

directions parallel and perpendicular to the bedding planes. The anisotropy380

of plasticity is taken into account through the cohesion, which is a function381

of a microstructure fabric tensor:382

c0 = c

(
1 + A∥(1− 3l22) + b1A

2
∥(1− 3l22)

2 + b2A
3
∥(1− 3l22)

3 + · · ·
)

(16)

where c is the cohesion under isotropic loading, l2 is the loading vector com-383

ponent applied to the facet parallel to the bedding planes. The constants c,384

A∥, b1, . . . are obtained from experimental data (François et al., 2014), and385

b2 is neglected due to higher order terms. It should be noted that the value of386

cohesion depends on the loading direction l2 as well as the fabric parameter387

A∥. For this reason, a final value of cohesion cf as one-third of the initial388

value c0 is defined in this study to consider the cohesion softening. More389

details about the definition of fabric tensor can be found in Pietruszczak and390

Mroz (2000, 2001) and Chen et al. (2010).391
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Table 4: THM parameters for Boom Clay.

Symbol Name Value Unit

Elastic

ρs Solid phase density 2639 kg/m3

E∥ Young’s modulus parallel to bedding 400 MPa
E⊥ Young’s modulus normal to bedding 200 MPa
ν∥∥ Poisson’s ratio parallel to bedding 0.25 -
ν⊥∥ Poisson’s ratio normal to bedding 0.125 -
G⊥ Shear modulus normal to bedding 80 MPa

Plastic

ψ Dilatancy angles 0 ◦

ϕ0 Initial friction angle 5 ◦

ϕf Final friction angle 18 ◦

Bϕ Friction angle hardening coefficient 0.01 -
Bc Cohesion softening coefficient 0.01 -
c Cohesion for isotropic loading 258.33 kPa
A∥ Cohesion parameter 0.187 -
b1 Cohesion parameter 2.580 -

Hydraulic

k∥ Intrinsic permeability parallel to bedding 4E-19 m2

k⊥ Intrinsic permeability normal to bedding 2E-19 m2

ϕ Porosity 0.39 -
K−1

w Water compressibility 4.5E-4 MPa−1

ρw Water density 1000 kg/m3

Thermal

cp,s Solid phase specific heat 769 J/kg/K
αs Linear thermal expansion coefficient 1E-5 K−1

cp,w Water specific heat 4180 J/kg/K
λ∥ Thermal conductivity parallel to bedding 1.65 W/m/K
λ⊥ Thermal conductivity normal to bedding 1.31 W/m/K

The concrete of the segmental lining is mainly made of C80/95 concrete.392

The concrete is modelled via a linear elastic law. As the ring is modelled393

without considering the existence of the joints (longitudinal and circumfer-394

ential) between the concrete segments, a greater permeability than the Boom395

Clay is chosen as seen in Tab. 5.396
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Table 5: Concrete main properties.

Name Symbol Value Unit
Solid phase density ρs 2650 kg/m3

Bulk density ρ′ 2420 kg/m3

Porosity n 0.1
Young’s modulus E 42 GPa
Poisson’s ratio ν 0.2 −

Intrinsic permeability k 4.5E-18 m2

Thermal conductivity λ 2.86 W/mK
Linear thermal expansion coefficient αs 1E-5 ◦C−1

Solid phase specific heat Cp 800 J/(kgK)

3.4. Numerical modelling results397

As required by the PRACLAY benchmark exercise, the time evolution398

of temperature and pore pressure numerical prediction is compared to ex-399

perimental measurement. The solid lines are the numerical results, and the400

dotted lines are the experimental measurements in the following plots. Gen-401

erally, the reproduction of the temperature profile is almost perfect using402

the current modelling in Fig. 8. Ambient temperature is observed before403

the heating. As the heating phase is activated, the temperature increases404

rapidly, especially for the measurements close to the gallery wall. After the405

aimed temperature of 80 ◦C is reached, it keeps constant at the wall. With406

the distance between the wall and the measurements increases, a decrease in407

temperature is observed. To well capture the evolution of temperature, the408

thermal conductivity of the host clay formation is the most important pa-409

rameter. In order to further improve the predictions, the horizontal thermal410

conductivity should slightly decrease and the vertical one slightly increase.411
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Figure 8: Temperature evolution: (a) in the horizontal, and (b) vertical directions.

