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Abstract: A geological disposal facility for high-level radioactive waste (HLW) encompasses both natural (host rock) and
(generally clay-based) engineered barriers. Many processes can influence, either positively or negatively, the effectiveness of
the safety functions of isolation and retardation. This paper focuses on the analysis of a large-scale heating test when sub-
jected to cooling and subsequent partial dismantling. The experiment reproduces the conditions of an HLW repository at
full scale under realistic conditions. Key thermal, hydraulic, and mechanical (THM) variables, such as temperature, relative
humidity, stresses, and fluid pressures, were measured in the clay barrier and surrounding rock. The experimental observa-
tions recorded during the cooling down and clay barrier excavation are analyzed in light of a fully coupled THM finite ele-
ment formulation. This analysis has provided the opportunity to explore the behaviour of the clay and natural barriers under
conditions very relevant for the repository performance but not analyzed previously. Overall, the model predictions are quite
satisfactory when compared against experimental observations. Furthermore, model predictions for a period of 20 years, in-
cluding the transient phase induced by the partial dismantling, are also presented. This additional analysis has allowed a bet-
ter understanding of the effect of thermal gradient on long-term clay hydration.

Key words: nuclear waste facility, in situ heating test, natural and engineered barriers, cooling, dismantling, long term, nu-
merical analysis.

Résumé : Un dépôt géologique pour l’entreposage de déchets radioactifs de haut niveau (DHN) comprend une barrière na-
turelle (roche hôte) et une barrière d’ingénierie (généralement à base d’argile). Plusieurs processus peuvent influencer, autant
positivement que négativement, l’efficacité des fonctions sécuritaires d’isolation et de retardation. Cet article présente l’ana-
lyse d’un essai de chauffage à grande à grande échelle avec un refroidissement et un démantèlement partiel subséquent.
L’essai reproduit les conditions d’un dépôt de DHN à l’échelle réelle en conditions réalistes. Les variables thermiques, hy-
drauliques et mécaniques (THM) clés, comme la température, l’humidité relative, les contraintes et les pressions des fluides,
ont été mesurées dans la barrière d’argile et dans les roches environnantes. Les observations expérimentales enregistrées du-
rant le refroidissement et l’excavation de la barrière d’argile sont analysées grâce à une formulation totalement couplée
THM par éléments finis. Cette analyse a permis d’explorer le comportement de l’argile et des barrières naturelles dans des
conditions très pertinentes pour la performance du dépôt n’ayant pas été analysées auparavant. Globalement, les prédictions
du modèle sont plutôt satisfaisantes en comparaison avec les observations expérimentales. De plus, les prédictions du mo-
dèle pour une période de 20 ans, incluant la période transitoire causée par le démantèlement partiel, sont aussi présentées.
Cette analyse additionnelle a permis de mieux comprendre l’effet du gradient thermique sur l’hydratation à long terme de
l’argile.

Mots‐clés : dépôt de déchets nucléaires, essai de chauffage in situ, barrière naturelle et d’ingénierie, refroidissement, déman-
tèlement, long terme, analyse numérique.

[Traduit par la Rédaction]

Introduction

The main aim of a geological repository for high-level ra-
dioactive waste (HLW) disposal is to safely contain the pollu-
tant waste for a very long period of time, measured in
thousands of years. The host rock (natural barrier) has to pro-
vide mechanical stability to the excavated galleries and also

be a medium of very low permeability to prevent or retard
any possible leakage from the isolation system. The empty
space that exists between the waste canister and the cavity
surface must be filled with a buffer material (engineered bar-
rier). Expansive clays are generally selected for the construc-
tion of these engineered barriers due to their high swelling
capacity, very low permeability, and good adsorption ca-
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pacity. These natural and engineered barriers will be sub-
jected to simultaneous thermal, hydraulic, and mechanical
(THM) phenomena triggered by the heat-emitting nature of
the nuclear waste, the swelling character of the unsaturated
clay barrier, and the highly confined conditions of the isola-
tion system. The THM processes described above (and their
mutual interactions) will control the evolution and long-term
response of the whole isolation system; therefore, a good
understanding of the main THM phenomena is required to
achieve a safe design of HLW repositories.
Small- to large-scale tests under controlled conditions in

the laboratory have been performed in the last few years to
investigate the intrinsic properties of the main components
of natural and engineered barriers (e.g., Pusch and Karnland
1996; Lloret et al. 2003; Martín and Barcala 2005; Åkesson
et al. 2009). Large-scale in situ tests have been instrumental
in examining the behaviour of the barriers system under ac-
tual conditions and at full scale (e.g., Volckaert et al. 2000;
Dixon et al. 2002; Svemar and Push 2002; Huertas et al.
2006). At the same time, constitutive models and THM math-
ematical formulations and their respective numerical codes
aimed at predicting the behaviour of the isolation system
have been developed and validated (e.g., Olivella et al. 1994,
1996; Thomas and He 1995; Rutqvist et al. 2005; Sánchez et
al. 2005; Siemens and Blatz 2009; Gens 2010). Recent con-
tributions have confirmed the ability of coupled THM numer-
ical models to reproduce the observed behaviour around the
repository near-field (e.g., Rutqvist et al. 2005; Chen and Le-
desma 2009; Gens et al. 2009; Thomas et al. 2009). Most of
those works, however, focus mainly on modelling the transi-
ent THM behaviour of barriers system subjected to mono-
tonic hydration and heating at nearly constant temperature.
However, during the repository lifetime these conditions may
change, potentially affecting the effectiveness of the isolation
and retardation functions of the barriers system. This paper
deals with the response of the clay barrier system when sub-
jected to cooling and partial excavation. The availability of
experimental observations from the “Full-scale Engineered
Barriers Experiment” (FEBEX) in situ heating experiment
has provided the opportunity to check the ability of a coupled
THM model to predict the behaviour of a barriers system
under these more complex conditions, which have not been
analyzed in the past.
The full-scale FEBEX in situ test is operated under natural

conditions at the underground laboratory at the Grimsel test
site in Switzerland, managed by NAGRA, the Swiss National
Cooperative for the Disposal of Radioactive Waste (Huertas
et al. 2006; Gens et al. 2009). Intensively instrumented and
in operation since February 1997, it is the in situ heating ex-
periment that has provided measurements of the main THM
variables for the longest period of time. Initially designed
with two electrical heaters (that simulate the HLW thermal
load), it is currently operating with only one heater because
in February 2002 the test was partially dismantled to examine
the condition of the barrier components (i.e., bentonite, rock,
metals, and instruments) after 5 years of testing (Huertas et
al. 2006). A description of the FEBEX in situ experiment, in-
cluding the analysis of the main variables gathered until a
time just before the switching off of heater No. 1 (hereafter
referred to as heater#1) is presented in Gens et al. (2009).
In this paper, the analysis focuses on the effects on the

