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Abstract: Clays and claystones are considered in some gesifincluding Belgium, France and Switzerland)
as a potential host rock for high activity longelil radioactive waste disposal at great depth. @rtheo
aspects to deal with in performance assessmenstated to the effects on the host rock of the teatpee
elevation due to the placement of exothermic wastbge potential effects of the thermal impact oa th
excavated damaged zone in the close field are enatiportant issue that was the goal of the TIMODAZ
European research project. In this paper, someiplas of waste disposal in clayey host rocks aagdepth
are first presented and a series of experimentasiigations carried out on specific equipment isiigc
developed to face the problem are presented. Bamatl and undrained tests have been developed to
investigate the drained thermal volume changeslajscand claystone and the thermal pressurization
occurring around the galleries. This importancepper initial saturation (under in-situ stressasjil of
satisfactory drainage conditions (in spite of tlgmigicantly low permeability of claystones) is ehgsized,
leading to the development of a new hollow cylindpparatus. It is observed that claystones can@ot b
considered as overconsolidated clays given thgt¢ba exhibit, as the Callovo-Oxfordian claystormes a
thermoplastic contraction. Mechanical and thernaatlening are however observed, extending to clagsto
the knowledge already gained on clays. A new metbbdletermining in the laboratory the thermal
pressurization coefficient is described and thea dditained allow completing existing data in theldfi
Finally, the hollow cylinder apparatus makes itgble to demonstrate that the good self-sealinggntes

of clays and claystones can be extended to temperaffects, an important conclusion in terms of
performance assessment.

Key words: Radioactive waste, thermal impact, hollow cylindeaxial, thermal behaviour, thermal
pressurization, clay, claystone

1. Introduction

Clays and claystones are considered in some ceantincluding Belgium, France and Switzerland) as a
potential host rock for high activity long liveddiaactive waste disposal at great depth (Tsand @042).
One of the aspects to deal with in the performaassessment (Yu et al. 2013) of high activity loived
radioactive waste disposals is related to the &ffen the host rock of the temperature elevation tduthe
placement of exothermic wastes. In drained conuitithe volume change response of clays is knovioe to
sensitive to temperature elevation with respe¢h#ooverconsolidation ratio, as will be commeniae on.
Due to the low permeability of clays and the evawdr one of claystones, drained conditions onlyuocc
under very slow temperature increases. The respengen often partially drained or undrained. Uths
conditions, the generation of thermal pore presgalso called thermal pressurization) is also tosater,
given that the resulting decrease in effectivesstrsnay have some negative consequences in terms of
stability conditions around the gallery.




In drained conditions, the question about the tlaénwolume change response of claystones is to know
how they react and how far existing data on clags be relevant for claystones. Due to their smaller
permeability (one order of magnitude less thari elifys, around 18’ m/s), there is very few available data
on fully saturated and drained thermal tests ogsttme. To perform these difficult tests, a spehbialow
cylinder triaxial apparatus was developed and uaedyill be described further on.

In undrained conditions, there are rather few @atilable concerning the thermal pressurizatioio rait
clays. This is even truer in claystones, also duthé difficulty of properly saturating samples aese of
their very small porosity.

Another important aspect in terms of performanceessment is the potential effects of temperature
elevation on the crack network that characterisestxcavation Damaged Zone (EDZ) around gallefibs
potential impact has been investigated in detaiinguthe European research project TIMODAZ, some
results of which will be presented here. The alt&spects concern i) the potential effect of wetkation on
crack openings, keeping in mind the possibilitysbéar reactivation along shear cracks and ii) fleeteof
temperature on the self sealing properties of Engscand claystones.

This paper presents some results concerning then#theesponse of clays and claystones under both
drained and undrained conditions. The role of shesrks on permeability properties at elevated tatpre
is also presented.

2. Waste disposal in clays and claystones

As an example, the underground research laborafofL) of ANDRA (the French Agency for
Radioactive Waste Management) is located at a defp#®0 m in a layer of Callovo-Oxfordian claystone
presented in Fig. 1. As seen in the Figure, therkajave regularly sedimented with a slight tilti@gher
European URLs presently active in clays and clayetdnclude the Mont-Terri URL in the Opalinus ciay
Switzerland operated by the Swiss Agency (NAGRAJ #me Mol URL operated by Euridice (ONDRAF-
SCK) in Belgium (Tsang et al. 2012).
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Fig. 1. The Callovo-Oxfordian claystone layer in the aréeBuare (ANDRA, after Tsang et al. 2012).

The French principle of high activity waste repositby means of horizontal galleries is presenieBig.
2. The design of this system is strongly condittbbg the exothermic properties of the radioactieste and
by the rule adopted in performance assessment ittamabelow 100°C the temperature in the host riock
the close field. For this reason, it is not possildl excavate the galleries too close one fromhenoAlso,
some dummy canisters (with no waste inside) areeplaamong heat emitting canisters to lower the
temperature elevation. This temperature consthaiata significant economic impact since it impdeager
galleries excavated at larger distances one frasthan resulting in a larger occupation area averglevel.



