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Abstract: The heat generated by high-level waste or spent fuel will create disturbances around a deep
geological repository (DGR) containing these wastes. Since the 1990s, SCK CEN, EIG EURIDICE and
ONDRAF/NIRAS have been characterizing the thermo-hydromechanical (THM) behaviour of Boom Clay
and assessing the impact of the thermal disturbances. This research has included laboratory tests as well as
in situ experiments in the HADES Underground Research Laboratory. The two types of tests have been com-
plementary. Laboratory tests have allowed understanding of the THM behaviour and determination of associ-
ated values of the THM parameters of the clay under well-controlled boundary conditions and loading paths.
This knowledge and the parameters were then validated and even improved by in situ tests which allowed inves-
tigation of the effects of temperature on the Boom Clay behaviour at large scales. This paper gives an overview
of this research and presents the main findings. It also explains how the knowledge gained supports the design of
a possible future DGR and contributes to assessing the extent and impact of the THM disturbances in the Boom
Clay around a DGR.

The geological disposal of high-level waste (HLW)
and/or spent fuel (SF) in Boom Clay has been stud-
ied for more than 40 years (ONDRAF/NIRAS
2013). This research was initiated in 1974 by the
Belgian Nuclear Research Centre (SCK CEN). In
these first years SCK CEN focused its research
efforts on investigating the BoomClay, a clay forma-
tion at a depth between 185 and 287 m below the site
of SCK CEN in Mol. The Boom Clay is a poorly
indurated clay. Its very low permeability, strong
retention capacity for many radionuclides and chem-
ical contaminants and self-sealing capacity make it a
potentially suitable host clay formation for the dis-
posal of radioactive waste.

Promising results on Boom Clay obtained in the
laboratory led to the decision to construct the
HADES Underground Research Laboratory (URL)
at the site of SCK CEN. The HADES URL is
built more or less in the middle of the clay forma-
tion at a depth of 225 m. Figure 1 summarizes the
construction history of the HADES URL (Li et al.
2023).

Its construction started in the early 1980s with the
First Shaft and First Gallery. An important extension
was completed in 2001 with the construction of the

Second Shaft and the gallery (called the ‘Connecting
Gallery’) connecting this shaft to the already existing
part of the URL. In 2007, the 45 m long PRACLAY
Gallery was built perpendicular to the Connecting
Gallery. This demonstrated the feasibility of con-
structing smaller-diameter galleries and crossings
in Boom Clay using industrial techniques similar to
those used for the Connecting Gallery (Van Marcke
et al. 2013).

The HADES URL played an essential role in
characterizing the thermo-hydromechanical (THM)
behaviour of the Boom Clay. The construction of
shafts and galleries provided an opportunity to
observe and measure the clay’s response to these
excavations (Bastiaens et al. 2003; Van Marcke
et al. 2013). For example, before URL construction
started, the Boom Clay mechanical behaviour at
this depth was poorly understood. It was thought
that the Boom Clay would not be able to sustain
the excavation work (de Beer et al. 1977; Bastiaens
et al. 2006). Therefore, it was frozen before the exca-
vation. However, during the construction of the first
gallery, the convergence of the clay turned out to be
smaller than expected. This indicated that it was pos-
sible to excavate in unfrozen Boom Clay. This was
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successfully tested with the construction of the
Experimental Shaft and Gallery.

The HADES URL has also allowed in situ
experiments to be conducted. The ATLAS Heater
Test was a small-scale test performed in the
HADES URL between 1993 and 2012. Its goal
was to investigate the THM behaviour of the clay
and to determine its THM properties and parame-
ters. In 2014, the PRACLAY Heater Test was
launched in the PRACLAY Gallery (Fig. 2): a
33.5 m long section of the gallery was heated for
10 years at a temperature of 80°C at the interface
between the gallery lining and the clay (Dizier
et al. 2016, 2021). The main goal of the PRACLAY
Heater Test is to refine the THM models and asso-
ciated parameter values derived from the laboratory
experiments and the ATLAS Heater Test and to
confirm their relevance at different scales, from
small scale to large scale in situ experiments
(Chen et al. 2021, 2023a, b).

The construction of the HADES URL and the in
situ experiments performed have allowed a good

understanding of the THM behaviour of the Boom
Clay as a complement to the laboratory results. The
total vertical stress and porewater pressure at the
depth of the URL in Mol are 4.5 and 2.25 MPa,
respectively. The coefficient of earth pressure at
rest, the K0 value, is about 0.7 (Bernier et al. 2007;
ONDRAF/NIRAS 2013). The BoomClay is charac-
terized by very low permeability (of the order of
10−12 m s−1, Aertsens et al. 2004) and a limited
hydraulic gradient over the formation. As a result,
the transport of radionuclides mainly occurs via dif-
fusion and advection is assumed to be negligible. In
addition, measurements of the convergence of the
HADES URL gallery lining particularly demon-
strated the visco-elasto-plastic behaviour of the
Boom Clay at that depth. This behaviour favours
the Boom Clay’s capacity to seal fractures (Bernier
et al. 2007; Dizier et al. 2023). Furthermore, in situ
experiments showed different responses depending
on the orientations of the sensors (Chen et al.
2023a, b). This highlighted the anisotropic behav-
iour of the Boom Clay.

Fig. 1. Construction history of the HADES Underground Research Laboratory at Mol, Belgium.

