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Figure 4. Some argillaceous hard soils/weak rocks from Tri-
assic and Jurassic periods. 

 
The strong interest on those materials arises 

from the fact that argillaceous hard soils and 
rocks are very attractive as potential host media 
for high level radioactive waste. They have low 
permeability, significant retardation properties, 
no economic value and they often exhibit a cer-
tain capacity of self-sealing of fractures. On the 
minus side, they are more sensitive to chemical 
changes and strength is generally not very high, 
so excavations often require support. High-level 
radioactive waste is strongly heat-emitting; so 
the evaluation of thermal properties is one of the 
priorities in those investigations [30,31]. How-
ever, in this paper, only isothermal properties 
and behaviour are considered since they are 
those generally relevant in conventional geo-
technical practice.  

Some general properties for those three mate-
rials are listed in Table 1. They should be viewed 
only as reference values; the variability and ani-
sotropy of the materials cannot be fully collected 
in the Table and parameter values outside the 
ranges given certainly occur. In any case, it is 
clear that Opalinus clay and COX argillite be-
long to the class of indurated mudrocks tending 

towards the rock end of the hard soils – weak 
rocks spectrum. In contrast, Boom clay is a much 
weaker material and lies closer to the soil area of 
the range. London clay would also fall in the 
same area in terms of porosity, mechanical prop-
erties and geological age. Therefore, the materi-
als highlighted cover a large proportion of the 
geological span considered, thus providing in-
formation on a useful range of geotechnical 
properties and behaviour. A feature common to 
all of them is, however, a very low permeability. 
Table 1. Some reference properties for the host materials of 
the three underground laboratories (modified from [32]) 

 COX      
argillite 

Opalinus 
clay 

Boom 
clay 

Dry density (g/cm3) 2.21-2.33 2.22-2.33 1.61-1.78 
Calcite content (%) 23 - 42 6 - 22 0 - 3 
Porosity (%) 11-16 11-14 35-40 
Water content (%)  <6.5 4 - 8 20-30 
Clay content (%) 50-65 45-55 40-70 
Liquid limit (%) 21-25 21-25 55-80 
Plasticity index (%) 11-19 13-17 32-51 
Young’s modulus 
(GPa) 

3.6-8.5 4-10 0.2-0.4 

UCS (MPa) 10-16 8-22 2-2.8 
Permeability (m/s) .7-5x10-13 .5-5x10-13 2-5x10-12 
Geological stage 
 
(millions of years) 

Callovo-
Oxfordian 
156-164 

Aalenian 
 
171-176 

Rupelian 
 
28.4-33.9 

 
The paper is organized as follows: the process 

of sedimentation, compaction and structure de-
velopment is examined first in the context of be-
haviour frameworks developed for this type of 
materials. A discussion on some additional as-
pects of mechanical behaviour (uplift and swell-
ing, microfabric, anisotropy and effects of dis-
continuities) follows. Hydraulic behaviour and 
hydromechanical coupling are considered next. 
Finally, two topics are selected for especial at-
tention: brittleness and progressive failure and 
the response of argillaceous weak rocks to deep 
underground excavations 

2 ON MECHANICAL BEHAVIOUR 

The mechanical behaviour of argillaceous geo-
materials is the result of the combination of 
sedimentation, gravitational compaction (con-
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reduced to h = 22.95 mm. The sample was saturated under a
low all-round pressure (110 kPa), with a back pressure equal
to 40 kPa. A Skempton coefficient B of 0.97 was attained af-
ter 24 h. Afterwards, the sample was consolidated to 2.5 MPa.
The first permeability measurement was carried out at T =
20°C by increasing the back pressure to 1 MPa at the bottom
of the sample while putting the top porous stone in contact
with atmospheric pressure. This results in a high value of the
hydraulic gradient (i ≈ 4000) compared with that of variable-
head permeameters (i ≈ 100). The high gradient was found
necessary in order to create a measurable flow in the dense
plastic clay and to obtain satisfactory precision in the mea-
surement of flow rate, and hence permeability.
In Fig. 10, the volume of water injected at the base is

given as a function of time. Despite the high gradient ap-
plied, Fig. 10 shows that 10 h are necessary to achieve per-
manent flow, and 15 h to obtain a satisfactory determination
of the slope of the curve corresponding to a constant flow,
from which the permeability was calculated. At 20°C, a
permeability value of 2.5 × 10–12 m/s was obtained with a
porosity equal to 39%. Possible problems related to the high
value of the hydraulic gradient were examined by comparing
this result with that of a variable-head test, run in a rigid
oedometer cell (i = 100). A permeability value of 3.5 ×
10–12 m/s for a porosity of 44.1% was obtained, which is
consistent with the former result (see Fig. 11).
The test carried out for the determination of the perme-

ability at various temperatures is presented in Fig. 11 in a di-
agram giving porosity versus the logarithm of permeability.
Constant-head permeability tests were successively per-
formed under an all-round pressure of 2.5 MPa at 20, 60, 70,
80, and 90°C. Heating phases were very progressive, at a
heating rate of 0.1°C/20 min, in order to fulfil drained condi-
tions (Sultan 1997; Cui et al. 2000). At 90°C, the sample
was isothermally loaded from 2.5 to 4 MPa, and permeabil-
ity tests were carried out in a cooling phase at 90, 80, 70,
60, and 30°C. At 30°C, subsequent isothermal loading from
4 to 6 MPa was carried out, and permeability tests were per-
formed at 30 and 60°C.

