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Abstract Coupled thermal–hydrological–mechanical (THM)

processes in the near field of deep geological repositories can

influence several safety features of the engineered and geo-

logical barriers. Among those features are: the possibility of

damage in the host rock, the time for re-saturation of the

bentonite, and the perturbations in the hydraulic regime in

both the rock and engineered seals. Within the international

cooperative code-validation project DECOVALEX-2015,

eight research teams developed models to simulate an in situ

heater experiment, called HE-D, in Opalinus Clay at the Mont

Terri Underground Research Laboratory in Switzerland. The

models were developed from the theory of poroelasticity in

order to simulate the coupled THM processes that prevailed

during the experiment and thereby to characterize the in situ

THM properties of Opalinus Clay. The modelling results for the

evolution of temperature, pore water pressure, and deformation

at different points are consistent among the research teams and

compare favourably with the experimental data in terms of

trends and absolute values. The models were able to reproduce

the main physical processes of the experiment. In particular,

most teams simulated temperature and thermally induced pore

water pressure well, including spatial variations caused by

inherent anisotropy due to bedding.

keywords Geological disposal � Argillacceous

sedimentary rock � Coupled THM processes � Anisotropy

Introduction

Geological disposal is currently considered as the most viable

method for the long-term management of heat-emitting

radioactive waste. The method consists of emplacing the
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waste in geological formations with the provision of engi-

neered barriers. The geological formations together with the

engineered barriers provide a multi-barrier system for the

long-term containment and isolation of the waste. Many

multi-disciplinary, international collaborative research pro-

jects are being conducted to improve the understanding of the

long-term evolution and performance of this multi-barrier

system. The DECOVALEX project (www.decovalex.org)

that started in the early 1990s is such an initiative, focusing on

the development and validation of mathematical models in

order to simulate that evolution. The models being developed

make extensive use of experimental data from either labora-

tory experiments or large scale in situ experiments for their

verification, calibration and validation. The understanding of

the coupling between THM processes, and the ability to

quantify their interaction are crucial for the assessment of the

evolution of the geological and engineered barriers and how

this evolution would affect long-term safety. Under DECO-

VALEX, the strategy to further the above understanding is

through a joint effort between many different research teams

to develop models, compare the approaches and results, and

validate the models with experimental data.

The HE-D experiment at Mont Terri was modelled as

one part of Task B1 of the present phase of DECOVALEX

(DECOVALEX-2015). Task B1 was proposed in order to

investigate and further the understanding of the THM

response of argillaceous host rocks and of the bentonite

buffer induced by heating. The HE-D test is an in situ

thermal test in the Opalinus Clay host rock at the Mont

Terri Underground Rock Laboratory. The Opalinus Clay is

an argillaceous rock formation being considered as a can-

didate host rock for geological disposal in Switzerland. The

rock formation is inherently anisotropic, due to the pres-

ence of bedding planes. This inherent anisotropy is one of

the main challenges faced by the research teams in the

development of mathematical models to simulate the THM

processes that prevailed during the HE-D experiment.

The configuration and measurements of the HE-D test

are described in Wileveau and Rothfuchs (2007). Wileveau

and Rothfuchs (2007) also reported modelling exercises in

support of the ongoing test that helped to identify features

important to include in conceptual models and parameter-

ization, including heat loss and thermal properties. Hoxha

et al. (2006) found that the major factors affecting

hydromechanical response were the plastic dilatancy of the

rock near the heater and the change in water viscosity and

expansivity as temperatures evolved. They also suggested

that discrepancies of estimated and simulated pore water

pressure could be explained by increases in hydraulic

conductivity associated with damage due to strain. In

modelling the HE-D experiment, Gens et al. (2007) iden-

tified the relative importance of different coupling combi-

nations for THM processes. Comparing results from an

isotropic axisymmetric model and full 3D model with

anisotropy, Gens et al. (2007) also concluded that the dif-

ference in temperature calculated between the two models

was noticeable, especially at further distances from the

heaters.

The focus of this paper, the HE-D test, is the first of the

three steps that make up Task B1 of DECOVALEX-2015.

The first two steps are used to build knowledge needed for

modelling of the third step:

• Step 1a Modelling the HE-D experiment, to study THM

processes in Opalinus Clay.

• Step 1b Modelling the CIEMAT column cells to study

THM processes in the buffer materials.

• Step 2 Modelling the HE-E experiment to study THM

processes in both the Opalinus Clay and the buffer

materials.

The second and the third steps are described in com-

panion papers (Graupner et al. 2017; Garitte et al. 2017).

This paper, on HE-D heating test, describes the

approaches and mathematical models used by the research

teams, compares the modelling results between the

research teams and with the experimental data and dis-

cusses lessons learned with respect to our understanding of

coupled THM processes in sedimentary rocks such as the

Opalinus Clay and our ability to model them. Eight (8)

modelling teams were involved in Task B1. Table 1 shows

the colour code associated with each team, which will be

used later in this paper for the comparison of modelling

Table 1 Colour codes, computer codes and numerical methods used

by the teams in Task B1

Team &
colour code

Code Numerical method

BGR/UFZ OpenGeoSys FEM
CAS EPCA3D EPCA
LBNL/DOE TOUGH-FLAC IFD/FDM
ENSI OpenGeoSys FEM
CNSC/IRSN COMSOL FEM
JAEA THAMES FEM
KAERI FLAC FDM
CNWRA/NRC FLAC-xFlo FDM

UFZ, Helmholtz Centre for Environmental Research; BGR, Federal

Institute for Geosciences and Natural Resources; CAS, State Key

Laboratory of Geomechanics and Geotechnical Engineering, Institute

of Rock and Soil Mechanics, Chinese Academy of Sciences; LBNL,

Lawrence Berkeley National Laboratory; DOE, U.S. Department of

Energy; ENSI, Swiss Federal Nuclear Safety Inspectorate; CNSC,

Canadian Nuclear Safety Commission; IRSN, French Institute for

Radiological Protection and Nuclear Safety; JAEA, Japan Atomic

Energy Agency; KAERI, Korea Atomic Energy Research Institute;

CNWRA, SwRI Center for Nuclear Waste Regulatory Analyses; NRC,

Nuclear Regulatory Commission; FEM, Finite Element Method; IFD,

Integrated Finite Difference Method; FDM, Finite Difference Method;

EPCA, Elasto-Plastic Cellular Automaton Method
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results. Table 1 also shows the computer code(s) and

associated numerical method(s) used by each team.

