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Abstract
This study investigates the thermo-hydro-mechanical (THM) behavior of argillaceous formations, particularly the Callovo–

Oxfordian (COx) claystone, over extended timescales to evaluate the long-term safety of radioactive waste repositories.

Numerical simulations were performed as part of a benchmark exercise to study the response of the COx formation under

heating scenarios representative of high-level radioactive waste disposal. Six modeling teams from various institutions

participated in this benchmark, using various numerical codes, providing valuable information on the evolution of tem-

perature, pore water pressure, and stresses within the repository environment, particularly around the disposal cells. The

results highlight that the COx formation exhibits significant thermal pressurization and stress relaxation because of its low

permeability, whereas the excavation damaged zone (EDZ) remains confined to the near field and does not extend

significantly under the thermal load considered. The study demonstrates the robustness of numerical tools for repository

safety assessments and emphasizes the importance of validated THM formulations to ensure long-term containment of

radioactive waste.

Keywords Callovo–Oxfordian claystone � Deep geological disposal � High-level radioactive waste � Thermo-hydro-

mechanical modeling

1 Introduction

Throughout Europe, argillaceous rocks are preferred as

potential formations for the geological disposal of

radioactive waste due to their inherent self-sealing char-

acteristics, low permeability, limited molecular diffusion,

and retention capacity for radionuclides [see, e.g., 17, 31].

The performance of a repository within these formations is

significantly influenced by thermo-hydro-mechanical

(THM) processes [22]. Therefore, a comprehensive

understanding of the THM properties of these clayey

materials is crucial for the effective design and safety

assessment of repository systems.

Assessing the long-term safety of repository systems

requires numerical models and tools capable of accurately

simulating the observed THM behavior of the host rock

and predicting the evolution of the repository over long

timescales. Ensuring the accuracy and reliability of these

predictive tools is essential, requiring a verification and

validation procedure [29] that addresses process models,

material knowledge, as well as the code and data base in an

integrated manner [41].

As part of the HITEC project [11], a research work

package within the European Joint Programme on

Radioactive Waste Management (EURAD), various mod-

eling teams from European countries were invited to par-

ticipate in a benchmarking initiative aimed at evaluating

the reliability of the numerical tools and the collective
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ability to accurately predict the THM evolution of

radioactive waste repositories in various clay host forma-

tions. In a previous work [40], a theoretical case study was

conducted aimed at verifying the THM formulations of

different numerical codes, leading to satisfactory consis-

tency. In this study, the selected benchmark exercise

focuses on simulating the effect of increasing temperature

on the integrity of a clay formation due to the disposal of

heat-generating radioactive waste. Here, integrity refers to

the preservation of the properties of barriers in the repos-

itory system, which are critical for the safe containment of

waste.

In clay formations, previous studies suggest that the

increase in temperature will induce a significant response

of the rock [4, 16, 35, 38, 43]. Among the phenomena that

can negatively affect the host rock, thermally induced pore

water pressures and the reduction in clay strength due to

increased temperature are the most significant response of

the rock [4, 28, 42]. This work focuses on the potential risk

associated with the first phenomenon. To achieve this,

various modeling teams conducted coupled THM numeri-

cal simulations to analyze the evolution of a repository

system within the Callovo–Oxfordian (COx) formation,

utilizing different numerical codes. The results of these

modeling endeavors are discussed in the present study.

2 Benchmark description

The proposed benchmark focuses on simulating the effects

of heating in a radioactive waste repository within a clay

formation. This study is motivated by the concept of dis-

posal that is being considered in France by the French

National Radioactive Waste Management Agency

(ANDRA) [2]. This modeling exercise aims to provide

detailed information on the response of the geological

barrier to nuclear waste disposal, toward the objective of a

safer and more effective repository design.

The simulation aims to analyze the THM behavior of a

repository system in the COx argillite over a period of 1000

years. The COx is an indurated hard clay that forms part of

the Jurassic formation of the Parisian Basin [15], and it is

the host rock selected for the disposal facility to be built in

France [18]. The numerical model includes a vertical col-

umn from the surface to a depth of 1000 m, with a specific

focus on a horizontal disposal borehole located at a depth

of 480 m. Figure 1 shows the stratigraphic column con-

sidered; details on the lithological description can be found

elsewhere [33]. The borehole, with a diameter of 1 m, lies

in the center of the model, which extends horizontally for

25 m, mirroring the distance between adjacent cells. Only

two-dimensional (2D) analyses are performed, assuming

plane strain deformation. Lateral boundaries act as lines of

symmetry, thereby representing an infinite number of cells

in the horizontal direction. This accounts for the influence

of adjacent cells and seeks to represent the conditions

found at the central area of an emplacement field for high-

level waste (HLW) and spent fuel (SF)/HLW tunnels.

The initial temperature considers the natural geothermal

gradient, assumed equal to 0:025K m�1, starting from a

surface temperature of 10�C. The in situ stress at each

depth reflects the overburden, with specific horizontal

stress conditions and an initial overpressure in the COx

formation based on field observations [3, 44]. The minor

horizontal total stress (rh) is assumed equal to the vertical

total stress (rv). The major horizontal total stress (rH) is

equal to rv in the Kimmeridgian and equal to 1:3rh from

the top of the COx layer and downward, with the disposal

boreholes being parallel to rH. A hydrostatic pore water

pressure is assumed except at the COx, where an over-

pressure is considered. Figure 2 shows the water pressure

and total stress profiles employed.

The thermal load under consideration is based on a

COG-800 waste package. Specifically, each 100 m long

borehole is intended for the disposal of 42 such packages.

From the moment they are installed in the borehole, the

thermal load will gradually decrease as shown in Fig. 3.

For the purposes of this study, two distinct scenarios are

considered. In the first scenario, the packages are intro-

duced into the cell after a preliminary cooling period of 85

years, resulting in an initial thermal load of 139 W m�1.