Fig. 2. French concept of horizontal galleries (ANDRA 2005)

The results of calculations about the thermal pedtion due to the heat emitted by high activity
radioactive wastes in the French concept are predeim Fig. 3 (ANDRA 2005). Since the thermal
conductivity of the claystone is well known andrtfiaihomogeneous, thermal calculations carried qut b
using the finite element method are known to bialnéd. As seen in the Figure, it is estimated, whih inter-
gallery distance selected, that a maximum tempexatii90°C will be quickly reached after aroundyEars
in the close field. Temperature homogeneity starévailing at 40-45°C after 1 000 years and at 303
after 3 000 years. The come back to the initialperature close to 5°C is planned after 50 000 years

Another illustration of the thermal phase is pr@ddn Fig. 4 in which one can see that closure bell
made after a period of around 30-100 years of ¥pdo#ation phase with an increasing temperaturasph
comprised between 100 and 300 years followed byctime back to natural conditions after 50 — 100 000

years.
- — /_/—

o) & ‘

t=1000ans
IpTc“IEu;r:l::l.ll-l: < uniformisation 4 réchelle )
du module

’ ﬁ}f‘.

.

t=3000 ans t =50 000 ans
uniformisation & l'échelle retour i la iempérature
de la zone initiale +/- 5'C

Fig. 3. Temperature decrease around galleries (ANDRA 2005)
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Fig. 4. Time schedule of thermal phenomena (ANDRA 2005)

Another important phenomenon observed during atet #fie gallery excavation if the damage created
around the galleries in what is called the Excavabamaged Zone.
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Fig. 5. Conceptual model of the induced fractures netwodurgd a drift parallel to the horizontal minor
stress (Armand et al. 2013).

Fig. 5 shows a schematic representation of theur@metwork observed around a gallery excavated
parallel to the horizontal minor stregs (N 65° E), given that the in-situ stress in theedBWRL are as
follows (Wileveau et al. 2010):

- Minor horizontal stressy, = 12.4 MPa

- Major horizontal stressy = 12.7-14 MPa

- \Vertical stressy, = 12.7 MPa

- Pore pressure = 4.9 MPa

This configuration of parallel periodic inclinechitures along the gallery axis is called an “hegtone”
pattern, it has also been observed in other clayroak like Boom clay or Opalinus clay.

The extension of fractures around the same gakeayso represented in Fig. 6. The figure also mdke
distinction between shear fractures with a largeeresion (0.6 drift diameter on top, 0.8 drift dester in
bottom) compared to traction fractures (0.3 diidindeter).
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Fig. 6. Extent of fractures around a gallery parallel thes tinor horizontal stress (Armand et al. 2013)

3. Thermal behaviour of clays

3.1. Thermal volume changes
The pioneering work of Hueckel and Baldi (1990) Bomom clay samples demonstrated that the volume

changes of natural clays under constant isotrofiéctere stress depended on the overconsolidatbio,r
independently of the applied stress. A thermaltigla®ntraction is observed in normally consolidattays
and an elasto (expansion) plastic (contractiorpaese is observed in overconsolidated clays, depgrod
the overconsolidation ratio.

This has been confirmed in Boom clay by Sultan.g802) as shown in Fig. 7 that presents theltesii
drained thermal tests run on samples at variouscomeolidation ratios in which the temperature atmn
was very slowly applied (1°C/h) to ensure fullyidesd conditions.

In the overconsolidated regime, the Figure alsovshiinat the temperature of the expansion-contnactio
transition increases with the overconsolidatioioras accounted for in the thermomechanical moti€luw

et al. (2000).
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Fig. 7. Thermoelastoplastic response of Boom clay (Sultah. 2002)



Whereas the thermoelastic expansion can be easdypreted in terms of thermal dilation of the doli
phase (see thermal dilation coefficients in Tabletlle plastic contraction is more difficult to énpret. It
seems that the role of water adsorbed along thepaéticles plays an important role. There wouldtwe
modes of separating the adsorbed water from tlast{p) clay particles along which they are bondstiher
by compression and squeezing out (effect of predimtaion) or by heating, given that in general
temperature reduces the physico-chemical interasto®tween molecules (consider for instance trectsff
of temperature on the Brownian movement and thengdm in properties of gases when submitted to

temperature elevation).

3.2. Thermal pressurization

The thermal pressurization of pore water in lowagsily clays or claystones submitted to temperature
elevation is a consequence of the significant tifiee between the thermal expansion coefficiewaiker
(27 x 10° °C*h) and that of the solid grains (between 1 and 3#0% °C"), see Table 1 (Ghabezloo and
Sulem 2009). The Table is completed by the valddhe compressibility of each mineral that will beed

further on.

Table 1. Thermal expansion and compressibility coefficiaftsome typical minerals present in clays and

claystones
Mineral Thermal expansion coefficient (*C Solid compressibility (GP3
Cla as=3.4x%x 10 cs=0.02
y (McTigue 1986) (Skempton 1960, McTigue 1986)
a.=3.34 x 10 _

Quartz (Palciauskas and Domenico, 1982) G = 0.0265 (Bass 1995)
Calcite a;=1.38x 10 (Fei 1995) c,=0.0136 (Bass 1995)
Felspar as=1.11x 10 (Fei 1995) cs=0.0145 (Bass 1995)
Water ay=27 %10 (Spang 2002) cy = 0.447 (Spang 2002)

One can see that the water expansion coefficiealimest one order of magnitude higher than thahef
minerals and that the coefficient of quartz ang elee comparable and larger that that of calciteloispar.

Given that the structure of claystones is generdliigracterized by a clay matrix containing graiof (
quartz, calcite and feldspar), one can suspect sigmficant differential expansions in the solidage at
clay-calcite interfaces (the most frequent) and atsclay-felspar interfaces.

