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Abstract Some aspects of the thermal behavior of the

Opalinus claystone are investigated through laboratory

tests conducted on a new hollow cylinder triaxial apparatus

specially designed for studying the thermo-hydro-

mechanical behavior of very low permeable materials. Two

hollow cylinder samples are first resaturated under isotro-

pic stress state equal to the mean effective in situ one in

order to minimize swelling and induced damage during the

resaturation phase. Two drained heating–cooling cycles are

performed on the first sample of Opalinus claystone. Dur-

ing the first cycle, a thermo-elasto-plastic response similar

to that of plastic clays with low overconsolidation ratio is

obtained. The thermal hardening of the sample is demon-

strated by the quasi-reversible behavior of the sample

during the second heating–cooling cycle. An undrained

heating test performed on the second sample of Opalinus

claystone induces an excess pore pressure in this sample.

This induced pore pressure is attributed to the higher

thermal expansion coefficient of pore water compared to

that of the solid phase. It is shown that the excess pore

pressure generated in the sample by undrained heating

cannot be modeled by considering the free water thermal

expansion coefficient. The thermal expansion coefficient of

the Opalinus claystone water is back-analyzed from the

experimental results which show a higher value than free

water.

Keywords Opalinus claystone � Thermal properties �
Saturation � Drained test � Undrained test

1 Introduction

The storage of long life high activity radioactive waste in

deep geological formations appears to be an interesting

solution for a long-term repository. In this regard, storage

in low permeability claystones with favorable self sealing

properties (Bastiaens et al. 2007) is considered as an

appropriate option in various countries including Switzer-

land (Opalinus claystone; Thury and Bossart 1999) and

France (Callovo-Oxfordian mudstone; ANDRA 2005). The

heat emitted by high-level radioactive waste increases

temperature around the galleries whereas the maximum

admissible temperature in the Swiss repository design is

90�C (Nagra 2002b). Elevated temperature can induce

irreversible deformation and thermal excess pore pressure

in the near field. This latter leads to thermo-mechanical

failure (Hueckel and Pellegrini 1991) or to the reactivation

of existing fractures (Monfared et al. 2011b) in host rocks.

The transport properties of the geological barrier can be

hence modified, affecting the tightness and long-term

safety of the storage. Therefore, the coupling between

thermal phenomena and the response of the claystone must

be further investigated. In situ investigations have been

performed on the thermal properties of the Opalinus clay-

stone in the Mont-Terri Underground Research Laboratory,

(Hohner and Bossart 1998; Mügler et al. 2006; Jobmann

and Polster 2007; Kull et al. 2007; Gens et al. 2007). Most

of laboratory works on the thermal response of Opalinus
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claystone have been performed in unsaturated condition

(Jobmann and Polster 2007; Zhang et al. 2007). Therefore,

further investigation for fully saturated samples is still needed.

When testing low permeability materials extremely slow

loading or heating rates must be used in order to avoid pos-

sible pore fluid overpressure (in drained tests) and possible

heterogeneity of the pore pressure (in undrained tests) inside

the sample. In this paper, the thermo-mechanical behavior of

Opalinus claystone is experimentally investigated by means

of a new hollow cylinder triaxial apparatus with a short

drainage path specially designed for very low permeability

materials (Monfared et al. 2011a). The investigation carried

out concerns both the drained and undrained response of

Opalinus claystone, with a special emphasis put on thermal

pore fluid pressurization.

2 Thermo-Poro-Elasticity Background

The theoretical framework of thermo-poro-elasticity used

to analyze the experimental data is briefly recalled in the

following. Basic principles have been presented in various

earlier studies (Coussy 2004; McTigue 1986; Rice 2006;

Ghabezloo et al. 2009).

In the following, compression strain is considered

positive as conventionally adopted in soil mechanics

eV ¼ �dV
V

� �

: To describe the sample volume change (dV)

and the pore volume change dV/

� �

; the Terzaghi effective

stress p0 ¼ p� uð Þ; the pore pressure (u) and the temper-

ature (T) are chosen as independent variables:

dV

V
¼ �cddp

0 � csduþ addT ð1Þ

dV/

V/

¼ �
cd � cs

/
dp0 � c/duþ a/dT ð2Þ

where / ¼
V/

V
is the Eulerian porosity and cd, cs and c/ are

the drained, solid and pore volume compressibility,

respectively, which are defined as follows:

cd ¼ �
1

V

oV

op0

� �

u;T

; cs ¼ �
1

V

oV

ou

� �

p0;T

;

c/ ¼ �
1

V/

oV/

ou

� �

p0;T

ð3Þ

ad and a/ are the drained and the pore volume thermal

expansion coefficient, respectively:

ad ¼
1

V

oV

oT

� �

u;p0
; a/ ¼

1

V/

oV/

oT

� �

u;p0
ð4Þ

The experimental measurement of parameters c/ and

a/ is difficult and they will be assumed here equal to the

solid phase compressibility (cs) and solid phase thermal

expansion (as).