In Fig. 9, the temporal evolution of the pore pressure at different sen-412

sors is presented. The deviation between the experimental measurements413

and numerical predictions is pronounced. Before the pressurization, the pore414

pressure decreases due to the drainage. An overestimation of the numerical415

prediction is observed in the horizontal direction. During the pressurization,416

pore pressure rises due to artificial injection. The numerical model consis-417

tently overestimates the pressure, and the deviation grows with an increasing418

distance between the wall and the measurement points. During the heating,419

pore pressure further increases. The overpressure is observed both in the420

near and far field due to the thermal pressurization, which is induced by421

the discrepancy of the thermal expansion between the solid and fluid phases.422

The numerical response underestimates the thermal pressurization. In the423

far field, the rock behavior remains elastic. According to the theoretical424

framework of thermo-poro-elasticity, the pore pressure variation is impacted425

by the modification of total stress and temperature, and it can be defined as426

follows considering material anisotropy:427

dp = Πdσ + ΛdT (17)
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Figure 9: The evolution of pore pressure: (a) in the horizontal, and (b) vertical directions
(blank prediction).

Where Skempton’s coefficient Π and thermal pressurization coefficient Λ428

have the following expressions:429

Π =
−B : C

B : CB + 1
3Ks

(B − ϕI) : I + ϕ
Kw

Λ =
3ϕ(αl − αs)

B : CB + 1
3Ks

(B − ϕI) : I + ϕ
Kw

(18)

Where B is the Biot’s coefficient tensor, C is the compliance tensor, I is430

the identity vector, Ks is the bulk modulus of the solid constituent, Kw is431

the bulk modulus of the fluid, ϕ is the porosity, αl and αs are the thermal432

expansion coefficients of the fluid phase and solid phase respectively. It is433

worth mentioning that the dependency of the thermal dilation coefficient and434

viscosity of the water on the temperature is also included in this study (Song435

et al., 2023). From the Eq. 18, the thermal pressurization coefficient Λ is not436

only affected by the discrepancy of thermal expansion coefficient between the437

fluid phase and solid phase but also by the stiffness of the porous medium438

(Vu et al., 2020). This is the reason why we propose to improve the elastic439

part of the model.440
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4. Advanced THM coupled modelling441

The evolution of temperature was already well captured in section 3.4,442

herein the reproduction of pore pressure evolution is of particular interest.443

Pore pressure variations are fundamentally interconnected with the perme-444

ability characteristics of porous media. During the excavation, an EDZ is445

created in the near field where strain localization and damage occur. It has446

been shown that this damage induces the increase of permeability, both at447

the gallery scale (Mertens et al., 2004) and at the laboratory scale (Labi-448

ouse et al., 2014). This is why Chen et al. (2021a), Chen et al. (2021b),449

and Bumbieler et al. (2021) introduced two distinct zones (EDZ and sound450

layer) to model the in situ PRACLAY and ALC1604 heater tests, where a451

higher permeability value was employed in the EDZ. Moreover, the evolu-452

tion of pore pressure is also impacted by the stiffness of porous media due453

to potential complex hydro-mechanical (HM) coupling effects. On the one454

hand, the geomaterials such as overconsolidated soil and clay rock exhibit455

strong non-linearity in the elastic domain (i.e. in the initial range of loading456