THM response of the barriers system to the cooling down
brought about by switching off of one heater and to the sub-
sequent partial excavation of the barrier, two aspects very rel-
evant to repository design. Numerical predictions from the
finite element program CODE_BRIGHT (Olivella et al.
1996) are compared against the experimental observations
during this phase. The analysis encompasses both the clay
barrier and surrounding granite. In addition, the analysis has
been continued to simulate a 20 year period to provide a pre-
diction of the longer-term behaviour of the buffer and adja-
cent rock.
Thus, this study has provided the opportunity to learn

about the THM evolution of the barriers system subjected to
a process of decreasing temperature. This behaviour is indeed
relevant considering that actual nuclear waste repositories
will undergo a cooling down of the system due to the inher-
ent radioactive decay. Obviously, the real process will take
place at a very low rate, but the anticipated interactions be-
tween the thermal, hydraulic, and mechanical problems ex-
pected during the cooling down are expected to be similar to
those observed in this phase of the FEBEX in situ test.
There is not yet a consensus about the convenience of de-

signing an isolation system for a “final repository” or a “tem-
poral storage” of the HLW. Until a few years ago, the
generally accepted option was the first one. This implies that
once the sealing of the geological repository is completed, its
closure is the final act without further operations in the site.
However, more recently the idea of allowing the recovery of
the nuclear waste after a period of storage is being consid-
ered as an alternative. The retrievability concept allows the
safe isolation of the HLW in a deep geological medium for a
given period after which the radioactive waste could be re-
covered if a decision to do so were adopted. In this context,
the analysis of the excavation associated with the extraction
of heater#1 provides relevant information about the expected
changes in the THM field around the repository during po-
tential retrieval operations.
Furthermore, the placement of new sensors in the part of

the clay barrier that is still in operation has offered the oppor-
tunity to analyze the effect of temperature gradient on barrier
hydration. This is also quite relevant considering the uncer-
tainties concerning the progress of hydration as recently ob-
served in buffer experiments (e.g., Dixon et al. 2002;
Thomas et al. 2003; Sánchez et al. 2012). As indicated
above, model predictions for a period of 20 years are also
presented and discussed; special emphasis is placed on the
analysis of sections of the barrier subjected to different ther-
mal gradients.
The paper is organized as follows: (i) the main aspects of

the in situ testing, cooling, and partial dismantling stages are
introduced; (ii) the mathematical formulation and constitutive
models and computer code used in the analysis are briefly
presented; (iii) the evolution of the experiment until just be-
fore the switching off of heater#1 together with the corre-
sponding numerical model used in the analysis are briefly
discussed; (iv) the modelling of the cooling phase and exca-
vation activities are described; (v) the long-term analysis is
presented. The paper finishes with the main conclusions of
the work. Appendix A contains details of the mathematical
framework and Table 1 lists the notation used herein.
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Table 1. Notation.

Symbol Description

b body forces vector

Di
a dispersion tensor of the medium

Dw
m dispersion coefficient related to molecular diffusion of the vapour in the gas phase

Es internal energy associated with the solid phase
Ea internal energy associated with the a phase
e void ratio
F Barcelona Basic Model (BBM) yield surface
fE, fw sink–source terms related to the internal energy (E) and water (w), respectively
fd function related to the water retention curve
G plastic potential
Gt shear modulus
g gas
g(q) a lode angle function
I identity tensor
i index to identify the medium: w = water, a = air
ic nonadvective heat flux
iia nonadvective mass flux
J second stress invariant of deviatoric stress tensor
jEs energy flux associated with the solid phase with respect to a fixed reference system
jEa advective phase energy flux with respect to a fixed reference system
jia total mass flux respect to a fixed system
K bulk modulus for changes in mean stress
Ks bulk modulus for changes in suction
KT bulk modulus for changes in temperature
Ka permeability tensor associated with the a phase
k parameter describing the increase in cohesion with suction
k intrinsic permeability tensor
k0 intrinsic permeability at a reference porosity
kra relative permeability associated with the a phase
l liquid
M slope of the critical state line
n porosity
n0 reference porosity (used to update the intrinsic permeability)
ns parameter of the relative permeability law
P0, Pd retention curve parameters
Pg gas pressure
Pa a-phase pressure
p mean net stress
p0 net mean yield stress at current suction and temperature
p�0 net mean yield stress for saturated conditions at reference temperature
p�0T net mean yield stress for saturated conditions at current temperature
patm atmospheric pressure
pc reference stress
pl liquid pressure
pr reference stress
pref reference pressure
Qa volumetric phase flux with respect to the solid
qa advective flux of the alpha phase
R parameter defining the minimum soil compressibility
r tunnel radius
rm parameter controlling the rate of increase of soil stiffness with suction
Sl degree of saturation
Sa phase saturation
s matric suction (pg – pl)
T temperature (T0 = reference temperature)
DT temperature increment (T – T0)
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FEBEX in situ test

Experiment description
The FEBEX in situ test was designed by the “Spanish

Agency for Radioactive Waste Disposal” (ENRESA) to simu-
late, under realistic full-scale conditions, the Spanish concept
for the isolation of high-level radioactive waste. This concept
envisages placing the waste-containing canisters in horizontal
drifts surrounded by an engineered barrier made up of com-
pacted expansive clay. The host rock is a good quality gran-
ite, crossed in the test zone by a lamprophyre dyke. The
barrier was built in a 2.28 m diameter circular tunnel exca-
vated in the Grimsel test site underground laboratory in Swit-
zerland. Two electrical heaters (4300 W) were placed in the
axis of the horizontal drift to simulate the release of heat by
the nuclear waste. They were 4.54 m long and 0.90 m in di-
ameter, and were intended to mimic the release of heat by
HLW. The heaters were surrounded by a 0.69 m thick clay
barrier built with blocks of compacted FEBEX bentonite.
The bentonite blocks were compacted to a dry density of

1.7 Mg/m3 at an average water content of 14.4%. The small
gaps between blocks and between the clay barrier and the
rock were empty, so the overall dry density of the emplaced
barrier was smaller than the original block density, around
1.6 Mg/m3. The adopted design contemplated that during hy-
dration the bentonite will swell, filling all the joints between
blocks and the small gaps between the clay barrier and the
rock gallery. A 2.7 m long concrete plug seals the test area.
Figure 1a shows the layout of the in situ test.
The experiment is extensively monitored, with sensors in-

stalled in the bentonite, granite, heaters, and service zone.
The variations of the main THM variables have been re-
corded in different sections of the clay barrier and in bore-
holes in the host rock (Fig. 1b). The monitored variables are
temperature (in clay barrier and host rock), heater power, rel-
ative humidity (in clay barrier), total pressure (in clay barrier
and host rock), relative displacement (in clay barrier), fluid
pressures (in clay barrier and host rock), among others.
More details can be found elsewhere (e.g., Huertas et al.
2006).

1 (concluded).

Symbol Description

t time
u displacement field

a index to identify the phase: l = liquid, g = gas
a0 parameter for elastic thermal strain
a1 parameter that relates p�0 with T
a2 parameter for elastic thermal strain
a3 parameter that relates p�0 with T
aG parameter related to the plastic potential
as parameter related to the increase of elastic stiffness with suction
asp parameter related to the increase of elastic stiffness with mean stress
_3es elastic strain increment
_3ev volumetric elastic strain increment
_3pv plastic volumetric strain
z parameter controlling the rate of increase of soil stiffness with suction
q Lode’s angle
qia mass of species in the phase per unit volume of phase (= ra ui

a)
k elastic stiffness parameter for changes in mean stress
ki reference elastic stiffness parameter for changes in mean stress
ks elastic stiffness parameter for changes in suction
kso reference elastic stiffness parameter for changes in suction
l thermal conductivity
l(0) compressibility parameter for changes in effective mean stress for virgin saturated states
lo, ld retention curve parameters
l(s) compressibility parameter for changes in net mean stress for virgin states of soil at suction
ldry, lsat soil thermal conductivities for dry and saturated states, respectively
m Poisson’s ratio
ma dynamic viscosity of a phase
r parameter that relates cohesion and T
ra a-phase density
rs solid density
s stress
s net stress vector (¼ st � Ipg)
st total stress vector: fsx; sy; sz; txy; txz; tyzgTt
t tortuosity
f friction angle
ui
a

mass fraction of i-species in a phase
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The installation of the clay barrier was completed on 15 Oc-
tober 1996. The heating phase of the test, known as the “op-
erational stage”, started on 27 February 1997. The design
temperature according to the Spanish concept for the isolation
of HLW is 100 °C. Correspondingly, a maximum temperature
of 100 °C was prescribed at the contact between the heaters
and the bentonite. Those test conditions were maintained un-
changed until 28 February 2002 when one of the heaters
(identified as heater#1) was switched off (and was removed
afterwards), while leaving the other one (heater#2) in operation
for an as yet undefined period. The main activities associated
with the partial dismantling are explained in the next section.