Fig. 2. The PRACLAY Gallery hosts the PRACLAY Heater Test.
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State of knowledge on the THM behaviour
of Boom Clay

The heat generated by HLW and/or SF will lead to
perturbations in the clay around the deep geological
repository (DGR). Figure 3 illustrates the range of
processes (hydromechanical, thermal, chemical and
biological) occurring in and around the DGR during
the thermal phase, i.e. the phase during which the
temperature of the host clay formation increases.

The increased temperature in the clay induces
strong, coupled, hydromechanical perturbations, as
also observed for Callovo-Oxfordian and Opalinus
Clays (Villar et al. 2020). It leads to a volumetric
expansion of both the porewater and the rock miner-
als. Because the thermal dilation coefficient of water

ishigher than thatof the solidphase inaclay formation
with low permeability, such as Boom Clay, the volu-
metric expansion results in an increase in porewater
pressures and a variation of the mean stresses. This
may cause a decrease in effective stress in the clay
that can ultimately lead to fracturing. In that context,
the studies on the effect of heat on the hydromechan-
ical behaviour of the BoomClay focus on the follow-
ing three axes – how increasing temperature affects:

• the clay behaviour around the DGR (the intact
clay);

• the clay behaviour within the excavation damaged
zone (EDZ); and

• the extent of that EDZ (as a consequence of the
two previous points).

Fig. 3. Transverse cross-sections through a disposal tunnel for heat-emitting waste and the surrounding Boom Clay,
illustrating the hydromechanical, thermal, biological and chemical processes occurring in the disturbed zone during
the thermal phase (Harvey et al. 2011). EBS, engineered barrier system; HLW, high-level waste; SRB, sulfate-
reducing bacteria.
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This was done using a large number of laboratory
tests, such as oedometer tests, triaxial tests, creep
tests, permeameter tests (e.g. Baldi et al. 1988; Sul-
tan 1997; Delage et al. 2000; Le 2008; Lima 2011).
These laboratory tests were complemented by in situ
experiments (as detailed in Bernier et al. 2007) and
by back-analysing the stresses in the segmental con-
crete lining of the HADES URL galleries (Dizier
et al. 2023). The THM behaviour was further studied
through different in situ heater tests, more specifi-
cally the CACTUS, ATLAS and PRACLAY tests.
These latter are discussed below.

Laboratory tests and in situ experiments have
both been instrumental in characterizing the Boom
Clay’s THM behaviour. Laboratory tests have
allowed values to be determined for the THM prop-
erties of the clay under well-controlled boundary
conditions and loading paths. In parallel, in situ
tests have allowed validation of the obtained param-
eters and properties and their improvement under
more realistic conditions. This also allowed investi-
gation of the upscaling effects of the laboratory
test. In that way, laboratory and in situ tests have con-
tributed in an iterative manner to refine understand-
ing of the Boom Clay THM behaviour and its
THM parameters and properties. For example, early
laboratory tests assumed that THM behaviour of
Boom Clay was isotropic, but analysis of the in situ
heater test results showed that this behaviour was in
fact anisotropic (Chen et al. 2011, 2023a). In turn,
additional laboratory tests have been done to better
characterize this transversely anisotropic behaviour,
for example by loading the samples in different direc-
tions (mainly parallel and perpendicular to the bed-
ding plane) (Dao 2015). Finally, it is worth
pointing to the role that numerical simulations have
played in characterizing the THM behaviour of
Boom Clay. Several models have been developed
that are capable of capturing the main observations
from laboratory tests and in situ tests (Chen et al.
2023a, b). This strengthens the confidence in our
understanding of the THM behaviour of Boom Clay.

Laboratory tests

The THM behaviour of clay is characterized by a
coupling between thermal, hydraulic and mechanical
processes. The most important characteristics of the
THM behaviour of the Boom Clay are elaborated
below based on the coupling between these different
processes.

Thermal properties. The heat is mainly transferred
by conduction in the clay that can be defined by
two parameters:

• the thermal conductivity which defines the dissi-
pation of heat; and

• the volumetric heat capacity, a storage parameter.

The thermal conductivity of Boom Clay is cross-
anisotropic: the one parallel to the bedding plane
(i.e. subhorizontal, λh) is higher than the one perpen-
dicular to it (i.e. vertical, λv).

Until now, there has been a limited number of
laboratory test setups to determine the thermal con-
ductivity of Boom Clay. In most of them, the thermal
conductivity is determined with a needle probe on
samples without confining stress. In those condi-
tions, Djeran et al. (1994) estimated an average ther-
mal conductivity value of 1.44 W (m K)−1. Dao
(2015) completed this estimation by measuring the
thermal conductivity in clay samples located at dif-
ferent distances from the Connecting Gallery. It
was observed that the thermal conductivity decreases
in the first metres from the gallery lining: the mea-
sured λh ranges from 1.34 to 1.61 W (m K)−1 and the
measured λv from 0.82 to 1.06 W (m K)−1. Unfortu-
nately, such an approach is imperfect because
removing the in situ stress can disturb the sample
and modify the contact between the clay particles.
As a result, the density may change, which in turn
may affect the measured thermal conductivity.