and during unloading and reloading), because the elastic moduli are strongly457

dependent on the mean effective stress (Hujeux, 1985). On the other hand,458

the Boom Clay stiffness shows a significant decrease with the deformation459

during the excavation of the Connecting Gallery, and the tangent stiffness460

at 0.01% deformation is approximately an order of magnitude larger than461

that at 1% deformation (Bernier et al., 2007). Thus a smaller clay stiffness462

was also considered in the EDZ in previous studies. In fact, whether to in-463

troduce a higher permeability or a lower material stiffness in the EDZ, the464

definition of the size of the EDZ is always challengeable in the numerical465

analyses. In this study, an alternative solution with the dependency of both466

the permeability and the clay stiffness on the mean effective stress and de-467

formation is employed. The advanced THM model is able to predict both468

the permeability and elastic property evolution in the near and far field.469

4.1. Theoretical framework470

Modelling the mechanical and hydraulic property evolution inside the471

damage zone is an important concern when considering drainage and thermal472

pressurization in host rock/clay formation. The modification of permeability473

due to damage in the host rock/clay formation is related to the distribution474

of induced cracks, which might serve as preferential flow paths in the host475

rock/clay formation. The onset, development, accumulation, propagation,476
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and coalescence of microcracks represent the damage caused by the microc-477

racking process, which can be described by the shear strain accumulation in478

the numerical simulation. In this section, a strain-dependent isotropic evolu-479

tion of the hydraulic permeability tensor is considered using a power (cubic)480

formulation (Pardoen et al., 2016), which reads:481

kw,ij = kw,ij,0

(
1 + βper⟨Y I − Y I thr⟩ε̂3eq

)
(19)

Where kw,ij,0 is the initial intrinsic water permeability tensor, βper is an482

evolution parameter, ε̂eq is the Von Mises’ equivalent deviatoric strain, Y I483

is the yield index defined as the reduced second deviatoric stress invariant:484

Y I = IIσ̂/II
p
σ̂, where II

p
σ̂ is the second deviatoric stress invariant at plastic485

state. Y I thr represents the threshold value below which there is no intrinsic486

permeability variation. In the elastic state, Y I is lower than 1, whereas Y I487

is equal to 1 on the yield surface. The permeability increase is limited to a488

maximum of 1.5 times its initial value, which is back computed by considering489

the measurement of permeability of Boom Clay from the laboratory and in-490

situ (Bastiaens et al., 2006; Yu et al., 2013; Chen et al., 2021b). Furthermore,491

it should be mentioned that the increase in permeability is thought to be492

irreversible.493

A strong non-linearity has been observed during the elastic loading and494

unloading processes, in which the clay stiffness plays a role (Callisto and495

Rampello, 2002). The dependency of clay stiffness on the stress path was de-496

fined by Laloui (1993), where the bulk modulus is characterised as a function497

of the mean effective stress p′ = Iσ/3. As far as the Poisson’s ratio remains498

constant in this study, the following expression for the elastic stiffness is499

obtained according to:500

E = Eref

(
p′

p′ref

)ne

(20)

Where Eref is the Young’s modulus at the referential mean effective stress501

p′ref , n
e is the exponent to adapt different material properties. For numerical502

issues, the minimum value of p′ is limited to 0.01 MPa. For some stiff clays,503

the stress-strain response may exhibit behavior closer to linear elasticity,504

while soft soils tend to show more logarithmic behavior.505

Apart from the dependency on the stress path, the clay stiffness degra-506

dation is generally observed during underground excavation, where the clay507

stiffness is essentially controlled by the shear strain development. Three cat-508

egories of strain levels are usually identified by Atkinson (1991): the very509

24



Figure 10: The logarithmic representation of stiffness-strain behavior according to Atkin-
son (1991).

small strain level, where the stiffness modulus remains constant within the510

range of elasticity; the small strain level, where the non-linear evolution of511

the stiffness modulus with the strain is presented; and the large strain level,512

where the soil stiffness is extremely small and the soil is close to failure. The513

normalized stiffness degradation curve, as depicted in Fig. 10, is used to514

illustrate this theory by comparison with the soil response from in situ con-515

struction and the measurement from the laboratory (Atkinson, 1991; Mair,516

1993).517

In order to introduce the dependency between the clay stiffness and de-518

formation, a preliminary exponential model between Young’s modulus and519

Von Mises strain was introduced in Chen et al. (2023), to model the degrada-520

tion of clay stiffness from the far field to the near field. This approximation521