Table 2. Thermal expansion coefficients of various soils evaks

'I] Damaged fault wall : 0.31

Material Thermalj)éi)ﬂapnjllgg)coefflmert Reference
Clay 0.01 Campanella and Mitchell (1968)
Boom Clay 0.06 Vardoulakis et al. (2002)
0.019 Lima et al. (2010)
Opalinus claystone 0.1 Mufioz et al. (2007)
Sandstone 0.05 Campanella and Mitchell (196§
Kayenta Sandstone 0.59 Palciauskas and Domerf@&2)1
Rothbach sandstone From 0.25 to 0.025 Ghabezb&alem (2009)
Clayey fault gouge 0.1 Sulemetal. (20047)0
Intact rock at great depth 1.5 Lachenbruch (1980)
Mature fault at 7 000m dept Intact fault wall : 0.92 Rice (2006)

~

Ghabezloo and Sulem (2009) gathered some valuéiseofhermal pressurization coefficierit= Ap/At
(MPa/°C) measured in various soils and rocks amdented in Table 2. The Table has been completed by
their own values on the Rothbach sandstone, byua v Boom clay recently obtained by Lima et 2010)
and by a value on Opalinus claystone deduced fhendata of Mufioz et al. (2009).



Some large values have been obtained in rocksheutdlues in clays are between 0.01 and 0.1MPa/°C.
Quite different values are given for clays, in autiar in Boom clay, comparing the data of Vardaigdeet al.
(2002) (obtained from experimental data of Sult@87) and that of Lima et al. (2010). Authors showreat
the thermally induced pore pressure did not onyedd on the mineral composition and porosity ofrtiu,
but also on the stress state, the range of temyseraariation and the previously induced damage.

The pressure dependency of the compressibilityott bock and water and the temperature dependdncy o
the pore water compressibility appeared to plaingortant role, as shown by Ghabezloo and Suler@qp0
who provided values between 0.25 and 0.025MPa/t€naperatures between 20 and 70°C for the Rothbach
sandstone.

4. Materials

The main characteristics of the three clays angstismes considered are presented in Table 3. Tihaeofla
Table 1 show a difference between on the one Ham&doom clay (BC), a stiff clay with significanthygher
porosity and smaller mechanical parameters ancherother hand with the Opalinus clay (Opa) and the
Callovo-Oxfordian (COx) claystones of smaller pdgsvater content and permeability with higheroiia
content and mechanical parameters.

Whereas the Boom clay is from the Rupelian ageg@kne epoch) and is around 30 millions years old,
the Callovo-Oxfordian and Opalinus claystones agnificantly older (162 and 173 millions years
respectively, Gens 2012) and are from the Calloxtefdian and Aalenian ages (Jurassic epoch),

respectively.
Table 3. Characteristics of clays and claystones
(Gens et al. 2007)

Opalinus clay Callovo-Oxfordian claystone Boom cha
Dry density (Mg/n) 2.22-2.33 2.21-2.33 1.61-1.78
Calcite content 6-22% 23-42% 0-3%
Porosity 13.5-17.9 <13 > 30
Water content 4.2-8% <5.5% > 9.5%
Young'’s modulus, MPa 4000 - 10000 4000-5600 200-400
UCS, MPa 4-22 20-30 2
Permeability, m/s 1-5 x 18 1-5 x 10° 2-5 x 10

The difference in mechanical properties betweerB@eclay and the claystones (COx and Opa) is due to
the much longer diagenesis period claystones hege submitted to. Another significant differenceeisited
to the higher carbonate content that they contaghést in COx) and that also results in strongectmanical
properties. The carbonates acting as a bonding agercarbonates reprecipitated from their inigicnular
state. The COx claystone also contains a signifisesportion of qualrtz grains (around 20%).

Due to smaller porosities, claystones also haveeeability smaller by one order of magnitude comgare
to the BC clay. As commented before, these verydovesities and permeability values makes quiticdif
fully saturated and drained conditions.

5. Test in drained conditions

5.1. Hollow cylinder triaxial apparatus

The hollow cylinder triaxial apparatus speciallysid@ed for very low permeability geomaterials was
developed within the framework of the TIMODAZ Euegm project (Monfared et al. 2011). In this apperat
the same confining pressure is applied in the immer outer lateral faces of the cylinder, providstgndard
triaxial stress conditions.

The principle of the apparatus is shown in the sehef Fig. 8 in which lateral drainage is ensurgd b
geotextiles placed on the inner and outer facéiseo€ylinder.



Heating was made by using an electric coil placgedrad the metal cell (not represented in the Figanel
by thermally isolating the cell from the ambienhfeerature by using an isolating cover. Temperatardrol
(x 0.5°C) was carried out based on a temperatussuanement gauge located inside the cell. Volumagds
were followed from local displacement measurembégtaeans of LVDT sensors along the external face of
the cylinder, as shown in Fig. 9 that also shovesrtdial hydraulic connections used to ensure argthn
lateral drainage.

Fig. 8. Hollow cylinder triaxial cell (Monfared et al. 2011

Radial hydraulic mnneciiug:_:__._ ____- Axial LVDT
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Fig. 9. Local strain measurements by using LVDTs

5.2. Saturation procedure

An important preliminary condition to fulfil beforeunning drained or undrained isotropic or triaxial
compression tests is to ensure full saturatiomefsample. In stiff clays like the Boom clay, tbandition is
generally controlled by determining the SkempBonoefficient by monitoring the increase in poregsige
Au resulting from an increase in applied confininggsuredo according to the relation:

B = Au/Ao 1)

In soils,B values above 95% are considered satisfactoryf¢seestance Sultan et al. 2010 on Boom clay).