Cooling and partial dismantling of the in situ test
The main objectives of the cooling and partial dismantling

were as follows: (i) to sample the main components of the
barriers system (e.g., bentonite, rock, metals, and sensors) in
the zone surrounding heater#1 to study their conditions after
5 years of heating and hydration, (ii) to cause a minimum
disturbance to the rest of the sections (which remained in op-
eration at all times), and (iii) to install new sensors in sec-
tions not monitored in the past.

The power of heater#1 was switched off on 28 February
2002 (i.e., after exactly 5 years of uninterrupted heating);
the operations related to the partial dismantling of test
started on 2 April and finished on 19 September of the
same year. Figure 2a presents the state of the concrete
plug at an intermediate stage of the demolition and Fig. 2b
shows the state of the clay barrier at the contact location
with the concrete plug. It can be observed that the initial
gaps and joints between the compacted blocks are closed.
It is also remarkable that the distribution of humidity after
5 years of heating is quite axisymmetric. Similar results
were observed in other cross sections of the dismantled
clay barrier; more details about this aspect can be found
elsewhere (e.g., Barcena et al. 2003). Furthermore, a close
inspection of the barrier during dismantling suggests that
the joints between blocks did not act as a preferential flow
path in the radial direction (i.e., they were closed at the be-
ginning of the hydration process), as no higher water con-
tents were detected near the block periphery. This can be
observed in Fig. 2b.
The sequence of the activities during the cooling phase

and the dismantling of heater#1 are presented in Table 2.

Fig. 1. (a) Scheme of the in situ test and instrumented barrier sections and (b) rock boreholes. All dimensions in metres.
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Final experiment configuration and additional
instrumentation
Figure 3a illustrates the final layout of the in situ test after

the partial dismantling. The clay barrier around heater#1 was
removed up to 1 m before the end of the heater (see detail in
Fig. 3b). A dummy steel canister with a length of 1 m was
inserted in the void left by heater#1 in the centre of the buf-
fer. The main objectives of the dummy are to fill this gap and
to keep the original geometry with material properties (e.g.,
thermal conductivity) similar to the ones existing before the
dismantling.
Before constructing a new concrete plug, additional sen-

sors were installed in the remaining part of the clay barrier.
The aim was to increase the density of measurements in the
buffer and also to extend the life expectancy of the instru-
mentation system. The sensors were introduced in boreholes
drilled in the buffer parallel to the drift up to the instru-
mented section F2 (Fig. 3c). The relative humidity (HR) sen-
sors and the total pressure cells (TPC) were installed in
63 mm outer diameter plastic pipes. The HR sensors were in-
stalled in six plastic pipes, each pipe includes three capacitive
relative humidity sensors (model HMP 237 manufactured by
Vaisala) located at horizontal distances corresponding to the
former instrumented sections G, I, and F2 (Fig. 3a). Two
plastic pipes, each including two pairs of Geokon vibrating
wire cell pressure sensors located at former instrumented sec-
tions I and F2. were also installed. The cells are in contact
with the bentonite buffer to measure the total pressure at
those points. One cell of each pair was placed in the radial
direction and the other is oriented in the circumferential di-
rection. In addition, total pressure cells were installed in the
section at the back of the dummy canister (section P, Fig. 3a),
identified as “TPC” in Fig. 3b.
A new concrete plug was constructed for the necessary con-

finement of the remaining part of the experiment still in oper-
ation. The plug was constructed by shotcreting in two stages.
A short 1 m temporary plug (Fig. 3a) was constructed just
after dismantling. The final one (3 m long) was placed after
installing the new instrumentation. A more detailed descrip-
tion of all the activities performed during the partial disman-
tling of the in situ test can be found in Barcena et al. (2003).

Mathematical formulation and computer
code
Several strongly coupled THM phenomena take place

when an unsaturated clay barrier is subjected to simultaneous
heating and hydration. A detailed description of these
coupled phenomena is presented elsewhere (e.g., Gens et al.
1998, 2009; Sánchez et al. 2012).
The theoretical framework adopted to analyze the problem

is the coupled THM formulation proposed by Olivella et al.
(1994). The framework is formulated using a multi-phase,
multi-species approach: solid, liquid, and gas are the phases
whereas mineral, water, and air are the species. The liquid
phase may contain water and dissolved air, and the gas phase
may be a mixture of dry air and water vapour. Dry air is con-
sidered as a single species.
The approach is composed of three main parts: (i) balance

equations, (ii) constitutive equations, and (iii) equilibrium re-
strictions. The main balance equations considered in the for-
mulation are mass balance of species (i.e., water, air, and
solid), balance of internal energy, and momentum balance.
One main (state) variable is associated with each balance
equation. For example, liquid pressure (Pl) is associated with
water mass balance, temperature (T) with internal energy bal-
ance, and displacements (u) with momentum mass balance.
The constitutive equations establish the link between these
main (state) variables and the dependent variables; among
others, degree of saturation (Sl); stresses (s), heat flux (ic). A
short description of the mathematical formulation and main
constitutive models is presented in Appendix A. Figure 4
presents experimental results (symbols) of the FEBEX ben-
tonite related to the main constitutive equations together
with the relationships used in the analyses (lines). Figure 4a
presents results related to the mechanical model. In that fig-
ure the experimental data was obtained from swelling pres-
sure tests (reported in Lloret et al. 2003) and the model
results correspond to eqs. [A4] to [A15c] (see Appendix A
and Table 3). Figure 4b presents the variation of intrinsic
permeability (determined under saturated conditions) in terms
of porosity. The experiments were performed with samples
under constant saturation (Villar 2002) and a modified

Fig. 2. (a) Intermediate phase of concrete plug demolition and (b) state of a bentonite layer before dismantling.
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Kozenny’s law (eq. [A18]) has been used in the simulations.
Results related to water retention tests performed under con-
stant volume conditions (Villar 2002) are presented in Fig. 4c;
alongside the model outputs obtained from a van Genucht-
en’s (1978) modified law (eq. [A19]). Figure 4d presents re-
sults concerning thermal conductivity and the associated
adopted model (eqs. [A23a] and [A23b]).
The main model parameters associated with the constitu-

tive models of the different components of the barrier system
are presented in Table 3. As mentioned in the section titled

“Experiment description”, in the test zone the granite is
crossed by a lamprophyre dyke. As would be expected, there
are significant variations of permeability in different zones of
the rock, depending on the degree of fracturing and the pres-
ence of contacts with the lamprophyre dykes. However, it has
turned out that these local variations did not affect the per-
formance of the test, because the low permeability of the
bentonite controlled the rate of water ingress; effectively, all
parts of the granite supplied sufficient amounts of water
along the whole test area (Gens et al. 2009). The lampro-

Fig. 3. (a) Scheme of the in situ test after dismantling indicating the position of the boreholes for additional instrumentation, (b) detail of new
concrete plug and dummy canister, and (c) drilling machine used to drill the new sensor boreholes (modified after Barcena et al. 2003).

Table 2. Dismantling operation sequence.