effectively captures the overall trend of pore pressure evolution. However,522

the calibration of multiple parameters introduces inherent inaccuracies, re-523

sulting in an underestimation of pore pressure in the near field and an over-524

estimation in the far field. In this study, a more well-known constitutive525
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law (HSsmall model) is further used to account for the evolution of stiffness526

at different strain levels (Brinkgreve et al., 2007; Benz et al., 2009). A log-527

arithmic function of the shear strain γ, varying from extremely low strain528

levels to high strain levels, is used to represent the shear modulus G evo-529

lution (Likitlersuang et al., 2013). An empirical equation for tangent shear530

modulus depending on the shear strain is defined as (Hardin and Drnevich,531

1972; Cudny and Truty, 2020):532

Gt =
G0

(1 + aγmax/γ0.7)
2 (21)

where G0 is the small-strain shear modulus, and many experimental results533

show its dependency on the void ratio, OCR, and mean stress (Hardin, 1978).534

The shear strain γ0.7 corresponds to the shear strain at which the secant535

shear modulus is equal to 70% of G0. The shear strain γmax is the maximum536

deformation experienced by the sample. a is the evolution parameter. Due to537

the constant Poisson’s ratio in this study, the evolution of Young’s modulus538

is consistent with the shear modulus:539

Et =
E0

(1 + aγmax/γ0.7)
2 (22)

where E0 corresponds to Young’s modulus for a very small strain, and the540

value is very close to the one derived from the in situ wave velocities of seismic541

tests carried out in the underground repository (Schuster, 2019). Young’s542

modulus will thus decrease with the development of shear strain from the543

initial E0 where the sample is intact.544

In this study, Young’s modulus is influenced by the combined effects of545

both mean effective stress and shear strain deformation, so the parameters in546

Eq. 20 and Eq. 22 need to be calibrated. As shown in Tab. 4, the Young’s547

moduli of Boom Clay (400/200 MPa in the directions parallel and normal to548

the bedding respectively) usually comes from the triaxial test with a refer-549

ential confinement pressure of 2.25 MPa (ONDRAF/NIRAS, 2013), which is550

close to the in situ stress condition. In fact, the clay specimen is inevitably551

disturbed during the in situ sampling and the transportation between the552

in situ and the laboratory, thus higher Young’s moduli are demonstrated for553

the intact clay materials. The in situ wave velocities of seismic tests provide554

these high moduli (1490/745 MPa) (Schuster, 2019), which is actually the555

E0 in the Eq. 22 where the shear strain is very small. However, the in situ556
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Table 6: Parameters for the hydraulic permeability and small strain stiffness.

Symbol Name Value Unit

kw,0∥ Intrinsic permeability parallel to bedding 4E-19 m2

kw,0⊥ Intrinsic permeability normal to bedding 2E-19 m2

βper Evolution parameter 1.5E5 –
Y I thr threshold yield index 0.95 –
Eref∥ Referential Young’s modulus parallel to bedding 1600 MPa

Eref⊥ Referential Young’s modulus normal to bedding 800 MPa
p′ref Referential mean effective stress 2.25 MPa
ne Evolution parameter 0.4 –
γ0.7 Evolution parameter 0.012 –
a Evolution parameter 0.385 –

stress condition for Boom Clay is anisotropic, the referential Young’s moduli557

under 2.25 MPa confinement needs to be back computed using the Eq. 20,558

yielding values of 1600/800 MPa. The parameters used in the modelling are559

summarized in Tab. 6, and they are also consistent with Chen et al. (2023),560

Pardoen et al. (2016), and the EURAD benchmark specification.561

4.2. Laboratory test modelling562

An advanced THM coupled modelling has been introduced in section 4.1,563

where the dependency of Young’s modulus on the confining stress and shear564

deformation is highlighted. Calibration of numerical models for geomaterials565

is typically performed by simulating laboratory triaxial tests, which focuses566

primarily on the rock behavior during shear processes. In this study, a more567

comprehensive approach is adopted, modelling the entire process from in situ568

sample extraction to laboratory testing. The objectives of this modelling are569

twofold: first, to verify the reliability of the Young’s modulus obtained from570