The two in situ experiments providing the data used in

this task were performed at the Mont Terri Underground

Research Laboratory (URL) located in the Opalinus Clay

(www.mont-terri.ch). Figure 1 shows the geological profile

of the URL. Figure 2 shows the URL layout and the

location of the two in situ experiments. The Opalinus Clay

is stiff layered Mesozoic clay of marine origin. Its layered

structure results in cross-anisotropic properties, oriented

according to the sedimentation plane (bedding plane). In

the Mont Terri URL, the bedding plane strike is perpen-

dicular to the axis of the motorway tunnel. At the location

of the two in situ experiments (HE-D and HE-E), the

bedding dips at approximately 45�.

Description of the HE-D experiment

The HE-D experiment was run in 2004–2005 and included

340 days of heating. The modelling teams were provided

with a detailed description of the experimental set-up as

summarized here in order to develop their conceptual and

mathematical models. The set-up consists of a horizontal

30 cm diameter heating borehole and instrumentation

boreholes (Fig. 3). Two heating devices, each of 2 m

length, were installed in the boreholes. The temperature

field was measured in the heating borehole (around 16

temperature sensors) and in the rock mass (around 23

temperature sensors in the instrumentation boreholes). The

pore water pressure and strain response of the rock mass

Fig. 1 Geological profile of the

Mont Terri URL site

Fig. 2 Location of the two in situ experiments analysed in this work

in the Mont Terri URL (green circle HE-D, red circle HE-E)

Fig. 3 Plan view of the HE-D experiment, including the heating

borehole and the main instrumentation boreholes
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were monitored in the instrumentation boreholes, using 11

piezometers and 3 extensometers (containing around ten

strain measurement intervals each).

The layout of the heating borehole, including the asso-

ciated temperature sensors, is presented in Fig. 4. The

origin of the reference system is the mouth of the heating

borehole. In the HE-D experiment (Wileveau and Roth-

fuchs 2007), the x-axis is defined in a horizontal direction

perpendicular to the borehole and pointing away from the

MI niche. Therefore, the right-hand rule was not respected.

In this paper, we consider the x-axis to point towards the

MI niche (as indicated with the red arrows in Fig. 3), in

order to have a right-hand ruled reference system. Heater 1

was installed in the interval y = [8–10 m] and heater 2 in

the interval y = [10.8–12.8 m].

Approximately one month after installation and pres-

surization, the heaters were switched on with a total power

of 650 W (325 W per heater). The heaters were then left

under this constant power for 90 days. The power was then

increased to 1950 W (975 W per heater) and maintained at

that level for 248 days. At the end of this second heating

stage, the heaters were switched off (Fig. 5). Heater 2

became depressurized due to a leak of internal oil 109 days

after the start of heating (24-07-2004). This event did not

noticeably affect the development of the test. Wileveau and

Rothfuchs (2007) mentions that some power loss might

affect the applied power input given in Fig. 5 (right)

because of (1) electrical power loss through the different

system components, (2) heat dissipation through the main

borehole (especially through the metallic tubing), and (3)

the oil leakage event. Non-uniformity of the heat flux

applied to the rock was also considered a possibility.

All the instrumentation had been installed before the heating

started. The temperature was measured along two boreholes

(D1 and D2) drilled from the HE-D niche (Figs. 6, 7).

Figure 8 shows a cross-section of the heating borehole

and its surroundings, looking from the heater borehole

mouth towards the heaters, where the position of the pore

pressure sensors and associated temperature sensors has

been indicated, together with their longitudinal position.

The trace of the bedding plane has also been indicated on

this figure (bedding plane containing the heater axis makes

an angle of approximately 45� with the horizontal and

passes above the MI niche). Pore pressure measurements

by the sensors located below the main borehole were quite

successful. However, the probes located above the main

borehole showed a rather slow response attributed to dif-

ficulties encountered in deaeration of the sensor area.

Finally, sliding micrometer extensometers were installed

in two boreholes (D4 and D5, Fig. 9) to measure

Fig. 4 Layout of the heating borehole
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incremental deformations at 1 m intervals. Special care

was taken to ensure accuracy in the direction and length of

the instrumentation boreholes.

All instruments were in place before the drilling of the

main borehole containing the heaters. This allowed the

initial state and hydromechanical effects during excavation

to be recorded.

Model development

The modelling teams used the above geometric information

to build a conceptual model of the HE-D experiment. The

test history shown below was shared by the teams for

consistency purposes (considering 6/04/2004 as day 0):
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Fig. 5 Timeline of the HE-D experiment: excavation of the main borehole, pressurization and heating

Fig. 6 Location of temperature measurement sensors (borehole BHE-D1)
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• Day -29: Excavation: borehole diameter = 0.30 m.

• Day -28: Heaters emplaced and pressurized (1 MPa).

• Day 0: First heating phase: 325 W/heater.

• Day 91: Second heating phase: 975 W/heater.

• Day 339: Cooling phase begins.

• Day 518: End of test.

Conceptualization of THM processes in the HE-D

experiment

THM processes in the context of geological disposal were

discussed by Tsang (1987) who used an interaction dia-

gram similar to the one shown in Fig. 10 in order to discuss

the coupling of THM processes. Following that discussion,

the international DECOVALEX project was started in 1991

and has been continuing for many phases up to the present

one. Coupled THM models were developed, calibrated,

validated and improved throughout the different phases of

DECOVALEX.

The conceptualization of the HE-D experiment follows

many similar coupled processes shown in Fig. 10. The fun-

damental assumption is the idealization of Opalinus Clay as a

porous medium. Opalinus Clay at the Mont Terri URL is

essentially saturated with water in the pores although de-

saturation due to ventilation effects can occur around gal-

leries that have been left open for prolonged periods of time.