Figure 11 shows that heating from 20 to 90°C results in a
contraction of the sample (the porosity n decreasing from 39
to 37.2%) and an increase in permeability, from 2.5 × 10–12
to 6.2 × 10–12 m/s. The loading at 4 MPa and 90°C decreases
the permeability to 4.4 × 10–12 m/s. During the cooling
phase under 4 MPa, the permeability decreases from 4.4 ×
10–12 to 2.4 × 10–12 m/s, the porosity remaining almost con-
stant (34–33.9%). Loading to 6 MPa under 30°C decreases
the porosity to 31.9%, and heating at 60°C under 6 MPa
gives a final porosity of 30.6%.

Interpretation and discussion

Experimental evidence gained from slow heating tests
(Fig. 5) in which the amount of expelled water was com-
pared with the volume change of the heated sample showed
that the simpler theory of Campanella and Mitchell (1968)
appears to be satisfactory, provided the effect of water pres-
sure on the thermal expansion coefficient of water is ac-
counted for. This conclusion concerns a dense natural clay
with a plasticity index of 50 and should not be generalized
to dense clays with higher plasticity indexes, such as dense
swelling clays considered for making engineered barriers for
nuclear waste.
The thermal consolidation tests presented in Fig. 7 are

analysed by considering the following two relevant equa-
tions:
(1) Fourier’s equation of heat transfer

[6] D T T
tT∇ =2 ∂
∂

(2) Terzaghi’s consolidation equation for pore-pressure dissi-
pation

[7] ∂
∂

∂
∂

u z t
t

c u z t
z

( , ) ( , )= v
2

2

where cv is the coefficient of consolidation, DT is the ther-
mal diffusivity (equal to the ratio K/C, where K and C are

© 2000 NRC Canada

350 Can. Geotech. J. Vol. 37, 2000

Fig. 10. Volume of water injected during a permeability test. Fig. 11. Permeability (k) tests performed on a sample of Boom
clay at various temperatures (values along the line in °C) and
stresses.
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increases the permeability of the sample, but this effect is
compensated by the decrease of the void ratio.
Most existing data on the effect of temperature on the per-

meability of clays (Habibagahi 1977; Towhata et al. 1993)
come from cv measurements obtained from isothermal
consolidation tests performed at various temperatures. This
technique appears somewhat questionable (Burghignoli et al.
1995). Due to technical difficulties, no pore-pressure mea-
surements have been carried out during the heating tests pre-
sented here, and it is not possible to derive any permeability
value from cv measurements. However, taking into account
the relationship between cv and the permeability coefficent k,

[8] k = mv γwcv
it is possible to evaluate a value of the coefficient of volume
change mv and to compare it with the experimental compres-
sion curve of the thermal consolidation test. The values of cv
obtained from the consolidation curves of Fig. 7 are com-
bined with permeability values deduced from Fig. 11 to
evaluate the values of mv. The results presented in Table 1
show that the calculated values of mv are from 3 to 4 times
larger than those obtained from the compression test, at the
same porosity. This shows that indirect permeability mea-
surements from consolidation tests should be considered
carefully, since they apparently overestimate the permeabil-
ity. Obviously, this point would deserve a specific experi-
mental study with pore-pressure measurements to be carried
out on a variety of soils, and the preliminary results pre-
sented here on Boom clay should be completed by an exten-
sive program similar to that conducted by Morin and Silva
(1984).
The changes in permeability presented in Fig. 11 are due

to the coupled effect of changes in temperature and porosity.
To separate these two effects, the intrinsic permeability val-
ues (K) were calculated according to

[9] k K T
T

= γ
µ
w( )
( )

where µ (T) is the water viscosity, and γw(T) is the unit
weight of water. The following relation, valid for free water,
was derived from experimental values reported by Hillel
(1980):

[10] µ (T) = – 0.00046575 ln(T) + 0.00239138

(in Pa·s)

In the range of temperatures considered, there is no signif-
icant change in the value of γw(T).
The results presented in Fig. 14 in a semilogarithmic dia-

gram show that the relationship between the intrinsic perme-
ability K and the porosity n is linear and appears reasonably

independent of temperature. The data obtained at 20°C from
the variable-head test performed in the rigid ring oedometer
is also plotted and it matches correctly with the results of
variable head tests at various temperatures. Consequently,
the intrinsic permeability of a sample loaded at a given tem-
perature is only dependent on its porosity, not on the thermo-
mechanical path previously followed in a (p′, T) plane where
p′ is the mean effective stress. In other words, volume changes
created by stress and (or) temperature changes have the
same effect on the intrinsic permeability of a sample. Data in
Fig. 14 are also consistent with the interpretation of
Habibagahi (1977) and confirm that the water put in move-
ment during a permeability test is the free water, which cir-
culates through the channels limited by the water tightly
adsorbed on the clay minerals.
Similar conclusions regarding the intrinsic permeability