seismic test, which estimates the intact clay properties in the far field; and571

secondly, to ensure that the model accurately predicts the Young’s modulus572

measured in the laboratory.573

A simplified 2D axisymmetric model with one isoparametric element (sec-574

tion 3.1) is introduced to restore the procedure of measuring Young’s modulus575

in the laboratory. The plastic behavior is governed by the Drucker–Prager576

criterion with isotropic hardening/softening. This modelling is composed of577
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three sequential steps: on-site sampling, isotropic confinement, and devia-578

toric loading, each defined by specific boundary conditions. The release of579

in situ stress is first modelled to reproduce the extraction of samples from580

drilling boreholes. Considering the excavation rate, the clay formation far581

away from the gallery is supposed to be in undrained condition, so only the582

total stress decreases to zero in the first step. The sample is then delivered to583

the laboratory in preparation for the triaxial compression test. In the second584

step, an isotropic confining stress of 4.5 MPa is imposed to restore the in situ585

stress state of the clay formation, and the pore pressure is set to the in situ586

value of 2.25 MPa. Finally, the shear process is modelled using the strain-587

controlled deformation of the sample. The unloading/reloading path is also588

modelled during the shear process, to highlight the degradation of Young’s589

modulus. The final amount of sample deformation is nearly 5%. The pa-590

rameters used in this modelling are already provided in Tab. 6. The results591

confirm the potential perturbations induced by sampling and transportation592

processes on the evolution of Young’s modulus.593

Fig. 11 shows the comparison of stress-strain relation during the shear594

process with experimental test from Baldi et al. (1991) and Monfared (2011).595

When the sample is first loaded, an elastic deformation develops before the596

plastic deformation. Two unloading/reloading paths are introduced during597

the shear process, and the value of Young’s modulus is deduced from the slope598

of the unloading path where the material is in elasticity. At the beginning of599

shear phase, the value of Young’s modulus is slightly lower than the initial600

Eref⊥ = 800 MPa due to a small amount of shear deformation induced by its601

inherent anisotropic behavior in the first and second steps. The numerical602

solution overestimates the Young’s modulus compared to the experimental603

results, which should come from the potential disturbance during sampling604

and transportation.605
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Figure 11: Stress-strain curve during the shear process of the triaxial test.

During the shearing process, the degradation of Young’s modulus with the606

shear deformation is highly pronounced, although the mean effective stress607

has been increasing. The impact of mean effective stress on the evolution608

of Young’s modulus is more clearly observed during unloading and reload-609

ing, as the variation of Young’s modulus is no longer influenced by shear610

deformation in these stages. It is worth mentioning that Young’s modulus611

is defined as a function of the maximum shear deformation experienced by612

the sample, which is consistent with the irreversibility of damage observed in613

experimental tests. Overall, the degradation of the stiffness of the material614

is first induced by the inevitable disturbance from the on-site sampling but615

mostly by the imposed strain amplitude during the triaxial test. The mea-616

surement of the Young’s modulus in the laboratory is around 200 MPa, which617

corresponds to the numerical prediction within several percent deformation618

in Fig. 11. The implemented modelling is able to capture the shear strength619

obtained from the experimental tests. It should be mentioned that, the shear620

strength of the sample is not only impacted by the strength parameters but621

also the confining pressure. Another modelling is conducted with confine-622

ment of 3 MPa, where a good agreement is obtained between the numerical623

and experimental observations.624
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4.3. Application to PRACLAY heater test625

The advanced THM coupled modelling has been successfully calibrated626

with small scale laboratory test in section 4.2. The degradation of Young’s627

modulus has been accurately reproduced and the modulus in the far field has628

been confirmed. It is now of particular interest to extend this modelling to629

the in situ large-scale PRACLAY heater test. Before simulating the evolu-630

tion of pore pressure, it is essential to examine excavation-induced plasticity631

as a methodology of further validating the implemented constitutive model.632

Fig. 12 displays the post-excavation contour plots, illustrating the distri-633

butions of stress, permeability, and equivalent shear strain. At the end of634

the excavation (t0+1 day), contact between the gallery wall and the concrete635

liner is established nearly everywhere, except in the vertical direction (Fig.636