Step Description Duration (days)
1 Switching off of heater#1 33*
2 Rock sampling in the service area 3
3 Demolition of the concrete plug and sampling 56
4 Removal of bentonite up to the front of the first heater and sampling 20
5 Extraction of heater#1 1
6 Removal of liner and bentonite buffer and sampling 28
7 Installation of the new instruments 5
8 Insertion of a 1 m dummy steel cylinder in the central hole 0.5
9 Construction of the first section of the shotcrete plug 2
10 Installation of additional instruments in the buffer 1
11 Completion of the shotcrete plug to a total length of 3 m 5

*Before plug demolition.
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phyre has not been (explicitly) included in the model, and the
values quoted in Table 3 are related to average properties for
the test section. Because there was no evidence of desatura-
tion of the rock, the granite was assumed to be saturated
throughout.
Based on the above coupled formulation, the finite element

program CODE_BRIGHT was developed (Olivella et al.
1996). All the equations (i.e., mass balance, momentum bal-
ance, constitutive and equilibrium restrictions) are solved in a
fully coupled way. The Newton–Raphson method is used to
solve the nonlinear problem and finite differences are adopted
to solve the evolution in time. The code has been extensively
validated in different simulations involving coupled geome-
chanical problems (e.g., Olivella et al. 1996; Alonso and Al-
coverro 2005; Sánchez et al. 2008, 2012; Gens et al. 2009).

Modeling the in situ test until the switching
off of heater#1

To provide a suitable background to the work reported in
this paper, the analysis of the THM behaviour of the test un-
til the switching off of heater#1 is summarized in this sec-
tion. The numerical analysis presented corresponds to the
model coded as the “operational base case” (OBC). The

OBC model attempts to incorporate all available information
obtained from the laboratory test of FEBEX bentonite at the
beginning of the operational stage. In fact, the analysis and
test overlapped for a few months but no adjustments were
made later on. The analyses are compared with observations
over a 5 year period; therefore, the analysis results reported
herein can be considered, to a large extent, predictions.
The model results presented in this section include two

main phases of the experiment: (i) an initial isothermal hy-
dration of the barrier taking place in the 135 day period be-
tween the sealing of the drift and the start of heating and
(ii) simultaneous (natural) hydration and heating of the test
with the two heaters switched on lasting 1827 days.
Figure 5 shows the two-dimensional axisymmetric longitu-

dinal section adopted for the modelling of the in situ test. A
number of analyses were performed to study the sensitivity of
the model results with respect to (i) the adopted mesh (i.e.,
element size, discretization, element shape) and (ii) distance
to the boundaries. Based on those analyses, a mesh com-
posed of 2387 quadrilateral bilinear elements with four inte-
gration points has been adopted in this study. Selective
integration according to Hughes (1980) has also been
adopted. The outer boundary of the model is placed at a dis-
tance of 50 m from the tunnel axis. The geometry also takes

Fig. 4. Main constitutive laws. (a) Mechanical: computed stress path for swelling pressure tests using the Barcelona Basic Model (BBM).
Experimental results (SP1 and SP2 paths) are provided for comparison. (b) Hydraulic: variation of saturated permeability with porosity. Ex-
perimental data and adopted model for the intrinsic permeability law. (c) Hydraulic: retention curve adopted in the analyses, together with the
experimental data for FEBEX bentonite (symbols). (d) Thermal: thermal conductivity. FEBEX bentonite experimental results (symbols) and
model fitting.
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into account the presence of the access drift and the concrete
plug. The various components of the heater are represented.
In the following section the initial and boundary conditions
assumed in the simulations are presented, then the main re-
sults obtained during the operational stage are summarized.

Initial and boundary conditions
The analyses performed start simulating the excavation of

the tunnel, allowing, subsequently, sufficient time for both
hydraulic and mechanical equilibration. Based on measure-
ments in the gallery zone (Huertas et al. 2006), an initially
uniform and isotropic stress field (sr = sq = sz = 28 MPa)
before excavation has been assumed in the host rock. Initial
granite porosity is taken as 0.01 (Huertas et al. 2006). In ac-
cordance with the measurements made during installation, an
initial water content of 14% has been assumed for the clay
barrier. This water content corresponds to a global degree of
saturation of 0.55. Considering this degree of saturation and
the retention curve of the bentonite (Fig. 4c), it can be antici-
pated that the initial suction will be around 135 MPa. From
the available installation data, an average dry density of
1.60 Mg/m3 has been adopted for the analysis. Initial stress
in the buffer is assumed isotropic and equal to 0.2 MPa.
This is just an initial value to start the calculations; it has
been assumed as the self-weight at the centre of the clay bar-
rier. An initial uniform temperature of 12 °C was assumed for
the entire domain. It has been assumed that there is full con-
tact between the steel liner and bentonite, and between ben-
tonite and rock (i.e., there is no gap and no relative
displacement between adjacent materials).
The hydraulic boundary conditions have been based on in-

formation obtained during the hydrogeological characteriza-
tion (Huertas et al. 2006). In accordance with the observations
made, the water flow close to the tunnel is mainly radial
tending gradually towards the regional flow direction over
a distance of 50 m. Therefore, it is assumed that the water
pressure varies along the boundary, in accordance with
water pressure measurements made in borehole sections far
away from the test. The experiment is not considered air-
tight and, consequently, a constant value of gas pressure is
assumed.
The design conditions of the experiment contemplate a

maximum temperature of 100 °C at the contact between the
heater and bentonite. The heating sequence to reach the target
temperature reported in Huertas et al. (2006) was adopted in
this simulation (Gens et al. 2009). The prescribed tempera-
ture at r = 50 m (i.e., bentonite–rock interface) is 12 °C, and
the boundary radial stress is 28 MPa.

Operational base case analysis
Selected results of the OBC analysis are presented and

compared with observations. All observations extend to the
5 year duration of the heating stage (1827 days). Sections
and boreholes referred to in the presentation of results are
shown in Figs 1a and 1b, respectively. The analysis of the
evolution of thermal, hydraulic, and mechanical variables of
the problem is made separately for the clay barrier (Fig. 6)
and rock (Fig. 7). Only a few results are presented here, a
more detailed analysis can be found elsewhere (e.g., Gens et
al. 2009).T
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Clay barrier
Figure 6a shows that the power supplied by the heaters is

slightly underpredicted at advanced stages of the experiment
(by around 10% in heater#1). In spite of this, the model cap-
tures well the overall thermal trend of the test. As an exam-
ple, the comparisons corresponding to section D2 are
presented in Fig. 6b.
The presence of heterogeneities in the natural system may

make it more difficult to predict the hydration of the clay
barrier correctly. Nevertheless, the response of the model is
globally satisfactory. As an example, results from “section
E1” are presented in Fig. 6c. In the zone near the rock there
is a monotonic increase of relative humidity, reflecting the
process of hydration induced by the host rock water. The be-
haviour close to the tunnel axis is characterized by an initial
increase of the relative humidity (induced by the passing of a
vapour front driven by heating) followed by drying, and then
by a gentle increase of relative humidity due to the progress
of the general hydration. In general terms, and considering
also other sections of the barrier, the correspondence between
computations and measurements is quite good although at
some points near the heater the observed drying is somewhat
stronger than computed.
As expected, a significant increase of stresses has been ob-

served during hydration. This is due to the confined condi-
tions of the clay barrier and the high swelling potential of
the heavily compacted bentonite (Fig. 6d). The measurement
of total stresses in an in situ test is quite complex (e.g., it is

not easy to achieve good contact between materials), so it is
difficult to establish reliable comparisons with analysis re-
sults. At the beginning, the model results appear to provide
an upper bound to measurements that could be consistent
with the fact that stress cells started giving meaningful read-
ings sometime after the start of the test.

Host rock
The thermal field is also quite well captured in the host

rock. Typical results are presented in Fig. 7a. The slight
underprediction of temperatures observed in the clay barrier
persists in the rock mass. Water pressure recovery in the
rock is also well described by the model (Fig. 7b). Pressure
values are of the correct order of magnitude and, in particu-
lar, rates of pressure recovery are captured well. Measured ra-
dial displacements in the rock are very small (of the order of
0.1 mm) making it difficult to discern a clear trend (Fig. 7c).
Overall, the model also predicts small displacements,
although somewhat larger than the measured ones. Finally,
uncertainties also affect total stress measurements in the rock
(Fig. 7d). However, stresses computed in the numerical anal-
ysis appear to provide a satisfactory estimate of the magni-
tude of the observed stress increases.
It can be concluded, therefore, that the thermal–hydraulic–

mechanical behaviour of the experiment is well captured
overall by the model during heating in both the clay barrier
and host rock. In the following section the behaviour under
cooling is analyzed in detail.