For a saturated material, the fluid mass inside the rep-

resentative elementary volume is:

Mw ¼ /qwV ð5Þ

where qw is the water unit mass.

Derivation of Eq. 5 gives:

dMw ¼ /qwV
d/

/
þ
dqw
qw

þ
dV

V

� �

ð6Þ

From the definition of the porosity one can write:

d/

/
¼

dV/

V/

�
dV

V
ð7Þ

the change in water unit mass by pressure and temperature

is obtained by:

dqw
qw

¼ cwdu� awdT ð8Þ

where cw is the water compressibility and aw is the water

thermal expansion coefficient.

Introducing Eqs. 8 and 7 into Eq. 6 gives:

dMw ¼ /qwV �
cd � cs

/
drþ

S

/
du� aw � asð ÞdT

� �

ð9Þ

where S is the storage coefficient:

S ¼ cd � cs þ / cw � csð Þ ð10Þ

During an undrained thermal test at constant total stress

the thermally induced excess pore pressure is obtained by

setting dMw = 0 in Eq. 9:

du ¼ KdT ð11Þ

where K is the thermal pressurization coefficient:

K ¼
/ðaw � asÞ

S
ð12Þ

The corresponding volumetric deformation can be

obtained from Eq. 1:

dV

V
¼ audT ð13Þ

where au is the undrained thermal expansion coefficient:

au ¼ ad þ Kðcd � csÞ: ð14Þ

3 Material and Methods

3.1 Opalinus Claystone

Tests have been performed on specimens of Opalinus

claystone extracted parallel to the bedding in 106 mm

diameter cores from the Underground Research Laboratory

of Mont-Terri in Switzerland. The total claystone porosity
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deduced from oven drying at 105�C during 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%.

The Opalinus claystone from shaly facies is composed

of approximately 65% clay minerals [Illite (17%), illite-

smectite mixed layer (10%), chlorite (8%) and Kaolinite

(30%)] and 35% of non clayey minerals composed of 20%

quartz, 11% carbonate (8% calcite, 1% Dolomite/ankerite,

2% Siderite), 2.5% framework silicate (albites, K-feldspar)

and small amount of pyrite (1%) and organic carbon (0.5%)

(Mazurek 1999; Bossart et al. 2002; ANDRA 2005).

3.2 Testing Device

Tests have been performed in a new hollow cylinder triaxial

cell with a short drainage path specially designed to study

the thermo-hydro-mechanical behavior of low permeability

materials (Fig. 1a). The details of the cell are presented in

Monfared et al. (2011a). Hollow cylinder samples have an

internal diameter uint = 60 mm, an external diameter

uext = 100 mm and a height H = 70–80mm. Standard tri-

axial stress conditions are achieved by applying the same

confining pressure in both the inner and outer cylindrical

faces of the sample. As shown in Fig. 1a and b, a major

advantage of this device is the enhanced drainage allowed

by the geotextiles placed along the internal and external

walls of the hollow cylinder sample. Geotextile bands have a

height between H/2 and H/3 and are placed in the middle

height of the sample. The drainage path is hence reduced to

half the thickness of the sample (10 mm). In such condi-

tions, Monfared et al. (2011a) showed that the time needed

to resaturate an initially unsaturated Opalinus claystone

sample is reduced by a factor seven compared to standard

full cylinder triaxial specimen with drainage at top and

bottom. The short drainage path also permits to satisfacto-

rily achieve fully drained conditions, i.e. negligible induced

excess pore pressure, during mechanical and thermal load-

ing with faster loading rates. Another interesting feature is

the possibility to perform radial permeability tests and to

directly capture the effect of shear bands formed during

deviatoric loading that can be a preferential hydraulic path

for radial flow.

This cell is equipped with a local strain measurement

system with two axial and four radial local strain trans-

ducers (LVDT). Figure 1b shows a schematic view of the

hydraulic connections between the sample, the pressure–

volume controllers (PVC) and the pressure transducers

(PT). The system includes a high pressure (10 MPa)

pressure–volume controller (PVC1) to apply the confining

pressure in the inner and outer cell volumes. Three PVCs

are used to apply and control the pore fluid pressure: PVC2

is connected to the upper and lower ends of the sample,

PVC3 to the inner boundary and PVC4 to the outer

boundary. The cell is also equipped with a resistive heating

belt around the cell connected to a temperature regulator

that ensures a precision of ±0.1�C. Temperature is mea-

sured inside the cell close to the sample by a thermocouple.

An insulating cover is put around the cell in order to limit

heat exchanges with the environment.

PT

PT

PVC4 PVC2

PVC3

PVC1

PT

PT

PVC4 PVC2

PVC3

PVC1

(b)(a)

Fig. 1 a Hollow cylinder triaxial cell with a short drainage path, b general setting of the hydraulic connections
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3.3 Effect of the Drainage System on the Measured

Undrained Parameters

Undrained conditions are applied in the laboratory tests by

closing the valves at the extremity of the drainage system.

