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Abstract The effects of temperature on the water trans-

port properties of intact and damaged Opalinus (OPA) clay

are investigated by using a recently developed hollow cyl-

inder triaxial cell [Monfared (Int J Rock Mech Min Sci

48:637–649, 2011b)] that allows full saturation and drain-

age conditions in low-permeability clays and shales. The

volumetric response of saturated OPA clay sample during a

drained heating test shows an irreversible contraction after a

temperature threshold. The permeability tests which are

performed before and after the heating test show that the

induced irreversible sample contraction by thermal loading

reduces the permeability of OPA clay sample. In order to

study the effect of temperature on the permeability of a

damaged sample of OPA clay, the permeability tests are

performed on a saturated sample previously sheared by a

standard drained triaxial loading. The test results show no

significant effect of shear-type damage on the permeability

of the sample at 25 �C and 80 �C. The experimental results

presented in this paper show the crucial role of the thermally

induced strains on sample permeability. Thermo-elastic

dilation leads to a slight increase of the permeability,

whereas thermoplastic contraction leads to a reduction.

Keywords THM behaviour � Shale � Permeability �
Damage � Thermal contraction

1 Introduction

The storage of high-/intermediate-level exothermic radio-

active waste in low-permeability geological formations at

great depth is a potential solution to limit their short- and

long-term hazardous effects. In this context, clayey soils and

rocks as natural barriers are interesting candidates due to

their very low permeability, high radionuclides retention

capacities and good self-sealing properties. To ensure the

long-term performance of the waste disposal system, the

effect of heat emitted by the waste on the hydro-mechanical

properties of the natural barriers should be studied. In par-

ticular, the effect of the heat on the damaged zone around the

underground galleries should be investigated. This damage

zone, known as the excavation damage zone (EDZ), is

mainly induced by the redistribution of stresses during the

gallery excavation process. The material in the EDZ pre-

sents weaker mechanical properties and higher permeability

compared to the intact formation. The heat induced by the

waste could alter more of these properties and jeopardise the

performance of the underground repository.

The anomalous response of clayey soils during the

drained heating tests have been shown by many authors

(e.g. Campanella and Mitchell 1968; Hueckel and Borsetto

1990; Delage et al. 2000; Cekerevac and Laloui 2004;

Sulem et al. 2004). These results reveal that the normally

consolidated samples contract upon heating, but the stan-

dard dilation behaviour has been observed for highly

overconsolidated samples. A mixed dilation–contraction

behaviour has been observed for low overconsolidated

samples. The effect of temperature increase on clayey

rocks has been less studied in the literature. The works of

Jobmann and Polster (2007), Kull et al. (2007), Zhang et al.

(2007) and Monfared et al. (2011a) on the Opalinus (OPA)

clay (from Switzerland) and Mohajerani et al. (2013) on
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the Callovo-Oxfordian claystone (from France) have

shown comparable response (dilation, contraction or mixed

behaviour). However, the notions of preconsolidation

pressure and overconsolidation ratio (OCR) as defined in

soil mechanics are not well defined for clayey rocks

(Mohajerani et al. 2011).

The data on the effects of temperature on the hydro-

mechanical behaviour of damaged clayey materials are

scarce in the literature. Recently, Monfared et al. (2012)

evidenced the phenomenon of ‘thermal’ failure in a satu-

rated Boom clay sample, where a pre-existing shear band

turned into a preferential failure plane during an undrained

heating test. The effects of temperature on the permeability

of intact clayey soils have been studied by Habibagahi

(1977), Morin and Silva (1984) an Delage et al. (2000).

Their results show that the observed increase in hydraulic

conductivity with temperature is mainly due to the decrease

in water viscosity; however, the intrinsic permeability

remains almost unchanged. The effect of temperature on a

damaged clayey soil has been examined by Monfared et al.

(2012). They tested a sample of Boom clay that was sheared

following a standard path in the drained condition. They

showed that the shear band has no significant effect on the

intrinsic permeability of the sample, at both 25 and 80 �C.