were drawn by Morin and Silva (1984) from permeability
tests carried out at various temperatures (between 22 and
220°C) on four soils of different plasticity indices and higher
void ratios (Ip between 52 and 179, and void ratio e between
1 and 9). All the permeability values obtained by Morin and
Silva at various temperatures and stresses are presented in
Fig. 15, together with the data from Fig. 12 on Boom clay
(Ip = 50). Figure 15 shows that the respective position of the
curves is governed by the plasticity index. In this regard, the
position of the points for Boom clay is consistent with the
results obtained from the two soils with similar plasticity
indices (Ip = 52 and 59). This confirms that, at a given void
ratio, a more plastic soil will be more impervious, due to a

© 2000 NRC Canada

352 Can. Geotech. J. Vol. 37, 2000

Temperature range (°C)
50–60 60–70 70–80 80–95

cv (m²/s) 3.43×10–8 4.32×10–8 4.39×10–8 4.45×10–8
k (m/s) 3.50×10–12 3.85×10–12 4.2×10–12 4.40×10–12
mv calculated 1.05×10–5 0.91×10–5 0.975×10–5 1.00×10–5
mv measured 4.08×10–5 3.70×10–5 3.20×10–5 2.73×10–5

Table 1. Coefficients of consolidation, permeability, and compressibility at different temperatures.

Fig. 14. Results of the permeability tests in terms of intrinsic
permeability (K).
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synonymously to describe the region of rock adjacent to an

underground opening that has been significantly damaged
or disturbed due to the redistribution of in situ stresses’’.

Emsley (1997) was the first who made a clear distinction

between disturbed and damaged zone, by defining the
excavation damaged zone as ‘‘a damaged zone closest to

the drift wall dominated by changes in material properties

which are mainly irreversible’’ and the Excavation Dis-
turbed Zone as ‘‘a disturbed zone outside the damaged zone

dominated by changes in stress state and hydraulic head
and where changes in rock properties are small and mainly

reversible and it is considered that there are no, or insig-

nificant, material property changes’’.
An international consensus (Tsang et al. 2005) defined

an excavation damaged zone (EDZ) as ‘‘a zone in which

hydromechanical and geochemical modifications induce
significant changes in flow and transport properties. These

changes can, for example, include one or more orders of

magnitude increase in flow permeability’’. This is obvi-
ously important only if the hydraulic pathway provided by

the EDZ will be greater than a pathway provided through

the backfilled excavations or along the interface between
the backfill and the rock. This definition is used in this

paper.

Clay formations in their natural state exhibit very
favorable confining conditions for repository of radioactive

waste because they generally have a very low hydraulic

conductivity, small molecular diffusion and significant
retention capacity for radionuclides. Nevertheless, one

concern regarding waste disposal is that the associated

disturbance and damage created in the area around these
excavations might change the favorable properties of such

formations and the host rock might lose part of its barrier

function and thus negatively impact the repository perfor-

mance. To demonstrate the feasibility of a radioactive
waste repository in a claystone formation, the French

national radioactive waste management agency (ANDRA)

started in 2,000 to build the Bure underground research
laboratory (URL) at nearly 300 km East of Paris. The URL

host formation consists of a Callovo-Oxfordian argillite

found between 420 and 550 m below ground overlain and
underlain by poorly permeable carbonate formations.

The main objective of the first research phase was to
characterize the confining properties of the clay through

in situ hydrogeological tests, chemical measurements and

diffusion experiments and to demonstrate that the con-
struction and operation of a geological repository would

not introduce pathways for radionuclides migration (Delay

et al. 2007). One of the main purposes of geo-mechanical
experimental program was to collect data on features,

extension and hydraulic properties of the EDZ for sup-

porting evidence required for the repository safety assess-
ment (Blümling et al. 2007). The excavation worksite in

the host formation is a scientific experimentation in itself to

characterize the impact of excavation to understand the
hydro-mechanical behavior of the claystone and to study

the excavation damaged zone (EDZ). The experimental

drifts network is located at the main level (-490 m) and at
-445 m of the URL (Fig. 1).

During the last decade, a large number of experiments in

different URLs were dedicated to the study of the EDZ
in clay formations. Studies have been performed both in

indurated clay formations, like the Opalinus clay (Martin

et al. 2002; Schuster et al. 2001) at Mont Terri (Switzer-
land), and in plastic clay formations, like the Boom clay at

Mol (Belgium) (Bastiaens et al. 2007). These studies have
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synonymously to describe the region of rock adjacent to an

underground opening that has been significantly damaged
or disturbed due to the redistribution of in situ stresses’’.