Due to the compressibility and to the thermal expansion of

the fluid and of the drainage system, there is some fluid

exchange between the sample and the drainage system that

alters the undrained condition (dMw = 0). Consequently,

the measured pore pressure is affected by the compress-

ibility and the thermal expansion of the drainage system. A

correction accounting for these effects was presented by

Bishop (1976), with an extension to temperature effects

recently proposed by Ghabezloo and Sulem (2010). A

detailed analysis of the effect of the drainage system on the

undrained mechanical properties evaluated in the hollow

cylinder triaxial cell is presented in Monfared et al.

(2011a). In this analysis, the compressibility of the porous

elements around the sample is taken into account to have a

more precise correction method rather than that presented

by Bishop (1976) and Ghabezloo and Sulem (2010). The

analysis is extended here to the effects of temperature.

The sample, the porous elements (porous disks and

geotextiles) and the connecting lines are submitted to a

temperature change DT and a pore pressure change Du.

The method presented by Bishop (1976) is used to

decompose the problem into independent sub-problems as

presented in Fig. 2.

The volume change of each element is written in

Table 1. In this table, VL and cL are the volume and the

compressibility of the connecting lines (including the pore

pressure transducers), /e and Ve are the porosity and the

volume of the porous element, cse and cde are the solid

phase compressibility and the drained compressibility of

the porous element, ase and aL are the thermal expansion

coefficients of the porous element and of the connecting

lines, respectively. The temperature change along the

connecting lines is not homogenous because one part of the

connecting lines is situated inside the cell, at the same

temperature as the sample whereas another part is situated

outside the cell at room temperature. Following Ghabezloo

and Sulem (2010), an equivalent temperature change (DTL)

is introduced in such a way that the volume change of the

connecting lines under a homogeneous temperature change

equal to DTL is the same as that induced by the real non-

homogeneous temperature field. DTL is defined by a

parameter b equal to the ratio between the temperature

change of the sample DT and the equivalent temperature

change of the connecting lines DTL:

DTL ¼ bDT ð15Þ

In undrained condition, the overall volume change of the

system (column 4 of Table 1) is equal to the sum of the

volume change of its constituents (columns 2 and 3 of

Table 1). After some algebra, the following relation is

obtained between the measured thermal pressurization

coefficient and the parameters of the system:

K
mes ¼

Du

DT

¼
/ðaw � asÞ þ

Ve

V
/eðaw � aseÞ þ

VL

V
bðaw � aLÞ

Sþ Ve

V
Se þ

VL

V
ðcL þ cwÞ

ð16Þ

where Se is the storage coefficient of the porous element:

Se ¼ cde þ /ecw ð17Þ

Comparing Eqs. 12 and 16, the following form can be

presented for the corrected (true) thermal pressurization

coefficient:

By considering the volumetric response of the sample,

the effect of porous disk and geotextile can be superposed,

Eq. 18 can be rewritten as:where subscripts p and g con-

cern the porous disk and the geotextile properties,

uΔ

u−Δ

0 u−Δ uΔ

uΔ

uΔ
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uΔ 0 u−Δ

u−Δ
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0
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0
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(Sample)

(Porous element)

(Connecting lines)

(a) (b) (c)

(d) (e)

(h)(g)

(f)

Fig. 2 Decomposition of the testing system into a porous sample, a

porous element and connecting lines

K
cor ¼

/ðaw � asÞ

S
¼

K
mes

1þ 1
/Vðaw�asÞ

/eVeðaw � aseÞ þ bVLðaw � aLÞ � K
mesðVeSe þ VLðcw þ cLÞÞ½ �

ð18Þ

738 M. Monfared et al.

123



respectively. Once the thermal pressurization coefficient is

corrected, the measured undrained thermal expansion

coefficient ames
u

� �

can also be corrected from the effect of

the drainage system. By considering Eq. 14 and using the

following relationship between the measured thermal

pressurization coefficient (Kmes) and the measured

undrained thermal expansion coefficient ames
u

� �

:

ames
u ¼ ad þ K

mesðcd � csÞ ð20Þ

the following expression is obtained for the corrected

undrained thermal expansion coefficient:

acoru ¼ ames
u � K

mes � K
corð Þ cd � csð Þ ð21Þ

The volumes of the different components of the drainage

system are given in Table 2.

The drained compressibility of the porous disk and the

geotextile are equal to cdp = 1.02 GPa-1and cdg =

9.33 GPa-1, respectively. The compressibility of the con-

necting lines (cL) is 0.32 GPa-1 (Monfared et al. 2011a).

To correct the effect of the drainage system during the

undrained thermal tests, the parameters b and aL should be

experimentally determined. To do so, an undrained heating

test is performed on a metallic sample. In this test, tem-

perature is increased from 27 to 45�C and the induced pore

pressure in the bottom drainage of the sample is monitored

by a pressure transducer (Fig. 1b). The induced pore

pressure can be modeled by considering a zero porosity and

zero storage coefficient (S = 0) in the metallic sample in

Eq. 16 and neglecting the solid phase compressiblity of the

porous disk, which gives:

Du ¼
Vp/pðaw � aspÞ þ VLbðaw � aLÞ

Vpðcdp þ /pcwÞ þ VLðcL þ cwÞ
DT ð22Þ

The volume of the porous disk and connected line are

10,053 and 11,722 mm3, respectively (Table 2). The

porosity of the stainless steel porous disk /p

� �

is 0.22 and

its thermal expansion coefficient (asp) is 5.2 9 10-5/�C.