In the case of the HE-D experiment, the excavation of the

heating tunnel was performed in a period of approximately

7 days. Lining, tubing and pressurization followed

Fig. 7 Location of temperature measurement sensors (borehole BHE-D2)

Fig. 8 Location of temperature and pore water pressure sensors
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immediately after excavation (Fig. 5, left diagram). The

borehole was drilled with compressed air and the borehole

diameter is relatively small (30 cm), in order to minimize the

formation of microcracks along the walls. The heaters were

also installed in a rock mass sufficiently far from the existing

niche (Fig. 1), and the rock mass around the heaters is sat-

urated as evidenced by positive pore water pressure mea-

surements (Zhang et al. 2007). Due to the above

considerations, it could be assumed that during the HE-D

experiment the Opalinus Clay mass affected by heating

would be saturated. When heat is supplied to the Opalinus

Clay, the THM processes that take place can be conceptu-

alized as illustrated in Fig. 11. Focusing on a Representative

Elementary Volume (REV) that contains both the water and

solid phases, the following processes are assumed to occur:

• Near the heat source the temperature increases. The heat

dissipates away from the heat source by conduction in the

solid matrix, and by both conduction and convection in the

pore water. However, due to the very low permeability of

Fig. 9 Location of sliding

micrometer extensometers

(BHE-D5)
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the Opalinus Clay (in the range of 10-19–10-20 m2, see

Table 3), heat convection is negligible.

• The temperature increase causes thermal expansion of

both the solid matrix and the pore water. This expansion

is constrained by the existing in situ stress in the Opalinus

Clay formation; therefore, thermal stresses will develop

in the solid matrix. The thermal expansion coefficient of

the pore water is much higher than the one of the solid

matrix. Therefore, the solid matrix inhibits the expansion

of the water, resulting in an increase in the pore water

pressure. Zones closer to the heat source would experi-

ence higher pressure increases.

• The increase in pressure in the vicinity of the heat

source results in a hydraulic gradient that triggers pore

water flow away from the heat source. That flow will

gradually dissipate the increase in pore pressure in the

vicinity of the heat source.

Mathematical models of THM processes for saturated

isotropic porous media have been developed in the past (e.g.

Nguyen and Selvadurai 1995). Opalinus Clay would exhibit

the same coupled THM processes; however, the bedded

nature of the clay suggested that anisotropic effects could be

significant. Gens et al. (2007) analysed the HE-D experiment

as follows. The Opalinus Clay is a stiff layered Mesozoic

clay of marine origin. When saturated stiff clays are sub-

jected to thermal loading, they develop a strong pore pressure

response. In turn, the generated pore pressures will impact on

subsequent THM behaviour. The performance of the HE-D

experiment provided the opportunity to observe in situ the

development of coupled THM behaviour in this type of

material. The intensity of cross-coupling between the dif-

ferent aspects of the problem turned out to be very variable

and could be organized in a hierarchical manner:

• The strongest coupling is found from thermal to

hydraulic and mechanical behaviour. The pore pressure

generation is primarily controlled by temperature

increase and the largest contributor to deformation

and displacements is thermal expansion.

Fig. 10 Interaction diagram for

coupled THM processes in a

porous medium

Fig. 11 Conceptualization of

physical processes in the HE-D

experiment—REV is the

representative elementary

volume and T is temperature
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• Significant but more moderate effects are identified

from the coupling of hydraulic to mechanical beha-

viour. The dissipation of pore pressures induces addi-

tional displacements and strains, but because of the

high clay stiffness, are smaller than thermally induced

deformations.

• In principle, mechanical damage could impact the

hydraulic results because of the development of a

higher permeability due to material damage. The

damaged zone, however, appears to be very limited

in this case and the effects appear to be

insignificant.

• There is no noticeable coupling from hydraulic to

thermal behaviour. Practically, all heat transport is by

conduction and the thermal conductivity of the material

does not change, as the material remains saturated

throughout.

Governing equations

From the conceptual understanding of the physical

phenomena described above, the governing equations of

the models are developed by considering a Representa-

tive Elementary Volume (REV) as illustrated in Fig. 11,

and invoking the basic principles of conservation of

mass, heat and momentum. Additionally, constitutive

relationships that are specific to the material thermal,

hydraulic and mechanical behaviour must also be

assumed. The governing equations are very similar for

all teams, since they were based on the same basic

principles as discussed in the previous section. For

example, the governing equations formulated by the

CNSC consist of five coupled partial differential equa-

tions with temperature (T), pore pressure (p) and dis-

placement vector (ui) as primary unknowns:

o

oxi
jij

oT

oxj

� �
þ q ¼ qC

oT

ot
ð1Þ

o

oxi

qwkij

l
op

oxj
þ qwg j

� �� �
þ qw

�n

Kw

þ n� a
Ks

� �
op

ot

þ qwa
o

ot

ouk

oxk

� �
þ qw 1 � að Þb� nbw � 1 � nð Þbsð Þ oT

ot
¼ 0

ð2Þ

1

2
Cijkl

o2uk

oxjoxk
þ o2ul

oxioxl

� �
þ a

opf

oxi
¼ 0 ð3Þ

A summary of the meaning and hypotheses used for

each equation is given as follows:

(a) Equation of heat conservation:

Equation (1) is derived from the consideration of con-

servation of heat. In addition, it is assumed that:

• Local thermodynamic equilibrium exists between the

liquid and solid; therefore, the temperature is the same

in the two phases at a point around a REV.

• Heat conduction is the dominant mechanism of heat

transport, and convection due to pore water flow could

be neglected due to low permeability of OPA, resulting

in low pore water velocity.

In Eq. (1), jij is the thermal conductivity tensor (W/m/

�C), q is the density of the bulk medium (kg/m3), C is the

bulk specific heat of the medium (J/kg/�C) and q accounts

for distributed heat generation in the poroelastic medium

(W/m3).

(b) Equation of conservation of mass for the pore water:

Equation (2) is derived from considerations of mass

conservation of pore water. Equation (2) has four terms,

and the assumptions underlying each one are as follows:

• The first term of the equation results from a general-

ization of Darcy’s law of non-isothermal pore water

flow in a saturated porous media. In this term, kij is the

saturated permeability tensor (m2), l (kg/m/s) is the

viscosity of water, and qw is the density of water, which

are both functions of temperature.