Emsley (1997) was the first who made a clear distinction

between disturbed and damaged zone, by defining the
excavation damaged zone as ‘‘a damaged zone closest to

the drift wall dominated by changes in material properties

which are mainly irreversible’’ and the Excavation Dis-
turbed Zone as ‘‘a disturbed zone outside the damaged zone

dominated by changes in stress state and hydraulic head
and where changes in rock properties are small and mainly

reversible and it is considered that there are no, or insig-

nificant, material property changes’’.
An international consensus (Tsang et al. 2005) defined

an excavation damaged zone (EDZ) as ‘‘a zone in which

hydromechanical and geochemical modifications induce
significant changes in flow and transport properties. These

changes can, for example, include one or more orders of

magnitude increase in flow permeability’’. This is obvi-
ously important only if the hydraulic pathway provided by

the EDZ will be greater than a pathway provided through

the backfilled excavations or along the interface between
the backfill and the rock. This definition is used in this

paper.

Clay formations in their natural state exhibit very
favorable confining conditions for repository of radioactive

waste because they generally have a very low hydraulic

conductivity, small molecular diffusion and significant
retention capacity for radionuclides. Nevertheless, one

concern regarding waste disposal is that the associated

disturbance and damage created in the area around these
excavations might change the favorable properties of such

formations and the host rock might lose part of its barrier

function and thus negatively impact the repository perfor-

mance. To demonstrate the feasibility of a radioactive
waste repository in a claystone formation, the French

national radioactive waste management agency (ANDRA)

started in 2,000 to build the Bure underground research
laboratory (URL) at nearly 300 km East of Paris. The URL

host formation consists of a Callovo-Oxfordian argillite

found between 420 and 550 m below ground overlain and
underlain by poorly permeable carbonate formations.

The main objective of the first research phase was to
characterize the confining properties of the clay through

in situ hydrogeological tests, chemical measurements and

diffusion experiments and to demonstrate that the con-
struction and operation of a geological repository would

not introduce pathways for radionuclides migration (Delay

et al. 2007). One of the main purposes of geo-mechanical
experimental program was to collect data on features,

extension and hydraulic properties of the EDZ for sup-

porting evidence required for the repository safety assess-
ment (Blümling et al. 2007). The excavation worksite in

the host formation is a scientific experimentation in itself to

characterize the impact of excavation to understand the
hydro-mechanical behavior of the claystone and to study

the excavation damaged zone (EDZ). The experimental

drifts network is located at the main level (-490 m) and at
-445 m of the URL (Fig. 1).

During the last decade, a large number of experiments in

different URLs were dedicated to the study of the EDZ
in clay formations. Studies have been performed both in

indurated clay formations, like the Opalinus clay (Martin

et al. 2002; Schuster et al. 2001) at Mont Terri (Switzer-
land), and in plastic clay formations, like the Boom clay at

Mol (Belgium) (Bastiaens et al. 2007). These studies have
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Figure 18 presents the values of hydraulic conductivity
in eight boreholes, drilled 6 m from drift GCS (parallel to

the major horizontal stress). Sensitivity analysis has shown

that the uncertainty in hydraulic conductivity measure-
ments is between half and one order of magnitude. The

highest hydraulic conductivity is observed in test intervals

where fractures cross the borehole. The estimated perme-
ability from the test analysis is not representative of the

hydraulic properties of the continuous rock matrix, but of

the fractures transmissivity. This is confirmed by the

hydraulic tests performed on core rock samples collected
between fractures indicating hydraulic conductivity lower

than 1 9 10-12 m/s.

In Figure 18, the extent of extensional fractures and
purely shear fractures is also plotted for each borehole. In

all boreholes, the conductivity generally diminishes with

increasing depth from the excavation wall. The highest
conductivity is found in the extensional fractures zone.

For horizontal boreholes at the wall (Fig. 18a), the highest

conductivity is higher than 10-9 m/s and is located

Fig. 15 Conceptual model of
the induced fractures network
around a drift parallel to the
horizontal major stress
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±45!. Further investigations are planned in drift parallel to

rh to confirm the model.

5.2 Hydraulic Conductivity Measurements

Hydraulic conductivity was measured in the horizontal and

vertical boreholes drilled at the wall of the GED drift

(Fig. 20). The pneumatic test alone was carried out in the
first chamber of SDZ1242 and SDZ1243 at 0.6 m depth.

The discrepancy between the results of pneumatic and
hydraulic test is related to the rock self-sealing process

which reduces the hydraulic conductivity. It was noticed

that the hydraulic conductivity in GED drift is slightly
lower than that in the older GMR drift (Armand et al.

2009).

Hydraulic tests carried out in horizontal boreholes esti-
mated the hydraulic conductivity to be lower than 10-10 m/

s even in the fracture zone. On the side wall unloading and

shear fractures are not widespread and test intervals do not
always cross fracture. This can explain that hydraulic

conductivity remains low at some location. At less than a

radius from the wall, hydraulic conductivities were com-
parable to that of the undisturbed rock. For vertical bore-

holes, hydraulic conductivity higher than 10-10 m/s was

observed in the first 2 m from the drift which is included in
the area of extensional fracture. Deeper into the rock,

hydraulic conductivity decreases as a function of depth and

at one diameter from the wall it approaches the value of

undamaged rock. In the shear fracture zone, transmissivity

of the shear fracture seems to have a low impact on the
hydraulic conductivity. It was confirmed by the fact that

pore pressure reached 1 MPa in the chamber between 4 and

5 m from the wall.
Generally, measurements in drifts parallel to rh exhibit

the same behavior than in drifts parallel to rH, but not at

the same location:

1. Highest hydraulic conductivity was observed only in

the area where extensional fractures were located.
2. Deeper into the rock, hydraulic conductivity decreases

from 10-10 to 10-12 m/s within a few meters.