By considering the change of water thermal expansion

coefficient (aw) and water compressibility (cw) with

temperature (Spang 2002) and considering b = 0.6 and

aL = 2 9 10-4/�C, the estimated induced pore pressure

from Eq. 22 is in very good agreement with the

experimental data, as shown in Fig. 3.

Considering the thermal expansion coefficient of the

geotextile asg = 2.3 9 10-4/�C, Eqs. 19 and 21 can now

be used to correct the measured thermal pressurization

coefficient K
mesð Þ and the measured undrained thermal

expansion coefficient ames
u

� �

during an undrained thermal

test.

3.4 Testing Program

To prepare a hollow cylinder sample, the 106 mm diameter

cylindrical core (slightly larger than the required 100 mm

external diameter) is carefully cut at the desired length

(around 72 mm) by using a hand saw. The cylinder is

covered by a neoprene membrane to prevent drying and

placed in a special metal mould of the same diameter in

which it is firmly held. The inner hole of the sample is then

cored in dry conditions by using a diamond coring bit of

60 mm diameter. Two hollow cylinder samples (TO1 and

TO2) have been prepared. Both samples have been cored

parallel to bedding planes because of the technical diffi-

culty of preparing Opalinus samples with bedding planes

perpendicular to the sample axis without disking.

Table 1 Variations of volume

of the sample, porous element,

their constituents and the

connecting lines for the

independent problems presented

in Fig. 2

Volume change of constituents Volume change of element

Solid phase Pore fluid phase

(a) Sample VcsDu 0 VcdDu

(b) Sample �ð1� /ÞVcsDu �/VcwDu �VcsDu

(c) Sample ð1� /ÞVasDT /VawDT VasDT

(d) Porous element VecseDu 0 VecdeDu

(e) Porous element �ð1� /eÞVecseDu �/eVecwDu �VecseDu

(f) Porous element ð1� /eÞVeaseDT /eVeawDT VeaseDT

(g) Connecting lines �VLcwDu VLcLDu

(h) Connecting lines VLawDTL VLaLDTL

K
cor ¼

K
mes

1þ 1
/Vðaw�asÞ

/pVpðaw � aspÞ þ /gVgðaw � asgÞ þ bVLðaw � aLÞ � K
mesðVpSp þ VgSg þ VLðcw þ cLÞÞ

� � ð19Þ
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The drained thermal behavior of Opalinus claystone is

investigated on specimen TO1 by running two drained

heating–cooling cycles between 25 and 80�C. The

undrained behavior is investigated on specimen TO2

through an undrained heating test from 25 to 55�C. Both

tests were run under a mean total stress and initial back

pressure equal to the in situ ones (4.1 and 2.2 MPa,

respectively) (Martin and Lanyon 2003).

3.5 Resaturation Process

The initial water content of the sample is 6.5%, which is

smaller than the saturated water content for this clay stone

(8.7%, afterMuñoz 2006). In order to minimize any swelling-

induced damage (Mohajerani et al. 2011), sample resaturation

should be performed under in situ effective stress (Delage

et al. 2007). The in situ stress in the Mont-Terri Underground

Laboratory is highly anisotropic with (r1 = 6–7 MPa,

r2 = 4–5 MPa, r3 = 0.6–2 MPa after Martin and Lanyon

2003). It is obvious that such a complex anisotropic stress state

can not be applied in a triaxial cell, this is why the resaturation

process is performed under an isotropic stress equal to the in

situ totalmean stress (4.1 MPa) and a backpressure equal to in

situpore pressure (2.2 MPa) applied through the fourdrainage

connections. Figure 4a shows the water intake by the sample

during resaturation phase measured by the pressure-volume

controllers as well as the sample volumetric strain deduced

from the response of the LVDT transducers. Both curves

exhibit a bi-linear response with a steep slope during the first

12 h.As shown inMonfared et al. 2011a, this section is related

to the pore pressure diffusion inside the sample, up to reaching

positive values in all points of the sample. The second part

with a gentler slope indicates a continuous sample swelling

and may be related to (i) the isotropic stress applied that is not

exactly similar to the anisotropic in-situ stress conditions and

(ii) some enhanced swelling capacity linked to some damage

induced in the sample prior to testing, as shownbyMohajerani

et al. 2011. After 132 h, the Skempton coefficient is measured

by running an undrained isotropic compression test in which

the pressure change is monitored by the pressure transducers

connected at the bottom and at the external wall of the sam-

ple. Figure 4b shows the response of the pressure transducers

for a confining pressure increase of 500 kPa. The responses of

both transducers are similar, showing the homogeneity of the

pore pressure field in the sample. The measured Skempton

coefficient (slope of the pore pressure vs. confining pressure

curve in Fig. 4b) is equal to 0.93. Once corrected from the

effects of the drainage system (Monfared et al. 2011a), a value

of 0.95 is obtained.