With the aim of improving the thermal conductiv-
ity estimation and avoiding the negative effects of
the needle probe technique, Lima (2011) derived a
thermal conductivity from the numerical interpreta-
tion of a heating pulse test on a hydrated Boom
Clay sample under constant volume conditions.
This led to a value of 1.60 W (m K)−1, which is in
agreement with the estimation of Van Cauteren
(1994), who proposed a thermal conductivity value
of 1.60 W (m K)−1 based on a back-analysis of
early in situ heating tests (i.e. CERBERUS and
CACTUS) in the HADES URL. This value can be
considered as a geometric mean of λh and λv.

The order of magnitude of the thermal conductiv-
ity was later confirmed and refined by analysing
in situ heater tests. A small-scale in situ heater test,
called ATLAS, was conducted in four phases (i.e.
ATLAS I–IV) from 1993 to 2012 in the HADES
URL. This small-scale test was followed by a large-
scale one: the PRACLAY Heater Test, which has
been running since 2014. These two tests yielded a
large number of measured temperatures at different
distances and directions from the heat source that
allowed derivation of the cross-anisotropic thermal
conductivity values (Charlier et al. 2010; Chen
et al. 2011, 2023a; Garitte et al. 2014).

Table 1 summarizes the thermal conductivity val-
ues obtained from the laboratory and in situ tests.
The specific heat of Boom Clay is estimated to be
about 1450 J (kg K)−1 by Buyens and Put (1984).
The uncertainty surrounding this value is considered
low according to Garitte et al. (2014).

Thermo-mechanical coupling behaviour. Many
studies focused on the thermo-mechanical behaviour
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of soils, clay and claystone. The general processes
will not be recalled in this paper, but a synthesis of
the thermo-mechanical behaviour of fine-grained
soil can be found in François (2008) and in Villar
et al. (2020), where experimental results are also
included for Opalinus Clay and Callovo-Oxfordian
claystone.

The behaviour of clay submitted to heat is mainly
governed by the coupling between the solid skeleton,
the clay particles and the fluid phase. The volumetric
dilation of a solid is much lower than that of the fluid
phase (water) filling the pore space. As a conse-
quence, the fluid phase dilates more than the solid
phase during heating and tends to occupy more
space, generating excess porewater pressure owing
to its low permeability. This excess pressure reduces
the effective stresses and may cause the failure of
the sample.

Figure 4a shows the results of two undrained tri-
axial tests on Boom Clay, where one sample was
heated under undrained conditions at a given devia-
toric stress. Figure 4b presents the excess porewater
pressure induced by the undrained shear test with
and without the effect of heating. Two samples
were sheared under normally consolidated condi-
tions. At a given moment, the load was stopped for
one of the two samples and heated. Because of the
undrained conditions, the generated excess pore
pressure conducted the stress path towards the criti-
cal state line, characterizing the plastic behaviour
and the failure of the sample (Hueckel et al. 2009).
During the TIMODAZ project (Delage et al.
2010), Monfared (2011) showed that undrained heat-
ing can be responsible for the reactivation of a pre-
existing shear band during the thermal pressurization
of a hollow cylinder in BoomClay. Nevertheless, the

Table 1. Thermal conductivity values of the Boom Clay

Reference Laboratory or in situ test Thermal conductivity
(W (m °C)−1)

Note

λh λv λmean

Djeran et al. (1994) Laboratory test 1.44 No confining stress
Dao et al. (2015) Laboratory test 1.34–1.61 0.82–1.06 No confining stress
Lima (2011) Laboratory test 1.60 Confined, hydrated
Buyens and Put (1984) Terhaegen in situ test 1.69 Boom Clay at a depth of

6 m below ground
surface

Van Cauteren (1994) CERBERUS and
CACTUS in situ tests

1.60

Charlier et al. (2010) ATLAS III in situ test 1.75 1.25 1.56
Chen et al. (2011) ATLAS III in situ test 1.65 1.31 1.53
Garitte et al. (2014) ATLAS III in situ test 1.55 1.06 1.37
Chen et al. (2023a) ATLAS IV and

PRACLAY in situ tests
1.90 1.20 1.63

Fig. 4. (a) Stress path in the (p′, q) plane during undrained thermal failure for Boom Clay, where p′ refers to the
mean effective stress and q refers to the deviatoric stress, and (b) excess porewater pressure generation (Hueckel et al.
2009).
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effect of an elevated temperature on the shear
strength properties remains unclear for fine-grained
soils. Some authors found an increase in the critical
state parameters, M, while others observed a
decrease of M with temperature (Hueckel et al.
2009). For Boom Clay, based on undrained heating
test performed by Baldi et al. (1991) and re-
interpreted by Hueckel et al. (2009), an increase in
M was observed (Fig. 4a). However, this finding
was obtained based on one unique test with a specific
stress path. Additional triaxial tests at different tem-
perature levels should be performed to support this
conclusion.

The mechanical behaviour of Boom Clay submit-
ted to heating/cooling phases has been studied for a
long time (Baldi et al. 1987, 1988, 1991; Sultan
1997; Cui et al. 2000; Delage et al. 2000). Figure 5
presents drained heating tests on BoomClay samples
at different confining pressures. The contractive/
dilative behaviour may be seen in both cases. For
normally consolidated and slightly overconsolidated
samples, the behaviour remains contractive during
the heating phase, while for highly overconsolidated
samples dilation followed by contraction is
observed.

In addition of this dilative/contractive behaviour,
clayey soils undergo variation of their elastic limit
with temperature. In the case of fine-grained soils,
the preconsolidation pressure decreases with the
increase in temperature. This is shown in Figure 6,
illustrating the evolution of the preconsolidation
pressure in two oedometer tests, one at ambient tem-
perature and one at 80°C (Le 2008).