Fig. 5. Two-dimensional axisymmetric mesh of the in situ test. x-axis is coincident with the tunnel axis and y-axis is in the direction of the
tunnel radius, r. (a) Detailed mesh involving the different materials to be excavated and the ones that will remain in the mesh; (b) whole
mesh. All dimensions in metres.
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Cooling down and partial dismantling
modelling

Cooling down of heater#1 simulation
Based on a number of preliminary numerical analyses, it

was decided to switch off heater#1 in one step. It was pre-
dicted that after about 1 month of heater#1 disconnection,
the temperature in the sections of the barrier to be retrieved
would be suitable to conduct the dismantling operations. Fig-

ure 8a presents the thermal field just before switching off
heater#1, and Fig. 8b shows it 1 month later.
Figure 9 shows experimental and modelling results of the

evolution of the temperature at the heater–bentonite interface
contact point where the temperature was previously fixed at
100 °C. This figure also presents the power emitted by
heater#1; the model slightly underpredicted (as explained be-
fore, by approximately 10%) the heater power. Up to day
1827 (28 February 2002) the heating power was adjusted au-

Fig. 6. Evolution of main variables in the clay barrier, observed versus computed values (OBC model): (a) heat power; (b) temperature;
(c) relative humidity; (d) stresses.
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tomatically to maintain a constant temperature of 100 °C at
the interface between the heater and the bentonite. From this
date on, heater#1 was switched off and this zone of the bar-
rier cooled down as recorded by the sensor. The model was
able to predict very well the temperature decay at the thermal
control point.

Partial dismantling simulation
The simulation of the different operations involved in the

partial dismantling of the in situ test required the develop-
ment of a new excavation module in CODE_BRIGHT. The
implemented algorithm is based on the removal of the ele-
ments to be excavated from the mesh just before excavation

Fig. 7. Evolution of main variables in the clay barrier, observed versus computed values (OBC model): (a) temperature; (b) liquid pressure;
(c) radial displacement; (d) stresses.
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and the preparation of new mesh according to the new geom-
etry after excavation takes place. The excavation procedure
described by Potts and Zdravković (1999) has been adapted

to the particular conditions used by CODE_BRIGHT to pre-
scribe boundary conditions (Olivella et al. 1996).
Based on the dismantling operation sequence presented in

Fig. 8. Contours of temperature (a) just before the switch-off of heater#1 and (b) just before the plug demolition.

Fig. 9. Evolution of temperature and power of heater#1 during cooling.
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Table 2, the following stages have been considered in the nu-
merical analysis:

• Start of plug demolition: 2 April 2002 – day 1860
• End of plug demolition: 28 May 2002 – day 1916
• Start of bentonite excavation: 29 May 2002 – day 1917
• Start of heater#1 extraction: 19 June 2002 – day 1938
• End of excavation: 19 July 2002 – day 1968

The dates associated with the stages considered in the
analysis correspond exactly to those in the field (Barcena et
al. 2003). Figure 10 shows schematically the dismantling
steps considered in the analysis and the corresponding times.
Figures 11a and 11b present the contours of longitudinal

displacement and axial stress computed at different excava-
tion stages. The high swelling capacity of the FEBEX ben-
tonite and the confined conditions of the test induce the
development of high swelling pressures in the clay barrier.
As expected, axial displacements and reduction of axial
stresses in the clay barrier are predicted after concrete plug
demolition and subsequent excavation. It can also be ob-
served that the effect of the relaxation of confinement during
excavation is quite local and affects zones close to the ad-
vance front only.

THM behaviour during cooling down and dismantling
The partial dismantling was carried out with the funda-

mental aim of maintaining heater#2 and all the sensors in
the clay barrier and surrounding rock operatives during the
whole process. This has provided the opportunity of analyz-
ing the evolution of the main THM variables of the problem
during the cooling down of heater#1 and subsequent excava-
tion. The analysis of the main sensor measurements in both
bentonite barrier and rock and their comparison with the
model predictions are now discussed. The results are pre-
sented for times ranging from day 1750 (i.e., a few days be-
fore the cooling of heater#1) to 1000 days later, when the
transient processes induced by the partial dismantling appear
to have disappeared. In those sections that were dismantled,
the experimental observations are presented until the time at
which the sensors were removed from the experiment.

Clay barrier
In relation to thermal behaviour, the model predicts very

well the decrease of temperature at different sections close to
heater#1; see, for example, results in sections G and I pre-
sented in Figs. 12a and 12b, respectively.
As expected, the disconnection of heater#1 strongly af-

fected the hydraulic behaviour of the clay barrier in its vicin-
ity. This is mainly because of the key effect of water vapour
transfer phenomena on clay barrier hydration. During heat-
ing, an increase of the water vapour concentration is expected
near the heater. Consequently, water vapour from the internal
part of barrier moves outwards driven by the gradient of va-
pour concentration, which is governed by Fick’s law (see Ap-
pendix A, eqs. [A20a] and [A20b]). When this water vapour
front reaches zones of lower temperature, the water vapour
condenses and turns into liquid. The corresponding behaviour
on cooling can be observed in Fig. 12c. Just after turning off
heater#1, a rapid increase of the relative humidity was ob-
served in zones close to the heater (i.e., radii r = 0.52 m,
Fig. 12c). The lack of water evaporation (and the correspond-

ing drying) prevalent there while heater#1 was switched on is
probably the main cause of this behaviour. Furthermore, the
progressive increases of relative permeability further out con-
tribute to the hydration in the form of advective liquid fluxes
(see Appendix A, eq. [A16]). As hydration progresses, the
hydraulic gradient decreases and consequently the saturation
rate of the barrier diminishes progressively (see Appendix A,
eqs. [A15a], [A15b], and [A15c]). The sensors, while they
were operative, confirmed the model predictions.
A different behaviour was observed at intermediate radii of

the barrier: a moderate reduction of the relative humidity dur-
ing cooling down was recorded (i.e., r = 0.82 m, Fig. 12c).
This apparent drying is attributed to two main factors. On
one hand, vapour transfer (as explained above) stopped when
heater#1 was turned off, and therefore water vapour was no
longer arriving in these intermediate zones. On the other,
after heater#1 was turned off there was an increase in the
liquid water transfer from the external part to the internal
part of the barrier in the form of advective flux (as explained
above). These two factors combined to induce a reduction of
the availability of liquid water in this zone of the barrier.
This drop in relative humidity was detected by the sensors.
Finally, the zones near the host rock were not affected by
the cooling down of the barrier (i.e., r = 1.10 m, Fig. 12c).
Section H was moderately affected by the thermal changes

induced during the switch-off of heater#1 due to its relative
proximity to this heater. The trends in section H are qualita-
tively similar to the ones observed in section E1 (as com-
mented above), but with a less marked effect of the
temperature variations (Fig. 12d). The model also describes
well the main trends observed in this section, but with a
slight underprediction of the relative humidity in the section
closer to the heater.
Observing the model results, it can be concluded that over-

all the model predicts satisfactorily the experimental observa-
tions described above. Note that capacitive-type transducers
manufactured by Vaisala (Huertas et al. 2006) were used to
measure the relative humidity. These types of sensors auto-
matically account for the effect of temperature on relative hu-
midity, so the plotted measurements are related to the actual
wetting or drying of the bentonite in the vicinity of the sen-
sor.