The second scenario assumes a shorter cooling duration of

55 years, resulting in a higher initial thermal load of

242 W m�1. This high-power case was chosen to induce

fracturing and is not representative of a deep geological

repository.

The sequential processes involved in waste disposal are

represented by the boundary conditions applied to the

excavation wall. The benchmark is divided into three

phases, described below and summarized in Table 1:

• Excavation phase (1 day): the initial stresses at the

borehole wall are linearly reduced to zero representing

the immediate post-excavation state. The pore water

pressure is also linearly reduced to atmospheric condi-

tions. In this phase, no thermal load is applied.

• Waiting phase (2 years): stresses at the borehole wall

are linearly increased from 0 to 3 MPa to represent the

effect of swelling of the backfill in the annular space

between the borehole and the lining. This phase spans

over two years, and during this time, no water or heat

flow occurs at the borehole wall.

• Heating phase (1000 years): no water flow is consid-

ered, and boundary stresses are maintained at a constant

value of 3 MPa. However, during this phase heat flow is

applied at the borehole wall according to the assumed
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evolution of the thermal load from the waste package

(Fig. 3) and the corresponding cooling scenario (85 or

55 years).

The COx formation is divided into the silto-carbonated

subunit (USC), the transition subunit (UT), and the clayey

subunits UA1, UA2, and UA3, with UA2 and UA3 sharing

the same parameters. Their thermo-poro-elastic and

hydraulic properties are listed in Tables 2 and 3, whereas

the properties of the remaining formation are summarized

in Table 4. An isotropic linear elastic model was assumed

for the Kimmeridgian, Oxfordian carbonate, Dogger, and

the COx subunit USC. In contrast, a cross-anisotropic

linear elastic model was employed for the COx subunits

UT and UA. The physical properties of water and air are

summarized in Table 5.

It is important to remark that typical model parame-

ters—including permeability, porosity, elastic moduli,

thermal conductivity, and Biot coefficients—are subject to

inherent variability due to natural geological heterogeneity

and measurement uncertainties. Sensitivity analyses con-

ducted in similar studies (e.g., [32, 39]) show that param-

eters like Young’s modulus, permeability, and thermal

conductivity have significant effects on pore pressure

evolution and temperature profiles. Small variations in

permeability, particularly in low-permeability claystone

formations, can markedly influence the magnitude and

duration of thermal pressurization. The current benchmark

study assumes fixed parameter sets based on experimental

data from the literature compiled in [11], ensuring con-

sistency among modeling teams.

In Tables 3 and 4, scalar Biot coefficients were assumed

for all geological units. It is well known that the use of a

scalar Biot coefficient is a simplification that does not fully

reflect the anisotropic nature of poromechanical coupling

in transversely isotropic materials such as the COx

Fig. 1 Model geometry and boundary conditions for the far-field benchmark (USC and UA refer to the silto-carbonated and clayey subunits,

respectively, of the COx formation) [11]

Fig. 2 Profiles of pore water pressure, vertical total stress (rv), and

minor (rh) and major horizontal total stresses (rH) employed [11]

Fig. 3 Evolution of thermal load from a waste package [11]
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claystone. While a tensorial Biot coefficient would be more

appropriate for representing directional dependencies, this

feature is not yet supported in all modeling codes used in

the benchmark. For consistency and comparability, an

Table 1 Boundary conditions at the borehole wall

Phase Mechanical Hydraulic Thermal

Excavation

(1 day)

Stress reduction to 0% of the initial

in situ stress

Pore water pressure reduced linearly to

patm (0.1MPa)

No flow

Waiting

(2 years)

Linear stress increase from 0 to

3 MPa

No flow No flow

Heating

(1000 years)

Constant stress of 3 MPa No flow Thermal flow based on applied power

prediction (Fig. 3)

Table 2 Thermo-poro-elastic and hydraulic properties of the COx formation (Part 1) [11]

Parameters Units Subunit Value

Porosity, n �� USC 0.15

UT, UA 0.18

Bulk density, q kg m�3 USC 2480

UT, UA 2386

Young’s modulus normal

to bedding, E?

GPa USC 12.8

UT 8.5

UA2-UA3 7

UA1 10

Young’s modulus parallel to bedding, Ek GPa UA & UT 1:5 � E?

Isotropic Poisson’s ratio, m – USC 0.3

Anisotropic Poisson’s ratios �� UT, UA mkk = 0.2

m?k = 0.3

mk? = 0.45

Table 3 Thermo-poro-elastic and hydraulic properties of the COx formation (Part 2) [11]

Parameters Units Subunit Value

Shear modulus

normal to bedding, G?k

GPa UT 3.8

UA2-UA3 3.1

UA1 4.4

Linear thermal expansion coefficient, aS K�1 USC, UT, UA 1:28 � 10�5

Thermal conductivity

normal to bedding, k?

W m�1 K�1 USC 1.8

UT 1.4

UA2-UA3 1.25

UA1 1.6

Thermal conductivity

parallel to bedding, kk

W m�1 K�1 USC 1.8

UT, UA 1:5 � k?

Specific heat, cS J kg�1 K�1 USC, UT, UA 790

Intrinsic permeability parallel to bedding, kk m2 USC, UT, UA 3:9 � 10�20

Intrinsic permeability normal to bedding, k? m2 USC, UT, UA 1:3 � 10�20

Biot coefficient, b �� UA & UT, USC 0.8
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isotropic Biot coefficient was therefore applied uniformly

across all simulations. The implications of this simplifica-

tion should be considered in future work as code capabil-

ities evolve.

Finally, it is important to mention that assuming an

elastic behavior for the host rock represents a significant

simplification, since these indurated clayey materials

exhibit other behavioral features such as plastic deforma-

tions, rate dependence, and creep, as well as a quasi-brittle

response with significant softening after peak strength

under low and moderate confining pressures [27]. As a

result, these materials are particularly challenging from a

modeling point of view. Nevertheless, the main objective

of this work is to highlight the importance of THM cou-

pling for integrity assessments of repositories in indurated

clay formations, particularly in the far field, as well as to

demonstrate the robustness of the numerical tools

employed by leading research institutions in the field.