Moreover, when a clay sample is submitted to a
temperature increase, an overconsolidation effect
can occur. Figure 7 shows the evolution of the void
ratio as a logarithmic function of the effective stress
when the clay is heated at a constant pressure and
then reloaded at high temperature. It is observed

that the slope of the reloading path (at 70°C) changes
before coming back to the previous slope, indicating
that an overconsolidation process occurs (Cui et al.
2000).

Thermo-hydraulic coupling behaviour. The hydrau-
lic conductivity is also affected by temperature, and
more specifically, the viscosity of water decreases
with the increase in temperature. As a consequence,
the hydraulic conductivity will normally increase
with temperature (e.g. Delage et al. 2000; Lima
2011). This change in water viscosity with tempera-
ture only affects the hydraulic conductivity of the
clay, but not its intrinsic permeability, as experimen-
tally shown by Delage et al. (2000) and Lima (2011).

Laboratory tests were performed to study the self-
sealing capacity of the Boom Clay (Bastiaens et al.
2007). These tests performed under constant volume
conditions in permeameter cell revealed the Boom
Clay’s capacity to rapidly seal fractures. Chen
et al. (2014), by exposing Boom Clay samples (dam-
aged and intact samples) to a heating cycle from 20
to 80°C, showed that there is no positive or negative
impact of temperature on the sealing/healing proper-
ties of the clay under such conditions.

Heater tests in the HADES URL

Laboratory tests have allowed investigation of the
THM behaviour and determination of the related
THM parameters and properties of Boom Clay
under well-defined and controlled boundary condi-
tions and loading paths. Laboratory tests are per-
formed on a relatively small volume of soil and
they can be easily repeated to increase confidence
in the experimental results.

In situ tests, on the other hand, allow consider-
ation of a larger and therefore more representative
volume of soil, but their number and thus

Fig. 5. Drained heating tests on Boom Clay samples at different confining stresses. Source: (a) after Baldi et al.
(1991) and (b) after Sultan (1997). OCR, overconsolidation ratio.
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replicability are limited. The interpretation of in situ
tests is generally done by back-analysing the in situ
measurements using numerical simulations derived
from the knowledge about THM behaviour, parame-
ters and properties obtained from laboratory tests. In
that sense, both tests are complementary. Further-
more, in situ tests can be conducted at different
scales to explore the upscaling effect of the THM
knowledge.

CACTUS Heater Test (1990–94). The main objec-
tive of the CACTUS experiment (‘Characterization
of Clay Under Thermal Loading in Underground
Storage’) was to study the THM behaviour of the
Boom Clay formation around a vertical linear ther-
mal source. This source simulated the thermal
release of a 50 year-cooled COGEMAvitrified HLW
canister (the main characteristics of these HLW can-
isters are summarized in ONDRAF/NIRAS 2001).

The CACTUS programme was composed of two
in situ tests (CACTUS I and II) implemented in dif-
ferent sections in HADES URL separated from each
other by a distance of about 25 m. The experimental
setups of both tests are, however, similar. An over-
view of the setup is presented in Figure 8. The central
borehole with the heater is surrounded by six instru-
mented boreholes to monitor the THM behaviour of

the Boom Clay by measuring the variation in the
temperature, porewater pressure, total stress, dis-
placement and water content. The peripheral instru-
mentation was installed in order to record the
hydromechanical parameters prior to drilling the
central borehole.

The CACTUS I was a preliminary test. The first
heating phase started in September 1990 and lasted
for 47 days. The heater power varied from 4000 to
1200 W. The second heating phase started in
March 1991 and lasted until January 1992. A cons-
tant heating power of 1200 W was applied. The
CACTUS II test was run from February 1992 until
March 1993 and also applied a constant power of
1200 W. The complete measurements of two tests
can be found in Picard et al. (1994).

For both tests, similar THM responses were
observed (Bernier and Neerdael 1996). When heat-
ing started, a fast increase of porewater pressure
was observed, followed by dissipation and stabiliza-
tion towards the initial values. A decrease in the
water content was also noted. During cooling, the
porewater pressure decreased to a value much
lower than the initial one, followed by an increase
to an equilibrium state. The water content increased
during cooling.

A fast increase of total pressures was observed
with the same magnitude as for the porewater pres-
sure at the same location. It further remained nearly
constant during the heating. The heating phase was
also accompanied by an increase of density. The
extensometer records show displacements ranging
from 0.5 to 1 mm between two reference points at
1 m distance. During the cooling phase, a fast
decrease of the total pressure was observed followed
by a slow stabilization and a decrease in the density.

The THM coupling models were developed
within the framework of the EC INTERCLAY II
project (Trentesaux 1997). Numerical analysis indi-
cated that the heat transfer in Boom Clay was mainly
through heat conduction and was not affected by the
hydromechanical processes. The thermal conductiv-
ity (1.7 W (m K)−1) and diffusivity (6 × 10−7 m2

s−1) can reproduce the in situ temperature

Fig. 6. Preconsolidation pressure of Boom Clay samples: (a) at ambient temperature and (b) at 80°C (Le 2008).

Fig. 7. Overconsolidation effects observed on Boom
Clay during isotropic compression (Cui et al. 2000).
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measurements quite well. However, the modelling
of the porewater pressure and stress variation
remained challenging as test setup and conditions
were complex and difficult to model with sufficient
accuracy.

