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Sinkhole in unsaturated collapsible loess 
 (Northern France) 

 
Unsaturated soil : water + air 
Loess: small clay fraction 
Hydro-mechanical coupling 
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ANDRA 2005 

490 m deep 
150 m thick 

Deep radioactive geological disposal 
 in claystone in France, - 490m 



Deep radioactive geological disposal 
 French concept in claystone, - 490m 

ANDRA 2005 

!ANDRA 2005 



Callovo	
  Oxfordian	
  claystone	
  	
  
Ø  Stable geological context (155 My) 

Ø  Porosity: 14-19% 

Ø  Clay fraction 48-50% at 490m  

Ø  Very low permeability: 10-13 – 10-14 m/s  

Ø  Small deformability 

Ø  Good ability to retain radionuclides 

Crédit photo ANDRA 
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Thermal transient phase, France 

ANDRA 2005 

10 - 15 y: Thermal peak 
at 90°C 

 

1000 y: Local uniformity 
at 40-46°C 

 

3000 y: Global uniformity 
at 30-35°C 

 

 

50 000 y: Back to initial T 
at 5°C 

 

 



Radioactive waste concept in granite 
highly compacted bentonite (Sweden) 

Gens, Romero et al. 

Temperature elevation 
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Thermal transient phase, Switzerland 

Higher temperatures 
thanks to buffer 

Temperatures smaller 
than 100°C in host clay 



         
Soil skeleton 

 
                               Oil 
       Water 

Ekofisk oilfield subsidence (North sea) 

Enhanced recovery by sea-water injection: 10 m subsidence 



Non conventional oil recovery – oil sands 
Steam assisted gravity drainage (SAGD) 

Heated oil and 
condensed 

water flow to 
producer

Production well, 
oil and condensed 
water are drained 

continuously

Steam flows to 
interface and 
condenses

Heated oil and 
condensed 

water flow to 
producer

Production well, 
oil and condensed 
water are drained 

continuously

Steam flows to 
interface and 
condenses



Collapse behaviour of loess (Northern France) 
Constant water content 

Soaking: collapse 

Saturated compression 

Oedometer 
compression 

good correspondence with tests SL002 and CRS05 after
collapse; this confirms the (well-known) validity of the
approach proposed by Jennings & Knight (1957).

The responses in suction were reasonably constant in all
tests. As a result, comparable suction decreases occurred
during both collapses at 205 and 19 kPa. Constant suction
during compression has been observed by some authors in
samples that have been compacted on the dry side of the
Proctor optimum (e.g. Tarantino & De Col, 2009), but not
in all cases (e.g. Jotisankasa et al., 2007). The following
observations can be made from Fig. 4

(a) There is excellent correspondence between all tests,
showing the good quality and homogeneity of the
samples tested and the experimental procedures.

(b) All rebound curves are comparable, confirming the
independence of the BBM k parameter (slope of the
curve in the elastic range) with respect to suction – a
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Fig. 2. HCT measurement inside an oedometer cell (Delage
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Fig. 3. The effect of strain rate on the response at constant water content

Some aspects of the compression and collapse behaviour of an unsaturated natural loess 3

Dry compression 

Munoz et al. 2011 



silt grain (20-30 µm) 

Dry inter-grain 
pores (20-30 µm) 
-  Compressed 
-  Collapsed 

Natural collapsible unsaturated loess  
(Northern France) 

 

Clay aggregate 
(saturated) 





Unsaturated granular soil 

air-water 
capillary 
meniscus 
 

air pressure ua water pressure uw 

r
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Unsaturated granular soil 

air-water 
capillary 
meniscus 
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Collapse behaviour of loess (Northern France) 
Constant water content 

Soaking: collapse 

Saturated compression 

Oedometer 
compression 

good correspondence with tests SL002 and CRS05 after
collapse; this confirms the (well-known) validity of the
approach proposed by Jennings & Knight (1957).

The responses in suction were reasonably constant in all
tests. As a result, comparable suction decreases occurred
during both collapses at 205 and 19 kPa. Constant suction
during compression has been observed by some authors in
samples that have been compacted on the dry side of the
Proctor optimum (e.g. Tarantino & De Col, 2009), but not
in all cases (e.g. Jotisankasa et al., 2007). The following
observations can be made from Fig. 4

(a) There is excellent correspondence between all tests,
showing the good quality and homogeneity of the
samples tested and the experimental procedures.

(b) All rebound curves are comparable, confirming the
independence of the BBM k parameter (slope of the
curve in the elastic range) with respect to suction – a
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Dry compression 

trend also observed by Jotisankasa et al. (2007) in an
artificial collapsible soil.