This value can be compared with the theoretical

expression of the Skempton coefficient for a saturated

elastic material, given by:

B ¼
cd � cs

cd � cs þ /ðcw � csÞ
: ð23Þ

With a drained compressibility (cd) taken equal to

1.85 9 10-6 kPa-1 (Sect. 4.2.2), the solid phase compress-

ibility equal to 2 9 10-8 kPa-1 (Monfared et al. 2011a), the

water compressibility (cw) equal to 4.49 9 10-7 kPa-1and

the porosity equal to 0.18, the theoretical value for B is 0.96,

which is quite close to the experimental one (0.95), confirming

that excellent sample saturation can be achieved in very low

permeability materials within a reasonable period of time

thanks to the short drainage path that characterizes the hollow

cylinder triaxial device.

4 Experimental Results

4.1 Drained Thermal Heating

The drained thermal behavior of the Opalinus claystone is

investigated on sample TO1 by performing two heating–

cooling cycles from 25 to 80�C. To ensure drained con-

ditions, all the four drainage connections (top, bottom and

Table 2 Volume of the porous elements and connecting lines

Drainage Vdrainage

(mm3)

Vporous element

(mm3)

/ Vconnecting line

(mm3)

Lower (metallic) 13,934 10,053 0.22 11,722

Upper (metallic) 8,975 10,053 6,763

Outer (geotextile) 7,100 5,654 0.3 5,403

Inner (geotextile) 3,500 4,241 2,228

25 30 35 40 45

Temperature (°C)

800

1000

1200

1400

1600

1800

2000

2200

2400

u
 (

k
P

a
)

Experimental data

Theoretical curve   

4

0.6

2 10 / °C
L

β

α −

=

= ×

Fig. 3 Calibration test on a metallic sample for the effect of thermal

expansion of the drainage system during undrained heating: Induced

pore pressure in the bottom drainage by the temperature change
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enhanced lateral ones) should be kept open and the tem-

perature elevation should be slow enough in order to avoid

important excess thermal pore pressure inside the sample.

This heating rate can be numerically estimated by solving

the pore pressure diffusion equation with appropriate

sample parameters and boundary conditions.

4.1.1 Heating Rate

A numerical analysis is performed to estimate the induced

excess pore pressure in sample TO1 when the temperature is

increased at a constant rate while keeping the total stress

constant Dp ¼ 0ð Þ: In anaxysimmetric configuration, adapted

to the cylindrical shape of the sample and considering the

possible anisotropy of the permeability in axial and radial

directions, the pore pressure change can be obtained from the

following equation (Ghabezloo et al. 2009):

du

dt
¼ K

dT

dt
þ

1

lwS
kr
o
2u

or2
þ kr

1

r

ou

or
þ kz

o
2u

oz2

� �

ð24Þ

where kr and kz are the radial and axial permeabilities. The

radial and axial permeability values obtained from a

transient permeability test run in the hollow cylinder

apparatus (Monfared 2011) are equal to 2.5 9 10-20 and

7.5 9 10-20 m2, respectively. The measured thermal

pressurization coefficient is taken equal to 61 kPa/�C (see

Sect. 4.2.1), an average value for temperatures between 25

and 80�C. The storage coefficient (S) is obtained from

Eq. 10 with the parameters given in Sect. 3.5, giving

S = 1.91 9 10-6 kPa-1. The water compressibility (cw)

does not change significantly between 25 and 80�C and an

average value of 4.43 9 10-7 kPa-1 is adopted. The

decrease in water viscosity with temperature is fitted

from Spang (2002) data with the following function:

lw ¼ 1:865� 10�7T2 � 3:023� 10�5T þ 1:576� 10�3

ð25Þ

where water viscosity (lw) is in Pa s and temperature (T) is

in degree centigrade.

The initial and boundary conditions adopted are pre-

sented in Fig. 5. The height of the lateral drainages is equal

to 30 mm.
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Equation 24 is solved numerically by using a fourth

order Runge–Kutta finite differences scheme (see Monf-

ared et al. 2011a for further details on the numerical res-

olution). First, a heating rate dT
dt

� �

of 0.3�C/h, commonly

used to perform drained heating tests in low permeability

clayey material in standard triaxial cells (Sultan et al.

2000), was applied. Figure 6a shows the change of pore

pressure inside the sample at the point situated at mid-

height and mid-thickness as a function of time for the case

of standard drainage (at one end and at both ends) and

enhanced lateral drainage. All curves in Fig. 6a show a

maximum for the induced pore pressure. This maximum

can be explained by the competing effect of the source

term (thermal pressurization) and the diffusion term

(Eq. 24). The source term is dominant before the peak of

pressure whereas the diffusion term is dominant after.