Therefore, using an elastic constitutive description is con-

sidered reasonable.

However, an additional analysis is presented in Sect. 5,

where a more detailed constitutive description [27] was

adopted, including time-dependent deformations and the

dependence of mechanical properties on temperature, to

assess the effect of inelastic processes in the COx

formation.

The coefficient of volumetric thermal expansion for

water is assumed to vary with temperature, as described by

the polynomial in Eq. 1 [24], with the resulting tempera-

ture variation shown in Fig. 4.

aw � 10�4 ¼
�
4 � 10�6ÞT3

� ð0:001ÞT2 þ ð0:1404ÞT � 0:3795
ð1Þ

where aw is the coefficient of volumetric thermal expan-

sion for water in �C-1.

Similarly, the temperature dependence of water viscos-

ity is also considered. The following relationship, put for-

ward by [37], is assumed in this benchmark:

l ¼ l0 e
Aþ B

CþT ð2Þ

where l0 is a coefficient with units of viscosity (mPa � s),

A ¼ �3:719 (unitless), B ¼ 578:919 �C,

C ¼ �137:546 �C, and T is the temperature in �C. This

relationship is displayed graphically in Fig. 4.

Six distinguished modeling teams from various Euro-

pean institutions participated in this benchmark exercise.

The participants included ANDRA, Bundesgesellschaft für

Endlagerung mbH (BGE), Électricité de France SA (EDF),

the Lithuanian Energy Institute (LEI), the University of

Liège (ULiege), and the Polytechnic University of Cat-

alonia (UPC). The numerical codes employed by each team

are presented in Table 6. The results are expected to be

evaluated in terms of effective stresses, temperature, and

pore water pressure at specific points around the borehole

and at the far boundary, see Table 7.

Table 4 Thermo-poro-elastic and hydraulic properties of the Kimmeridgian, Oxfordian carbonate, and Dogger formations [11]

Parameters Units Kimm. Oxfordian Dogger

Porosity, n – 0.13 0.13 0.10

Bulk density, q kg m�3 2450 2470 2470

Young’s modulus, E GPa 3.6 30 30

Poisson’s ratio m �� 0.3 0.3 0.3

Linear therm. expansion coef., aS K�1 2:2 � 10�5 4:5 � 10�6 4:5 � 10�6

Therm. cond., k W m�1 K�1 k? ¼ 1:1 kk ¼ 1:4k? 2.3 2.3

Specific heat, cS J kg�1 K�1 1024 925 925

Int. permeability, k m2 10�19 10�16 10�18

Biot coefficient, b – 0.6 0.75 0.6

Table 5 Water and air physical properties

Parameter: water (w) and air (a) Units Values

Density qw kg m�3 1000

Compressibility at 40�, bw Pa�1 4:5 � 10�10

Thermal conductivity, kw W m�1 K�1 0.528

Specific heat, cw J kg�1 K�1 4180

Density, qa kg m�3 1.205

Dynamic viscosity, la Pa.s 1:80 � 10�5

Thermal conductivity, ka W/m/K 0.025

Specific heat, ca J/kg/K 1000
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3 Numerical model

3.1 Governing equations

The THM formulations employed in the various compu-

tational codes are grounded in the theory of porous media.

The medium under consideration is conceptualized as a

volumetric mixture composed of a homogeneous solid

matrix interspersed with pores. The prevailing assumption

is that these pores are filled by two phases, typically a

liquid and a gas phase. In the context of fully saturated

media, only the liquid phase is accounted for. The classical

model for such a saturated porous medium, as elaborated

by [36], constitutes the foundation upon which the gov-

erning equations are constructed. Different versions have

been systematically compared in [34]. The balance equa-

tions encompass the energy, mass, and momentum of the

system, each described briefly below.

The energy balance is governed by an advection–dif-

fusion equation that accounts for heat advected by fluid

movement as well as conductive heat transfer through all

phases:

qCp

� �effoT

ot
þ qFRCpFrT � ~wFS � div keffrT

� �
¼ QT

ð3Þ

where ðqCpÞeff
is the effective volumetric heat capacity of

the porous medium, qFR is the density of the fluid phase,

CpF is the specific heat capacity of the fluid, ~wFS is the

fluid filter velocity relative to the solid, keff is the effective

thermal conductivity of the porous medium, QT is the heat

source term, and rT is the temperature gradient.

The water mass balance, incorporating fluid and solid

compressibility and the poroelastic response of the matrix,

is given by:

/FbpF þ
aB � /F
KSR

� �
op

ot
� /FbTF þ ð1 � /FÞaTS : I
� � oT

ot

þ aBdiv _uþ div ~wFS ¼ QH

ð4Þ

where p is the fluid pressure ðPaÞ, /F is the porosity, bpF is

the fluid compressibility under pressure, aB is the Biot

coefficient, KSR is the bulk modulus of the solid phase, bTF

is the fluid compressibility under temperature, aTS is the

thermal expansion tensor of the solid, _u is the solid matrix

Fig. 4 Water viscosity and volumetric thermal expansion coefficient as functions of temperature

Table 6 Involved modeling teams and their respective codes

Organization Country Numerical code

ANDRA France COMSOL

BGE Germany OpenGeoSys

EDF France Code_Aster

LEI Lithuania COMSOL

ULiege Belgium LAGAMINE

UPC Spain Code_Bright

Table 7 Coordinates of observation points in meter

Points Coordinates Points Coordinates

P1 (0.5, - 480.0) P4 (5.0, - 480.0)

P2 (1.0, - 480.0) P5 (10.0, - 480.0)

P3 (2.0, - 480.0) P6 (25.0, - 480.0)
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velocity, QH is the fluid source/sink term, and div repre-

sents the divergence operator.