(c) Irreversible strain appears to develop from low stress in
tests at zero suction (tests CRS05 and SL002), reducing
the yield stress to about 3 kPa.

(d) Accordingly, the mutual positions of the constant water
content and zero suction curves indicate, above 3 kPa,
the progressive development of collapse (an irreversible
strain) up to a maximum under 30 kPa. Below 30 kPa,
the unsaturated sample is less compressible than the
saturated one (in agreement with the BBM model).
Above 30 kPa, it becomes more compressible, as also
observed by Wheeler & Sivakumar (1995). The
constant water content curve progressively joins the
zero suction line, with an intersection probably located
between 1000 and 2000 kPa. The existence of a
maximum collapse has been integrated in some
constitutive models (e.g. Georgiadis et al., 2008; Josa
et al., 1992).

(e) The collapse strain at 19 kPa (3?8%) is larger than that
at 205 kPa (2?3%). Indeed, 19 kPa is located below

yielding (63 kPa) whereas a compressive plastic strain
of about 10% developed prior to the plastic collapse
strain of 2?3%.

(f) The changes in collapse with vertical stress are
illustrated in Fig. 5, which clearly shows the maximum
collapse at 30 kPa.

DISCUSSION
The small suction changes observed during compression
can be related to the low saturation state of the samples
with degrees of saturation increasing from 47 to 62%
(Table 2). Based on Laplace’s capillary law and under the
approximate hypothesis of cylindrical pores, a 40 kPa
suction corresponds to a pore diameter of 7?5 mm, which
means that larger pores should be dry. Given that the loess
pore size distribution curve (not shown here for brevity (see
Muñoz-Castelblanco, 2011)) shows that 6?8% of the pore
volume corresponds to larger inter-grain pores of diameter
16–363 mm, it is believed that compression occurs by the
breakdown of these larger and weaker dry pores with little

Géotechnique Letters tgl110003.3d 28/4/11 19:17:40
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4 Muñoz-Castelblanco, Delage, Pereira and Cui

Suction changes 

Munoz et al. 2011 



Bishop’s “effective” stress  
 

σ’ = σ - ua + χ (ua – uw)  

 dry : 0 < χ < 1 : saturated 
 
- collapse under wetting : suction decrease down to zero 
- σ - ua constant  
- χ > 0 

σ’ decreases so volume should increase due to stress release 
BUT volume decrease ! NOT VALID 

    
2 INDEPENDENT STRESS VARIABLES NECESSARY   

Net stress : σ - ua  Suction : ua – uw 



coccolith (φ 1-10 µm) 
pure calcite : CaCO3 
n = 38-41% 
 

pore (φ 2µm) 

Oil reservoir chalk 
 



coccolith (φ 1-10 µm) 
pure calcite : CaCO3 
n = 38-41% 
 

pore (φ 2µm) 

Oil reservoir chalk 
 



Unsaturated fine grained soils 
Schematic view 
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Clay mineralogy 
Clay water interaction 

Clay minerals have a paramount role  
in THM coupling 

(sand or sandstone are not sensitive to water; 
they only dilate when heated) 



Clay mineralogy 
Elementary sheets 

Tetraedral sheet: Si, O-- 

Oxygen 

Silicium 

Octaedral sheet:  
Mg or Al etc… and OH- 

OH- 
Al or Mg,… 

After Grim 1968, Mitchell 1976 



7 Å= 0,7 nm 

OH- substituted by O-- 

Negatively charged platelets 

~1 Å 
Water molecule 

+ + 
2- 

Electrical dipole  
INTERACTION 

Mitchell 1976 

Kaolinite: 1 tetra + 1 octa 



Kaolinite layer 

o o o 
Strong hydrogen bond 

O-HO 

Stable platelets 



Tovey 1971 in Mitchell 1976 

Kaolinite 

7,5 µm 



Montmorillonite: 1 octa + 2 tetra 

Exchangeable cations (Ca++, Na+ to compensate electrical deficiency) 

Water molecules stuck around cations: hydration  
INSTABLE PLATELETS : INTERLAYER SWELLING 

9.6 Å= 0.96 nm 



Montmorillonite suspension (gel) 

7,5 µm 



Illite: 1 octa + 2 tetra, K+ bonding 

K+ 

Tovey 1971 in Mitchell 1976 

Stable structure, same as mica (muscovite) 
 

9.6 Å= 0.96 nm 



7,5 µm 

Illite 



Compacted silt 
 

dry of opt. 