The determination oB values does not seem to be common practice irstolag testing in which the
saturation conditions are apparently not fully kmowike also the drainage conditions. Indeed, d¢tays
samples appear to be provided in the laboratoryrieaturated conditions, due to the combined and
successive effects of air coring, transport, steragd trimming. As an example, Mohajerani et al1&)
determined initial values of degree of saturatimuad 70% in the Cox claystone.

Indeed, claystones are very sensitive to changegater content. Like unsaturated soils, they become
significantly stronger when desaturated. As showrfFig. 10, Pham et al. (2007) observed increases in
Unconfined Compression Shear (UCS) from 28 to 5&liPsamples submitted to desaturation by imposing



controlled humidities RH of 98 and 32% respectiyvelith corresponding water contents decreasing from
5.24 to 1.65%.
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Fig. 10.Water sensitivity of COx clay, UCS tests (Phaml|e2@07).

The data of Fig. 10 clearly indicate that partetusation may overestimate the mechanical chaiattsr
of claystones. Due to very low permeability, clayst are really difficult to fully saturate. Homa(@D08)
quoted a period of time of one year to monitorespure response on the top of a 76 mm high triagialple
submitted to a pressure at its base. To cope wéthtifficulty of satisfactorily saturating claysespecimens
within a reasonable period of time, the option e@mowas to reduce the drainage length of the specime
standard triaxial testing, this drainage lengtbgaal to half the height of standard specimensif i.e. 38
mm. The reduction in drainage length was obtaingdiging hollow cylinder specimens drained on top,
bottom and also along the inner and outer faceseohollow cylinder. The sample has internal anidmeal
diameters equal to 60 and 100 mm respectivelyngia drainage length of half the cylinder thickness
10 mm.

Given that the phenomenon is governed by Richaedsiation and is of a diffusion nature, a first
estimation of the reduction in time can be obtaibgdconsidering that the reduction by 4 of the nkige
length turned into a reduction by 16 of the timedissipate. In such conditions, the 1 year peribtinoe
mentioned above reduces in around three weeks,ch more reasonable period. More detailed calculatio
will be presented later on.
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Fig. 11.Computed pore pressure profiles during saturatitonfared et al. (2012)



Monfared et al. (2011) provided a numerical simalafresolution of Richards’'s equation by using the
finite differences method) of the saturation prece$ a sample of Opalinus clay from an initial stat
characterised by a suction of 5.7 MPa (initial @egof saturation of 83%) when saturation is madéwp
applying a 2.2 MPa back pressure on top, bottom thndugh the lateral inner and outer drainages.
Calculations show that the back pressure imposetmnbottom and along the inner and outer facehef
sample is finally homogeneously imposed in the wisample after 14 h, quite a short period showheg t
efficiency of the reduced drainage length and efeghhanced drainage.

As commented above, a global checking of satisfactaturation can be obtained by determining the
Skempton coefficienB. In the framework of poroelasticity (see for imsta Detournay and Cheng 1993), the
expression oB is as follows:

B:ﬂ: Cq ~Cs =Ca7GC )
Ao cy—c,+¢c, —Cs) S

in which S is the storage coefficient:

S=Ci—C+ @(Cw—0C) @)

and g¢the porositycy the drained compressibility of the claystongthe compressibility of the solid grains
andc, that of water. Parametegcan be determined by a so-called unjacketed comipresest in which the
back pressure and the confining stress are sinadtesty and equally increased while measuring thaenve
changes of the specimen.
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Fig. 12. Undrained isotropic compression test of the Opalimlay: determination of the Skempton
coefficient (Monfared et al. 2011)

Fig. 12 presents the results of an isotropic “um#@’ compression test in which the pore pressure
increment4u is presented with respect to the increment inl teteess4o. In soils, good saturation
corresponds t8 values close to one. In porous stones, this i@mger true given the form of expression (2)
and the fact that in porous storgss no longer negligible compareddo

Actually, an “undrained” test is in fact a testvinich the drainage valves connected to the cek laais
closed. It is not fully undrained given that somatev exchanges occur between the porosity of the
compressed specimen and that of the porous elememtsinding it. This effect has also to be acoedifior
when comparing the experimental value and the #teait expression given in (2). Detailed calculasio
made in Monfared et al. (2011) show that a corcetheoretical value of 0.89 is obtained that corapar
favourably with the slopeB(= 0.86) calculated from the data of Fig. 12 (with= 0.449 GP3, ¢y = 0.348
GP4', c..= 0.02 GPa for the Opalinus clay).

Note that satisfactory conditions in swelling sait;n only be ensured under in-situ stresses tal sy
swelling (see for instance Delage et al. 2007 @Bbom clay). In claystones, it is well known tkatelling
can induce significant damage. The reduction iretwh the saturation process then becomes an inmporta



issue given that it reduces the time of immobil@abf the triaxial device.