Host rock
As expected, the changes observed in the thermal field de-

pend on the distance to heater#1. For example, Fig. 13a
shows the observed temperature in borehole SF24. Just be-
fore switching off heater#1, the maximum temperature at the
sensor nearest the clay barrier (i.e., r = 1.3 m, measured
from the axis of the drift) was around 42.5 °C, and a reduc-
tion of around 3 °C was recorded just after heater#1 was
turned off. At a distance of 2.9 m (from the centre of the
drift) the reduction of temperature was around 2.5 °C and
the changes were practically imperceptible at a distance of
9 m. Moving away from the heaters’ zone, the temperature
around the barrier decreases. For example, Fig. 13b shows
that in borehole SB12 (near the concrete plug) the tempera-
ture close to the gallery (i.e., r = 1.41 m) was around 19 °C
and it reduced by around 5 °C after heater#1 disconnection.
The model was able to predict very well the temperature evo-
lution in these two quite different zones.
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Cooling down and partial dismantling slightly affected the
liquid pressure in the host rock. Figure 13c shows the results
of a typical piezometer. It can be seen that the model under-
predicts the observed change in the liquid pressure. As for
the mechanical problem, a noticeable reduction of the normal
stresses can be observed (Fig. 13d). This behaviour can be
associated with two main factors: (i) the contraction of mate-

rials during cooling and (ii) the removal of the clay barrier in
heater#1 zones, with the corresponding release of the benton-
ite swelling pressure acting against the gallery rock. The fact
that the more significant reduction of stresses took place just
after switching off heater#1 indicates that the first factor is
the more influential one. As for the stresses in the rock
mass, the model underestimates somewhat the strong stress

Fig. 10. Excavation stages considered in the modelling.

Fig. 11. (a) Contours of displacement and (b) of axial stress during excavation (compression is considered positive).
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Fig. 12. Evolution of temperatures and relative humidity in the clay barrier just before and after switch-off of heater#1: observed versus
computed values of (a) temperature in section G, (b) temperature in section I, (c) relative humidity in section E1, and (d) relative humidity in
section H.
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Fig. 13. Evolution of temperatures, liquid pressure, and stresses in the host rock just before and after switch-off of heater#1. Observed versus
computed values of (a) temperature in SF24, (b) temperature in SB12, (c) liquid pressure in SF23, and (d) stress in SG2.
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decrease observed just after switching off heater#1, but it
predicts quite well the stress field variations observed after-
wards.

Comparison between model predictions and
data from new sensors
This section presents the main results related to the new

instrumentation described in the section titled “Final experi-
ment configuration and additional instrumentation”. Fig-
ures 14a and 14b shows data on the evolution of relative
humidity gathered with the new sensors in sections G and I,
respectively. The model predictions in the different positions
are quite satisfactory in both tendencies and average values,
although predictions appear to lie in the lower range of the
measured relative humidity values in this part of the barrier.
This may be consistent with the presence of the lamprophyre
dyke in this zone (see Fig. 1a), which could imply a higher
availability of water in this part of the barrier.
Figure 14c presents the results for the total pressure cell

located at the contact between the new concrete plug and the
clay barrier (section P, Fig. 3a). A quick increase of the
stresses in this area is recorded by the pressure cell, while a
slow increment is predicted by the model. This difference
could be again attributed to the presence of a natural hetero-
geneity in this part of the barrier (i.e., the lamprophyre) and
also to the disturbance induced in that zone by the construc-
tion of the new concrete plug. These two factors could lead
to a rapid hydration of the bentonite with the corresponding
increment of swelling pressure. The model does not contem-
plate this situation, as a homogeneous porous medium has
been assumed in both the rock and clay barrier. A different
situation is observed in section F2, where it seems that the
new internal sensors (i.e., 0.6 and 0.8 m) are not registering
stresses reliably yet (Fig. 14d).
A more accurate representation of the problem may be ob-

tained by including the rock heterogeneities observed in the
test zone (e.g., the presences of the lamprophyre, fractures),
however this will require a more complex three-dimensional
modelling of the test.

Long-term predictions
This section presents the experimental observations regis-

tered up to the day 3761; which is approximately 5 years
after the partial dismantling, and corresponds to a period of
about 10 years of continuous monitoring from the beginning
of the test. Model predictions are presented for a period twice
the analyzed operation phase (i.e., 20 years). For this paper,
this analysis has been identified as “long-term predictions”.
In the following sections, the results corresponding to the
clay barrier are presented first, followed by those related to
the host rock. Finally, the long-term hydration of the clay
barrier is analyzed for sections with different thermal gra-
dients.

Engineered barrier
Heater#2 has been adjusted to maintain at all times the tar-

get temperature of 100 °C at the hottest point of contact be-
tween the heater and the bentonite. The model reproduces
very well the required jump in the power of heater#2 (after
heater#1 switch-off) to maintain the target temperature

(Fig. 15a). As already mentioned, the model slightly under-
predicts the heater power; nevertheless, the increase of about
5% in power is estimated correctly. As expected, in sections
far from heater#1, the changes in the thermal field were prac-
tically negligible after its cooling down. As shown in
Fig. 15b, there was only a small decrease of temperature,
which is more noticeable in positions at larger radial distan-
ces. A tendency towards a slight increase of the power of
heater#2 and temperature can be observed in the long term
as hydration progresses. This is related to the increase of
thermal conduction with saturation (see Appendix A,
eq. [A22]).
The total pressure cells under operation (for the considered

period) correspond to sections that were not significantly af-
fected by the dismantling operations. Figures 15c and 15d
present the results for two typical sections. The overall model
prediction of stresses is quite good, with a maximum stress
about 4.5 MPa.

Host rock
Looking at Figs. 16a to 16c, it can be seen that the effect

of switching off heater#1 was quite general and affected the
whole near field, inducing a transient thermal period that
lasted for around 3 years and was more noticeable in posi-
tions closest to heater#1. The model predicts correctly the
measured temperature decay in the granite. As in the clay bar-
rier, long-term predictions show a tendency towards a very
slow increase of temperatures in the host rock. The liquid
pressures remain practically constant in the long term. As
can be seen in Fig. 16d, after a pore-water pressure increase
during initial heating, quite well captured by the model,
practically no changes occurred afterwards.
In terms of mechanical behaviour, the model predicts

(qualitatively) well the decay in stresses and radial displace-
ments observed in the surrounding rock after the disman-
tling operations (Fig. 17). As mentioned in the subsection
titled “Host rock” of the section titled “Operational base
case analysis”, the measured displacements are much lower
than the predicted ones (Figs. 17a and 17b). Just after the
switch-off of heater#1, the model predicts a reduction in
the radial displacements; with a tendency towards a rather
constant values, of around 0.10 mm near the gallery (i.e.,
2.1 m), and 0.20 mm in faraway positions (i.e., 4.1 and
8.1 m). As for the experimental observations, a (practically)
continuous decrease of those values is measured, leading to
negative displacements in some positions. This trend seems
unrealistic, especially when compared with the evolution of
the stress field (i.e., Figs. 17c and 17d), suggesting that
those sensors are malfunctioning. Also as mentioned in the
subsection titled “Host rock” of the section titled “Opera-
tional base case analysis”, the predicted maximum stresses
(i.e., just before cooling) near the gallery (Fig. 17d) are
close to the measured ones. The stresses predicted in the
long term in this position are between 3 and 4 MPa, values
that are quite close to the latest measurements. As for posi-
tions distant from the barrier (Fig. 17c), the axial stress
(i.e., sxx) is satisfactorily predicted by the model, the cir-
cumferential stress is significantly underpredicted, and the
sensor measuring radial stress failed after around 3 years of
operation.
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Effect of temperature on long-term hydration of the clay
barrier
The effect of temperature on the hydration of clay barriers

is of central interest. In many large and small heating tests it
has been observed that the hydration time can be much lon-
ger than expected. For example, in the mock-up test (the
other large heating experiment of the FEBEX project) a ten-

dency towards a very slow hydration has been observed.
After 5 years of operation, an important part of the mock-up
barrier was still unsaturated, and a general trend towards a
very slow saturation was observed (Sánchez et al. 2012). In
fact, these observations in the mock-up test motivated the in-
terest in keeping half of the in situ test ongoing, with the ex-
plicit aim to explore the long-term hydration of the FEBEX