The CACTUS tests provided valuable data for
understanding the THM coupling behaviour of the
Boom Clay. Several lessons could also be drawn
from these tests:

• The test setup should be as simple as possible, not
involving too many materials. This lesson was
incorporated into the design of the ATLAS Heater
Test, which focused on the host clay formation.

• Sufficient sensors need to be installed, particularly
near the heater, to capture the THM responses.
This led to the installation of a dense network of
sensors in the near field around the PRACLAY
Gallery. It also turned out to be important to care-
fully select sensors that are sufficiently sensitive to
measure the parameter variations expected and are
suitable for the conditions in which they will oper-
ate (Verstricht et al. 2023).

• From a numerical point of view, a large part of the
THM coupled processes cannot be neglected in
the numerical modelling, such as for instance the
non-linear thermal dilation coefficient or the evo-
lution of the hydromechanical properties in the
excavation damaged zone. These lessons were
also drawn from the ATLAS and PRACLAY
Heater Tests.

ATLAS Heater Test (1993–2012). The ATLAS
Heater Test was carried out in four phases between
1993 and 2012. The goal of these tests was to assess
the hydromechanical effects of a thermal load on the
Boom Clay (Chen et al. 2023a, b). To facilitate the
interpretation of the test results, the test setup was
designed to have well-defined boundary conditions
and a simple geometry. This ensured that the test
responses depended only on the Boom Clay proper-
ties and not on the test setup itself, as was the case for
the CACTUS test. In that test the heater was not in
direct contact with the clay. Figure 9 presents a
schematic view of the test setup. The test setup for
the first two phases, ATLAS I (1993–96) and
ATLAS II (1996–97), consists of a heater borehole
(TD89E) and two horizontal observation boreholes
(TD85E and TD93E). In 2006, the setup was
expanded by drilling two additional observation
boreholes: one horizontal (TD98E) and one inclined
downward (TD97E). The heater was subsequently
switched on from April 2007 to April 2008. This
heating phase is called ATLAS III. To further exam-
ine the anisotropic THM response, an additional
inclined observation borehole, TD90Iu, was drilled
above the heater borehole TD89E in 2010. The
fourth heating phase of the ATLAS Heater Test,
ATLAS IV, lasted from 2011 to 2012.

Because of the small diameter of the heater bore-
hole and considering that the heating load is moder-
ate and progressively changed, the THM disturbance

Fig. 8. Overview of the CACTUS experiments (CACTUS I). Source: ©EIG EURIDICE ESV.

X. Li et al.40

Downloaded from https://www.lyellcollection.org by Guest on May 04, 2025



of the clay is limited. Therefore, the THM responses
monitored during the ATLAS Heater Test mainly
depend on the less disturbed Boom Clay properties
and are more representative of the far-field THM
behaviour of the Boom Clay.

The test provided a large amount of high-quality
data on the temperature and porewater pressure,
based on which some noteworthy observations
were made. Differences in the porewater pressure
response were seen for sensors in a horizontal
place with the heater compared with sensors in a ver-
tical plane. In particular, an instantaneous but tempo-
rary porewater pressure decrease after increasing
power and a temporary porewater pressure increase
after cooling were noticed.

To enhance the understanding of the THM
responses in the Boom Clay to heating, coupled
THM numerical analyses were carried out for the
ATLAS Heater Test (François et al. 2009; Chen
et al. 2011, 2023a, b). For the ATLAS III heater
test, a three-dimensional coupled THM model was
established incorporating constitutive laws with con-
sideration of the transverse THM anisotropy. A set of
transversely anisotropic parameters (Table 2) were
obtained with which the modelling could well repro-
duce the measured porewater pressure (Fig. 10) and
temperature from the ATLAS III heater test. In

Table 2, the values of the elastic moduli are high
compared with those obtained in laboratory tests
because the clay studied in the in situ experiment is
representative of the far field where elastic moduli
at small strain can be considered. The numerical
interpretation also indicated that the instantaneous
but temporary porewater pressure variations after
increasing power and cooling were due to the
mechanical anisotropy (Charlier et al. 2010; Chen
et al. 2011).

PRACLAY Heater Test (2014–ongoing). To confirm
and refine the knowledge gained from laboratory
tests and the ATLAS Heater Test to a scale and con-
ditions that are more representative of a real DGR, it
was decided to perform a large-scale heating test: the
‘PRACLAY Heater Test’. During this test, a 33.5 m
long section of the PRACLAY Gallery was heated
for 10 years at a temperature of 80°C at the interface
between the gallery lining and the Boom Clay
(Fig. 2; Van Marcke et al. 2013; Dizier et al. 2016,
2021). Many sensors were installed in and around
the PRACLAY Gallery (Verstricht et al. 2023).

The test is intended to be representative of a
generic disposal gallery for heat-emitting waste,
and not to exactly simulate the conditions expected
for the current repository design. This is done to

Fig. 9. Schematic horizontal view of the ATLAS Heater Test setup (Chen et al. 2023b).