In this work, the effect of temperature on the perme-

ability of intact and damaged samples of OPA clay is

investigated. To do so, two hollow cylinder samples are

carefully saturated in a hollow cylinder triaxial cell that

was developed during the TIMODAZ European research

project (Monfared et al. 2011b). Due to the low perme-

ability of OPA clay, a transient method is used to estimate

the permeability of the samples. The effect of the irre-

versible thermal contraction on the transport properties of

OPA clay is investigated by performing the permeability

tests before and after heating cycles between 25 �C and

80 �C on the first sample. The effect of temperature on the

permeability of damaged OPA clay sample is studied on

the second sample. The permeability tests are performed at

25 and 80 �C on this sample, which is previously damaged

by a standard drained triaxial loading.

2 Material and Set Up

All tests in this study are performed in a new hollow cylinder

triaxial cell with a short drainage path specially designed to

study the thermo-hydro-mechanical behaviour of low-per-

meability materials (Fig. 1a, b). A detailed description of the

experimental set up can be found in Monfared et al. (2011b).

Hollow cylinder specimens have an internal diameter ( uint)

of 60 mm, an external diameter ( uext) of 100 mm and a

height (H) of 75–80 mm. The same confining pressure is

applied to both the inner and outer faces of the sample in

order to maintain a standard triaxial condition. As shown in

Fig. 1, a major advantage of this device is related to the

lateral fluid connections at the internal and external walls of

the hollow cylinder sample that allow lateral drainage

through two geotextile bands with a height between H/2 and

H/3 placed in the middle height of the sample. The drainage

path, thus reduced to half of the thickness of the sample

(10 mm), significantly reduces the time needed to saturate

the sample, as well as that needed to perform fully drained

thermo-mechanical tests.

The cell is equipped with a local strain measurement sys-

tem by linear variable differential transformer (LVDT)

transducers, a temperature regulator system (pre-

cision ± 0.1 C) and two pressure transducers connected to

the external wall and to the base of the sample (the trans-

ducers’ connections could be changed according to the plan-

ned test). The pore pressure and the confining pressure are

applied by means of four pressure volume controllers (PVCs),

see Fig. 1b. An immersed load cell in direct contact with the

sample is used to monitor the axial load during shearing.

Two hollow cylinder samples are trimmed from

100-mm-diameter cores of OPA clay provided by Nagra,

the Swiss agency of radioactive waste management. The

cores are extracted from the underground research labora-

tory (URL) of Mont Terri in Switzerland. The first sample

(OP1) is trimmed from the core that was extracted at a

distance of around 1 m from the tunnel wall, while this

distance is around 9 m for the second sample (OP2). The

inner hole of the samples is cored in dry conditions using a

diamond coring bit 60 mm in diameter.

Both samples belong to the shaly facies of OPA clay

formation, which contains approximately 65 % clay min-

erals [illite (17 %), illite–smectite mixed layer (10 %),

chlorite (8 %) and kaolinite (30 %)] and 35 % non-clayey

minerals, composed of 20 % quartz, 11 % carbonate (8 %

calcite, 1 % dolomite/ankerite, 2 % siderite), 2.5 %

framework silicate (albites, K-feldspar) and a small amount

of pyrite (1 %) and organic carbon (0.5 %) (Mazurek 1999).

The total claystone porosity deduced from oven drying at

105 �C during a period of 24 h is around 18 %, whereas the

mercury intruded porosity measured by Muñoz (2006) at a

maximum pressure of 219 MPa is between 9 and 11 %.

3 Sample Saturation

In order to minimize damages induced by free swelling

during the sample saturation, Delage et al. (2007) proposed

to saturate the sample under equivalent in situ effective

stress. The in situ stress at the level of the Mont Terri URL

is highly anisotropic, with r1 = 6,000–7,000, r2 =

4,000–5,000 and r3 = 600–2,000 kPa (Martin and Lanyon

2003). Because of the technical difficulty in applying the
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in situ anisotropic stress, the resaturation process is per-

formed under an equivalent isotropic stress equal to the

in situ total mean stress (4,100 kPa) and a back-pressure

equal to the in situ pore water pressure (2,200 kPa). The

back-pressure is applied through the four drainage con-

nections to accelerate the sample saturation. Figure 2 pre-

sents a typical response of OPA clay sample during the

saturation phase. The initial water content of the sample is

6.7 %. This value is lower than that of a saturated sample

(8.7 %) (Muñoz 2006). The normalised sample water

uptake as well as the sample volumetric response are pre-

sented in Fig. 2a. This figure shows a bilinear response for

both curves. We observe a steep change in the sample

water uptake and volume change after 20 h, followed by a

gentler slope with a constant rate. Monfared et al. (2011b)

have shown that the first part of the curve is related to the

reduction of the sample suction from its initial value down

to zero. The decrease of suction reduces the effective

stress, which induces the observed dilation of the sample.

