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Résumé

Le développement de I'énergie nucléaire durantsieres années nécessite de trouver
des solutions pour le stockage et le confinemerst diéchets radioactifs. Une solution
envisagée est I'enfouissement dans les formatiogdeases peu perméables comme les
argilites. Dans cette perspective, ’Andra a miedent sur I'étude du comportement a court
et a long terme de l'argilite du Callovo-Oxfordi@@Ox), considérée comme une roche hote
potentielle en France. Dans le cadre de ce prajat étude expérimentale microscopique et
macroscopique sur le comportement thermo-hydro-méua de l'argilite du COx a été
réalisée.

Dans un premier temps, une investigation microtirate des propriétés de rétention
d’eau a été réalisée. L'étude de la courbe de tiéted’eau déterminée par la technique de
contrdle de succion par phase vapeur et incluanthangements de volume et de degré de
saturation en fonction de la succion le long demmihs de séchage et humidification a été
complétée par une étude microstructurale baséesdesirmesures porosimétriques par
intrusion de mercure sur éprouvettes lyophilisé2s. observe que les concepts régissant
I'hydratation des smectites peuvent étre utilisgégrpune meilleure compréhension des effets
de changement de teneur en eau sur la microsteudéutargilite.

Le comportement en compression-gonflement avecspaca microstructural a été étudié
par la réalisation d’'un programme d'essai oedompéds haute pression et ['utilisation
conjointe de la porosimétrie au mercure et le nsicope €lectronique a balayage. Les
résultats obtenus ont montré que le potentiel diflgment était lié a la densité de fissuration
engendrée lors de la compression.

Le comportement thermo-mécanique de l'argilite dDxCsaturée a été étudié a partir
d’essais de cisaillement et de chauffage en camdidirainée réalisés a I'aide d’'une cellule
triaxiale cylindre creux a faible chemin de draieadges essais de cisaillement a 25°C
montrent des résistances au cisaillement plus efajfdlur des éprouvettes de plus forte
porosité. Les essais triaxiaux a 80°C montrentamportement plus ductile, une résistance
au cisaillement moins importante et pas d’effeniicatif sur les paramétres élastiques de
I'argilite. L’analyse des résultats des essais ltmutfage drainée confirme un comportement
plastique contractant, similaire aux argiles noemant consolidées, pour l'argilite du COx.

La possibilité de réactivation d’'un plan de cigaient lors d’'un essai de chauffage non
drainé d’'un échantillon de l'argilite du COx estsmien évidence. Les résultats obtenus
montrent que la pressurisation thermique du flunderstitiel peut, du fait du relachement de
contrainte induit, réactiver une fissure de cisailént existante.

Les propriétés d’auto-colmatage de I'argilite dul@ep-Oxfordien, dans une gamme de
température de 25-80°C, ont été étudiées par lsatan d'essais de perméabilité sur un
échantillon endommagé par un chargement déviawridies résultats montrent que la
présence des plans de cisaillement n'affecte pameidméabilité, ce qui confirme la bonne
capacité d’auto-colmatage de I'argilite du COX.

Mots clés

Argilite - roche - microstructure - propriétés éention d’eau - gonflement - résistance au
cisaillement - auto-colmatage - cellule triaxigliencire creux - comportement thermique.



Abstract

The development of nuclear energy in recent yeagaires safe solutions for the storage
of radioactive waste. A solution proposed for hagtivity radioactive waste is the storage in
deep low permeability geological formations suchclaystones. In this perspective, Andra,
the French agency for the management of radioaetastes, supported investigations on the
short and long term behaviour of the Callovo-Oxfand(COx) claystone, considered as a
potential host rock in France. In this frameworknigaroscopic and macroscopic experimental
study on the thermo-hydro-mechanical behaviour©@xk €laystone was carried out.

In this work, a microstructure investigation of twater retention properties of the COx
claystone was performed. The water retention ptmsewere determined by controlling
suction through the vapour phase, with also theitmong of volume changes and changes in
degree of saturation as a function of suction althegdrying and wetting paths. The study
was completed by a microstructure investigationetdasn the use of mercury intrusion
porosimetry on freeze-dried specimens. It was ofeseithat the concepts governing the
hydration of smectites appeared useful to bettelerstand the effects of changes in water
content and suction on the microstructure of C@ystione.