3. The location of high hydraulic conductivity differs
because induced fractures network depends on the drift

orientation in relation to the in situ state of stress.

6 Discussion

6.1 Induced Fractures Network Formation

Initiation and propagation of micro-cracks may lead to

mechanical damage of Callovo-Oxfordian claystone

material, which may finally result into failure/collapse by
the coalescence of micro-cracks into organized fractures.

During tunnel/drifts construction new surfaces are created

thereby generating significant changes in the local stress

Fig. 19 Conceptual model of
the induced fractures network
around a drift parallel to the
horizontal major stress

Table 4 Extent of fractures
zone (ratio of drift diameter
from the wall) for a drift parallel
to rh

‘–’ no extent farther the
extensional fractures network

Extensional fractures extent Shear fractures extent

Min Average Max Min Average Max

Ceiling 0.2 9 D 0.3 9 D 0.4 9 D 0.5 9 D 0.6 9 D 0.8 9 D

Wall 0.1 9 D 0.1 9 D 0.2 9 D – – –

Floor 0.2 9 D 0.4 9 D 0.5 9 D 0.8 9 D 0.8 9 D 1.1 9 D
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synonymously to describe the region of rock adjacent to an

underground opening that has been significantly damaged
or disturbed due to the redistribution of in situ stresses’’.

Emsley (1997) was the first who made a clear distinction

between disturbed and damaged zone, by defining the
excavation damaged zone as ‘‘a damaged zone closest to

the drift wall dominated by changes in material properties

which are mainly irreversible’’ and the Excavation Dis-
turbed Zone as ‘‘a disturbed zone outside the damaged zone

dominated by changes in stress state and hydraulic head
and where changes in rock properties are small and mainly

reversible and it is considered that there are no, or insig-

nificant, material property changes’’.
An international consensus (Tsang et al. 2005) defined

an excavation damaged zone (EDZ) as ‘‘a zone in which

hydromechanical and geochemical modifications induce
significant changes in flow and transport properties. These

changes can, for example, include one or more orders of

magnitude increase in flow permeability’’. This is obvi-
ously important only if the hydraulic pathway provided by

the EDZ will be greater than a pathway provided through

the backfilled excavations or along the interface between
the backfill and the rock. This definition is used in this

paper.

Clay formations in their natural state exhibit very
favorable confining conditions for repository of radioactive

waste because they generally have a very low hydraulic

conductivity, small molecular diffusion and significant
retention capacity for radionuclides. Nevertheless, one

concern regarding waste disposal is that the associated

disturbance and damage created in the area around these
excavations might change the favorable properties of such

formations and the host rock might lose part of its barrier

function and thus negatively impact the repository perfor-

mance. To demonstrate the feasibility of a radioactive
waste repository in a claystone formation, the French

national radioactive waste management agency (ANDRA)

started in 2,000 to build the Bure underground research
laboratory (URL) at nearly 300 km East of Paris. The URL

host formation consists of a Callovo-Oxfordian argillite

found between 420 and 550 m below ground overlain and
underlain by poorly permeable carbonate formations.

The main objective of the first research phase was to
characterize the confining properties of the clay through

in situ hydrogeological tests, chemical measurements and

diffusion experiments and to demonstrate that the con-
struction and operation of a geological repository would

not introduce pathways for radionuclides migration (Delay

et al. 2007). One of the main purposes of geo-mechanical
experimental program was to collect data on features,

extension and hydraulic properties of the EDZ for sup-

porting evidence required for the repository safety assess-
ment (Blümling et al. 2007). The excavation worksite in

the host formation is a scientific experimentation in itself to

characterize the impact of excavation to understand the
hydro-mechanical behavior of the claystone and to study

the excavation damaged zone (EDZ). The experimental

drifts network is located at the main level (-490 m) and at
-445 m of the URL (Fig. 1).

During the last decade, a large number of experiments in

different URLs were dedicated to the study of the EDZ
in clay formations. Studies have been performed both in

indurated clay formations, like the Opalinus clay (Martin

et al. 2002; Schuster et al. 2001) at Mont Terri (Switzer-
land), and in plastic clay formations, like the Boom clay at

Mol (Belgium) (Bastiaens et al. 2007). These studies have
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Figure 18 presents the values of hydraulic conductivity
in eight boreholes, drilled 6 m from drift GCS (parallel to

the major horizontal stress). Sensitivity analysis has shown

that the uncertainty in hydraulic conductivity measure-
ments is between half and one order of magnitude. The

highest hydraulic conductivity is observed in test intervals

where fractures cross the borehole. The estimated perme-
ability from the test analysis is not representative of the

hydraulic properties of the continuous rock matrix, but of

the fractures transmissivity. This is confirmed by the

hydraulic tests performed on core rock samples collected
between fractures indicating hydraulic conductivity lower

than 1 9 10-12 m/s.