5.3. Drained conditions
Satisfactory drainage conditions also have to tsirel. Calculations of pore pressure dissipatigingu
an isotropic compression test run at a rate okB&/mn were also carried out by Monfared et al1220
8 -
a ©—— Four drainages i

—&4—— Double drainage
+ Simple drainage

1
_ o} A +
S 4
N

10 A +

|
Z"
[] S +

0T 1T 1 T T T ]
0 50 100 150 200 250
Excess pore pressure (kPa)

Fig. 13. Computed excess pore pressure profiles in halfthiekness of the sample during isotropic
compression under different drainage conditionsr(fdied et al. (2012).

Fig. 13 shows the excess pore pressure calculaiesl @ 500 kPa isotropic stress is applied in a Eamp
having a permeability typical of claystones eqoa 5 x 10° .

Note that pore pressure dissipation calculationslalystones are different than that conducted ay<l
given that water and the solid phases cannot bsidered as infinitely rigid compared to the drained
compressibility of the sample. In the frameworkisaftropic poroelasticity, the pore pressure charmfygig
isotropic compression are given by:

du_gdo, K 2, (4)
dt da u,S

in which B is the Skempton coefficient (2 the saturated permeabilitgs, the water viscosity an8 the
storage coefficient (3).

The data of Fig. 13 show the excellent efficienéyttee enhanced drainage system. Whereas a 70 kPa
excess pore pressure is calculated with the stdrudenfiguration (drainages on top and bottom witreaght
of 70 mm and a drainage length of 35 mm), the dhtdrainages (drainage length of 10 mm) reduce the
excess pore pressure to less than 20 kPa. Thissstiaw i) satisfactory drainage can be ensuredwn |
permeability claystones and ii) the pore pressuedd fremains homogeneous during the isotropic
compression test.

6. Testin undrained conditions

To investigate thermal pressurization, an isotrapgrmal compression device simpler than the hollow
cylinder was developed. The aim of the test is asure the thermal pore pressure developed when the
specimen is submitted to temperature elevation udgiven stress level. This thermal pore pressure
generation is due to the fact that the thermal esipa coefficient of water is significantly highttian that of
the solid phase.

11



Air purge, Safiy valve

‘ O-ring

O-ring

‘Water duct Water duct

Fig. 14.Isotropic compression cell (Mohajerani et al. 2012)

The cell is presented in Fig. 14 and the heatirdylaading device in Fig. 15. The cell is a standaigh
pressure isotropic compression cell accommodatirdjsk shaped specimen (oedometer type) having a
diameter of 70 mm and a height of 10 mm. Drainagensured by a geotextile at the base of the sample
resulting in a small length of drainage of 10 mmoTwater ducts connect the sample bottom to either
pressure volume controller for back pressure (FR®DS brand) or a pressure gauge.

Fig. 15 presents the connections to the two PVCtlamdemperature controlled bath (+ 0.1°C) in whioh
cell is immersed. Note that the pressure transdadecated outside the bath.

b
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Fig. 15.Stress and temperature control (Mohajerani etCdl2p

Like in the hollow cylinder device, special careshHaeen devoted to the saturation procedure that was
carried out under stress conditions close to in-&#iven that the drainage length is equal, sinsikuration
period were observed compared to the hollow cylinidice. The determination of satisfactory valakthe
SkemptorB parameter was also made.

7. Thermal volume changes in claystones

To complete the few available literature data abfolly saturated and drained thermal tests in low
permeability claystones, a program including drdiheating tests under in-situ stress conditions caased
out in the hollow cylinder apparatus. The questisrio whether claystone behave as clays was igassi.

7.1. Opalinus clay

The response of a specimen of Opalinus clay t@meld thermal cycle between 25 and 80°C undertin-si
mean stress conditions (total mean stpesst.1 MPa and pore pressyxg= 2.2 MPa) is presented in Fig. 16.
The test was conducted at a heating rate of 1°€éisd0 ensure fully drained conditions with thamced
drainage suystem (see above).
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Fig. 16.Drained thermal volume changes of Opalinus clajeuim-situ mean stress conditions (Monfared et
al. 2012)

The Figure shows that the first temperature elewatihase is characterized by a linear thermo-elasti
expansion that is typical of overconsolidated sampletween 25 and 65°C, followed by a plastic eatitn
between 65°C and the maximum temperature applied, 83°C. The subsequent cooling phase is
characterized by a thermo-elastic contraction witslope approximately parallel to that of the flistting
phase, confirming the reversible nature of theaasp. The corresponding thermal expansion codfficiare
a3 =5.9 x 10 °C" along the heating phase and 6.3 ¥ 2Q@" along the cooling phase. Note that these
thermal expansion coefficient are comparable, atjhosomewhat larger, to that of the solid phasesgmt in
the claystone (between 1 and 3.4 ¥ 2G", see Table 1).

The thermal irreversible contraction observed dythre first heating phase is comparable to thatesl
in normally consolidated plastic clays (e.g. Badtial. 1988 and Delage et al. 2000 on Boom clayfirle
grained soils, this phenomenon is understood asranal consolidation of the sample which correspaiod
the rearrangement of the grains after a criticalpierature. It seems that the claystone has kepnhémory
of its maximum supported temperature like overcbdated soils conserve the memory of the maximum
supported load. The sample once heated up to §8Ctlae first cycle, keeps expanding up to 80He (ew
maximum temperature supported) during the seconbk cforgetting the previous temperature threstodld
65°C.