In a second step, the compression-swelling bebawbthe COx claystone was related to
microstructure features by performing high pressoedometer compression tests and by
running mercury intrusion porosimetry tests andnegay electron microscope observations
on specimens submitted to compression and stréesssee The results obtained showed that
the potential of swelling was linked to the densityracks generated during compression.

The thermo-mechanical behaviour of fully saturate@x claystone specimens was
investigated from shear and drained heating tesitsgua hollow cylinder triaxial device
specially developed for low permeability materidlbe shear tests at 25°C evidenced lower
shear strength on specimens with higher porositye preliminary results obtained at 80°C
evidenced a more ductile response, with slighthaltan shear strength and little changes of
the elastic parameters at elevated temperaturenddrasotropic heating tests confirmed the
contracting volumetric plastic behaviour of the Cégillite, similar to normally consolidated
clays.

The effect of thermal pressurisation of the poetaew on a specimen with a pre-existing
shear plan was investigated. The results showedutidrained heating under shear stress
decreased the effective stress, bringing backhibared specimen to failure.

The self-sealing properties of COx claystone ata2l 80°C were investigated by
conducting steady state permeability tests on slkdespecimens at various stages. The results
showed that the overall permeability of the sheagetimen at 25 and 80°C was comparable
to that before shearing, confirming the good seélisg properties of COx claystone.

Keywords

Claystone - shale - microstructure - water retemroperties - swelling - shear strength - self-
sealing - hollow cylinder triaxial cell - thermabkponse.
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Introduction générale

Introduction générale

1. Contexte général: stockage dans les couches géol ogiques

profondes

Le stockage des déchets radioactifs dans les famsagéologiques profondes, peu
perméables et tectoniquement stables, comme lédegrgst considéré comme une solution
satisfaisante de sécurité pour la population etvilennement en France comme dans de
nombreux pays étrangers. Ces formations hétessortipalement des couches argileuses
(France, Belgique, Suisse), des mines de sel (4 HAmagne) et des sous-sols granitiques
(Japon, Canada).

La classification des déchets radioactifs s’effectelon deux criteres : (i) la période
de radioactivité contenue dans le déchet, (ii)yipetde rayonnement et le niveau de
radioactivité. Ces déchets sont classés en troiggs :

- Déchets A : déchets de faible et moyenne activiti& &ourte qui constituent

85 % du volume total des déchets mais moins ded % chdioactivité ;

- Déchets B : déchets de moyenne activité a viedengui représentent
environ 4% du volume total des déchets et moin8%deale la radioactivité.
ils sont essentiellement produits lors du retragetdu combustible, de la
maintenance courante et des opérations d’entréésrmusines de retraitement
ou du parc électronucléaire (Su et al. 2005) ;

- Déchets C : déchets de haute activité a vie lorfgi#8/L) qui constituent
environ 2% du volume total mais 92% de la radio@éti Ce sont des
déchets de vitrifiés issus du retraitement des cstililes usés. Ces déchets
sont exothermiques.

Pour les déchets de type A, la solution de stockagsiste a les entreposer dans des centres
de stockage en surface. En revanche, cette optsh pas adaptée pour les déchets de type
B et C car ils sont actifs pendant plusieurs desinde milliers d'années voire millions
d'années. La solution envisagée pour ces deux typeséchets est I'enfouissement et le
confinement dans les couches géologiques profondes.

Dans le cas de la France, l'argilite du Callovo-@afen (COx) a été sélectionnée
comme barriére géologique potentielle pour le sigekdes déchets radioactifs (Figure 1) par

I’Andra, ’Agence nationale pour la gestion deslugs radioactifs. L'’Andra a développé un
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laboratoire de recherche souterrain dans la foomatu COx a 490 m de profondeur pres du
village de Bure (Est de la France) pour effectiesy idvestigations in situ destinées a étudier
les divers aspects de stockage des déchets raftipgctompris le comportement thermo-

hydro-mécanique de la roche hote dans le chamgeroc

Ornain river Ligny-en-Barrois

. Research laboratory
: Gondrecourt graben

F o Gondrecourt le Chateau
T

Sl
\5=

Saulx river

. | # ‘
Marne graben e A 7 '-\-L‘
Joinville
»

- yr -
“Savonniéres-en-Petthols syncline|
P e # = !' - . e~ .__,..

N

Marne river ~

- - A

Callovo-Oxfordian

Lithalogical Cross Section
= Limestone
Poissons fault Marls and clays

E# Sandstane and evaporites (Trias)
5 km Sandstone and clays (Permian)

\-’enicmgi.g;émum; 4% B8 Undifferentiated basement

o E

Figure 1. Diagramme des formations géologiques dasd/Haute-Marne (d’aprés Andra 2005).