In Figure 18, the extent of extensional fractures and
purely shear fractures is also plotted for each borehole. In

all boreholes, the conductivity generally diminishes with

increasing depth from the excavation wall. The highest
conductivity is found in the extensional fractures zone.

For horizontal boreholes at the wall (Fig. 18a), the highest

conductivity is higher than 10-9 m/s and is located
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the induced fractures network
around a drift parallel to the
horizontal major stress
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±45!. Further investigations are planned in drift parallel to

rh to confirm the model.

5.2 Hydraulic Conductivity Measurements

Hydraulic conductivity was measured in the horizontal and

vertical boreholes drilled at the wall of the GED drift

(Fig. 20). The pneumatic test alone was carried out in the
first chamber of SDZ1242 and SDZ1243 at 0.6 m depth.

The discrepancy between the results of pneumatic and
hydraulic test is related to the rock self-sealing process

which reduces the hydraulic conductivity. It was noticed

that the hydraulic conductivity in GED drift is slightly
lower than that in the older GMR drift (Armand et al.

2009).

Hydraulic tests carried out in horizontal boreholes esti-
mated the hydraulic conductivity to be lower than 10-10 m/

s even in the fracture zone. On the side wall unloading and

shear fractures are not widespread and test intervals do not
always cross fracture. This can explain that hydraulic

conductivity remains low at some location. At less than a

radius from the wall, hydraulic conductivities were com-
parable to that of the undisturbed rock. For vertical bore-

holes, hydraulic conductivity higher than 10-10 m/s was

observed in the first 2 m from the drift which is included in
the area of extensional fracture. Deeper into the rock,

hydraulic conductivity decreases as a function of depth and

at one diameter from the wall it approaches the value of

undamaged rock. In the shear fracture zone, transmissivity

of the shear fracture seems to have a low impact on the
hydraulic conductivity. It was confirmed by the fact that

pore pressure reached 1 MPa in the chamber between 4 and

5 m from the wall.
Generally, measurements in drifts parallel to rh exhibit

the same behavior than in drifts parallel to rH, but not at

the same location:

1. Highest hydraulic conductivity was observed only in

the area where extensional fractures were located.
2. Deeper into the rock, hydraulic conductivity decreases

from 10-10 to 10-12 m/s within a few meters.

3. The location of high hydraulic conductivity differs
because induced fractures network depends on the drift

orientation in relation to the in situ state of stress.

6 Discussion

6.1 Induced Fractures Network Formation

Initiation and propagation of micro-cracks may lead to

mechanical damage of Callovo-Oxfordian claystone

material, which may finally result into failure/collapse by
the coalescence of micro-cracks into organized fractures.

During tunnel/drifts construction new surfaces are created

thereby generating significant changes in the local stress
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of clay minerals. To perform the experiment, a niche was
excavated from the main laboratory tunnel, from which a
30 cm diameter borehole (D0) has been drilled horizontally
with a total length of 14 m. In the section close to the end
of the borehole, two heaters have been installed. The heaters
are 2 m long, and were pressurised to 1 MPa to ensure a
good contact with the clay. The separation between heaters
is 0.8 m. In addition, various auxiliary boreholes have been
constructed to install a variety of instruments for monitoring
the test. Fig. 4 shows a top view of the test area. A
horizontal test layout was selected in order to have a largely
uniform lithology.
Temperatures were measured along two boreholes (D1 and

D2) drilled from the niche HE-D. However, perhaps the
most relevant observations were those combining measure-
ments of temperatures and pore pressures at the same point
in order to relate the two variables directly. This was
achieved in borehole D3 (drilled parallel to the heater bore-
hole) and in a series of small-diameter boreholes (D7 to
D17) drilled from the MI niche. The pore pressure measure-
ments of sensors located below the main borehole were quite
successful, but the pore pressure probes located above the
main borehole exhibited a rather slow response, attributed to
difficulties encountered in de-airing the sensor area. Finally,
sliding micrometer tubing was installed in boreholes D4 and
D5 to measure incremental deformations at 1 m intervals.
Special care was taken to ensure accuracy in the direction
and length of the instrumentation boreholes to guarantee the
correct location of the sensors. All instruments were in place
before the drilling of the main borehole containing the
heaters. In this way hydro-mechanical effects during excava-
tion could also be recorded.
Approximately one month after installation and pressurisa-

tion, the heaters were switched on with a total power of

650 W (325 W per heater). The heaters were then left under
constant power for 90 days. Afterwards the power was in-
creased threefold, to 1950 W (975 W per heater), and main-
tained at that level for a further 248 days. At the end of this
second heating stage, the heaters were switched off and the
clay was allowed to cool down. Temperatures, pore pressures
and deformations were measured throughout. In Fig. 5 the
position of the main temperature and pore pressure sensors
with respect to heater axis are indicated, together with the
main orientation of the bedding planes. Heater 2 became
depressurised because of a leak 109 days after the start of
the heating. This event did not noticeably affect the develop-
ment of the test.