The second part of the curve could be attributed to the

hydro-chemo-mechanical interaction between the clayey

minerals and water. When water evaporates from the

sample, the minerals dissolved in the pore fluid remain in

the sample. During the saturation process with deminera-

lised water, first, the biggest pores (macro pores) are filled

and the concentration of the ions reduces in these pores.

The disequilibrium between the ionic concentration in the

macro and micro pores that are present in the structure of

clay minerals provokes an osmotic mechanism, which

results in water absorption by the micro pores and, con-

sequently, to additional sample dilation. Note that this

mechanism is active from the beginning of the saturation

phase and stops once the osmotic potential dissipates.

To verify the good sample saturation, the Skempton

coefficient B is evaluated at the end of the saturation phase.

Figure 2b presents the evolution of the water pore pressure

as a function of the confining pressure during undrained

loading. The slope of this curve gives direct access to the

Skempton coefficient B, which is 0.91. This value should

be corrected to consider the effect of compressibility of the

drainage system, as done by Monfared et al. (2011b). This

correction gives a value of 0.94 for the coefficient

B. Monfared et al. (2011a) showed that the theoretical

value of B for saturated OPA clay is 0.96, which is very

PT
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PVC1

PT

PVC4

PVC1

(b) 

PTPT PVC3PVC3

PVC2PVC2

(a) 
Fig. 1 a Hollow cylinder

triaxial cell. b General setting of

the hydraulic connections

Fig. 2 Sample saturation under equivalent in situ stress condition: a sample volume change and water uptake, b undrained isotropic compression

test after sample saturation to evaluate the Skempton coefficient B

Permeability of Opalinus Clay 103

123



close to the result obtained by this experiment, which

confirms the good sample saturation.

4 Testing Program and Experimental Results

Two hollow cylinder samples of OPA clay, OP1 and OP2,

both with bedding planes parallel to their axis, have been

prepared. Note that it would be very difficult to prepare

hollow cylinder samples with bedding planes normal to the

axis because of discing. Sample OP1 is submitted to two

heating–cooling cycles between 25 and 83 �C. Permeabil-

ity tests are carried out before and after the thermal cycles

to investigate the effect of temperature-induced deforma-

tion on the transport properties of intact OPA clay sample.

Sample OP2 is tested to investigate the effect of tempera-

ture on the permeability of the damaged sample. As shown

in Fig. 3, once saturated (point A), the sample is first

sheared in the drained condition up to peak stress (B). After

releasing the shear stress (C), the sample is submitted to a

drained heating–cooling cycle between 25 and 80 �C. The

permeability of the sample is measured after sample satu-

ration (A), after shear unloading (C), at 80 �C (D) and,

finally, after cooling at 25 �C (E).

4.1 Effect of Drained Heating on Opalinus Clay

Permeability—Test OP1

Once saturated, sample OP1 is subjected to two heating–

cooling cycles while all four sample drainages are open.

Figure 4 recalls the sample volumetric response during this

test (Monfared et al. 2011a). This figure shows an initial

quasi-linear thermo-elastic expansion phase between 25

and 60 �C (with a rate of 5.9 9 10-5 �C-1), followed by a

transition phase and a plastic contraction that starts at

68 �C and becomes significant and linear between 70 and

83 �C (with a rate of - 1 9 10-4 �C-1). During sub-

sequent cooling, the sample quasi-linearly contracts with a

rate of 6.3 9 10-5 �C-1, which is close to that of the first

heating expansion phase (5.9 9 10-5 �C-1). An irrevers-

ible contraction of 0.45 % is finally obtained after the first

cycle. The second temperature cycle exhibits a quasi-

reversible linear thermo-elastic response (with a similar

rate as that during the first cooling phase), with a quasi-

linear expansion up to 80 �C, followed by a parallel con-

traction curve when the temperature is decreased.

Once heated up to 83 �C, the sample keeps expanding

up to 80 �C (the new maximum temperature supported)

during the second cycle, with no longer memory of the

previous temperature threshold of 65 �C. Interestingly, this

temperature is close to the maximum temperature previ-

ously experienced by OPA clay. Indeed, the geological

history provides a maximum burial depth of the OPA clay

at Mont Terri of about 1,000 m (Marschall et al. 2005).