• The second term is a storage term coming from

considerations of compressibility of the water and the

solid phase, where n is porosity, 1/Kw is the coefficient

of compressibility of water (Pa-1) and 1/Ks is the

coefficient of compressibility of the solid phase (Pa-1).

• The third term is a storage term originating from the

consideration of compressibility of the porous skeleton.

• The fourth term represents water flow due to the

difference in thermal expansion between the water and

the solid material, where bw, bs and b (1/�C) are the

coefficient of volumetric thermal expansion of the

water, the solid material and the solid skeleton,

respectively.

(c) Equation of momentum conservation:

Equation (3) is derived from the consideration of

momentum conservation of the porous medium. Since

inertial effects are neglected, Eq. (3) reduces to the equa-

tion of equilibrium of the porous medium. The major

assumption in Eq. (3) is that Biot’s effective stress prin-

ciple is valid. Therefore, external loads will result in a total

stress r in the porous medium, which would result in an

effective stress r0 in the solid skeleton and a pressure in the

pore water according to the equation:

r ¼ r0 þ ap ð4Þ

where a is Biot’s coefficient of poroelasticity.

The other parameters of Eq. (3) are Cijkl, the stiffness

tensor that relates stress to strain and b, the coefficient of
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volumetric thermal expansion of the solid matrix. All

teams involved with this work assumed the rock to be

elastic; therefore, the stiffness tensor was derived from

Hooke’s law. However, to take into account the anisotropy

induced by bedding, most teams used Hooke’s law for a

transversely isotropic material, with five independent

elastic constants as detailed in the next section.

Numerical models

The governing equations, with their corresponding bound-

ary and initial conditions, were numerically solved with

different computer codes that use various numerical meth-

ods. BGR/UFZ, ENSI used the finite element method, with

the OpenGeosys computer code (Kolditz et al. 2014). CNSC

and JAEA also used the finite element method, with the

COMSOL (COMSOL AB 2013) and THAMES codes,

respectively. CAS used a self-developed numerical code

EPCA3D, which is a combination of multiple techniques and

theories, such as finite element method, cellular automaton,

elasto-plastic theory and principle of statistics (Pan et al.

2009a, b; Pan and Feng 2013). CNWRA used the Finite

Difference code FLAC and set up their model for Step 1a

with the following conditions: a 2D-axisymmetric model

centred on the heater borehole axis of a 8 m radius and a

28 m length; assumed water-saturated conditions; ambient

conditions on exterior boundaries; symmetry conditions on

the borehole axis; applied heat load and pressure on the

heated borehole section; and material parameter values

based on previous reports on HE-D modelling. KAERI used

the Finite Difference code FLAC3D. LBNL used TOUGH-

FLAC, based on linking the TOUGH2 multiphase flow

simulator (Integral Finite Difference) with the FLAC3D

geomechanical code (Finite Difference Method) (Rutqvist

et al. 2002, 2014). The combined TOUGH2 and FLAC3D

codes (TOUGH-FLAC) were applied for simulating

sequentially coupled multiphase fluid flow and heat trans-

port coupled with geomechanical issues (stress and defor-

mation) (Rutqvist et al. 2002; Rutqvist 2011). Except for

CNWRA, who used an axisymmetric model, all teams used

a 3D representation of the geometry. The main features and

assumptions of the numerical models are summarized in

Table 2. It is worth noting that all teams assumed a poroe-

lastic behaviour for the rock mass, except for LBNL who

used a Mohr–Coulomb criterion to determine the onset of

potential plastic deformations. Typical geometries and

meshes are shown in Fig. 12. The main input parameters

used by the teams are summarized in Table 3. As shown in

Tables 2 and 3, most teams considered the anisotropy of the

THM properties of the Opalinus Clay.

The initial conditions for the boundary value problems

are presented in Table 4. The initial pore water pressure at

Mont Terri is approximately 2 MPa. The lower value used

by most of the teams reflects the fact that the HE-D area

was subjected to drainage well before the start of the test

through the nearby galleries (Gallery 98 and MI niche).

The main boundary conditions are:

• on the heaters

• on the external boundaries

Most teams applied heat fluxes to the heaters, but some

of them applied temperature directly. Those applying heat

fluxes considered the heat loss mentioned in the previous

section (by including all elements in borehole BHE D0 or

by estimation). Hydraulic boundary conditions at the heater

surface were either drained or undrained.

External boundary conditions (surrounding galleries)

were taken into account in different ways. In general, the

teams were required to consider atmospheric pressure,

stress relaxation and varying temperature at those

boundaries.

Verification with analytical solutions

Verification of numerical results with analytical solutions

provides confidence in the adequacy of the numerical

model (in terms of mesh size, time step and assumed

boundary conditions) and its implementation into the

computer code. The CAS, CNSC and BGR/UFZ teams

compared their numerical results with analytical solutions

proposed by Booker and Savvidou (1985) for a point heat

source in an infinite isotropic porous medium (Wang et al.

2016). Analytical solutions for transversely isotropic media

(such as could be assumed for Opalinus Clay) do not

presently exist. However, the temperature solution from

Booker and Savvidou (1985) could be transformed in order

to take this transverse anisotropy into account (Garitte et al.

2012; Nguyen et al. 2016).

A comparison of the modelling results with the analyt-

ical solution, using the input parameters in Table 5, is

presented in Fig. 13. The modelling results compare sat-

isfactorily with the analytical solution providing confi-

dence in the model implementation. Some slight

discrepancy is, however, noticed. This is attributable to

mesh discretization, but mainly to boundary effects, since

the analytical solution is based on an infinite medium,

while the numerical models were developed for finite

domains surrounding the point heat source. The research

teams have tested those two factors by refining the mesh

and extending the boundaries of the numerical models

farther from the heat source. The results presented in

Fig. 13 are the final ones where a visually satisfactory

agreement is found between the numerical and analytical

solutions.
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Table 2 Main features and

assumptions of numerical

models

Team Main features and assumptions

BGR/UFZ

3-D model 10 × 25 × 10 m3

Saturated poroelastic rock
Anisotropic THM properties of Opalinus Clay
Heaters explicitly represented by two material types
Heat conduction and convection
Full THM coupling 