It is interesting to relate this first temperatutgeshold to the maximum temperature previously
experienced by Opalinus clay. From geological amguisithe maximum burial depth of the Opalinus Giay
Mont Terri is 1350 m (Tim Vietor, personal commuation). Assuming a geothermal gradient of about
0.03°C/m, the value of 65°C appears as a plausiBbdmum temperature experienced by the materiarbef
our test. The observed behaviour is typical ofrtterhardening, with an elastic thermal expansioseoled
below the maximum supported temperature, followea Iplastic contraction at yielding once the maximu
temperature is attained. Note that the conceptariral yield has been described in the model dpeeldy
Cui et al. (2000) for normally and overconsolidassdls through the mobilization of a specific TYeld
curve coupled to a loading yield curve similar batt developed by Hueckel and Borsetto (1990). This
approach could certainly be adapted to claystonadegunting for the strong post-sedimentation diatje
links that characterizes claystones.

The elasto-plastic dilation coefficiem:p) of the sample can be estimated by considering chanetric
response of the sample between 68°C and 83°C duhimdfirst heating phase which gives a value of
-1x10™ /°C. Thus the plastic thermal expansion coefficient palihus claystone is obtained from (Sulem
et al. 2007):
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al =a? -a, ®)

which gives a value of — 1.64 x 10C™. The obtained plastic thermal dilation coefficidat Opalinus
claystone is smaller than that for Boatay (- 7 x 10° °C'after Delage et al. 2000) and clayey
gouge from Aigion faul{— 3.8 x 10 °C" after Sulem et al. 2007) which confirms againithportant role of
post-sedimentation diagenetic bonds in claystonegpared to plastic clays.

7.2. Callovo-Oxfordian claystone

The measurements obtained from the radial and &x&Ts during a drained heating tests on a COx
claystone specimen (heating rate 0.5°C/mn) subanittehe hollow cylinder apparatus to stress cooatt
close to in-situ &, = 12.7 MPa,gy = 12.7-14 MPag, = 12.4 MPau = 4.9 MPa) are presented in Fig. 17
(Mohajerani et al. 2013). This condition was apprately fulfilled by imposing a 12 MPa confiningess
and a 4 MPa pore pressure. As seen in the Figueembnitoring of the LVDTs was interrupted between
54°C and 68°C due to electric shortage. They wodgain between 68°C and 80°C.

Cr|=0315x10"°C"  C7. =0.65%x10"°C"
80 ’ s

# -

py
p
N / /
"
‘ P
J‘ 4”
’ P

o
£ 60
3
= ‘
8 50 ~—— radial
=%
E —— axial
[- 40 n
30 ]

Dilation - Contraction
I A T T T 1
0.1 0 0.1 0.2 0.3 0.4

EST 28520 Strain (%)

Fig. 17.LVDT measurements, drained heating test on the €&ystone under in-situ stress conditions
(Mohajerani et al. 2013).

Both LVDT measurements show that a contractiorhef@Ox claystone occurs from the beginning of the
test, with axial strains (perpendicular to beddilagyer than radial strains (parallel to beddirtg)wing some
degree of anisotropy in the thermal response. A€8€he axial strain is equal to 0.33% compared.16%
for the radial strain. Keeping in mind that the l@ab-Oxfordian claystone is made up of grains endleedn
a clay matrix, this shows that the direction pedpemar to bedding (characterised by a Sl&g., =
0.65x10" °C™) is more sensitive to thermal changes than thatilpato bedding Cryr = 0.315x1d °C™Y).
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Fig. 18.Drained heating test on the Cox claystone (Mohajergal. 2013)



Fig. 18 shows the sample volume changes calcufated the LVDT data of Fig.4 and from the PVC
water exchanges (only up to 50°C because a leakrettat higher temperature). The thermal contgcti
plastic behaviour is confirmed with a good corregfence between the two measurements up to 50°C. An
average value of 1.3x¥0C* was found for paramet&;. The LVDTs response indicates a total volumetric
strain of 0.64% at 80°C.

Fig. 19 presents the responses in axial and ragl@hs from LVDTs of a drained heating test undesitu
stress conditions of a COx sample previously sukdhito a loading cycle (12 — 18 — 12 MPa). In tldse,
the thermal volume changes are characterised bgitgad expansion between 25 and 32°C followed by a
contraction. The dilation perpendicular to beddmglmost 4 times larger than that parallel to legidwith
respective linear dilation coefficient, =0.395x10' °C™* and @,=0.111x10'°C™.
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Fig. 19.LVDT measurementgrained heating test on a COx sample previouslyngtdd to a (12-18-12
MPa) loading cycle.

The transition from expansion to contraction oc@ir83°C. Afterwards, contraction appears to bghsly

larger perpendicular to beddifg,,=0.45x10"°C*) than parallel to beddin@y, = 0.37x10' °C™) with an

anisotropy ratio significantly smaller than durimgntraction. This reveals smaller anisotropy effect

compared to the data of Fig. 17.