NUMERICAL SIMULATION AND INTERPRETATION OF
TEST RESULTS
Features of analysis and clay properties

Interpretation of the patterns of behaviour exhibited by
the test observations will be aided by the results of a finite
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excavation of the borehole are recovered. Nevertheless, there
is considerable uncertainty in the values of some of the
parameters because of lack of sufficient laboratory or field
evidence. The parameter r0, which controls the damage
threshold, and the parameter r1, which defines the damage
evolution, are examples of this. The values adopted have
been derived by analogy from tests performed in another
stiff sedimentary clay: the Callovo-Oxfordian clay from the
Meuse/Haute Marne laboratory.

For reference, two axisymmetric analyses have been per-
formed and the results compared with those of the 3D
simulation. The domain modelled and the finite element
meshes adopted are depicted in Fig. 8. In the analysis (A1)
the domain has a length of 28 m and a width of 14 m. A
second analysis (A2) has been run with a width of 8 m only,
to examine the possible effect of the presence of Niche MI
8 m away from the main borehole. Naturally the symmetry
axis coincides with the axis of the main borehole D0
containing the pressurised heaters. The in situ stress has
been represented by a normal stress of 4.2 MPa applied to
the boundary. This value is an approximate average of the
anisotropic stress state values. Material parameters of the
axisymmetric analyses are the same as in the 3D computa-
tion, except for the properties where anisotropy has been
assumed (Table 7). A preliminary axisymmetric analysis of
this test using a simplified model and different material
parameters has been reported in Gens et al. (2006).

Thermal results
The observed evolution of temperatures at the interface

between heaters and clay is shown in Fig. 9 together with
the computed results from the 3D analysis. The two heating
stages and the cooling phase can be clearly identified. Maxi-
mum temperatures reach values just above 1008C at the end

of the second heating stage. There were three sensors in
each heater, set at different orientations with respect to
bedding. However, anisotropic effects are hardly noticeable;
very similar temperatures are recorded at all three points.
The 3D analysis captures the temperature variation well; of
course, thermal conductivity has been back-calculated, and
conduction is the dominant form of heat transport. In any
case, the whole evolution of temperatures is correctly repro-
duced. In this instance, the axisymmetric results coincide
exactly with the 3D computations and are not plotted.

Anisotropic effects are more noticeable in the tempera-
tures measured in the clay mass (Fig. 10). Take, for instance,
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sufficient yet for drawing firm conclusions in this regard.
Fig. 25(b) shows the distributions of permeability on the
same section derived from the amount of damage computed
in the analysis (equation (20)). It is very interesting to note
that, in the laboratory tests on damaged Opalinus clay
samples reported by Coll (2005), the values of measured

intrinsic permeability were in the range of 10!17 to
10!19 m2, similar to that predicted by the analysis. The
extent and evolution of the damaged zone obtained in the
3D calculations can be observed directly by plotting con-
tours of the damage parameter L at different times (Figs 26
and 27). The samples extracted at the end of the experiment
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Fig. 16. Computed pore pressure increment distributions at various times on section across Heater 2: (a) bedding plane direction;
(b) perpendicular to bedding plane direction
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of clay minerals. To perform the experiment, a niche was
excavated from the main laboratory tunnel, from which a
30 cm diameter borehole (D0) has been drilled horizontally
with a total length of 14 m. In the section close to the end
of the borehole, two heaters have been installed. The heaters
are 2 m long, and were pressurised to 1 MPa to ensure a
good contact with the clay. The separation between heaters
is 0.8 m. In addition, various auxiliary boreholes have been
constructed to install a variety of instruments for monitoring
the test. Fig. 4 shows a top view of the test area. A
horizontal test layout was selected in order to have a largely
uniform lithology.
Temperatures were measured along two boreholes (D1 and

D2) drilled from the niche HE-D. However, perhaps the
most relevant observations were those combining measure-
ments of temperatures and pore pressures at the same point
in order to relate the two variables directly. This was
achieved in borehole D3 (drilled parallel to the heater bore-
hole) and in a series of small-diameter boreholes (D7 to
D17) drilled from the MI niche. The pore pressure measure-
ments of sensors located below the main borehole were quite
successful, but the pore pressure probes located above the
main borehole exhibited a rather slow response, attributed to
difficulties encountered in de-airing the sensor area. Finally,
sliding micrometer tubing was installed in boreholes D4 and
D5 to measure incremental deformations at 1 m intervals.
Special care was taken to ensure accuracy in the direction
and length of the instrumentation boreholes to guarantee the
correct location of the sensors. All instruments were in place
before the drilling of the main borehole containing the
heaters. In this way hydro-mechanical effects during excava-
tion could also be recorded.
Approximately one month after installation and pressurisa-

tion, the heaters were switched on with a total power of

650 W (325 W per heater). The heaters were then left under
constant power for 90 days. Afterwards the power was in-
creased threefold, to 1950 W (975 W per heater), and main-
tained at that level for a further 248 days. At the end of this
second heating stage, the heaters were switched off and the
clay was allowed to cool down. Temperatures, pore pressures
and deformations were measured throughout. In Fig. 5 the
position of the main temperature and pore pressure sensors
with respect to heater axis are indicated, together with the
main orientation of the bedding planes. Heater 2 became
depressurised because of a leak 109 days after the start of
the heating. This event did not noticeably affect the develop-
ment of the test.