CAS 

3-D model  16 × 28 × 16 m3

Saturated poroelastic rock
Anisotropic THM properties of Opalinus Clay
Heaters not explicitly represented – heat flux is specified to the rock 
contact with heaters
Heat conduction only
Water viscosity, density and thermal expansivity are dependent on 
temperature
Full THM coupling 

LBNL/DOE

3-D model 
Saturated poro-elastoplastic rock – Mohr-Coulomb yield criterion is 
used
Anisotropic THM properties of Opalinus Clay
Heaters not explicitly represented – heat flux is specified to the rock 
contact with heaters
Heat conduction and convection
Full THM coupling 

ENSI

3-D model  16 × 20 × 16 m3

Saturated poroelastic rock
Anisotropic THM properties of Opalinus Clay
Heaters explicitly represented by two material types
Heat conduction and convection
TH and TM coupling considered

CNSC/IRSN

• 3-D model  30 × 30 × 30 m3

• Saturated poroelastic rock
• Anisotropic THM properties of Opalinus Clay
• Heaters not explicitly represented - heat flux is specified to the rock 

contact with heaters
• Heat conduction only
• Water viscosity, density and thermal expansivity are dependent on 

temperature
• Full THM coupling 

JAEA 

• 3-D model  20x20x20 m3

• Saturated poroelastic rock
• Isotropic THM properties of Opalinus Clay
• Heaters not explicitly represented – heat flux is specified to the rock 

contact with heaters
• Heat conduction and convection are considered
• Full THM coupling 

KAERI 

• 3-D model  16 × 22 × 16 m3

• Saturated poroelastic rock
• Anisotropic THM properties of Opalinus Clay
• Heaters explicitly represented by seven material types 
• Heat conduction and convection are considered
• Full THM coupling 

CNWRA/NRC

• Axisymmetric model: 8 m radius and 28 m long
• Saturated poroelastic rock
• Isotropic THM properties of Opalinus Clay
• Heaters not explicitly represented – heat flux is specified to the rock 

contact with heaters
• Heat conduction and convection
• Water viscosity, density and thermal expansivity are dependent on 

temperature
• Full THM coupling 
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Modelling results and comparison
with measurements from the HE-D experiment

Modelling results are compared with the measurements of

different sensors in this section. The positions of the sen-

sors are illustrated in Fig. 8.

Temperature

In this section, modelled temperature is compared to the

measurements from the HE-D experiment. The modelling

results are represented by solid (‘‘in the bedding plane’’) or

dashed (direction perpendicular to the bedding plane) lines,

Fig. 12 Mesh illustration:

LBNL left and JAEA right

Table 3 Main Opalinus Clay parameters considered by the teams

BGR CAS CNSC CNWRA ENSI JAEA KAERI LBNL

Young’s modulus

in the bedding plane (MPa)

Eh 9300 10,000 8000 7000 10,000 6000 10,000 5000

Anisotropy ratio Eh/Ev 1.6 2.5 2.7 1.0 2.5 1.0 2.5 1.0

Poisson’s ratio (-) mhh 0.33 0.24 0.24 0.3 0.24 0.27 0.24 0.3

mvh 0.38482 0.33 0.33 – 0.33 – 0.33 –

Shear modulus (MPa) Gvh 2338.71 1200 1000 2756.0 1613.0 – 1200.0 1920.0

Cohesion (MPa) c0 2.2–5

Friction angle (�) u 23–25

Biot (-) a 0.6 0.6 0.6 – 0.0 0.6 0.6

Porosity n 0.137 0.137 0.157 0.137 0.2 0.157 0.157 0.15

Bulk density (kg/m3) 2500 2340 2450 2450.0 2740.0 2450.0 2450.0 2700.0

Intrinsic permeability

(m2) (ak is the anis. ratio)

k// 2.E-19 1.E-19 4.E-20 5.E-20 2.E-20 1.E-20 1.E-19 5.E-20

kper 2.E-20 5.E-20 1.E-20 5.E-20 4.E-21 – 5.E-20 5.E-20

k0
* 1E-19 8.E-20 3.E-20 5.E-20 1.E-20 – 8.E-20 5.E-20

ak
* 10 2 4 1 5 – 2 1

Thermal conductivity [W/(mK)] k// 2.15 2.15 2.15 1.77 2.15 – 2.15 2.15

kper 1.2 1.19 1.19 1.77 1.19 – 1.19 1.19

k0
* 1.77 1.77 1.77 1.77 1.77 2.15 1.77 1.77

ak
* 1.79 1.79 1.79 1.00 1.79 – 1.79 1.79

Heat capacity of the porous

medium (J kg-1 K-1)

Cs 995 995 800 1000 800 800 1000 900

Linear solid thermal expansion

coefficient (K-1)

bs 1.40E-05 1.00E-05 1.50E-05 1.60E-05 2.60E-05 2.60E-05 2.60E-05 1.40E-05

* Dependent parameters

345 Page 12 of 20 Environ Earth Sci (2017) 76:345

123



with the exception of the results of JAEA that are repre-

sented with solid symbols. The colour code used for the

teams is defined in Table 1.

The modelled temperature profiles obtained by the dif-

ferent teams at the end of the second heating stage are

presented in Fig. 14. Five measured data points are also

shown. Their orientation relative to the bedding plane is

indicated. All teams (except CNWRA and JAEA) used the

same cross-anisotropic thermal conductivity values. Nev-

ertheless, the comparison of the modelling results of the

different teams shows significant differences between them

(in the order of *20 �C), especially close to the heaters.

As will be discussed later, the main reasons for these dif-

ferences are attributable to different mesh discretization,

representation of the heat source and consideration of

anisotropy. Consistent with the in situ measurements, for

each team the modelled temperature in the bedding plane is

higher than that in the perpendicular direction since the

thermal conductivity parallel to bedding is higher.

The modelled and measured temperature evolution at

the heater surface is presented in Fig. 15. Most teams

applied a power loss coefficient; however, the modelled

temperature is generally higher than the measured tem-

perature. Temperature sensors installed in the heater

borehole are in a very high gradient zone and are thus very

sensitive to errors in their positions. They were thus not

allocated a high weight in calibrating the models. Teams

applying a heat flux at the heater/rock surface as a

boundary condition obtained different temperatures in the

bedding and in the perpendicular directions (LBNL and

CAS). Measurements in the two directions do not show this

difference (probably because of the high thermal conduc-

tivity of the heater casing). KAERI represented the heater

and all elements inside the heating borehole very carefully,

resulting in a good reproduction of the heater temperature.