Table 2. A set of Boom Clay thermo-hydromechanical parameters obtained from the numerical interpretation
of the ATLAS III Heater Test

Direction to the
bedding plane

Thermal
conductivity
(W (m K)−1)

Intrinsic
permeability (m2)

Young
modulus
(MPa)

Thermal
expansion
coefficient
of porewater
(°C−1)

Parallel λpar = 1.65 ki par = 4.0·10−19 Epar = 1400 3.4 × 10−4

Perpendicular λper = 1.31 ki per = 2.0·10−19 Epar = 700
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make sure that the test remains valid if the design
changes in future. It is also not possible to fully
reproduce the time scale, the spatial scale and the
boundary conditions of a real repository. Therefore,
the test is conducted under a reasonably conservative
combination of thermal, hydraulic and mechanical
conditions.

In the ONDRAF/NIRAS reference design for
geological disposal, a maximum temperature of
72°C is reached after c. 15–20 years at the interface
between the clay and the lining of a disposal gallery
containing spent fuel (Dizier 2018). In the PRA-
CLAY Heater Test, the clay at the lining interface
was heated to a temperature of 80°C in around 9
months. As the maximum temperature in the test is
higher and reached more quickly, the thermal condi-
tions imposed in the Heater Test are assumed to
be conservative.

As for the hydraulic conditions, it was attempted
to achieve undrained boundary conditions as these
are more penalizing than drained boundary condi-
tions. At the clay–lining interface, this was realized
by backfilling the PRACLAY Gallery with water-
saturated sand and pressurizing it to 1.0 MPa before
the start of the heater test. At the intersection between
the heated and the non-heated part of the gallery, a
bentonite-based hydraulic seal was installed. The
seal had to hydraulically cut off the heated part of
the PRACLAY Gallery from the rest of the
HADES URL.

During the start-up phase of the test, between
November 2014 and August 2015, the heating
power was increased in steps from 250 to
350 W m−1 and finally 450 W m−1. Since August
2015, the stationary heating phase has started, during
which a constant temperature of 80°C is kept at the
lining–clay interface.

The evolution of the temperature and porewater
pressure in the vertical and horizontal directions
(monitored from a downward and horizontal bore-
hole in the middle section of the heated gallery) is
shown in Figure 11. The rate at which the clay tem-
perature increases depends on its position relative to
the gallery axis. At a distance of 2 m, the temperature
increased quickly during the start-up phase, but then
this increase slowed down. Further away the increase
was slower.

By the end of 2021, the thermally affected zone
had extended in both directions to a depth of more
than 16 m in the BoomClay. At a given time the tem-
perature rise extends further in the horizontal direc-
tion than in the vertical one. These observations
clearly indicate an anisotropic heat transfer conduc-
tion mechanism through the Boom Clay, as already
observed in the smaller-scale ATLAS test.

For the piezometers closest to the concrete lining
(CG35E-6 and PG50D-9), the porewater pressure
increased from its initial value of about 1 MPa before
heating to a value close to 3 MPa at the end of the
start-up phase (August 2015). Since the start of the
stationary phase, the porewater pressure close to
the lining has remained nearly constant but it contin-
ued to increase in the clay. Over time, the peak in
porewater pressure has gradually shifted away from
the gallery further into the Boom Clay. The peak
of maximum excess porewater pressure in the
Boom Clay was reached around 2017 in piezometer
CG38E-2. Since then, the excess porewater pres-
sure has been dissipating in the surrounding
environment.

A difference of evolution was noticed between
the vertical (from the PRACLAY Gallery) and the
horizontal piezometers (from the Connecting Gal-
lery). More particularly, a short decrease followed

Fig. 10. Comparison of porewater pressure at some points between measurements and modelling (Chen et al. 2011).
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by a re-increase of porewater pressure was observed
at the beginning of the heating for some horizontal
piezometers (CG49E-2 and CG49E-6) as a

consequence of the mechanical anisotropic proper-
ties of the clay. These phenomena were also
observed during the ATLAS Heater Test and con-
firm the anisotropic response of the clay (Charlier
et al. 2010; Chen et al. 2011).

Figure 12 presents the evolution of the porewater
pressure at a distance of 22 m from the PRACLAY
Gallery axis. Excess porewater pressures are gener-
ated during the heating, indicating that the hydraulic
affected zone extends beyond 22 m. Porewater pres-
sures had been decreasing owing to the drainage by
the gallery. When the PRACLAY Heater Test was
started, this decrease slightly accelerated. Later,
however, well into the stationary phase, the pore-
water pressures started to increase. All of these
observations confirm that the anisotropy is an impor-
tant aspect for understanding the porewater pressure
evolution around a heat source in Boom Clay.

To evaluate the impact of large-scale thermal
loading on the intrinsic permeability of the Boom
Clay, in situ permeability tests have been performed
on 14 filters from five boreholes CG30E, CG35E,
CG38E, CG42E and CG49E around the PRACLAY
Gallery (Fig. 13; Chen et al. 2022). These tests were
carried out before and during the PRACLAY Heater
Test. Figure 14 shows the evolution of intrinsic per-
meability with temperature. It can be seen that there
is almost no change in intrinsic permeability with a
temperature increase up to 50°C. Since the perme-
ability is dominated by the porosity and structure
of the Boom Clay, this observation implies that
there is no significant change in the porosity and
structure of the Boom Clay, even with a temperature
increase of up to 50°C.

A horizontal profile of the Boom Clay intrinsic
permeability around the heated PRACLAY Gallery
is presented in Figure 15. The results are from five

Fig. 11. Evolution of the measured (a) temperatures
and (b) porewater pressures at the middle section of the
heated part of the PRACLAY Gallery (PG) in both
horizontal and vertical directions (horizontal boreholes
were drilled from the Connecting Gallery and the
vertical downward borehole was drilled from the
PRACLAY Gallery).