NUMERICAL SIMULATION AND INTERPRETATION OF
TEST RESULTS
Features of analysis and clay properties

Interpretation of the patterns of behaviour exhibited by
the test observations will be aided by the results of a finite
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excavation of the borehole are recovered. Nevertheless, there
is considerable uncertainty in the values of some of the
parameters because of lack of sufficient laboratory or field
evidence. The parameter r0, which controls the damage
threshold, and the parameter r1, which defines the damage
evolution, are examples of this. The values adopted have
been derived by analogy from tests performed in another
stiff sedimentary clay: the Callovo-Oxfordian clay from the
Meuse/Haute Marne laboratory.

For reference, two axisymmetric analyses have been per-
formed and the results compared with those of the 3D
simulation. The domain modelled and the finite element
meshes adopted are depicted in Fig. 8. In the analysis (A1)
the domain has a length of 28 m and a width of 14 m. A
second analysis (A2) has been run with a width of 8 m only,
to examine the possible effect of the presence of Niche MI
8 m away from the main borehole. Naturally the symmetry
axis coincides with the axis of the main borehole D0
containing the pressurised heaters. The in situ stress has
been represented by a normal stress of 4.2 MPa applied to
the boundary. This value is an approximate average of the
anisotropic stress state values. Material parameters of the
axisymmetric analyses are the same as in the 3D computa-
tion, except for the properties where anisotropy has been
assumed (Table 7). A preliminary axisymmetric analysis of
this test using a simplified model and different material
parameters has been reported in Gens et al. (2006).

Thermal results
The observed evolution of temperatures at the interface

between heaters and clay is shown in Fig. 9 together with
the computed results from the 3D analysis. The two heating
stages and the cooling phase can be clearly identified. Maxi-
mum temperatures reach values just above 1008C at the end

of the second heating stage. There were three sensors in
each heater, set at different orientations with respect to
bedding. However, anisotropic effects are hardly noticeable;
very similar temperatures are recorded at all three points.
The 3D analysis captures the temperature variation well; of
course, thermal conductivity has been back-calculated, and
conduction is the dominant form of heat transport. In any
case, the whole evolution of temperatures is correctly repro-
duced. In this instance, the axisymmetric results coincide
exactly with the 3D computations and are not plotted.

Anisotropic effects are more noticeable in the tempera-
tures measured in the clay mass (Fig. 10). Take, for instance,
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sufficient yet for drawing firm conclusions in this regard.
Fig. 25(b) shows the distributions of permeability on the
same section derived from the amount of damage computed
in the analysis (equation (20)). It is very interesting to note
that, in the laboratory tests on damaged Opalinus clay
samples reported by Coll (2005), the values of measured

intrinsic permeability were in the range of 10!17 to
10!19 m2, similar to that predicted by the analysis. The
extent and evolution of the damaged zone obtained in the
3D calculations can be observed directly by plotting con-
tours of the damage parameter L at different times (Figs 26
and 27). The samples extracted at the end of the experiment
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Coefficient.de.pressurisation.thermique.",.argilite.du.
COx

23 Mohajerani, Delage, Sulem
et al. IJRMMS (2012)

Coefficients.de.dilatation.thermique

Compressibilités

Calcul.avec.Cd.constant

αw =.2.7.× 10H4 (°C)H1

αS >.34.× 10H4 (°C)H1



24

Triaxial.à.cylindre.creux.TIMODAZ

Monfared,(Delage,(Sulem et(al.(IJRMMS((2011)

Diamètre.externe.100.mm

Diamètre.interne.60.mm

Hauteur.70.mm

Pression.interne.et.externe.égales

Drainage.en.haut,.bas.et.latéral

Longueur.de.drainage.H.=.10.mm
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• Aspects.sensibles.THM.dans.le.stockage.dans.les.argiles.
et.argilites

• Effet.de.la.surconsolidation sur.la.réponse.thermique.
volumique.des.argiles

• Essais.en.labo.difficiles.(très.faible.perméabilité)

• Dispositifs.spécifiques.avec.courts.chemins.de.drainage.

saturation.complète,.bonnes.conditions.de.drainage.

• Pressurisation.thermique

• Ecrouissage.thermique

• Zone.endommagée.par.l’excavation.(EDZ)

• Pas.d’effets.des.fissures.sur.la.perméabilité.(25.et.80°C).

Excellent.autoHcolmatage.(25.et.80°C)

• Mobilisation.thermique.de.plans.de.cisaillement.existants

• Meilleure.compréhension.des.phénomènes.THM.dans.le.
champ.proche