12a). Stress redistribution due to excavation is clearly observed in both the637

horizontal and vertical directions (Figs. 12b and c), where the different con-638

tact situation between the gallery wall and the liner also plays an important639

role on the observed stress patterns. A significant increase in permeability640

is detected within the EDZ (Figs. 12d and e), with maximum values reach-641

ing approximately 1.5 times the initial permeability. The maximum values642

of equivalent shear strain are found near the vertical direction (Fig. 12f),643

corresponding to the region where the contact between the gallery wall and644

the liner is weakest.645
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Figure 12: Post-excavation contour at t0+1 day in 4 m × 4 m scale: (a) contact force, (b)
horizontal stress σxx, (c) vertical stress σyy, (d) horizontal permeability kxx, (e) vertical
permeability kyy, (f) equivalent shear strain.

Fig. 13 shows the pore pressure evolution with the implemented model.646

During the drainage and injection phases, the pore pressure is successfully647

captured in the near field in both directions. However, the experimental648

results are not so well reproduced in the far field during the injection phase,649

where the pore pressure is still overestimated at the measurements PG50D-6,650

PG50D-5, and PG50D-4. The good prediction of pressure in the near field has651

to be related to the evolution of the permeability. The plastic deformation652

is much developed due to the excavation, leading to the creation of an EDZ653

with higher permeability. Fig. 14 depicts the evolution of permeability in654

the horizontal and vertical directions. The estimated impacted zone of the655

permeability variation is around 4 m from the gallery axis. The maximum656

increase of the permeability is located close to the gallery wall, and it is about657

1.5 times than the initial value in the end of heating. The modification of658

permeability is more pronounced in the vertical direction, which is consistent659

with the distinct development of the equivalent shear strain in Fig. 15. The660

deformation inside the EDZ in the vertical direction is greater than that in661
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the horizontal direction, which is consistent with the ‘eye shape’ of EDZ in662

Salehnia et al. (2015) and François et al. (2014). The shear strain localization663

is preferential to develop in the minor principal stress direction.664

Figure 13: The evolution of pore pressure: (a) in the horizontal, and (b) vertical directions.
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Figure 14: The variation of Permeability in the horizontal and vertical directions.

Figure 15: The evolution of equivalent shear strain in the horizontal and vertical directions.
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The overpressure induced by thermal pressurization is well reproduced665

both in the near and far field during the heating, where the THM coupling666

is magnified thanks to the higher clay stiffness. Fig. 16 characterizes the667

variation of Young’s modulus in the horizontal and vertical directions. Glob-668

ally, a significant decrease of Young’s modulus is observed from the far field669

to the wall, and the minimum values are obtained at the wall in the end of670

heating. This relates to the fact that deformation plays a dominant role in671

the evolution of Young’s modulus. For the clay formation very close to the672

wall, the degradation of the clay stiffness is consistent between the excavation673

and heating phase, because most of the shear deformation is induced by the674

excavation of the gallery. The Young’s modulus remains constant in the far675

field, where the clay formation is almost intact. In the direction parallel to676

the bedding, a value higher than the initial modulus is observed in the clay677

formation slightly further from the wall, reflecting the dependency of clay678

stiffness on mean effective stress. Fig. 17 displays the evolution of the mean679

effective stress, where the peak stress in the bedding plane coincide with the680

peak modulus in Fig. 16, and a larger modulus than the intact one (1490681

MPa) is observed at a distance of 10 m from the wall. The peak stress in682

the direction normal to the bedding occurs extremely close to the wall where683

the minimum modulus is obtained, which again evidences the dominance of684

deformation in the evolution of Young’s modulus in the EDZ.685
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Figure 16: The variation of Young’s modulus in the horizontal and vertical directions.