The measured and modelled temperature evolution in

the rock mass is illustrated in Figs. 16 and 17. Temperature

is plotted for sensors HED B03 and HED B14 (2 sensors at

different distances from the heater but with very similar

measured temperatures because of their different orienta-

tion relative to the bedding plane) and for sensors HED

B15 and HED B16 (two sensors in the bedding plane but at

different distances from the heater). The teams considering

anisotropic thermal conduction reached a satisfactory

agreement with the measurements, although a discrepancy

of several degrees between the different teams is observed.

Temperature profiles along the two boreholes containing

only temperature sensors (HED B1 and B2) are shown in

Figs. 18 and 19. These figures allow the capability of the

models to reproduce the measured temperature field over a

relatively large rock volume to be checked. Reproduction

of the measurements by the models is satisfactory, although

significant differences between the models are observed

(even between those using the same thermal parameters).

Pore water pressure

In this section, modelled pore water pressure is compared

to the measurements from the HE-D experiment. A pore

pressure rise generally results from an increase in tem-

perature due to the differential rate of expansion of the clay

skeleton, solid phase and water. Sensitivity analyses

showed that pore water pressure increases with decreases in

thermal conductivity or intrinsic permeability (Ofoegbu

et al. 2015). The mechanism underlying the hydraulic

behaviour in the clay is a competition between the gener-

ation of pore pressures by the differential thermal expan-

sion of liquid and solid and the dissipation of pore

pressures, the rate of which is controlled mainly by the

water permeability. Hence, although temperature is

Table 4 Initial conditions

considered by the teams
Computation type BGR CAS CNSC CNWRA ENSI JAEA KAERI LBNL

3D 3D 3D 2D axisymmetric 3D 3D 3D 3D

THM THM THM THM THM THM THM THM

Total stresses (MPa)

rxx 5 4.5 4.5 4.28 – 0 4.5 5

ryy 3 2.5 2 4.28 – 0 2.5 2

rzz 7 6 6.5 – – 0 6 7

Water pressure (MPa)

pw 0.9 0.9 1 0.1–0.9 0.1–0.978 2 1.2 0.9

Temperature (�C)

T 15 15 15 15 15 15 15 15

Table 5 Input parameters for the verification with analytical solution

Point heat source 300 W

Bulk density 2445 kg/m3

Bulk heat capacity 1000 J/kg/K

Vertical thermal conductivity 1 W/m/K

Horizontal thermal conductivity 2.1 W/m/K
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increasing continuously, the pore water pressure may stop

increasing and even start decreasing during the test. The

variation of intrinsic water permeability and the drainage

boundary conditions are therefore bound to have a pro-

found effect on the excess pore water pressure response.

The modelled radial pore water pressure profiles are

shown in Figs. 20 and 21. These profiles are snapshots at
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(a) CAS

(b) CNSC and BGR

Fig. 13 Verification of the

models developed by CAS

(a) CNSC and BGR/UFZ (b,

Nguyen et al. 2016) with an

analytical solution

Fig. 14 Measured (symbols) and modelled (lines) radial temperature

profiles around Heater 1 on 23-02-2005, i.e. just before the heaters

were switched off (full lines modelling results parallel to bedding

plane and dashed lines modelling results perpendicular to bedding

plane)

Fig. 15 Measured (symbols) and modelled (lines) temperature evo-

lution at the heater surface (Heater 1) over a 1-year period.

Measurements are represented by open circles and diamonds. Orange

circles and diamonds are modelling results of JAEA
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the time when the maximum pore pressure is observed at

sensors HED B03 and B14 and just before the heating was

switched off, respectively. Excess pore water pressure and

its drainage during the heating phase were clearly observed

by all modelling teams.

JAEA used a higher initial pore water pressure value

than the other teams. This does not seem to cause a large

difference in the calculated excess pore water pressure

induced by heating. The pore water pressure rise is influ-

enced instead by the hydraulic boundary condition applied

by the teams at the heater surface. LBNL and BGR applied

an undrained condition. This approach results in a higher

excess pore water pressure increase than for the other

teams as, in this case, drainage is only allowed towards the

rock mass. In addition to the drainage conditions, the

magnitude of the excess pore water pressure rise is prob-

ably also affected by the values selected by the teams for

permeability and thermal expansion of the solid skeleton.

Fig. 16 Measured (symbols) and modelled (lines) temperature evo-

lution in HEDB03 and HEDB14 (at the end of boreholes BHE-D-3

and BHE-D14 shown in Fig. 3) over a 1-year period. Measurements

are represented by open circles and diamonds. Modelling results are

represented by lines (solid lines for HEDB03 and dashed lines for

HEDB14). Orange circles and diamonds are modelling results of

JAEA

Fig. 17 Measured (symbols) and modelled (lines) temperature evolution

in HEDB15 and HEDB16 (at the end of borehole BHE-D15 and BHE-

D16 shown in Fig. 3) over a 1-year period. Measurements are

represented by open circles and diamonds. Modelling results are

represented by lines (solid lines for HEDB15 and dashed lines for

HEDB16). Orange circles and diamonds are modelling results of JAEA

Fig. 18 Measured (symbols) and modelled (lines) temperature pro-

files in borehole BHE-D1

Fig. 19 Measured (symbols) and modelled (lines) temperature profile

in borehole BHE-D2

Fig. 20 Modelled radial pore water pressure profiles around Heater

11 on 31-07-2004, i.e. around the time maximum pore water pressure

is reached in the sensors studied below (full lines modelling results

parallel to bedding plane and dashed lines modelling results

perpendicular to bedding plane)
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Excess pore water pressure since the start of heating is

shown in Figs. 22 and 23 at four sensor locations

(comparison between modelled results and measure-

ments). The models satisfactorily reproduce: (1) the

measured increase in pore water pressure and (2) the

subsequent drainage of the excess pore water pressure.