Fig. 14. Computed and measured values by the new sensors: (a) relative humidity in section G, (b) relative humidity in section I, (c) stresses
in section P, and (d) stresses in section F2.
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bentonite under natural conditions. Moreover, in the context
of the NF-PRO project, slow hydration has also been ob-
served when compacted FEBEX bentonite has been subjected
to heating and hydration in cell tests under controlled condi-
tions in the laboratory (e.g., Sánchez et al. 2007). A slow hy-
dration rate has also been observed in other heating

experiments using different clays to build the engineered bar-
riers; for example, the prototype experiment at the Äspö site
in Sweden. Furthermore, unexpected quite low saturation of a
clay barrier was also observed in a large-scale isothermal test
subjected to natural hydration in Canada (Dixon et al. 2002;
Thomas et al. 2003). This is an unanticipated result that

Fig. 15. Long term-predictions of thermal and mechnical variables in the clay barrier. Observed versus computed values of (a) power of
heater#2, (b) temperature in section D2, (c) stresses in section E2, and (d) stresses in section B2.
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could imply that a clay barrier subjected to natural hydration
even under isothermal conditions could remain unsaturated
for very long periods.
In this context, the switching off of heater#1 and the new

sensors installed in the barrier have provided an excellent op-
portunity to analyze the influence of the cooling down on the
kinetics of hydration of the clay barrier. For example, looking
at section E1 in Fig. 6c, it is evident that before the heater#1

Fig. 16. Long-term predictions of thermal and hydraulic variables in the host rock. Observed versus computed values of (a) temperature in
section SF24; (b) temperature in section SF22; (c) temperature in section SB12; (d) liquid pressure SF23.
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switch-off there was a tendency towards a very low hydration
in sections close to the heater. After the switch-off of heater#1,
a fast increase of the relative humidity is predicted by the
model for this zone of the barrier (Fig. 12c). The experi-
mental data during the barrier cooling down confirmed the

fast hydration predicted by the model, although these re-
cords were available only for a relatively short period of
time (due to the dismantling operations carried out in this
section). Fortunately, the new sensors installed in section G
(which is also in the heater#1 zone) have provided the op-

Fig. 17. Long-term predictions of mechanical variables in the host rock. Observed versus computed values of (a) radial displacement in sec-
tion SI2; (b) radial displacement in section SI1; stresses in sections (c) SG1 and (d) SG2.
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portunity to confirm the model predictions for a much lon-
ger period (Fig. 14a). It is apparent that the behaviour of
sections E1 and G are not exactly the same, because the
thermal gradient is different (section G is closer to
heater#2), but they follow a similar trend. Figures 18a and

18b present the long-term predictions for the two sections
discussed above (E1 and G). The model predicts that after
20 years of testing, a (practically) full saturation will be at-
tained in sections such as E1 under practically nil thermal
gradients (as can be observed in Fig. 8b). Figures 18c and

Fig. 18. Long-term predictions of relative humidity in the clay barrier. Observed versus computed values in sections (a) E1, (b) G, (c) H, and
(d) F2.
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18d show that as the thermal gradient of the section in-
creases (see Fig. 8b), the rate of hydration reduces signifi-
cantly. The new sensors installed in section F2 at a radial
distance of 0.60 m are recording values of relative humidity
between 60% and 30%, which is a quite wide range. Model
predictions are just in-between the measured values.
Considering that a very slow cooling down of the barrier

due to the radioactive decay is expected in the long term, the
analyses presented here are quite relevant to the behaviour of
the barrier under these conditions.

Conclusions
One of the main objectives of the modelling related to nu-

clear waste disposal is to achieve a better understanding of
the thermal–hydraulic–mechanical processes expected in the
repository near-field and to provide a capability for quantita-
tive predictions of these processes by numerical analyses.
These two goals have been satisfactorily accomplished in the
analyses presented in this paper. The cooling and partial dis-
mantling of the in situ test have offered an excellent opportu-
nity to explore the THM behaviour under conditions that are
different from those generally studied to date, but are quite
relevant to the performance of repositories. The availability
of measurements of the main THM variables from sensors
strategically located in the clay barrier and surrounding rock
and the corresponding interpretation in light of the adopted
coupled formulation have been very useful to learn about the
main THM phenomena that took place during the transient
period induced by the partial dismantling operations. The
overall performance of the computer code has resulted in
quite satisfactory predictions in both qualitative and quantita-
tive terms. Evidently, the proposed approach presents some
limitations for fully capturing the observed behaviour, partic-
ularly in terms of the stress field. The mechanical behaviour
of the clay may be improved by using a more advanced
model for expansive clays (e.g., Sánchez et al. 2005). A sim-
ple linear elastic model was adopted for the granite; a better
representation of its behaviour (especially at advanced stages)
may be achieved by using a more sophisticated constitutive
model for representing the rock behaviour. In any case, it
can be concluded that the coupled formulation and computer
code used in the analysis are indeed capable of simulating
realistically the THM behaviour in the near field.
The paper also presents the model predictions for the main

THM variables for a period of 20 years (i.e., about twice the
time of experimental observations presented in this paper).
Particularly interesting are the predictions related to the hy-
dration time of the clay barrier, a key issue in analysis related
to nuclear was disposal due to its impact on other relevant
processes such as chemical processes in the barrier and can-
ister corrosion. The model predictions have been presented
for four sections affected differently by the cooling down of
the barrier. It has been observed that the thermal field has a
significant influence on the hydration time. The model pre-
dicts that after 20 years of operations, the barrier with a very
low hydraulic gradient will be fully saturated. The model also
shows that a quite slow hydration of the clay is expected in
zones subjected to thermal gradients. Existing and new sen-
sors (installed after the partial dismantling) have confirmed
the model trends during the barrier cooling-down period.
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Appendix A. Mathematical formulation

Balance equations
Mass balance equations were established following the

compositional approach, which consists of balancing the spe-
cies rather than the phases. The notation used herein is pre-
sented in Table 1.

Water is present in liquid and gas phases. The total mass
balance of water is expressed as (Olivella et al. 1994)

½A1� @

@t
ðqwl Slnþ qwg SgnÞ þ r � ðjwl þ jwg Þ ¼ fw

The main variable associated with this equation is the
liquid pressure (Pl). A similar equation can be written for the
mass balance of air (Olivella et al. 1994), however this equa-
tion has not been used in thess analyses as a constant gas
pressure has been assumed (Gens et al. 2009). Thermal equi-
librium between phases has been assumed; consequently only
one equation is required to establish energy balance. The to-
tal internal energy per unit volume of porous media is ob-
tained by adding the internal energy of each phase
corresponding to each medium. Applying the balance equa-
tion to this quantity, the following equation is obtained:

½A2� @

@t
½Esrsð1� nÞ þ E1rlSlnþ EgrgSgn�

þ r � ðic þ jEs þ jEl þ jEgÞ ¼ f E

The temperature (T) is the main variable associated with
this equation. The balance of momentum for the porous me-
dium reduces to the equilibrium equation in total stresses

½A3� r � s þ b ¼ 0

Through an adequate constitutive model (presented in the
next section), the equilibrium equation is transformed into a
form expressed in terms of solid velocities and fluid pres-
sures. The assumption of small strain rate is also made. The
displacement field (u) is the main variable associated with
this equation. In addition, the mass balance of solid is estab-
lished for the whole porous medium and it is used to update
the porosity (Olivella et al. 1996).