20 µm Air 

Air Air 

Water 

Water 

+ ϕ/χ  interactions 
   chemistry 
   temperature 

+ ϕ/χ  interactions 
   chemistry 
   temperature 

Delage et al. 96 



Compacted silt 
   

Dry 

Opt 

Wet 



HEAVILY COMPACTED SMECTITE 
 

5 µm

2 µm

Compacted Kunigel clay (Japan), r  = 2 Mg/m3, w = 8% 

aggregate (φ 2-3 mm) 

inter-aggregate pore 

Cui et al. 2002 



Swelling cracks (hydration) 

Pyrite 

Clay matrix (50%) 

Hydrated sample 

Inter-platelets pores 

Intra-platelet pores 

Callovo-oxfordian claystone) 
Grain pullout during freeze-fracturing (25% calcite, 20% quartz) 



Swelling cracks (hydration) 

Pyrite 

Clay matrix (50%) 

Hydrated sample 

 Yven et al. 2007 

   Simplified microstructure model 

Inter-platelets pores 

Intra-platelet pores 

Callovo-oxfordian claystone) 
Grain pullout during freeze-fracturing (25% calcite, 20% quartz) 



Clay water interaction : double layer theory  
  from Mitchell (1993) 
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anions 

cations 

anions 

cations 

hydration shells 
around cations 

Important role in water 
retention in clays 

 



Double layer theory 
 Mitchell (1993) 

22
08 νεπn
DkTxthickness =

D : dielectric constant 

k : Boltzmann’s constant 
T : absolute temperature 

n0 : ref. ionic concentration 
(far away)  

e : elementary electronic 
load 

n : cation valence n0 = 0.83 10-2 M NaCl 

n0 = 0.83 10-4 M NaCl 

333 Å 

33,3 Å 



Double layer theory 
 Mitchell (1993) 

22
08 νεπn
DkTxthickness =

D : dielectric constant 

k : Boltzmann’s constant 
T : absolute temperature 

n0 : ref. ionic concentration 
(far away)  

e : elementary electronic 
load 

n : cation valence n0 = 0.83 10-2 M NaCl 

n0 = 0.83 10-4 M NaCl 

333 Å 

33,3 Å 



Interparticle interaction 
 Mitchell (1993) 

D : dielectric constant 
n0 : ref. ionic concentration 
(far away)  
n : cation valence 
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HYDRATION OF SMECTITES 



Saturated intra-aggregates  
swelling mechanisms 

 Saiyouri, Hicher & Tessier (2000), using Pons et al. (1981)  

•  X ray scattering at low angles 
•  Probabilistic analysis  

-  Interlayer distances inside a particle 
-  Number of clay layer in a particle 
 



Saturated intra-aggregates  
swelling mechanisms 

Sayiouri, Hicher & Tessier (2000) 

4 layers : 20.6 Å montmorillonite 
elementary layer: 9.6 Å 

adsorbed water layer 



2 layers

3 layers
4 layers

1 layer
18.6 Å 
15.6 Å 
12.6 Å 

Hydration from a dry state, FoCa 

50 MPa 7 MPa 

Saiyouri, Hicher & Tessier (2000) 

Number of water layers adsorbed along the clay sheet 

Number clay sheets in the clay particle 

Dry Wet 

5 µm

2 µm



Hydration from a dry state, FoCa 

Sayiouri, Hicher & Tessier (2000) 

inside the 
saturated 
aggregates 

high suction (> 50 MPa) 
100 layers  

low suction (< 7 MPa) 
10 layers 

possible double layer 



WATER RETENTION PROPERTIES 



air pressure ua > 0 

sample 
water uw = 0 

Ceramic porous stone (thin porosity) 
High Air Entry Value (HAEV) : remains saturated 

Air overpressure technique of controlling suction 
(axis translation) 

suction s = ua - uw 



Polythene sheet

PEG solution

Soil sample

Semi-permeable membrane

Magnetic stirrer

Other techniques (see paper) 

Osmotic method  
(semi-permeable membrane +  

large moleculesPEG salt) 

Controlled relative humidity  
(saturated salt solutions) 

RHlog
Mg
RTuu wa =−



Water retention curve, clayey sand 

(Croney et al. 1952)  

capillarity in pores : hysteresis 

ϕ/χ  interactions in clays : no hysteresis 



Oil-water retention curve, lixhe chalk  
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Retention curves of Lixhe
chalk (oil-water)

OSMOTIC TECHNIQUE
(imbibition, various samples)

MERCURY INTRUSION 
POROSIMETRY 
(drainage, one sample)

OVERPRESSURE 
(drainage, one sample)

full of water 

full of oil 

Priol et al. 2005 



TYPICAL WATER RETENTION CURVES 
(Barbour 98, Vanapalli, et al. 99) 

capillary : 
larger grains 

clay-water interactions : 
increased Ip 
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Water retention properties, COx 