Figure 17: The evolution of mean effective stress in the horizontal and vertical directions.
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It is worth mentioning that, the numerical prediction is unable to capture686

the decrease in pore pressure displayed at the end of heating. This deviation687

is related to the 3D effect in the real repository, which is out of the scope of688

the 2D modelling problem in this study. The results show that the extent689

of the zone with permeability changes is much smaller than the zone with690

clay stiffness modification. The impacted zone of Young’s modulus in the691

horizontal direction is larger than in the vertical direction.692

5. Conclusion693

A large-scale in situ PRACLAY heater test is currently being carried out694

at HADES URL to analyze the thermal impacts in the EDZ (or the near695

field) and to confirm the far-field response. A 2D benchmark is proposed to696

represent the PRACLAY heater test using fully coupled THM finite element697

codes. The thermal pressurization mechanism is recalled in this study, which698

shows that the excess pore pressure during the heating is not only related to699

the discrepancy of thermal expansion coefficient between fluid and solid phase700

but also to the material stiffness. The comparison between the numerical701

prediction and experimental observation is carried out.702

The evolution of temperature is well captured compared to the in situ703

measurement. To reproduce the evolution of pore pressure, an advanced704

constitutive model is implemented by integrating the strain dependency of705

the clay stiffness and intrinsic permeability of the host clay formation, and the706

HSsmall model into the numerical predictions. A laboratory test modelling707

from the in situ extraction of the sample to the triaxial test is carried out, to708

verify that the advanced model is able to predict stiffness changes from field709

to laboratory conditions. The degradation of the clay stiffness is reproduced,710

and the in situ clay modulus in the far field is confirmed. The degradation711

of Young’s modulus is first induced by the inevitable disturbance from the712

on-site sampling but mostly by the strain amplitude during the triaxial test.713

In the end, the implemented modelling is able to capture the shear strength714

from the experimental tests and the Young’s modulus commonly measured715

in the lab.716

A good agreement between the numerical prediction and in situ measure-717

ment is obtained after the application of the advanced model. The increase of718

intrinsic permeability and the degradation of Young’s modulus are strongly719

dependent on the development of shear strain deformation, which appears720

mostly during the excavation of the gallery. The pore pressure during the721
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drainage is reproduced thanks to the introduction of permeability increase722

in the EDZ (near field). The THM coupling during the heating is magnified723

by the combined effect from the mean effective stress and shear deformation,724

thus the excess pore pressure is well captured. Specially, the combined effect725

of the mean effective stress and shear deformation on the Young’s modulus726

is investigated in this study. The shear deformation dominates the develop-727

ment of the Young’s modulus, and the impact from the mean effective stress728

is evidenced, where the shear deformation is smaller in the direction parallel729

to the bedding plane. In addition, the impacted zone of the Young’s modulus730

between the horizontal and vertical directions is consistent with the in situ731

‘eye shape’ damage zone. The extent of the zone with permeability changes732

is much smaller than the zone with clay stiffness modification. It is worth733

mentioning that, the effects of temperature on thermal compaction, creep734

behavior, and potential strength modification of the rock are not included in735

this study.736
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Plúa, C., Vu, M.N., Seyedi, D.M., Armand, G., 2021. Effects of inherent948

spatial variability of rock properties on the thermo-hydro-mechanical re-949

sponses of a high-level radioactive waste repository. Int. J. Rock Mech.950

Min. 145, 104682.951

Rumble, J., 2019. Crc handbook of chemistry and physics (100th ed.). boca952

rotan, fl.953

Salehnia, F., Collin, F., Li, X.L., Dizier, A., Sillen, X., Charlier, R., 2015.954

Coupled modeling of excavation damaged zone in boom clay: Strain local-955

ization in rock and distribution of contact pressure on the gallery’s lining.956

Comput. Geotech. 69, 396–410.957

Schuster, K., 2019. Mini-seismic methods for the in-situ characterization of958

clay rocks—examples from url meuse/haute-marne (france) and hades urf959

(belgium). Geomech. Energy Envir. 17, 16–28.960
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