Fig. 12. Measured porewater pressures along a borehole drilled from the Connecting Gallery (CG) at a distance of
approximately 22 m from the PRACLAY Gallery axis.
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filters located along the blue dashed line in Figure 13.
They are all at a distance of 24 m from the Connect-
ing Gallery lining. These filters are located around
the mid plane of the heated gallery, i.e. the plane per-
pendicular to the PRACLAY Gallery axis and
through the middle of the heated gallery (see black
dashed line in Fig. 13). For these filters, the temper-
ature and the permeability were measured from 2013
to 2016 (before heating or when temperature
increase was very limited) and from 2020 to 2021
(during heating) (Fig. 15). This shows that the intrin-
sic permeability measured at most filters remains
almost constant with increasing temperature. This
again demonstrates that there is no detrimental ther-
mal influence on the intrinsic permeability of the
Boom Clay. All of these observations are consistent
with those of our previous laboratory tests (Delage
et al. 2000; Chen et al. 2014) and small-scale in
situ ATLAS Heater Test.

Application of THM knowledge to real
repository simulation

The Belgian Research, Development and Demon-
stration programme on the geological disposal of
HLW and/or SF considers disposal in poorly indu-
rated clay as the reference solution. The concept

Fig. 13. Filters from boreholes CG35E, CG38E, CG42E, CG49E and CG55E selected for in situ permeability tests.

Fig. 14. Intrinsic permeability in function of the
temperature based on measurements from boreholes
CG30E, CG35E, CG38E, CG42E and CG49E.

Fig. 15. Profiles of (a) temperature and (b) intrinsic
permeability along the filters at a distance of 24 m from
the Connecting Gallery lining. PG, PRACLAY Gallery.
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studied is the so-called ‘supercontainer concept’. It
entails conditioning the waste in ‘supercontainers’
with a 30 mm thick carbon steel overpack sur-
rounded by a concrete buffer (Fig. 16). The overpack
has to ensure complete waste containment during at
least the thermal phase. The concrete buffer may, in
turn, be enclosed in a 6 mm thick stainless steel
envelope (ONDRAF/NIRAS 2013, 2020).

The dimensions of the supercontainers vary
depending on the waste they contain. The largest
and heaviest supercontainer has a diameter of
2150 mm, is 6250 mm long and weighs 69 t. These
are transported along a waste shaft to the DGR and
placed in a horizontal disposal gallery (Fig. 17). As
waste disposal progresses, the repository is progres-
sively closed by backfilling the disposal galleries.

A minimum distance between adjacent disposal
galleries is necessary to avoid interference between
processes around adjacent galleries (Fig. 17). Exam-
ples of possible interferences are the excavation dis-
turbed zone or the generation of gas. This leads to a
minimum spacing of 50 m between the galleries con-
taining non heat-emitting waste. High-level waste
and SF, however, will emit heat for hundreds to

even thousands of years, as can be seen in Figure 18.
There needs to be sufficient distant between adjacent
disposal galleries to limit the temperature increase in
the surrounding host clay formation. A distance of
120 m between the galleries is considered sufficient.

Numerical simulations of a geological disposal
facility have assessed the THM impact on the clay
host formation. An example of such simulations for
a repository at a depth of 400 m showed that the tem-
perature increasedquicklyaround thedisposal gallery
before rising slowly into the clay massif thanks to the
heat dissipation (Fig. 19). These simulations used the
THM parameters defined in Dizier et al. (2016) and
are performed with the finite element model devel-
oped with COMSOL multiphysics. The model con-
siders the entire DGR history from the excavation
of the galleries until the end of thermal phase
2000 years after the disposal of the supercontainer.

A close look into the evolution of the temperature
obtained by this numerical modelling of a geological
disposal facility showed that the temperature varia-
tion at the clay–lining interface has a maximum
value of 50°C, the peak of the temperature being
reached after one or two decades (Fig. 20a). The
change in slope during the cooling period is influ-
enced by the neighbouring galleries, which only
affect the long-term cooling and have no conse-
quence for the peak temperature.

At the clay–lining interface, significant excess
porewater pressures occur, as can be seen in
Figure 20a. The porewater pressure rises quickly to
a value close the undisturbed value, which is 4 MPa
in this case (for a repository at a depth of 400 m).

The analysis of the variation of the state of
mechanical stress in Figure 20b shows that the exca-
vation process generates plastic strain, which is con-
sistent with the formation of an EDZ observed
during the excavation of the connecting gallery in
the HADES URL. The variation in temperature
affects the mechanical state of stress by accumulat-
ing additional plastic strain around the gallery. This

Fig. 16. Schematic drawing of (a) a supercontainer containing a vitrified high-level waste canister and
(b) a supercontainer placed in a disposal gallery, which is then backfilled (ONDRAF/NIRAS 2013).

Fig. 17. Layout of the deep geological repository
(ONDRAF/NIRAS 2020).
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additional irreversible strain may modify the EDZ
by extending the initial cracks, by increasing the
hydraulic conductivity or by generating irreversible
changes in the EDZ, affecting the favourable proper-
ties of the clay. However, permeability measure-
ments during the PRACLAY Heater Test showed
that the intrinsic permeability is not affected by the
heating. This means that the additional plastic strains
obtained during the thermal phase with the model-
ling have no, or very limited, effects on the favour-
able properties of the clay. Indeed, as the heating
phase of the PRACLAY Heater Test is more conser-
vative than the thermal phase around a DGR, a sim-
ilar evolution of the plastic strains can be anticipated
around the PRACLAY gallery with no effects on the
measured permeabilities.