Thus, the value of 65 �C appears as a plausible maximum

temperature previously experienced by the material. This

response seems to indicate that the claystone retained the

memory of its maximum supported temperature, much like

overconsolidated soils conserve the memory of the maxi-

mum supported load. The observed behaviour is, hence,

typical of thermal hardening, with an elastic thermal

expansion observed below the maximum supported tem-

perature, followed by a plastic contraction at thermal

yielding once the maximum temperature is attained.

The effect of the irreversible thermal contraction on the

hydraulic properties of sample OP1 is investigated by

performing two permeability tests before and after the

thermal cycles.

Permeability measurements in the steady-state condition

are known to be difficult in low-permeability materials

because of: (i) the long time needed to achieve the steady-

state condition, (ii) the difficulty of measuring very small

water volumes exchange, (iii) the discrepancy that is often
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Fig. 3 Stress path followed for sample OP2 to estimate the effect of

temperature on the permeability of the damaged material
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Fig. 4 Drained thermal volume changes under in situ stress condi-

tions, test OP1
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observed between the input and output fluxes, e.g. Coll

(2005). To overcome these problems, a transient method is

adopted. Among the various transient methods in the liter-

ature, e.g. Brace et al. (1968), Hart and Wang (2001), Ai

et al. (2001), Scherer (2006) and Ghabezloo et al. (2009), the

one proposed by Ghabezloo et al. (2009) is used. The method

first consists of inducing an excess pore pressure in the

sample by performing an isotropic undrained compression

test. The second stage consists of releasing the excess pore

pressure on one side of the sample while monitoring the pore

pressure change on the other side. The permeability is

evaluated through the back-analysis of the experimental

results by solving pore pressure diffusion equations.

Starting from the in situ mean effective stress

(r3 = 4,100 kPa and u = 2,200 kPa), both permeability

tests are carried out by increasing the confining pressure

from 4,100 to 4,600 kPa in the undrained condition, i.e.

after closing all the drainage valves connected to the PVCs.

The excess pore pressure is then allowed to dissipate by

connecting the lateral external drainage and the base

drainage to the PVCs, imposing a constant pressure of

2,200 kPa. The pore pressure dissipation is monitored by

two pressure transducers located at the top and on the

internal wall of the sample. The water expelled from the

sample is measured by the PVCs connected to the lateral

external drainage and to the bottom drainage. Figure 5

shows the response of the pressure transducers during the

pore water pressure dissipation phase for the two perme-

ability tests performed before and after the thermal cycle.

Figure 6 presents the water volume expelled from the

sample during this phase. The responses of the two pressure

transducers and the water exchanges are back-analysed to

estimate the permeability. We recall that the sample axis is

parallel to the bedding planes. The permeability in the

direction parallel to bedding is expected to be higher than

that along the direction normal to it. Regarding the cylin-

drical shape of the sample, this situation results in a pore

pressure diffusion pattern which is not axisymmetric. Thus,

a 3D analysis is needed to correctly estimate the perme-

ability in the directions parallel and perpendicular to the

bedding. The Z_Soil.PC (�Zace Service Ltd.) finite ele-

ment code is used to simulate the permeability tests. This

software permits to perform a fully coupled hydro-

mechanical analysis. It can account for anisotropic

hydraulic diffusivity, but not for anisotropic mechanical

properties. Pore pressure diffusion is expressed by:

du

dt
¼ 1

lwS
kx

o2u

ox2
þ ky

o2u

oy2
þ kz

o2u

oz2

� �
ð1Þ

where u is the pore pressure, t is time, lwis the dynamic

water viscosity, S is the storage coefficient and kx ¼ kzare
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Fig. 5 Permeability tests on sample OP1, before and after two heating–cooling cycles; pore pressure dissipation phase: a pressure response from

the internal wall of the sample, b pressure response from the top of the sample

0 2 4 61 3 5

Time (hr)

0

100

200

300

400

500

600

ΔV
w

(m
m

3 )

External wall drainage, before heating
Model
Bottom drainage, before heating
Model
External wall drainage, after heating-cooling cycles
Model
Bottom drainage, after heating-cooling cycles
Model