The mechanical balance equation, describing the con-

servation of linear momentum in the porous medium, is:

div rE
S � aBpI

� 	
þ qeffg ¼ 0 ð5Þ

where rE
S is the effective stress tensor for the solid matrix,

qeff is the effective density of the porous medium, g is the

gravitational acceleration, and 0 is the zero vector. The

effective stress tensor is defined as:

rE
S ¼ C : e� evp � aTSDT

� �
ð6Þ

where C is the elastic stiffness tensor, e is the total strain

tensor, evp is the viscoplastic strain tensor, aTS is the

thermal expansion tensor of the solid, and DT is the tem-

perature change.

The effective properties of the porous medium are

defined as:

ðqCpÞeff ¼ ð1 � /FÞqSRCpS þ /FqFRCpF ð7Þ

keff ¼ ð1 � /FÞkSR þ /FkFR ð8Þ

~wFS ¼ /FwFS ¼ /FðvF � vSÞ

¼ krel

ki
lFR

ð�rpþ qFRgÞ
ð9Þ

where qSR, CpS, and kSR are the density, heat capacity,

and thermal conductivity of the solid phase, respectively,

kFR is the thermal conductivity of the fluid, krel is the

relative permeability, ki is the intrinsic permeability of the

porous medium, lFR is the dynamic viscosity of the fluid,

and vF and vS are the velocities of the fluid and solid,

respectively.

The balance equations presented above were derived

from the hybrid method combining mixture theory and

homogenization to address thermo-hydro-mechanical

(THM) problems put forward by [36] and used in ther-

modynamically consistent continuum theories of porous

media [6, 45]. These works form the basis for THM

implementations in OpenGeoSys [25] and Code_Bright

[30]. The approach proposed by [10], rooted in thermo-

dynamic theory, has been implemented in the computa-

tional codes LAGAMINE [14] and Code_Aster [12]. [14]

reviewed alternative methods for deriving balance equa-

tions, including mixture theory, where phases are treated as

continuous media occupying the entire space, with prop-

erties determined by their interactions [6]. This approach is

foundational for COMSOL Multiphysics [9], which

employs a mixture theory framework for modeling multi-

phase coupled processes. Another method uses homoge-

nization on local volumes, treating the system as inter-

penetrating continua, with phase-specific balance equations

averaged to derive macroscopic equations [19–21]. This

approach was foundational for Code_Bright [30]. In the

past, these various theoretical approaches helped to form a

coherent picture of porous media physics on the continuum

and pore scale. Despite their emphasis on different aspects

of the underlying theory, they lead to very similar model

formulations in the present context.

The specific implementations of the codes used for this

benchmark (see Table 6) were thoroughly discussed and

compared in detail in the first benchmark study to this work

by [40].

3.2 Main features of the analyzes

In accordance with the benchmark specifications, the

modeling teams developed different numerical models.

They consist of a two-dimensional plane strain domain,

where only one cell is modeled, and the interaction

between cells is provided by the symmetry conditions. The

models assume a domain extending from 0 to 1000 m

depth, which encompasses geological layers such as Kim-

meridgian, Oxfordian, USC, UT, UA (subdivided into three

sublayers UA1, UA2 and UA3), and Dogger. The param-

eters characterizing these formations are already presented

in Tables 2, 3 and 4. As previously mentioned, all forma-

tions except the COx claystone are characterized by an

isotropic elastic model, whereas a transversely isotropic

elastic model is employed for the COx materials. One

refers to [40] for a description of isotropic and transversely

isotropic elasticity.

Due to symmetry, all models consider only half of the

domain, extending to the midpoint between two cells,

which also represents a line of symmetry. The model by

BGE features 59700 quadrilateral elements with quadratic

shape functions for the displacement, ensuring a detailed

and accurate representation of the geological strata. A

mesh of 13310 nodes and 12863 quadrilateral elements

was adopted by UPC, with smaller elements near the gal-

lery. The mesh developed by EDF for the far-field bench-

mark consists of a total of 27194 elements with a triangular

mesh in the COx and a quadrangular mesh elsewhere. LEI

discretized the domain into 2696 triangular and quadran-

gular quadratic mesh elements. The COx layer was meshed

with triangular elements, whereas the other layers consist

of quadrilateral elements. The model by ANDRA consists

of 5228 elements. The mesh created by ULG uses

quadrilateral elements (MWAT) with 8 nodes [8]. The total

number of elements in this mesh is 4575. Figure 5 shows

an example of mesh used for the present study developed

by UPC.

The lithological profile for COx along with the initial

temperature, pore water, and stress distribution along the

Y-axis was implemented based on the provided field data
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(see Fig. 2). The initial conditions consider the concept of

effective stress from Biot. The majority of codes work with

the total stresses so that the Biot effective stresses are

processed in the codes directly. For OpenGeoSys, the

effective stresses were specified as input and were first

computed taking into account the Biot coefficient in each

geological layer and the overpressure observed in the COx

layer. In this context, a Python routine was developed to

facilitate the initialization of stresses and pore pressure in

the model.

Adiabatic and no-flow boundary conditions are assumed

at the left, right, and bottom boundaries of the model, with

normal displacements fixed. These conditions imply a

conservative assessment of THM effects. In the cell, ther-

mal, hydraulic, and mechanical loads are applied as func-

tions of time. The stress at the tunnel boundary is

completely deconfined within 24 h, followed by an iso-

tropic pressure build-up to 3 MPa, simulating the swelling

pressure of bentonite in the annulus between the liner and

the surrounding rock. This pressure is maintained for up to

1000 a. The mechanical boundary conditions were mim-

icked using the stress reduction method as shown in Fig. 6

along with the flow conditions. The draining boundary

condition was changed to a non-flow boundary condition

for pore water pressure after the excavation phase. The

heating phase was represented by the prescribed heat flux

of two different thermal loads dependent on time (in

W m�1) over the tunnel boundary starting after the waiting

phase.