Constitutive equations and equilibrium restrictions
Laboratory tests carried out in the context of the FEBEX

project (Gens et al. 2009) have been used to determine inde-
pendently the different parameters of the constitutive models
used in the numerical simulation of the in situ test. The main
constitutive laws and the corresponding adopted parameters
are presented in the following sections.

Mechanical constitutive model
The Barcelona Basic Model (BBM) has been adopted to

model the mechanical behaviour of the clay barrier (Alonso
et al. 1990). The model is formulated in terms of the three
stress invariants (p; J; q); suction, and temperature. The de-
scriptions of the stress invariants are provided in the section
titled “Stress invariants”. The trace of the yield function on
the isotropic p–s plane is called the loading–collapse (LC)
yield curve, because it represents the locus of activation of
irreversible deformations due to loading increments or wet-
ting (collapse compression). The position of the LC curve is
given by the value of the hardening variable p�0. The BBM
yield surface (F) is then expressed as

½A4� F ¼ 3J2 � gðqÞ
gð�30oÞ

� �2
M2ðpþ psÞðp0 � pÞ ¼ 0
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When yielding takes place the increment of plastic defor-
mations is evaluated through:

½A5� _3p ¼ l
@G

@s

where G is the plastic potential as follows:

½A6� G ¼ aG3J
2 � gðqÞ

gð�30oÞ
� �2

M2ðpþ psÞðp0 � pÞ ¼ 0

where aG is the material parameter that controls the degree of
nonassociativeness, determined according to (Alonso et al.
1990).
The hardening law is expressed as a rate relation between

the volumetric plastic strain and the saturated isotropic pre-
consolidation stress “p�0”, according to

½A7� _p�0
p�0

¼ ð1þ eÞ�
lð0Þ � k

�_3pv
The dependence of the tensile strength on suction and tem-

perature is given by (Gens 1995)

½A8� ps ¼ kse�rDT

The dependence of p0 on suction is given by

½A9a� p0 ¼ pc
p�0T
pc

� �ðlð0Þ�kÞ=ðlðsÞ�kÞ

½A9b� p�0T ¼ p�0 þ 2ða1DT þ a3DT jDT jÞ
The compressibility parameter for changes in net mean

stress for virgin states of the soil (l(s)) depends on suction
according to

½A10� lðsÞ ¼ lð0Þ½rm þ ð1� rmÞ expð�zsÞ�

The bulk modulus (K) for changes in mean stress is eval-
uated with the following law:

½A11� K ¼ ð1þ eÞ
k

p

The bulk modulus for changes in suction is computed ac-
cording to the following law:

½A12� Ks ¼ ð1þ eÞðsþ patmÞ
ks

The bulk modulus for changes in temperature is computed
by the following law:

½A13� KT ¼ 1

ða0 þ a2DTÞ
where a0 and a2 are parameters related to the elastic thermal
strain.
Due to the high compaction that the bentonite blocks have

been subjected to, the description of the behaviour of the ma-
terial inside the yield surface is particularly important. The
variation of stress–stiffness with suction and the variation of

swelling potential with stress and suction have been consid-
ered. The resulting elastic model is the following:

½A14a� _3ev ¼
k

ð1þ eÞ
_p

p
þ ks

ð1þ eÞ
_s

ðsþ 0:1Þ
þ ða0 þ a2DTÞ _T

½A14b� _3es ¼
_J

Gt

where (Technical University of Catalonia 2011)

½A15a� k ¼ kið1þ assÞ

½A15b� ks ¼ ks0ð1þ asp lnp=prefÞ

½A15c� Gt ¼ 3ð1� 2mÞK
2ð1þ mÞ

The model parameters were determined from the experi-
mental laboratory campaign carried out during the FEBEX
project (Gens et al. 2009). As an example, Fig. 4a shows the
computed results of two swelling pressure tests according to
Lloret et al. (2003).
The thermomechanical behaviour of the rock and con-

crete has been described using a linear elastic model in
terms of a bulk modulus (K) and shear modulus (Gt), and a
coefficient of linear expansion, a0. The main model param-
eters for the clay barrier, concrete and granite, are presented
in Table 3.

Constitutive models related to the hydraulic behaviour
The models introduced below have been adopted to de-

scribe the behaviour of the porous materials (i.e., clay barrier,
granite, and concrete). Advective fluxes are computed using a
generalized Darcy’s law, expressed as

½A16� qa ¼ �KaðrPa � ragÞ a ¼ l; g

The permeability tensor is evaluated according to

½A17� Ka ¼ k
kra

ma

a ¼ l; g

The dependence of intrinsic permeability on porosity has
been based on Kozeny’s law

½A18� k ¼ k0
n3

ð1� nÞ2
ð1� n0Þ2

n30
I

Permeability tests performed on saturated samples have
been used to adopt the reference values: k0 = 1.9 × 10–21 m2

for a porosity of 0.40 (Fig. 4b). The well-known power law
has been adopted to describe the dependence of liquid per-
meability on degree of saturation

½A19� krl ¼ Snsl

A value of ns = 3 has been determined from back-calculating
hydration tests on FEBEX bentonite. The water-retention
curve relates the degree of saturation of the material with
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suction. The law adopted is based on the van Genuchten
(1978) model, as follows:

½A20a� Sl ¼ 1þ s

P0

� �1=ð1�l0Þ
" #�l0

fd

½A20b� fd ¼ 1� s

Pd

� �ld

Figure 4c presents the results of tests carried out at condi-
tions of constant volume on FEBEX bentonite, together with
the adopted relationship. Model parameters are: P0 =
20 MPa, l0 = 0.18, Pd = 1100 MPa, and ld = 1.10.
Nonadvective fluxes of species inside the fluid phases are

computed through Fick’s law, which expresses them in terms
of gradients of mass fraction of species through a hydrody-
namic dispersion tensor that includes both molecular diffu-
sion and mechanical dispersion

½A21� iia ¼ �Di
arui

a i ¼ w; a; a ¼ l; g

In particular, for the vapour transfer the following model is
used:

½A22�
iwg ¼ �ðfrgSgtDw

mIþ rgD
0
gÞruw

g

Dw
m ¼ 5:9� 10�12ð273:15þ TÞ2:3

Pg

ðm2=sÞ

where t = 0.8; more details can be find elsewhere (e.g., Oli-
vella et al. 1994; Technical University of Catalonia 2011).

Constitutive models related to the thermal behaviour
Fourier’s law has been adopted to describe the conductive

flux of heat. The thermal conductivity (l) depends on the
saturation of the clay and is expressed by the geometric
mean of the thermal conductivities of the components

½A23a� ic ¼ �lrT

½A23b� l ¼ lSlsatl
ð1�SlÞ
dry

Based on experimental results (Fig. 5d), the following ther-
mal conductivities have been adopted: ldry = 0.47 (W/m·C°)
and lsat = 1.15 (W/m·C°).

Equilibrium restrictions
It is assumed that phase changes are rapid in relation to the

characteristic times typical of the problem under considera-
tion. So, they can be considered in local equilibrium, giving

rise to a set of equilibrium restrictions that must be satisfied
at all times. The vapour concentration in the gaseous phase is
governed by the psychrometric law and the amount of air dis-
solved in water is given by Henry’s law (Olivella et al. 1994,
1996).

Stress invariants
The stress invariants are

½A24� p ¼ 1

3
ðsx þ sy þ szÞ

½A25� J2 ¼ 1

2
traceðs2Þ

½A26� q ¼ �1

3
sin�1ð1:5

ffiffiffi
3

p
dets=J3Þ

with

½A27� s ¼ s � pI

where I is the identity tensor.
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