The volume changes derived from the LVDTs and fitben PVC are compared in Fig. 20. They show
similar trends, with however smaller dilation froRWVC data. The thermal expansion coefficiea) (
calculated during the expansion phase is aboutl0:B3C™* (PVC and LVDTSs) and the elastoplastic thermal
contraction coefficientGr,) is 1x10*°C™ from the

The data of test EST28520 in Fig. 18 show that liormally consolidated clays, the COx claystone
exhibits a plastic contraction when heated in drdiconditions between 25 and 80°C under in-sitesstr
conditions. Actually, this trend is not in agreemetith the in-situ measurements of thermally indhipere
pressure that appeared to be correctly modelledrumthermoelastic (dilating) hypothesis (Gend.e2G07,
Armand 2012). If confirmed, this thermal contrantishould indeed have significant effects on thesstr
redistribution in heated zones far enough fromulaste disposal galleries and remaining in a stsese
close to the initial one. A possible reason of ifference between in-situ and laboratory datalctdie
related to the quality of extracted samples in gangiven that claystones are known to be vengisign to
damage induced by stress release and drying dooimigg. As seen above, significant precautions Heaen
taken here to resaturate the laboratory samplesrunesitu stress conditions s as to minimise aamage
due to hydration and swelling. Indeed, further stigation is necessary in this regard.

LVDTs andCr, = 0.84x10 °C™ from the pore pressure PVC. A volumetric strairDef% is reached at
80°C.
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Fig. 20.Volume changegJrained heating test on a COx sample previouslynsitdd to a (12-18-12 MPa)
loading cycle.

Sample EST28522 was submitted to a cyclic isotrdpained loading (from 12 to 18 and then to 12 MPa)
prior to drained heating, providing a drained coaspibility valuecy = 0.45GP4. Further drained heating
between 25 and 80°C exhibited a slight initial tillg thermo-elastic response between 25 and 324¢ far
a plastic contracting phase (Fig. 20). Interesyintilis response is comparable to that of overdadeted
clays (that have also been submitted, during thealogical history, to stress levels higher thaat tmder
which heating is performed). An extrapolation déttiend (to be experimentally checked) could sagteat
the response of areas closer to the galleries iohagtress has been somewhat released could hieglisand
thermo-elastic. Again, the necessity of furtherti@mechanical tests to confirm this trend is merddh as
commented above.
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Fig. 21.Drained compression test at 80°C, Cox claystone.

To further investigate the effects of temperatunele volume change behaviour of claystones, anedai
isotropic compression test was run at 80°C afterdttained heating phase that presented a contygutistic
response (Fig. 18).
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Fig. 22.Volume changegrained heating test on a COx sample previouslynsitdd to a (12-18-12 MPa)

loading cycle.

The response presented in Fig. 21 again shows rédficigt effect of anisotropy with axial strains
significantly larger than radial ones, like at aertiitemperature.

The global volume changes presented in Fig. 22 stimaw during the first loading phase the sample
exhibits higher plastic compressibility than at @5¢1.54 GPa compared to 0.45 GBawhile the elastic
modulus obtained in the final cycle was about @43, a value comparable with the elastic modulus of
0.45 GPa determined at 25°C. Once checked, this new trandld be introduced in the constitutive models
used in the numerical predictions of radioactivest@adisposal since this smaller compressibilithigher
temperature should result in some stress rediiibin the zones that are compressed during tgeatin

8. Thermal pressurization in claystones

In a perfect undrained THM test carried out in #astic porous material, the pore pressure incréase
given by the following expression:

Au=BAo+NAT (6)
where the Skempton coefficieBtis given by Eq. (2) and the thermal pressurizatioefficient/ is defined

by the following equation:

Au _ ﬂaw _as)

N=—-=
AT Gy o+ @G, <)

()

in which @is the porosityg; are the thermal dilation coefficients agdhe compressibility coefficients (see
equations above for complete parameter definitions)

As in the case of the determination of the SkemBocoefficient, corrections are to be made in the
determination o1 with respect to perturbations due to the effetth® porous elements in contact with the
specimen (see Ghabezloo and Sulem 1999 and Mohaggral. 2011).

The data of Fig. 23 show the response in pore presstained in a COx sample along a ramp of stapwi
progressive temperature elevation between 25 af@. 7the comparison with the response obtained avith
dummy metal sample indicates that the first peakeaiperature corresponds in fact to the instantaeo
response of the water contained in the permeabieupcelements. Some time has to be waited for to ge
equilibration between the pore water and that ¢oethin the porous elements, corresponding to tamalge
of pore water from the specimen to the porous emsnéNhen considering the equilibration points, one
obtains the curve presented in Fig. 24. One carrobsfrom the results of two tests that the thermal
coefficient/1 decreases with temperature from 0.116 to 0.063 NMPlaétween 42 and 56°C in test N°1 and
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from 0.145 to 0.107 MPa/°C between 32 and 62°@shN°2.
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Fig. 23.Comparison between thermally induced pore pressithea COx claystone and a dummy metal
sample (Mohajerani et al. 2011)

As commented in more details in Mohajerani et 201(Q), the use of Eq. 7 to correctly predict the
experimental changes af with respect to temperature observed in Fig. 2piires the adoption of a non
constant value of the drained compressibitifychanging with either the applied stress or tentpesza(see
Fig. 22).
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Fig. 24.Changesn thermal pressurization coefficient with temparat(Mohajerani et al. 2011).

Indeed, thermal pressurization (in undrained camnb) is a complex combination of increase in pore
pressure that result in a corresponding decreaseffective stress that mobilises the specimen’s
compressibility besides the thermal dilation caédints of water and of the solid phases.

9. Effect of discontinuities — self sealing/ temperate effects

One of the main interests of the hollow cylindest is that it allows to perform permeability teitat do
account for the shear plane network that affecheased sample. The system was then applied to the
investigation of the combined effects of shearahsituities and temperature on the permeabilitg 8oom
clay specimen.