4 Benchmark results

In the following, we present the simulation results of the

proposed THM benchmark. Because the results of the two

scenarios are similar, only one scenario is discussed in this

section. In the next section, we will discuss a comparison

of the effect of the different thermal loads applied resulting

from scenarios 1 and 2.

The benchmark results will be discussed for three of the

six specified points. The observation point P2 located at

one diameter (that is, 1 m) from the wall of the gallery

Fig. 5 Example of numerical model for the far-field case developed by UPC [11]

Fig. 6 Implementation of time varying boundary conditions at the

borehole wall during excavation, waiting, and heating phase (mod-

ified after [11])
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gives information about the kinetics of the THM process

near the cell. The second point of interest is P4, which is

located 5 diameters from the gallery and helps to under-

stand the evolution of THM deeper in the rock where the

rock is expected to be intact. The last point of analysis is P6

located in the middle of two adjacent cells. At this location,

the superposition of the THM effects coming from the two

cells is maximum.

The benchmark results are presented for scenario 1 in

Fig. 7. The temperature evolution is shown on the top left.

The evolution of the pore pressure is shown in the upper

right. The evolution of effective stresses are presented in

the bottom part of the figure with vertical stresses on the

left and horizontal stresses on the right. The results for the

observation points computed by different teams are

depicted such that colors indicate the teams and line styles

the points.

Temperature evolution: In the context of THM simu-

lation in non-swelling clays under full saturation, the

temperature evolution is not affected by the hydraulic and

mechanical response of the rock. Thus, the temperature

evolution is only a function of the assumed thermal

parameters for specific geological layers [32]. Starting

from the natural and undisturbed geothermal rock

Fig. 7 Benchmark results for scenario 1 at observation points P2, P4, and P6
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temperature, a sharp increase in temperature is observed at

all points. The temperature increase is delayed by the

distance to the cell wall. Global temperature maxima of

about 62, 48, and 44 �C are estimated for the points P2, P4,

and P6. The exact timing of this peak varies among the

different points, but all models show a peak within the

range of 10 to 20 years, aligning with the results of

[1, 5, 32]. These peaks are due to the thermal output

assumed for Scenario 1, which acts as a localized heat

source. This indicates that the maximum thermal influence

is located near the wall of the gallery. In reverse, it can be

stated that the impact of the waste’s thermal output

diminishes with distance from the cell. A second peak of

minor amplitude (local maximum) can be observed at all

curves in an advanced time around 275 years for the three

observation points that results from the superposition of the

thermal heat coming from the adjacent cells. This effect is

specifically considered when assuming symmetric bound-

ary conditions. After reaching the first peak, the tempera-

ture begins to decrease as the thermal output of the waste

packages diminishes over time. At the end of the simula-

tion, all temperature curves are converging toward a lower

stable value of approximately 45 to 40�C after 1000 years.

The results are consistent among all the teams. The

maximum temperatures and the rate of decline vary among

the models, which may be attributed to differences in the

mesh used by different teams, as the assumed thermal

conductivity and heat capacity values of the rock in each

simulation were given and the advection contributions are

small. BGE results tend to be higher at all points, as LEI

computed the lowest temperature. The range of results is in

the range of less than 2 K. The general agreement between

the peak temperatures in the simulations suggests that all

models capture the essential physics of the heat conduction

process in the saturated rock.

Pore pressure evolution: The results of the evolution of

the porous pressure show an initial rise at P2 followed by a

subsequent decline to the initial hydrostatic level around

the first day of simulation. The increase in pore pressure is

the result of ‘‘anisotropic deconfinement’’ occurring in the

rock during excavation [26]. During excavation, horizontal

stresses decrease and vertical stresses increase in the hor-

izontal direction near the wall of the gallery, as can be

observed in the corresponding graphs of effective vertical

and horizontal stress on the left and right bottom of Fig. 7.

This results in a volume reduction (compaction) at the

sidewall, especially in anisotropic materials with higher

stiffness in the horizontal bedding plane, as is the case for

COx. In low-permeability media, where pore water is

almost trapped in the pores, this compaction leads to an

increase in pore pressure. This effect occurs near the cell

wall because it cannot be observed deeper in the rock, for

example, at P4. Although the findings related to the vertical

direction are not included in this study, it is crucial to

highlight that anisotropic deconfinement in the crown

region results in expansion, which subsequently causes a

reduction in pore pressure there. The subsequent decline is

due to the applied stress increase at the borehole. This

results in an increase in radial stresses that helps to mitigate

the effect of anisotropic deconfinement.

In time, a sharp increase in pore pressure is observed at

all points. The increase is delayed for points P4 and P6

located deeper in the rock. This pressure increase is the

result of thermal pressurization, which correlates with the

thermal field generated by the applied heat load. A first

peak in pore pressure is observed in P2 and P4 near the

gallery at two to three years, while the pore pressure still

increases at P6. This indicates that the pore pressure builds

up from the cell toward the domain limit, ultimately

reaching the right-symmetry boundary of the model. The

pore pressure decline following the peak clearly distin-

guishes the subsequent rise which is due to another

mechanism.

In subsequent evolution, a second peak is observed at all

points, which is even higher than the first one. This is due

to the no-flow condition at the model boundary reflecting

the effect of adjacent cells. The maximum pore pressure

develops at P6 between two cells, indicating that this

region is most affected by thermal pressurization due to

superposition of pore pressure evolution coming from

adjacent cells. The maximum pressure value observed at P6

is also almost reached at points P2 and P4, evidencing a

convergence of pore pressure toward the same value and

reflecting a homogenization of pore pressure at the repos-

itory level due to the superposition effect. With time and

following the decrease in temperature, a decrease in the

pore pressure is observed at all points after the second

peak. The behavior of pore pressures at larger timescales,

beyond the scope of the study, is not depicted on the graph.