The small differences in the permeability and thermal

expansion values selected by the teams do not seem to

lead to significant differences in the pore water pressure

response. Teams applying an undrained hydraulic

boundary condition at the heater (such as BGR and

LBNL) predict a slower drainage rate.

For completeness, the absolute pore water pressure

evolution is shown in Figs. 24 and 25.

Strain

In this section, modelled strain is compared to the mea-

surements from the HE-D experiment. Based on the con-

ceptual understanding discussed in ‘‘Conceptualization of

THM processes in the HE-D experiment’’ section, upon

heating the rock mass can be roughly divided in two zones.

In the first zone, the rock undergoes a significant temper-

ature increase. This triggers expansion of the rock in all

directions, and the magnitude of this expansion is mainly

dependent on the thermal expansion coefficient of the rock.

The second zone is not reached by the heat wave, and its

temperature is close to initial conditions. Nevertheless, this

zone is subject to a compression in the direction radial to

Fig. 21 Modelled radial pore water pressure profiles around Heater 1

on 23-02-2005, i.e. just before the heaters were switched off (full lines

modelling results parallel to bedding plane and dashed lines

modelling results perpendicular to bedding plane)

Fig. 22 Measured (symbols) and modelled (lines) excess pore water

pressure evolution in HEDB03 and HEDB14 since the start of

heating. Measurements are represented by open circles and diamonds.

Modelling results are represented by lines (solid lines for HEDB03

and dashed lines for HEDB14). Orange circles and diamonds are

modelling results of JAEA

Fig. 23 Measured (symbols) and modelled (lines) excess pore water

pressure evolution in HEDB15 and HEDB16. Measurements are

represented by open circles and diamonds. Modelling results are

represented by lines (solid lines for HEDB15 and dashed lines for

HEDB16). Orange circles and diamonds are modelling results of

JAEA

Fig. 24 Measured (symbols) and modelled (lines) pore water pres-

sure evolution in HEDB03 and HEDB14. Measurements are repre-

sented by open circles and diamonds. Modelling results are

represented by lines (solid lines for HEDB03 and dashed lines for

HEDB14). Orange circles and diamonds are modelling results of

JAEA
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the heater and an expansion in the circumferential direction

as a reaction to the thermal expansion of the heated zone

close to the heater. Hence, deformation in the second zone

is a mechanical process, mainly governed by the stiffness

of the rock.

Results are shown for a circumferential (pt 7–8) and

radial (pt 4–5) interval relative to the heaters in Figs. 26

and 27, respectively. In the circumferential interval, most

of the teams satisfactorily represent the measurement trend

(direct extension of the interval upon heating) as well as the

measurement magnitude. The modelled extension ampli-

tude varies by a factor of four between the smallest

extension (KAERI) and the largest one (ENSI), although

those two teams used exactly the same value for the ther-

mal expansion of the solid skeleton.

In the radial interval, most of the teams also represented

the measurement trend well (direct compression after start

of heating and extension later on), as well as the mea-

surement magnitude.

Influence of bedding

As discussed in the previous sections, bedding in the

Opalinus Clay results in an anisotropic response of its

THM response to heating. Both the thermal and hydraulic

conductivities are higher in the direction of the bedding

planes, resulting in a faster propagation of the heat and

hydraulic fronts along the direction parallel to bedding as

compared to the perpendicular direction. As a result, points

located at the same radial distance from the heat source but

at different angles show significant differences in the

recorded evolution of temperature and pore pressure. This

feature has been well simulated by most teams. As an

illustration, Fig. 28 shows the temperature and pore pres-

sure fields simulated by the CAS. The fields have charac-

teristic elliptical shapes, with the major axis oriented along

the direction of bedding.

Conclusion

The HE-D experiment at Mont Terri is a valuable study for

the understanding of coupled THM processes in Opalinus

Clay. Very extensive experimental data on the evolution of

temperature, pore water pressure and deformation have

been gathered before, during and after the heating of the

rock mass from two heaters. In this collaborative research

effort, eight research teams developed conceptual and

mathematical models to interpret the data and to improve

their understanding of the THM response of the rock mass.

Although there are variations in input parameters and

conceptualizations, the models were all based on the theory

of thermal poroelasticity. Considering the nature of the

Fig. 25 Measured (symbols) and modelled (lines) pore water pres-

sure evolution in HEDB15 and HEDB16. Measurements are repre-

sented by open circles and diamonds. Modelling results are

represented by lines (solid lines for HEDB15 and dashed lines for

HEDB16). Orange circles and diamonds are modelling results of

JAEA

Fig. 26 Measured (symbols) and modelled (lines) strain evolution in

interval 7–8 of HEDB05 (labelled as BHE-D5 in Figs. 3, 9).

Measurements are represented by open circles and diamonds. Orange

circles and diamonds are modelling results of JAEA

Fig. 27 Measured (symbols) and modelled (lines) strain evolution in

interval 4–5 of HEDB05 (labelled as BHE-D5 in Figs. 3, 9).

Measurements are represented by open circles and diamonds. Orange

circles and diamonds are modelling results of JAEA
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experiment with a significant number of sensors, each of

which is associated with some experimental uncertainty

(location, measurement itself, power input), the agreement

between experimental and simulated values of temperature,

pore pressure and strain is considered to be very good.

Although some quantitative discrepancies might be found

between modelling results and experimental data, most

modelling results were successful in capturing the main

physics that prevailed in the experiment: the strong cou-

pling between THM processes that is responsible for the

pore pressure increase, and the important effect of inherent

anisotropy due to stratification of the Opalinus Clay.

The temperature field generated by the heaters is influ-

enced by the inherent anisotropy of the Opalinus Clay due

to bedding. The heat pulse propagates faster in the direc-

tion parallel to bedding as compared to the perpendicular

direction. Therefore, at the same radial distance from the

heaters, the temperature is higher in the direction perpen-

dicular to bedding as compared to the parallel direction.