Figure 6b shows the maximum calculated thermal pore

pressure profile during heating from 25 to 80�C along the

sample height in half the thickness of the sample under

various drainage conditions (at one end, at both ends and

with enhanced lateral drainages).

The results show that the maximum induced pore pres-

sure is equal to 243 kPa with drainage at one end (simple

drainage). The value decreases to 83 kPa with drainage at

both ends (double drainage) and to 27 kPa when lateral

drainages enhanced (four drainages). In the two latter cases

the induced pore pressure can be considered as negligible

(considering the sample compressibility presented in Sect.

3.5). Numerical calculations hence show that a satisfactory

drained condition can be achieved by using a heating rate

of 0.3�C/h with drainage at both ends. This heating rate can

be increased in the hollow cylinder triaxial cell thanks to

the enhanced lateral drainages. Figure 6a and b show that

with a heating rate of 1�C/h, the excess pore pressure is

only 84 kPa which is negligible value as explained above.

This heating rate is thus chosen to perform the drained

heating test.

4.1.2 Test Results

Two heating–cooling cycles are performed on sample TO1.

The volumetric response of the sample during this test is

monitored by the response of the LVDT. This direct

measurement differs from the indirect evaluation of vol-

ume change from the water volume expelled from the

sample (Campanella and Mitchell 1968; Baldi et al. 1988),

which is strongly dependent on the nature of water (free or

adsorbed) and also can be altered by microleaks at high

temperature. However, only the radial LVDTs can be used

because they are in direct contact with the sample whereas

the axial ones are fixed on a supporting ring around the

sample and the measured axial strains are altered by the

deformation of the supporting ring during heating. The

volumetric deformation of the sample is calculated by

assuming isotropic thermal expansion of the sample

eV ¼ 3eradð Þ and the response is presented in Fig. 7.
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It should be noted that the anisotropy of the linear thermal

expansion coefficient of the Opalinus claystone reported in

the literature is relatively limited. A ratio of about 1.5 is

given by Gens et al. (2007) for the coefficient parallel to

the bedding when compared with the one perpendicular to

it. This figure shows that an initial quasi-linear expansion

phase between 25 and 60�C (rate of 5.9 9 10-5/�C) is

followed by a transition phase and a 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. During subsequent

cooling, the sample quasi linearly contracts with a rate

(6.3 9 10-5/�C) close to that of the first heating expansion

phase (5.9 9 10-5/�C). An irreversible contraction of

0.45% is finally obtained after the first cycle. The second

temperature cycle exhibits a quasi reversible linear

response (with the similar rate as the first cooling phase)

with a quasi-linear expansion up to 80�C followed by a

parallel contraction curve when temperature is decreased.

4.1.3 Discussion

The linear expansion coefficients of Opalinus claystone

obtained by different authors and compiled by Muñoz et al.

(2009) is presented in Table 3. Volumetric thermal

expansion coefficients are derived under the assumption of

material isotropy.

In this table, most values have been obtained by back

analysis from numerical simulations of in situ thermal

experiments carried out at the Mont-Terri URL, except in

the case of Muñoz et al. (2009) that concerned a thermal

laboratory experiment carried out in a constant volume

instrumented cell (temperature and pore pressure). Note

that all these experiments were carried out under unknown

stress conditions. The state of stress applied during the test

to the formation (that could not be measured) in the points

in which the thermal parameters were deduced depends

upon the thermo-mechanical processes involved during the

in situ heating tests. They depend on the geometrical 3D

configuration of the experiments (complex in the case of in

situ tests), on the heating rates and on the thermo-

mechanical deformation of the saturated rock (that involves

the compressibility and thermal dilation coefficients of

water, of the solid grains, together with the drained rock

compressibility). In this regard, the parameters directly

estimated from test on sample TO1 come from a well-

controlled homogeneous situation. Both values obtained

from this test (5.9 9 10-5 and 6.3 9 10-5/�C) are com-

parable with the values of the Table 3, although somewhat

higher. The good compatibility between these measure-

ments confirms that the first expansion between 25 and

60�C and that the volume changes during the second

heating–cooling phase are fully drained and of a thermo-

elastic nature.

The subsequent thermal irreversible contraction is

comparable to that observed in normally consolidated

plastic clays (Baldi et al. 1988; Delage et al. 2000 on Boom

clay). In fine-grained soils, this phenomenon is understood

as a thermal consolidation of the sample, which corre-

sponds to the rearrangement of the grains after a critical

temperature. It seems that the claystone has kept the

memory of its maximum supported temperature like

overconsolidated soils conserve the memory of the maxi-

mum supported load. The sample once heated up to 83�C

after the first cycle, keeps expanding up to 80�C (the new

maximum temperature supported) during the second cycle,

forgetting the previous temperature threshold of 65�C. It is

interesting to relate this first temperature threshold to the

maximum temperature previously experienced by Opalinus

clay. From geological arguments, the maximum burial

depth of the Opalinus Clay at Mont Terri is 1,350 m (Tim

Vietor, personal communication). Assuming a geothermal

gradient of about 0.03�C/m, the value of 65�C appears as a

plausible maximum temperature experienced by the
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Fig. 7 Drained heating test on Opalinus claystone: volumetric

response by the local strain transducers (LVDT type) assuming

isotropic response of the sample during thermal loading

Table 3 Thermal expansion coefficient of Opalinus claystone,

volumetric thermal expansion coefficients are obtained assuming

material isotropy

Linear thermal

expansion

coefficient (�C-1)