Fig. 19. Numerical assessment of the temperature
distribution around one disposal gallery at several
intervals after 5, 10, 20, 30, 50 and 100 years of
radioactive waste disposal (Dizier 2018) (black line
indicates the separation between the Boom Clay
formations and the sandy aquifers above and below).

Fig. 18. Estimation of the heat fluxes applied at the gallery wall considering a cooling period of 85 years before the
deposit. The time zero corresponds to the beginning of the thermal phase. Source: in Dizier (2018).

Fig. 20. (a) Porewater pressure and temperature evolution at the gallery wall obtained during a numerical prediction
of the geological disposal facility. (b) Stress path in the plane of the first invariant of the effective stress tensor and
the second invariant of the deviatoric effective stress tensor for a point on the gallery’s wall (Dizier 2018).
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Conclusions

When developing a geological disposal concept for
HLW, it is necessary to characterize the THMbehav-
iour of the host geological formation. The heat of the
HLW will induce perturbations in the clay forma-
tion, which can affect its performance in containing
the radioactive waste. The Belgian RD&D pro-
gramme on geological disposal studies the Boom
Clay as a potential host clay formation for a DGR.
The THM behaviour of this poorly indurated clay
has been characterized by laboratory tests and in
situ experiments in the HADES URL.

Laboratory tests have allowed investigation of
the THM behaviour and determination of the related
THM parameters and properties of Boom Clay under
well-defined and controlled boundary conditions and
loading paths. Laboratory tests are performed on a
relatively small volume of soil and they can be easily
repeated to increase confidence in the experimental
results. In situ tests, on the other hand, allow the
consideration of a larger and therefore more repre-
sentative volume of soil but their number and thus
replicability are limited. The interpretation of
in situ tests is generally done by back-analysing the
in situ measurements using numerical simulations
derived from knowledge about the THM behaviour,
parameters and properties gained from laboratory
tests. In that sense, both tests are complementary.
Furthermore, in situ tests can be conducted at differ-
ent scales to explore the upscaling effect of the THM
knowledge. In situ heater tests were conducted to
confirm or refine the THM parameters and property
values obtained from laboratory tests and further
test and evaluate the THM behaviour of the Boom
Clay on a larger scale. The ATLAS Heater Test pro-
vided a large amount of high-quality data on the tem-
perature and porewater pressure. Because of the
small diameter of the heater borehole, the THM dis-
turbance of the clay around the ATLAS heater was
limited. Therefore, the THM responses mainly
depend on the less disturbed Boom Clay properties
and parameters and are more representative of the
far-field THM behaviour.

The ATLAS Heater Test demonstrated the aniso-
tropic THM behaviour of the clay and confirmed the
strong coupling between its mechanical, hydraulic
and thermal responses. To confirm and refine the
knowledge gained from the ATLAS Heater Test to
a scale and conditions that are more representative
of a real DGR, the large-scale PRACLAY Heater
Test was set up in a 33.5 m long section of the PRA-
CLAY Gallery. The clay at the lining interface was
heated to a temperature of 80°C in about 9 months.
It is then kept at this temperature for 10 years. This
maximum temperature is higher and it is reached
faster than around a real DGR. This means that the
thermal conditions imposed in the PRACLAY

Heater Test are conservative. The PRACLAYHeater
Test confirmed the observations from the smaller
scale ATLAS Heater Test. It reconfirmed the impor-
tance of the clay’s anisotropic THM behaviour in
understanding the porewater pressure evolution in
the clay.

In addition, it is worth pointing out the role that
numerical simulations have played in characterizing
the THM behaviour of Boom Clay. Several models
have been developed and have proven to be capable
of capturing the observations from laboratory tests
and in situ tests (Charlier et al. 2010; Chen et al.
2023a, b). This strengthens the confidence in our
understanding of the THM behaviour of Boom Clay.

This knowledge about the Boom Clay’s THM
behaviour is important for the design of a possible
DGR in Boom Clay. It allows, for example, the min-
imum distance that is necessary between adjacent
disposal galleries to avoid interference between
thermal perturbations around them to be defined.
Knowledge about the THM behaviour also contrib-
utes to the safety assessment as it is necessary to
assess the extent and impact of the THM distur-
bances in the Boom Clay around a DGR.

Nevertheless, even if understanding of the THM
behaviour of Boom Clay is already significant, there
remain open questions that need to be examined
from the perspective of DGR optimization. For
example, the role of the anisotropy of the strength
properties has not yet been investigated. Only very
few triaxial tests have been performed with different
orientations of the bedding (Dao 2015) and the
results are difficult to interpret. Additional tests
would be required to confirm the first observations.
The creep behaviour of the clay is also not suffi-
ciently understood, despite its role in DGR behav-
iour as suggested by several observations made
around the HADESURL over the past 40 years (Diz-
ier et al. 2023). In particular, for future interpreta-
tions of the long-term phase of the PRACLAY
Heater Test, it would be useful to consider the vis-
cosity of the clay in order to evaluate its effects
and improve the accuracy of DGR models.
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