Models that took that anisotropy into account can ade-

quately simulate the above feature. In terms of absolute

values, the temperature predicted by the teams agrees

reasonably well with each other’s and with the measure-

ments. Although some teams included thermal convection

in their models, due to the low permeability of the rock, it

was found that conduction is the primary heat transport

process. Some differences in the values of temperature

predicted by modelling teams, especially at points close to

the heaters can be attributed to the following factors:

• Different treatments of the heat loss and to mesh

discretization near the heater, which may also influence

the heat flow. It is recommended that in future

comparative modelling exercises similar to this one, a

preliminary benchmark step, using existing analytical

solutions, be performed. In the present study, only three

teams performed such a benchmark exercise.

• Better representation of the heat source and refinement

of the numerical grid near the heater appear to improve

the prediction of temperature distributions. Because

hydrological and mechanical conditions both depend

strongly on temperature, better prediction of tempera-

ture magnitude and distribution are important for

reasonable predictions of water pore pressure and

mechanical strain.

• Incorporation of anisotropic properties generally

improved overall comparisons with measured temper-

ature data. Results from isotropic models matched some

locations well and other locations poorly, depending on

the geometric relationship between the heater location,

the measurement location, and the bedding plane.

All teams were successful in predicting the process of

thermally induced pressure generation in the rock. The

increase in temperature causes thermal expansion in both

the solid skeleton and the pore fluid. Since the rock mass

has a low permeability, and the thermal expansion coeffi-

cient of the fluid is higher than the one of the solid

skeleton, the temperature transient triggers an increase in

the pore fluid pressure. The pore fluid pressure gradually

dissipates when drainage takes place away from the heat

source. In order to satisfactorily match the measured pore

pressure, the models must first satisfactorily simulate the

temperature. It is also shown by some teams that the

Fig. 28 Temperature and pore pressure fields from CAS model, at section y = 8985 m after 280 days of heating. a Temperature (�C), b pore

pressure (MPa)
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consideration of temperature-dependent viscosity, thermal

expansivity and density of water can play a noticeable

influence on the predicted values of pore pressure. Hoxha

et al. (2006) also reported the same finding. The thermally

induced pore pressure is significantly influenced by the

rock permeability and its stiffness (represented by the

Young’s modulus for elastic models). Parametric studies

(Selvadurai and Nguyen 1996; Gens et al. 2007; Ofoegbu

et al. 2015) showed that the pore pressure is higher for

lower permeability and higher stiffness. A high pore

pressure can induce hydrofracturing, when it exceeds the

minimum principal stress. In the HE-D experiment,

hydrofracturing might have occurred at some points. For

example at HE-DB03, the measured pore pressure reached

a maximum value of 4 MPa and is higher than the sub-

horizontal minimum principal stress estimated to be in the

range of 2–3 MPa. However, at the dismantling of the HE-

D experiment, cores recovered at radial distances of 20 cm

from the heaters (Wileveau and Rothfuchs 2007) showed

that there is limited observable fracturing resulting from

heating. On the other hand, Gens et al. (2007) indicated

that the measured unconfined Young’s moduli showed a

decrease in value by a factor of six within 2 m of the

heating boreholes, suggesting that the damage zone might

extend to the same distance into the rock. In this study,

only one team included a Mohr–Coulomb yield criterion in

their model, while all other teams assumed linear elasticity

for the rock. Although the assumption of linear elasticity

results in adequate simulations of the pore pressure and the

thermal strain in the rock, damage and plastic behaviour

should be further investigated in the future. Hoxha et al.

(2006) showed the noticeable influence of the constitutive

model adopted for the mechanical behaviour of the rock on

the predicted values of the pore pressure. When plasticity

and damage is induced in the rock, there is a reduction in

its stiffness accompanied by an increase in its permeability.

As previously mentioned, those two factors have a signif-

icant impact on the magnitude of the generated pore

pressure and its subsequent dissipation rate.

Post-closure safety assessments of a high-level waste

repository are typically performed for a suite of evolution

scenarios spanning very long time periods after closure.

The early near-field evolution of the repository would have

a significant influence on the overall long-term evolution

scenarios. Coupled THM processes that prevail in the

engineered barriers, including the bentonite-based seals,

and the surrounding host rock will govern the early near-

field evolution of the repository. Task B1 of DECOVA-

LEX was an excellent opportunity for researchers to con-

firm their understanding of those processes in order to

assess the validity of evolution scenarios assumed in long-

term safety assessment. By developing mathematical

models, in a stepwise manner, to predict and interpret

heating experiments in the rock (HE-D in situ experiment),

in the bentonite seals (laboratory column tests) and in the

combined bentonite seals/rock system (the in situ HE-E

experiment), the authors have achieved a better under-

standing of near-field THM processes and acquired a

higher confidence in the mathematical models used to

quantify those processes. The present paper covers the first

step of Task B1, modelling of the HE-D experiment.

Companion papers (Graupner et al. 2017; Garitte et al.

2017) will report on the authors’ efforts on the last two

steps of Task B1.
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mechanical processes in Äspö pillar stability experiment. J Rock

Mech Geotech Eng 5(2):136–144

Pan PZ, Feng XT, Hudson JA (2009a) Study of failure and scale

effects in rocks under uniaxial compression using 3D cellular

automata. Int J Rock Mech Min Sci 46(4):674–685

Pan PZ, Feng XT, Huang X, Cui HQ, Zhou H (2009b) Coupled THM

processes in EDZ of crystalline rocks using an elasto-plastic

cellular automaton. Environ Geol 57(6):1299–1311

Rutqvist J (2011) Status of the TOUGH-FLAC simulator and recent

applications related to coupled fluid flow and crustal deforma-

tions. Comput Geosci 37:739–750

Rutqvist J, Wu Y-S, Tsang C-F, Bodvarsson G (2002) A modeling

approach for analysis of coupled multiphase fluid flow, heat

transfer, and deformation in fractured porous rock. Int J Rock

Mech Min Sci 39:429–442

Rutqvist J, Zheng L, Chen F, Liu H-H, Birkholzer J (2014) Modeling

of coupled thermo-hydro-mechanical processes with links to

geochemistry associated with bentonite-backfilled repository

tunnels in clay formations. Rock Mech Rock Eng 47:167–186

Selvadurai APS, Nguyen TS (1996) Scoping analyses of the coupled

thermalhydrological-mechanical behaviour of the rock mass

around a nuclear fuel waste repository. Eng Geol 47:379–400
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