Wan et al. IJRMMS 2013 

Water retention properties, COx 
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Significant swelling ! 
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Mercury intrusion porosimetry, COx claystone  

 
 

 

0.001 0.01 0.1 1 10 100 1000 
D   ( µ m ) 

0.00 
0.02 
0.04 
0.06 
0.08 
0.10 
0.12 
0.14 
0.16 
0.18 

P o
 r o s

 i t é
   ( -

 )   
  
  

  
EST44584 

  Total porosity (0.170) 

0.001 0.01 0.1 1 10 100 1000 
D   ( µ m ) 

0.00 

0.10 

0.20 

0.30 

0.40 

d e
 / d l

 o g
 D   (

 - ) 

Initial state (freeze-dried) s = 34MPa 

32 nm 

Intra-platelet pores 

Intra-platelet pores (20%) 

Inter-platelets pores 

Inter-platelets pores (80%) 
Free water 

(permeability, thermoporoelasticity) 

Menaceur 2014 

Initial state, s = 17 MPa 



Compacted bentonite 

0 10 20 30 40 50
Gravimetric water content (%)
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Compacted samples

Powder samples
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si Very high initial suction: 113 MPa 

Various suction cycles : 
Reversibility 



Water retention properties, constant volume 

Yahia-Aissa et al. 2002, Villar et al. 2005 



Water retention properties, bentonites 
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Various suction 
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1 layer  

2 layers  

3 layers  

Yahia-Aissa et al. 2002 



FLUID TRANSFERS 



Unsaturated permeability 
Instantaneous profile method 
- water infiltration in a column 
with suction monitoring along 
column 
- water retention curve 
determined (psychrometer) 
 
  

su
ct

io
n 

(M
P

a) 
 

    

Daniel 1984 

curve slopes give hydraulic 
gradient i at various suctions 

lower 
gradient 



- the water retention curve 
provides the corresponding 
water contents 

- changes in water content with 
time provide water unit flow 

- unsaturated permeability is 
given by : 
 
 
A is the sectional area 
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Air permeability measurement 
Yoshimi and Osterberg (1963) 

like variable head 
permeameter 
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Air and water permeability 

water saturation 

re
la

tiv
e 

pe
rm

ea
bi

lit
y 

air water 

air continuity water continuity 



MECHANICAL TESTING 



Bishop & Donald’s suction controlled  triaxial cell 
 (1962)  axis translation method 

water pressure uw 

air pressure ua 

volume change device 



Osmotic suction controlled oedometer 

Kassiff & Benshalom (1974), Delage et al.  (1992) 



Vapour equilibrium triaxial  
(Blatz & Graham 2000) 

Geotextile 

Controlled RH 



TYPICAL FEATURES 



The state surface concept 
(Matyas & Radhakrishna 1968) 

soaking s = 0 
Compression at controlled 
suction s  

constant water content ? 

Collapse under soaking 

compression at 
zero suction 



Isotropic compression 
 (cui & delage 1996, osmotic triaxial) 

drier sample : 
- stiffer 
-higher yield stress 

  LC curve 
Barcelona basic model 

s =1500 kPa 

s = 800 kPa 

s = 400 kPa 

s = 200 kPa 

collapse 



Deviator stress q (kPa)

Axial strain (%)

Constant σ3 triaxial compression 
 (Cui & Delage 1996) 

drier sample is : 
- stiffer 
- more resistant 
- more fragile 



 Elasto-plastic behaviour   

- suction hardening 
- stress hardening 
- plastic flow 
 

Cui & Delage 96,  
anisotropically 
compacted 

S = 200 k Pa 
400 k Pa 

800 k Pa 

Elastic 

Mean net stress p (kPa) 



THERMAL ISSUES 



Surface waste disposal 

Di Molfietta and Aglietto 1999 

Temperature 
     Gas generation : 

CH4,others Leachate φ χ 

 Leachate infiltration 
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    Compacted 
bentonite, Sri = 50% 

 temperatures 

 heating source 
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    Compacted 
bentonite, Sri = 50% 

degree of saturation 
drying 

wetting 

vapour transfer liquid transfer 



GDS

CONTROLE DE
TEMPERATURE

REGULATEUR

GDS

GDS

DEPLACEMENT
AXIAL

T=20°C

RESISTANCE
CHAUFFANTE

σ1: CONTRAINTE AXIALE

σ3: CONFINEMENT

u: CONTRE PRESSION

Thermal triaxial cell 

Sultan et al. 2000 
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Thermal volume changes (drained) 