Fig. 6 Permeability tests on sample OP1 before and after two

heating–cooling cycles; water volume expelled from the sample
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the permeability along the bedding plane and kyis the

permeability perpendicular to the bedding. A constant and

homogenous pressure equal to the pressure at the end of

undrained isotropic phase (2,640 kPa) is set as the initial

pore pressure. At the base and external wall of the sample,

a constant water pressure equal to 2,200 kPa is prescribed

and the other boundaries of the sample are considered as

impervious. Figure 7a presents the pore pressure diffusion

pattern in one quarter of the sample at the end of the first

permeability test, 6 h, by considering the permeability

parallel and perpendicular to the bedding equal to

4.5 9 10-20 and 3.2 9 10-20 m2, respectively. In this

computation, the storage coefficient of the sample is taken

to be equal to 4.3 9 10-6 kPa-1. For the sake of com-

parison, the pore pressure diffusion in a sample with iso-

tropic permeability equal to 4.5 9 10-20 m2, with the same

storage coefficient and similar initial and boundary condi-

tions, is presented in Fig. 7b. In these figures, the pore

pressure value is shown as negative regarding the sign

convention adopted in the Z_Soil.PC finite element pro-

gram (positive in tension and negative in compression).

Figure 7a, b show two different pore pressure distribution

patterns and the deviation of the pore pressure pattern from

the horizontal line at the centre of the sample in Fig. 7a

illustrates clearly the effect of anisotropic permeability. To

simulate the response of the pressure transducer connected

to the top and internal wall of the sample, an average pore

pressure over all nodes at the top and internal drainage

surfaces is calculated, respectively. The water exchanges

between the sample and the PVCs connected to the external

and bottom drainages are simulated by summing the flux

over all elements placed at the external and bottom

drainages surfaces, respectively.

Figures 5 and 6 show the comparison between the

experimental results and the best-fit numerical results for

pore pressure and water exchange, respectively. In Fig. 5,

we observe an initial increase of the measured pore pres-

sure. This can be attributed to the so-called Mandel–Cryer

effect, which is a typical consequence of the porome-

chanical coupling (Verruijt 2013). When the pore pressure

at one boundary starts to dissipate, the resulting local

deformation may lead to an immediate effect in other parts

of the sample, and this may lead to an additional pore

pressure. This effect is more pronounced in the response of

pore pressure measured on the internal wall (Fig. 5a) than

that measured at the top of the sample (Fig. 5b), which

reflects the effect of sample mechanical anisotropy. The

present model, which assumes mechanical isotropy as

explained previously, is not able to capture this fine aspect

of the experimental results. Therefore, the estimated per-

meability should be seen as an approximate value. How-

ever, this approximation is acceptable. The estimated

permeability of the sample parallel and perpendicular to the

bedding before the heating cycles are 4.5 9 10-20 and

3.2 9 10-20 m2, respectively. The storage coefficient of

the sample is evaluated to be equal to 4.3 9 10-6 kPa-1.

After the heating cycles, the estimated permeability par-

allel to the bedding reduces to 2.8 9 10-20 m2 and that

Fig. 7 Pore pressure

distribution at the end of the

permeability test (after 6 h) on

OP1: a anisotropic permeability

assumption, b isotropic

permeability assumption
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perpendicular to the bedding reduces to 2.0 9 10-20 m2.

The estimated storage coefficient of the sample also redu-

ces to 1.9 9 10-6 kPa-1. The irreversible volumetric

strain as shown in Fig. 4 results in a sample porosity

reduction, which could explain the decrease of the sample

permeability after the heating cycles. The simultaneous

reduction of the permeability and of the storage coefficient

(with a dominant effect of the decrease of the storage

coefficient) could explain the faster pore pressure dissipa-

tion (Fig. 5) associated with a reduction of the quantity of

water expelled from the sample (Fig. 6) during the per-

meability test after heating cycles compared to that before

the first heating test.

4.2 Effect of Temperature on the Permeability

of the Damaged Sample—Test OP2

Once saturated, sample OP2 is sheared in drained condi-

tions. During this test, the confining pressure and pore

water pressure are maintained constant at 4,100 and

2,200 kPa, respectively, and all four drainages are kept

open in order to a ensure satisfactorily drained condition.

The q� eaxialand evol � eaxialcurves are presented in Fig. 8.

The maximum shear stress (7,191 kPa) is reached at

1.8 % axial strain. The sample volumetric strain response

is divided into a contracting phase up to 1 % of the axial

strain, followed by a dilation phase related to strain

localisation.