To do so, a transient method was adopted, baséldeomethod proposed by Ghabezloo et al. (2009) that
first consists in inducing an excess pore pressurthe sample by performing an isotropic undrained
compression test. The excess pore pressure isvaftis released on one side of the sample while tovamj
the pore pressure change on the other side. Theepéility is evaluated through a back analysishef t
experimental results by solving a diffusion problesme Monfared et al. 2012 for more details).
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Fig. 25.Setting of the connection during the permeabikitst {(Monfared et al. 2012).

Starting from the in-situ mean effective stressrabterising the Boom clay layer in the Mol URL whétr
has been extractedr( = 3.25 MPau =1 MPa), the permeability tests were carried mutncreasing the
confining pressure from 3.25 MPa to 3.75 MPa inramid condition. The excess pore pressure is
afterwards allowed to dissipate by opening the ection of the lateral internal drainage to the PVC
imposing the constant 1 MPa pressure while momigothe pore pressure dissipation by two pressure
transducers at the bottom and at the external efdthe sample (see Fig. 25). The water expelleth ftoe
sample is measured by the PVC connected to lateesthal drainage.
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Fig. 26.Experimental data and model results for pore presdigsipation, external wall transducer
(Monfared et al. 2012).

The curves of pore pressure dissipation obtainediious conditions are presented in Fig. 26:
- after sample resaturation under in-situ stress

after shearing

after heating the sheared sample

- after cooling.

Since pore pressure measurements have been cahdatteon the lateral side and at the bottom of the
sample (see Fig. 25), calculations have been m#teavanisotropic permeability model, providing tiaglial
and axial permeabilities. As seen in Fig. 26, madétulations compare well with experimental ddtaach
stage.
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The slower diffusion observed after shearing comgbdo initial state confirms the excellent selfisen
properties of the Boom clay. As seen in Table é,dlight decrease observed in intrinsic permeghgitdue
to a decrease in porosity that results from theegee in mean effective pressure occurring dutti@gisng.
The faster diffusion observed at elevated tempezatuthe sheared sample is due to the decreassciosity
of water with temperature. Indeed, the data of @a@bshow that the intrinsic permeability is notdigantly
affected

Table 4.Changes in permeability, intact and sheared Boay shmple

k () k. () Ap(%)

Before shearing, 25° 1x1d | 3x10" -
After shearing, 25° 05x18| 2x10" | -0.238
At 80°C 0.8x10° | 2.8x10° | 0.259
After cooling, 25° 05x1 | 2x10" | -0.259

These data, along with other data obtained in thali@us clay, show that the self-sealing properties
both the Boom clay and the Opalinus claystone ateaffected by temperature elevation. This impdrtan
result obtained within the TIMODAZ project is quitaportant in terms of performance assessment {éll e
2013).

10.Conclusions

Various new specific experimental devices have hd®mreloped within the framework of the TIMODAZ
European research project to investigate the impaictemperature elevation in the Excavation Damage
Zone around the galleries containing high actilotyg lived radioactive wastes.

In some way, the option followed during this resbawas to extend to porous clayey rocks some well
known concepts from soil mechanics that apparehdgl not yet been fully integrated. This approach
comprised the necessity of properly saturate spawshunder in-situ stress prior to testing and tsuen
satisfactory drainage conditions, a challenge in fmermeability. This was obtained by developing new
devices characterized by a short drainage lengthpairticular a new hollow cylinder thermal triaxial
apparatus. A short drainage length isotropic celbwlso used to investigate thermal pressurizaifibe.
experimental investigation was conducted on thitagscand claystones considered as potential hogksro
the Boom clay (BC) from the Mol URL (Belgium), th@palinus clay (Opa) from the Mt-Terri URL
(Switzerland) and the Callovo-Oxfordian (COXx) clayse from the Bure URL (France).

A first series of tests allowed by the hollow cdar apparatus are fully drained thermomechanics te
that allowed complete the understanding of thentiaévolume changes in clays and claystones. The sam
principles appear to apply to claystones that shaot be considered as overconsolidated clay$hdrCOx
claystone, a contracting behaviour has been obdewten heating the sample under in-situ stress,
comparable to the response of normally consolidalags. Once preloaded by a stress cycle, the G&x c
exhibits a thermo-elasto-plastic response withiahithermo-elastic expansion followed by contractiat
higher temperature. The Opalinus clay also exhdbitéhermo-elasto-plastic response with a therriteti@h
up to the maximum temperature supported by therlayging geological history, followed by plastic
contraction. Thermal hardening was also evidencethg a subsequent temperature cycle.

Thermal pressurization was investigated in detaliswing a decrease in thermal pressurization icgexit
/1 with increased temperature. Undrained heating iesieed appeared as quite complex with the cordbine
effect of thermal pore pressure build-up with theresponding effective stress decrease that mebiksme
changes in compression-swelling coefficients witthitemperature and stress changes. Good unddrgjand



of thermal pressurization is necessary to betsesasthe stability of galleries during the therptase.

Both temperature and shear discontinuities do ffectathe confining performance of the clays and
claystones. This was expected in a stiff plastiy dike the Boom clay. In claystones, this is lidke the
smectite fraction that appears to be mobilised glitre shear discontinuities. The well known se#lisg
performances of clays and claystones are extemdesnperature effects.

Globally, results about the response of the claysaaystones have been positive in terms of pedioce
assessment, as detailed in Yu et al. (2013). Fhisé of the main and successful results from tREODAZ
project.
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