OC: Thermo-plastic contraction 

Sultan et al. 2000 

NC: Thermo-elastic 
dilation 

Dilation Contraction 

Thermo-plastic contraction 

Thermo-elastic contraction 



Temperature effects on permeability 

Sultan et al. 2000 



Intrinsic permeability 

Sultan et al. 2000 



Normalised yield envelopes 

Laloui & Cekerevac 2004 
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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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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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Temperature controlled bath 

Pressure transducer     

Thermal pressurization: lab device 

12 MPa 

4 MPa 

Mohajerani et al. IJRMMS (2012) 

Undrained heating under in-situ stress with pore pressure measurement 
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Thermal pressurization coefficient Λ, COx claystone 

82 
Mohajerani et al. IJRMMS (2012) 

Thermal dilation coefficients 

Compressibilities 



83 

Issues in THM testing of claystones 

•  Is the extracted specimen tested in the lab  
representative of in-situ conditions? 
• Partial saturation (stress release, air coring, evaporation,…) 
• Damage (stress release, drying) 

• Very low permeability:  
 k = 10-13 m/s (10-20 m2 intrinsic permeability)  

•  Initial full saturation 
• Drainage conditions 



Saturated and drained testing of claystones 

84 

• Emphasis put on: 
• Controlled saturation procedure  
  under in-situ stress conditions  
  to avoid swelling/damage 
• Good drainage conditions  
 homogeneous pore pressure field thanks to    
short drainage length 
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TIMODAZ hollow cylinder apparatus 

Monfared et al. IJRMMS (2011) 

External diameter 100 mm 
Internal diameter 60 mm 
Height 70 mm 
Internal and external pressures 
equal 
Top, bottom and lateral drainage 
 
Drainage length H = 10 mm 
Half the hollow cylinder thickness 



Pressure volume transducers 
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Monfared et al. IJRMMS (2011) 



Local strain measurements 
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Monfared et al. IJRMMS (2011) 



TIMODAZ hollow cylinder apparatus 
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Pressure 
Volume 

Controllers 

Heating system 
(90°C) 



Drainage conditions (mechanical and thermal) 

89 

Drained heating at 1°C/h 

Isotropic compression at 0.5 kPa/mn 
 

Monfared et al. IJRMMS (2011) 



Thermal hardening of Opalinus clay 
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Volume changes 
Drained heating test 
1°C/h 

Monfared et al. RMRE 2014 



Thermal reactivation of shear plane 
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Menaceur (2014) 

saturated under ~ in-situ 
stress conditions 

0 2 4 6 8 10
p' (MPa)

0

2

4

6

8

10

12

q 
(M

P
a)

Chemin de contrainte durant le cisaillement
Chemin de contrainte durant le chauffage non drainé

EST30734

C

D

B

E

M = q/p’ = 0.97

28.5°C
Réactivation
thermique

0 2 4 6 8 10
p' (MPa)

0

2

4

6

8

10

12

q 
(M

P
a)

Chemin de contrainte durant le cisaillement
Chemin de contrainte durant le chauffage non drainé

EST30734

C

D

B

E

M = q/p’ = 0.97

28.5°C
Réactivation
thermique

EST3073
4-b 

 p 

q 

A

C

D

E       

B       

Phase DE 



Failure criterion (temperature), COx 

92 

Menaceur et al. IJRMMS 2015 
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Changes in permeability, COx claystone 

1 

2 

3 

4 

5 

n = 4 

n = 1 

Before shearing 
(B) 25°, 1st test 

Before shearing 
(B) 25°, 2nd test 

After shear stress release 
(D), 25° 

At 80° 
(E) 

After cooling (F), 
25° 

k r
 x

 1
0-

21
 

(m
2 ) 

iQ



96 

Changes in permeability, COx claystone 
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Concluding remarks 
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THM couplings related to various geomechanical problems: 
 - Unsaturated soils (collapse) 
 - Radioactive waste disposal (claystones and bentonites) 
 - Reservoir rocks (multiphase chalk) 

•  Importance of clay 
•  Importance of clay-water interaction (DDL, smctite hydration) 
•  Importance of microstructure 
•  Difficult lab testing invery low permeability claystone and shale (host 

rocks for waste isolation, caprocks for CO2 sequestration, shale gas 
and oil) 
•  Special new devices with short drainage length: 
   Complete saturation and good drainage conditions  

•  Thermal pressurisation 
•  Thermal hardening 
•  Excavation damaged zone (EDZ) 

•  No effects of cracks on permeability and excellent self-sealing 
behaviour (initial and 80°C) 

•  Help better understand and model THM phenomena 