However, one can expect a long-term equilibration of pore

pressures toward the initial conditions when the tempera-

ture increase eventually vanishes and excess pressures

dissipate.

In general, the results obtained by all teams are satis-

factory. The variability among the different models is

naturally expected due to the discrepancies observed

among the temperature results of the different teams. The

agreement of the pore pressure peaks with the expected

behavior from the study provides validation for the teams’

ability to simulate the complex interactions of thermal and

hydraulic processes within the geological formation.

Effective stress evolution: The effective stress com-

ponents were evaluated following the Terzaghi effective

stress framework. As already mentioned, the effective

horizontal stress decreases and the vertical one increases

near the gallery at P2 during excavation. In the waiting
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phase, the applied swelling pressure affects in particular the

vertical stress that recovers, whereas the horizontal stress

remains almost unaffected at P2. In the meantime, there is

no mechanical response deeper in the rock at P4 and P6 due

to excavation and subsequent application of swelling

pressure.

In the heating phase, the effective stress components

follow the kinetics of the pore pressure evolution marked

by a double peak owing to thermal pressurization near the

cell and the superposition effect from the combination of

THM effects of adjacent cells. The effective horizontal

stress in the far field at P4 and P6 is not significantly

affected by the thermal and hydraulic processes that occur

in the near field of the cell due to the applied heat. The

amplitude of stress change due to thermal and hydraulic

loading is limited to 1 to 2 MPa. This slight variation over

time, as seen in the effective horizontal stress graph, could

be attributed to the volumetric expansion of the rock mass

caused by the increase in temperature and pore pressure.

However, according to [32], since this expansion is hori-

zontally restricted, the increase in effective stress due to

excess pressure of the pore water is minimal.

The effective vertical stress, as depicted in the effective

vertical stress graph, gradually decreases from its initial

quasi-isotropic condition. This decrease follows the rise in

the temperature-induced pore pressure. Consistent stress

reduction indicates a relaxation of vertical stress, which

can be associated with thermal expansion and increased

pore pressure, which reduces the effective stress. The

observed relaxation of stress at all points, which is on the

order of a few MPa, aligns with the findings of other

studies such as those of [7, 32, 39]. Higher temperatures,

and consequently higher pore pressures, would result in

even lower values of vertical effective stress. As also

pointed out by [32], if the effective vertical stress com-

ponent decreases below the tensile strength of the rock, it

could potentially lead to damage or the creation of frac-

tures. This stress evolution is therefore critical for the

design of the repository layout to avoid tensile failure.

However, a stress recovery is observed when the temper-

ature and pore pressure start to decrease near the end of the

simulation. The full recovery can be expected as soon as

the temperature increases and the excess pore water pres-

sure vanishes.

The results obtained by all teams are generally consis-

tent. At P2, a higher variability is observed for the two

effective stress components. This was already discussed in

the first part of this study in [40] and can be explained by

the different meshes employed by the modeling teams

coupled with higher gradients at the cell wall making the

stress interpolation to the specified points cumbersome.

This discrepancy vanishes deeper in the rock when the

gradients decrease. The remaining discrepancies at P4 and

P6 can be explained by the type of mesh (triangular or

quadrilateral) and the interpolation functions (linear or

quadratic) used by different teams. This was extensively

discussed in [40].

5 Discussion

The results obtained show that the effective vertical stress

decreases over time, and the effective horizontal stress

remains relatively constant. Lower values of the effective

vertical stress component could indicate areas where ten-

sile failure is a risk. Interestingly, the rock region affected

by this phenomenon is located deeper in the rock in the

middle between adjacent cells but not near the cell where

the temperature increase is maximum. As already men-

tioned, the higher the temperature, the more significant is

this effect. In order to estimate the stress relaxation due to

the higher thermal load, the comparison of results for the

two thermal load scenarios is discussed in this section. In

addition, the evaluation of the findings obtained in this

benchmark will be verified in a subsequent analysis in

which elastoplastic models are used for the formation of

COx.

5.1 Comparison between scenario 1 and 2
(variation of the heat load)

The results obtained by all teams for the two scenarios

considering an initial thermal load of 139 W m�1 and a

higher initial thermal load of 242 W m�1 are evaluated in

Fig. 8 for the observation point P6. The region surrounding

this point has been identified in the previous section as the

most at risk with regard to tensile damage induced by

thermal fluid pressurization. In the figure, Scenarios 1 and

2 are denoted by heat loads 1 and 2, respectively.

At this point, the temperature is higher for heat load 2 as

expected. The maximum temperature increases from 45�C

to more than 50�C when the thermal load is increased. For

this scenario, the first temperature peak resulting from the

heat propagation resulting from the applied thermal load on

the cell wall is higher than the second peak resulting from

thermal superposition. This means that the energy input is

too high to be dissipated in the rock as in scenario 1 under

the same thermal properties, thus leading to a heat accu-

mulation in the formation. Interestingly, the relatively

small temperature difference of more than 5 K leads to an

additional increase in the pore pressure of up to 4 MPa.

This indicates that the induced effect of heat on the evo-

lution of the pore pressure is overproportional. The

resulting relaxation of the effective vertical stress is also

equal to 4 MPa according to the concept of effective
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Terzaghi stress. In particular, effective tensile stress states

have now been reached. The effective horizontal stress

component increases in the meanwhile by 1 MPa and is

therefore less affected by the effect of overpressurization in

formation due to the deformation constraint and remains

more affected by thermal strains.

In summary, the results for scenario 2 for all variables

show that the rock mass experiences higher temperatures,

leading to overproportionally higher pore pressures and

substantial stress changes, which are crucial factors to

consider in the design and safety assessment of the deep

geological repository.