Volumetric thermal

expansion

coefficient (�C-1)

Hohner and Bossart (1998) 1.35 9 10-5 4.05 9 10-5

Wileveau (2005) 2.6 9 10-5 7.8 9 10-5

Gens et al. (2007) 1.4 9 10-5 4.2 9 10-5

Jobman and Polster (2007) 1.5 9 10-5 4.5 9 10-5

Muñoz et al. (2009) 1.2 9 10-5 3.6 9 10-5
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material before our test. The observed behavior is typical

of thermal hardening, with an elastic thermal expansion

observed below the maximum supported temperature, fol-

lowed by a plastic contraction at yielding once the maxi-

mum temperature is attained. Note that the concept of

thermal yield has been described in the model developed

by Cui et al. (2000) for normally and overconsolidated soils

through the mobilization of a specific TY yield curve

coupled to a loading yield curve similar to that developed

by Hueckel and Borsetto (1990). This approach could

certainly be adapted to claystone by accounting for the

strong post-sedimentation diagenetic links that character-

izes claystones.

The elasto-plastic dilation coefficient aep
d

� 	

of the

sample can be estimated by considering the volumetric

response of the sample between 68 and 83�C during the

first heating phase, which gives a value of -1 9 10-4/�C.

Thus, the plastic thermal expansion coefficient of Opalinus

claystone is obtained from (Sulem et al. 2007):

a
p
d ¼ a

ep
d � ad ð26Þ

which gives a value of -1.61 9 10-4/�C. The obtained

plastic thermal dilation coefficient for Opalinus claystone

is smaller than that for Boom clay (-7 9 10-4/�C, after

Delage et al. 2000) and clayey gouge from Aigion fault

(-3.8 9 10-4/�C, after Sulem et al. 2007), which confirms

again the important role of post-sedimentation diagenetic

link for this claystone as compared to plastic clays.

4.2 Undrained Thermal Heating

4.2.1 Test Results

The undrained behavior of the Opalinus claystone is

investigated on sample TO2 that has been heated from 25

to 55�C in undrained condition starting from an initial

stress state close to in situ conditions (confining pressure

and back pressure equal to 4.1 and 2.2 MPa, respectively).

The same heating rate as in the drained test (1�C/h) has

been used so as to ensure pore pressure homogeneity inside

the sample (see Sect. 4.1.1). The responses of pore pressure

transducers at the bottom and at the external wall of the

sample are presented in Fig. 8. This figure shows that the

responses of both pressure transducers are similar, which

confirms the good homogeneity of the pore pressure field in

the sample.

To account for the effects of the drainage system, the

measured thermal pressurization coefficient Du
DT

� �

is esti-

mated from the slope of the pore pressure change at each

point. The value is then corrected by applying Eq. 19 and

the corrected pore pressure change values are obtained

from the corrected thermal pressurization coefficient

evaluated at each step uTiþ1 ¼ uTi þ K
cor
Tiþ1 Tiþ1 � Tið Þ

� �

:

This curve is plotted in Fig. 9. The sample volume change

during this test is measured by the LVDTs and is plotted in

Fig. 10. This response must also be corrected to account

for the effect of the drainage system as suggested by

Eq. 21. The procedure previously used for the pressure

curve is used for the volumetric strain curve and the cor-

rected curve is also plotted in Fig. 10.

The thermal pressurization coefficient Kð Þ and the

undrained thermal expansion coefficient (au) of the Opali-

nus claystone are obtained from the slopes of the corrected
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curves presented in Figs. 9 and 10 respectively, after fitting

the curves with a second order polynomial (Fig. 11). The

figure shows that the thermal pressurization coefficient

increases from 44.5 to 65.9 kPa/�C and the undrained

thermal expansion coefficient increases from 1.46 9 10-4

to 1.81 9 10-4/�C.

4.2.2 Discussion

The experimental results show an increase of the undrained

thermal expansion coefficient with temperature. Consider-

ing Eq. 14, this increase can be attributed to the increase of

the thermal pressurization coefficient with temperature.

Note that the drained compressibility (cd) does not change

with temperature as shown in Campanella and Mitchell

(1968) and the solid phase compressibility (cs) is also

assumed to be constant. By considering a value of

1.85 9 10-6 kPa-1 for the drained compressibility and

using the obtained experimental value for thermal pres-

surization coefficient, the undrained thermal expansion

coefficient (Eq. 14) can be evaluated. As shown in Fig. 11,

the experimental values and the theoretical ones are

compatible. The compatibility of the theoretical and

experimental values confirms the validity of the thermo-

poro-elasticity assumption within the applied temperature

range. Note that the maximum temperature in this test

(55�C) is below 65�C, which is seen as the threshold

between thermo-elastic and thermo-plastic response.