4.2.1 Permeability Measurement

Permeability measurements are performed on sample OP2

after sample saturation (A), after shearing (C), after heating

the sheared sample in the drained condition up to 80 �C

(D) and, finally, after cooling down to 25 �C (E) (see

Fig. 3). In state C, the sample has been loaded up to the

maximum deviator and unloaded. As observed, once the

sample has been taken out of the cell, this shear loading has

induced the formation of a shear plane. State C is, thus,

considered as a state of a damaged sample with the pres-

ence of a shear band. The permeability is measured by the

same measurement technique as that used for the sample

OP1. However, the excess pore pressure dissipation is

allowed only through the drainage connected to the internal

sample wall. Pore pressure changes are monitored by the

pressure transducers connected to the external sample wall

and to the sample bottom. The response of two pressure

transducers, the water expelled and the numerical simula-

tion of the tests are presented in Figs. 9 and 10. The esti-

mated permeability at each step is presented in Table 1.

Note that the estimated permeability is representative of the

response of the whole sample and not of the shear band.

However, if the shear band was a preferential hydraulic

path, this would be reflected in the global response of the

sample, particularly for the pore pressure monitored on the

external sample wall. The data show a reduction of per-

meability coefficients both parallel and perpendicular to the

bedding after the drained triaxial compression. Interest-

ingly, this result clearly shows that the damage induced by

shearing, as opposed to extensional fractures, has no sig-

nificant effect on the water transport properties of the

sample, confirming the good sealing capacity of the OPA

clay (see also Labiouse and Vietor 2013). The reduction in

the permeability is attributed to the decrease in sample

porosity due to the increase in the mean effective stress

during the drained shearing test.

Examination of the data of the permeability test at 80 �C

on the sheared sample (Fig. 9) shows evidence of faster

pore pressure dissipation. The results of the numerical

simulation confirm that the reduction of water viscosity

upon heating (from 8.9 9 10-4 Pa s at 25 �C to

3.5 9 10-4 Pa s at 80 �C) is the reason for this faster

dissipation. The slight increase in intrinsic permeability at

80 �C is related to the slight increase in sample porosity

induced by drained heating. The LVDT transducers’

responses during the heating–cooling cycle of the sheared

sample confirm a reversible dilation/contraction, as shown

in Fig. 11. However, we observe that the response is not

exactly linear, but exhibits a quasi-bilinear shape. More

tests would be needed in order to explore further this non-

linearity. The average thermal expansion coefficient esti-

mated from this curve is equal to 7.1 9 10-5 �C-1, which

is close to that measured on the intact sample

(6.3 9 10-5 �C-1). The reversible response of the sheared

sample OP2 during the heating cycle, as opposed to the

irreversible contraction of the intact sample OP1, can be
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Fig. 8 Drained shear test on sample OP2; shear stress and volumetric

strain versus axial strain
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explained by the prior hardening (extension of the yield

surface) during the drained shearing test. This reversible

response also explains the return of the permeability to its

value before heating once the sheared sample is cooled

down to 25 �C.

4.3 Discussion on the Results of the Permeability Tests

In the previous sections, two permeability tests on sample

OP1 and four permeability tests on sample OP2 are pre-

sented. At first glance, the effect of heating on the per-

meability of the two samples seems opposite. Heating of

sample OP1 reduces the permeability, while for sample

OP2, an increase in permeability is observed. The expla-

nation for this apparent contradiction can be found in the

two different loading paths applied to these samples and to

the resulting deformation. During heating up to 80 �C of

the previously sheared sample, the material remains in the

elastic domain, whereas during heating up to 80 �C of the

intact sample, irreversible contraction is induced, as shown
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Fig. 9 Experimental data and model results for pore pressure dissipation during the transient permeability tests on sample OP2: a external wall

transducer, b bottom transducer
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Fig. 10 Experimental data and model results for the volume of water

expelled from the sample during the pore pressure dissipation of the

permeability tests on sample OP2

Table 1 Estimated permeability for sample OP2

kjjðm2Þ k?ðm2Þ S (Pa–1)

Before shearing, 25� (A) 5.0 9 10-20 2.3 9 10-20 1.9 9 10-9

After shearing, 25� (C) 2.9 9 10-20 0.8 9 10-20 1.8 9 10-9

At 80 �C (D) 3.9 9 10-20 1.5 9 10-20 1.8 9 10-9

After cooling, 25� (E) 2.9 9 10-20 0.8 9 10-20 1.9 9 10-9
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Fig. 11 Thermal volume change of the sheared sample OP2 during

the drained heating–cooling cycle, measured by local strain linear

variable differential transformer (LVDT) transducers
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in Sect. 4.1. These interesting results show that heating

could affect the sample permeability in two inverse ways.