5.2 THM evolution of the repository system

The results presented so far give an insight into the evo-

lution of THM in a horizontal direction at the disposal

level. To understand the evolution of THM in the whole

formation, we processed the temperature, pore pressure,

and stress evolution along the depth of the formation. The

results of this analysis are presented in Fig. 9. Each graph

shows a series of isochrones, which are curves that repre-

sent the same time points in the evolution of the system.

The time points 0, 2, 50, 100, 500, and 1000 years were

selected for this evaluation.

The analysis is based on the initial prescribed condi-

tions, where the pressure of the pore water is set to

0.1 MPa at the surface and 8.9 MPa at a depth of 1000 m.

Fig. 8 Benchmark results for scenarios 1 and 2 at observation point P6
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The excess pore pressure induced by temperature is pri-

marily concentrated within the COx layer, highlighting its

sensitivity to thermal impacts. This response indicates that

the COx layer undergoes significant pressure variations as a

result of its low permeability and the thermal pressurization

effect.

The Oxfordian layer, located above COx, exhibits more

prominent variations in the pressure of the pore water

caused by temperature due to its higher intrinsic perme-

ability (10�16 m2). This permeability allows for greater

fluid movement and redistribution of pressure, contrasting

with the behavior of the less permeable COx layer.

The Dogger layer, situated below the COx, also expe-

riences thermal and hydraulic effects similar to those

observed in the Oxfordian layer, albeit with reduced

intensity due to a relatively smaller permeability compared

to the Oxfordian layer. However, the fixed pressure

boundary condition of 8.9 MPa at a depth of 1000 m

influences the pore pressure results in this layer. Without

this constraint, the pore pressure profiles in the Dogger

would likely resemble those observed in the Oxfordian

layer, reflecting a more uniform response to thermal and

hydraulic loading.

The temperature profile shows a constant surface tem-

perature of 10�C and a geothermal gradient that reaches

35�C at depth, as prescribed by the benchmark. During the

heating phase, temperature changes are most pronounced in

the COx layer and its adjacent layers (the Oxfordian above

and the Dogger below). The significant temperature

increases within the COx layer reflect the thermal loading

from the repository, and adjacent layers are also affected to

a lesser extent according to their distance to the heat

sources and their respective permeability values.

The effective vertical Biot stress reflects the results of

the evolution of the pore pressure in the formation. The

stress profiles show a redistribution of stresses across the

layers, with the most pronounced effects occurring in the

COx layer. Stress relaxation is evident in this layer because

of its low permeability and response to thermal pressur-

ization. In the Dogger and Oxfordian layers, the stress

redistribution is more gradual, reflecting their higher per-

meability and better hydraulic connectivity, which allows

for more efficient stress dissipation.

This analysis underscores the critical role of the COx

layer in the coupled thermal, hydraulic, and mechanical

(THM) responses, driven by its low permeability and its

central location within the geology in between two layers

with higher permeability properties. The results also

highlight that the maximum impact of THM on formation

occurs during the early phase of repository evolution. As

shown in the figure, the peak increase in pore pressure is

observed at approximately 50 years, followed by a

noticeable decreasing trend by 100 years, indicating the

gradual dissipation of thermal and hydraulic effects over

time.

5.3 Effect of plasticity on THM evolution

To investigate the mechanical damage to the COx forma-

tion caused by the thermal, hydraulic, and mechanical

(THM) coupled evolution of the repository system, an

additional analysis was performed using the model

described in [27]. The model considers several behavioral

features that are relevant for the satisfactory description of

the COx behavior, such as strain hardening and softening,

stiffness and strength anisotropy, rate dependence, and

creep deformations. The model has been recently extended

Fig. 9 Isochrones of temperature, pore pressure, and effective stress at 25 m (25D) along the depth for scenario 2 with initial thermal load of

242 W m�1
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to account for thermal effects, particularly the reduction of

strength parameters with increased temperature. A detailed

description of the model is out of the scope of this work

and can be consulted elsewhere [26, 27]. The parameters

used in this simulation are summarized in Table 8. They

were derived through the THM simulation of a number of

temperature-controlled triaxial tests in COx samples, as

described in [11].

To better capture the effects of plasticity, a finer mesh

consisting of 62000 linear quadrilateral elements was used

in the analysis. The simulation was performed using

OpenGeoSys for heat scenario 2 with shorter cooling time

and higher thermal load of 242 W m�1. The initial and

boundary conditions adopted for the elastic benchmark

case were also applied in this analysis, as described in

Table 1.

The primary objective of this study is to determine the

extent to which plastic damage propagates over time within

the COx formation as a result of THM impacts. Further-

more, the study aims to evaluate whether elastically-based

THM integrity assessments of repositories in clay forma-

tions are sufficient to reliably demonstrate their long-term

safety.

The results of this analysis are presented in Fig. 10. The

figure presents the spatiotemporal evolution of plastic

strain, pore pressure, and temperature over a 1000-year

timescale. Snapshots are shown at specific time intervals

(t ¼ 0, 10, 20, 100, and 1000 years) to illustrate the pro-

gression of the THM processes.

The temperature field (top row) shows the thermal

propagation of the disposal cell. At early times (t ¼ 10 and

t ¼ 20 years), a steep temperature gradient develops near

the heat source in an elliptical pattern as a result of the

anisotropic thermal properties of the COx layer. Over time,

heat dissipates radially outward, and by t ¼ 1000 years, the

thermal profile becomes more uniform, indicating the

attenuation of thermal effects in the long term.

The pore pressure (middle row) contours illustrate the

evolution of thermal pressurization effects over time, as

well as their eventual dissipation. After excavation, the

pressure distribution is influenced by the anisotropic

deconfinement of the rock, resulting in a zone of high pore

pressure in the horizontal direction near the gallery wall,

while a zone of low pore pressure is observed in the ver-

tical direction. By t ¼ 10 and t ¼ 20 years, a significant

pore pressure build-up is observed. The high pore pressure

propagates through the formation in an elliptical pattern,

driven by the anisotropy in the thermal and hydraulic

properties of the COx. By t ¼ 20 years, this propagation

results in pore pressures of at least 6 MPa across the entire

disposal domain.