The increase of the thermal pressurization coefficient

Kð Þ with temperature can be linked to the increase of the

thermal expansion of water (aw) with temperature (Eq. 12).

The induced pore pressure in the sample is first evaluated

by considering the thermal expansion of pore water as the

one of free pure water. Figure 9 clearly shows that by

considering the thermal expansion of free pure water the

evaluated induced pressure is lower than the measured one.

Thus, in order to reproduce the experimental data the pore

water thermal expansion should be higher than free pure

water. Baldi et al. (1988) have shown that the experimental

results of thermal tests on low porosity clays could not be

modeled by considering the free water thermal expansion

coefficient. These authors proposed to explain this differ-

ence by considering a double layer model and assuming

that the water layer in the vicinity of clay plate is under a

higher pressure than that of free water. They showed that

below 40�C, the thermal expansion of water in low porosity

clay is higher than that of free water but the rate of increase

of the thermal expansion with temperature in these mate-

rials is lower. Another possible reason for the higher

thermal expansion coefficient of water in materials with

small pores is given by Xu et al. (2004). These authors

show that the water when confined in the nanopores of

porous silica glasses has a higher thermal expansion

coefficient compared to that of free water. Based on

experimental results, a higher thermal expansion coeffi-

cient of the pore water in cementitious materials is also

evidenced by Valenza and Scherer (2005) and Ghabezloo

et al. (2009). It is shown that this anomaly of the thermal

behavior of water confined in nanopores is significant when

the pore size is smaller than 15 nm (Valenza and Scherer

2005). Regarding the pore size distribution of Opalinus

claystone (Muñoz 2006), around 50% of the pores have a

diameter smaller than 15 nm. Thus, this important fraction

of small pore size is probably the main reason of the higher

thermal expansion coefficient of the Opalinus claystone

pore water. We note that also the Opalinus claystone water
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is of marine origin and the concentration of the ions such

Na? (0.169 mol/l) and Cl- (0.16 mol/l) is important in this

water (Pearson et al. 2003). The presence of ions can also

increase the thermal expansion of water as discussed by

Ghabezloo et al. (2009).

The thermal expansion of Opalinus claystone water can

be back analyzed from the results of the undrained tests by

using the following relation:

aw ¼ as þ
au � ad

/B
ð27Þ

The thermal dilation of the solid phase can be estimated as

an average of the thermal dilation of the minerals which gives

a value of 3 9 10-5/�C. The Skempton coefficient is taken

equal to 0.95 (see Sect. 3.5). Figure 12 shows the estimated

thermal expansion coefficient of Opalinus claystone water

from Eq. 27 and that of free water as well as the thermal

expansion of cement paste pore water (Ghabezloo et al. 2009)

and pore water confined in 7 nm pores of silica gel (Xu et al.

2004). The estimated thermal expansion of Oplainus pore

water is relatively higher than the others, which is probably

related to the important fraction of nano pores in this

claystone. The increasing rate of the thermal expansion of

Opalinus pore water is slightly lower than that of free water.

5 Conclusion

In this study, the thermal properties of saturated Opalinus

claystone in drained and undrained condition have been

investigated through laboratory tests performed in a new

triaxial cell with short drainage path (10 mm). Two sam-

ples of Opalinus claystone have been resaturated under an

isotropic stress state equivalent to the effective in situ one

in order to minimize swelling and induced damage during

the resaturation phase. Two drained heating–cooling cycles

have been performed with a slow rate of 1�C/h and it is

shown through a numerical analysis that this rate is suffi-

ciently slow to ensure negligible excess pore water pres-

sure in the sample. The volumetric response of the sample

during the first cycle presents a thermo-elasto-plastic

response with sample dilation up to 65�C followed by

sample contraction up to 83�C. During the cooling phase of

the first cycle and also the second heating–cooling cycle, a

quasi elastic behavior of the sample has been observed,

which confirms thermal hardening of the sample. Inter-

estingly, the temperature threshold of 65�C is a plausible

value for the maximum temperature previously experi-

enced by Opalinus claystone during geological burial up to

1,350 m.

The undrained behavior of the sample is investigated on

the second sample. It was shown that the temperature

increase in undrained condition induces an excess pore

pressure in the sample. The similarity of the responses of

both pressure transducers proves the homogeneity of the

pressure in the sample. The obtained thermal pressurization

coefficient and undrained thermal expansion coefficient are

compatible regarding a thermo-poro-elasticity framework.

The induced pore pressure in the sample cannot be mod-

eled by the thermal expansion of free pure water and the

back analysis of the test results show a higher thermal

expansion coefficient for pore water in Opalinus claystone.
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éabilité dans les sols et les roches argileux. PhD thesis,
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