As long as no irreversible deformation is generated by

heating, the permeability of the sample slightly increases

due to elastic sample dilation, whereas when irreversible

thermally induced contraction is generated, a reduction of

the permeability is observed.

Another difference obtained from the back-analysis of

these permeability tests concerns the evolution of the

storage coefficient. No significant change is observed for

sample OP2 as opposed to what is observed for sample

OP1. Back-analysis of the permeability tests after satura-

tion leads to the estimation of a higher initial value of the

storage coefficient for sample OP1 (4.3 9 10-6 kPa-1)

than for sample OP2 (1.9 9 10-6 kPa-1). This difference

may be attributed to the fact that this sample was more

disturbed, as it was extracted from a core situated at a

distance of about 1 m from the excavation tunnel wall,

while sample OP2 was taken from a core excavated at

about 9 m. More tests would be necessary in order to

explore the effect of initial damage as well as the type of

loading, heating or shearing on the storage coefficient, but

this is beyond the scope of this paper.

The slight change of the intrinsic permeability of the

damaged sample at higher temperature confirms the good

self-sealing capacity of the OPA clay, even at high tem-

perature. These results are also in good accordance with the

permeability measurements performed in situ in the

underground laboratory of ANDRA in Bure. As shown by

Armand et al. (2013), shear fractures, as opposed to

extensional fractures, do not significantly affect the per-

meability of the rock mass. As long as the shear fractures

remain closed and saturated, the material recovers its

undisturbed water permeability.

5 Conclusion

The effects of temperature changes on the water transport

properties of intact and damaged Opalinus (OPA) clay

samples were investigated in a recently developed hollow

cylinder triaxial cell that allowed satisfactory saturation

within a reasonable period of time, thanks to a small

drainage length (the hollow cylinder thickness, i.e. 10 mm).

The effect of the thermo-plastic contraction induced by

heating–cooling cycles on the permeability of the intact

OPA clay was studied in the first sample (OP1). The

transient permeability tests run before and after the heat-

ing–cooling cycles clearly showed the decrease of both the

permeability and the storage coefficient of the sample, due

to the thermo-plastic contraction of the OPA clay.

The effects of temperature elevation on a damaged

sample were investigated on the second sample (OP2),

which was previously damaged by performing a standard

drained shear test prior to being subjected to a heating–

cooling cycle. The permeability tests run before and after

shearing showed a small reduction in permeability attrib-

uted to global mechanical contraction of the sample, with

no effect of the shear plane, confirming the excellent self-

sealing property of OPA clay at ambient temperature. This

property was also confirmed at higher temperature, with no

significant effect of shear-type damage observed on the

permeability of OPA clay at 80 �C.

The presence of the clay minerals guarantees the sealing

properties of OPA clay. Similar results have been achieved

on Boom clay, a potential host material for radioactive

waste extracted from Mol in Belgium, which contains

55 % clayey minerals. The permeability tests at ambient

temperature and at 80 �C after sample shearing showed no

significant change in the sample permeability (Monfared

et al. 2012).

Note that, for both samples, the bedding planes are par-

allel to the hollow cylinder axis. One could, thus, ask what

could be the response of samples with axes normal to bed-

ding planes and to the possibility of cracks opening along

bedding planes during mechanical unloading. Experimental

studies of Davy et al. (2007) on Callovo-Oxfordian argillite

samples showed that swelling tends to close the cracks and

to increase their confinement. They showed that, after a

relatively short time (on the order of 10 days), water flow

within the crack drives the permeability back to very low

values close to sound rock permeability. This gives confi-

dence in the expectation that our experimental result could

be extended to samples with axes normal to bedding planes.

This will be verified in the near future.

All these laboratory and in situ observations thus con-

firm the self-sealing of shear fractures in clay host rocks.

which is a major factor for nuclear waste repository safety.

Acknowledgments The authors wish to acknowledge the financial

support provided by the European project TIMODAZ (F16 W-CT-
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