This homogenization of pore pressure was already

observed in the elastic benchmark, as shown in Fig. 7 and

Fig. 8, where the pore pressure at all observation points

tended toward similar values over time. At later stages

(t ¼ 100 and t ¼ 1000 years), the pressure gradients

gradually dissipate, reflecting the long-term equilibration

of hydraulic responses throughout the domain. However, at

Table 8 Parameters adopted for the constitutive model

Parameter Value Units

(Transversely isotropy)

Young’s modulus, Ek 2500 MPa

Young’s modulus, E? 1250 MPa

Poisson’s ratio, mk k 0.25 -

Poisson’s ratio, m? k 0.30 -

Shear modulus, G? 628.2 MPa

Strength

Initial friction angle, /�
ini 10 �

Peak friction angle, /�
peak 30 �

Residual friction angle, /�
res 16 �

Initial cohesion, c�0 peak 3 MPa

Initial tensile strength, pt0 peak 1 MPa

Post-rupture ratio, rpost 0.01 –

Hardening parameter, v 0.003 –

Hardening parameter, ahard 0.001 –

Softening parameter, bpost 200 –

Softening parameter, bres 2 –

Plastic potential

Non-associativity constant, x 0.05 –

Viscoplasticity

Order of Perzyna’s formulation, N 2 –

Viscosity parameter, g 10 day

Strength anisotropy

Strength anisotropy parameter, X90 1.3 –

Strength anisotropy parameter, Xm 0.819 –

Strength anisotropy parameter, dm 49.7 �
Strength anisotropy parameter, n 0.1 -

Creep

Parameter in the creep law, c 7.4e-7 MPa�1

day�1

Parameter in the creep law, l 0.3 –

Parameter in the creep law, m 50 –

Parameter in the creep law, �thr 5e-3 –

Temperature

Reference temperature, Tref 20 �C
Parameter for the evolution of strength with

temperature, l/

0.0 –

Parameter for the evolution of strength with

temperature, lcoh

0.35 –
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t ¼ 100 years, it is evident that the COx formation region

experiencing elevated pore pressure continues to expand

compared to t ¼ 20 years, before dissipation begins to

dominate.

Fig. 10 Spatiotemporal evolution of temperature, pore pressure, and plastic strain in the COx formation over 1000 years following excavation

and heating
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The equivalent plastic strain snapshots (bottom row)

indicate that there is no significant increase in plastic strain

over time as a result of temperature effects. After exca-

vation, the strain increment decreases slightly, while the

extent of the plastic zone remains unchanged. This

behavior is attributed to the elastoplastic model employed,

which also incorporates viscoplasticity. Over time, the

viscous effects diminish, leading to the observed reduction

in strain increment. The extent of the plastic deformation

highlights the zone of influence, where damage to the rock

is expected to occur. This zone, commonly referred to as

the excavation damaged zone (EDZ), remains largely

unchanged after the excavation was completed.

Similar conclusions have been reported by [23], using a

phase field modeling approach, and by [13], who applied a

comparable constitutive model within the Code_Bright

framework. Both studies found that the mechanical impact

of thermal loading is spatially limited and does not sig-

nificantly extend beyond the immediate vicinity of the

excavation. These findings reinforce the conclusion that

temperature increases have a minimal effect on the

development and propagation of the EDZ, suggesting that

thermal effects do not substantially contribute to additional

mechanical damage in the long term.

In general, the results of this study indicate that, for the

type of waste with similar decay heat assumed in this

analysis and a maximum repository temperature of 100 �C,

the extent of EDZ will not increase significantly due to

THM impacts in the rock. The EDZ remains confined to

the near field of the borehole, with its extent being less than

one borehole diameter. These findings suggest that the

integrity of deep geological repositories for temperature

range below 100 �C can be effectively assessed using a

thermo-poro-elastic approach, which is computationally

several orders of magnitude more efficient. In addition, this

approach allows for the integrity assessment of complex

geological repository systems in three dimensions over

extended periods of time.

6 Conclusions

The benchmarking exercise provided deep insight into the

THM behavior of argillaceous formations as potential hosts

for radioactive waste repositories. The collaborative effort

of various European modeling teams offered a robust

verification of the numerical tools used to simulate the

THM processes that occur in clay-based repositories for

radioactive waste. The results confirmed that argillaceous

formations exhibit significant changes in temperature, pore

pressure, and stress in response to the disposal of heat-

generating radioactive waste. Temperature increases led to

notable thermal pressurization effects, especially in the

COx layer, indicating the potential for stress relaxation and

changes in rock integrity over time. All models showed

consistency in capturing the essential physics of heat

conduction, pore water pressurization in low-permeability

media, and the accompanying effective stress changes. A

notable feature of the models was the use of inhomoge-

neous initial conditions, a mix of isotropic and anisotropic

media, and intrinsically compressible solid phases (b\1).

The use of an elasto-viscoplastic model in analyzing the

THM response of the COx has shown that the Excavation

Damaged Zone (EDZ) remained localized and stable,

highlighting the limited effect of thermal loading on its

evolution. Additionally, viscous effects contribute to the

gradual relaxation of stress gradients and the dissipation of

thermally induced overpressures. This finding supports the

feasibility of repository designs that rely on the thermo-

poro-elastic framework for assessing long-term safety,

offering computationally efficient, yet, reliable solutions.

In general, the study underscores the importance of vali-

dated and sophisticated modeling approaches in the design

and evaluation of geological repositories safety, to ensure

long-term containment and isolation of radioactive waste.

The research sets a precedent for international collabora-

tion in the promotion of nuclear waste management

strategies, contributing valuable information to the global

effort to ensure the safe and sustainable disposal of

radioactive materials.
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