Le concept de stockage prévoit une réversibilité tlswe certaine période afin de
laisser aux générations futures une liberté desa#tiquant au choix de gestion, et en
particulier la possibilité d'un retrait des colimakés ou des aménagements possibles du
processus de stockage. De plus, l'ouverture perdeetréaliser un certain nombre
d'observations et de mesures sur le site. Cepengleimdant toute la durée d’exploitation, la
formation géologique est assez profondément peréugar un ensemble des sollicitations
thermo-hydro-mécanique couplées (Tsang et al. 2005)

Tout d’abord, I'excavation des galeries soutermieegendre une perturbation majeure dans
la formation et conduit a la création d’'une zond@nmagée mécaniquement, désignée par
Excavation Damaged Zor(EDZ). Cette étape peut conduire une dégradation adgmiptés
hydromécaniques, notamment la perméabilité (paramiéportant pour les criteres de
slreté) a cause de la formation des fractures saillement et I'ouverture de joints en
traction. Ensuite, la ventilation des galeries agted’air a humidité variable peut également
participer a cette dégradation. L'augmentationetepérature due a la nature exothermique

des déchets est également un aspect importanti@retune température maximale de 90°C
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a la paroi des colis est prise en compte dansneeq francais. Cette température élevée
modifie & long terme la température ambiante autesrgaleries et elle affecte également la
distribution des pressions d’eau. Apres la ferneetlr stockage, une resaturation progressive
commence par infiltration d’eau provenant de ldheoc

Cette bréve présentation du contexte de stockagerenta nécessite d’apporter des
réponses satisfaisantes a cette problématique mpartement thermo-hydro-mécanique de
I'argilite du COx. Dans ce contexte, de nombreawaux de recherche ont été réalisés dans
les dernieres décennies afin de d’étudier le cotepmnt des matériaux argileux pendant les

différentes étapes de la vie d’'un site de stockage.

2. L’argilite du Callovo-Oxfordien

2.1. Lithologie

D’'un point de vue géologique, l'argilite du Calw®Oxfordien est une roche
sédimentaire déposée depuis 155 millions d’ann@ebnfite Jurassique moyen-supérieur)
entre deux couches de plusieurs centaines de mé&&paisseur, de Dogger calcaire et
Oxfordien calcaire (Figure 2). Cette couche de @B@’épaisseur, comprise entre -420 et
-550m a I'aplomb du laboratoire souterrain, coroespa I'Unité C2. Celle-ci est caractérisée
par deux ensembles lithologiques majeurs subdiveségquatre lithofacies, notés C2a, C2b,
C2c et C2d (Figure 2) :

- Les unités supérieures composées des lithofaciese€Z2d. Elles sont
décrites comme des facies d’alternance d’argilitd’@rgilite silto-calcaire.
Ces unités se caractérisent par un enrichisserapitter de la phase silteuse
(20 a 60%) et carbonatée (de 25 a 80% au sommiet fdemation, Andra
2012) ;

- Les unités inférieures composées des lithofaciem @2 C2b. Elles
représentent % de I'épaisseur de la formationsEtnt associées a la zone
la plus argileuse et la plus homogéne du Callovéefdlien avec des teneurs
en argiles pouvant atteindre localement 50 %. EHeesubdivisent en 4 sous
unités dont l'unité Cb2, unité la plus argileuse @allovo-Oxfordien ou se
situe le laboratoire souterrain. Ces séquencese@diaires sont I'expression
des variations du niveau marin ayant affecté lesiBaRarisien au Callovo-

Oxfordien.
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Figure 2. Lithologie et minéralogie des argilitasCallovo-Oxfordien a I'aplomb du laboratoire souén de
recherche de Bure (Meuse/Haute-Marne).
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2.2. Minéralogie

La diffraction des rayons X (DRX) a été utiliséeupaaractériser la composition
minéralogique de l'argilite du Callovo-OxfordiennBplus de la diffraction des rayons X,
I'estimation semi-quantitative des différentes msagxistantes a été combinée avec la
composition chimique de I'ensemble de la rocha eapacité d’échange de cations (CEC).
La présence de certains minéraux a été égalemafitnaée par les observations faites au
microscope électronique a balayage (MEB).

L’argilite du Callovo-Oxfordien est principalemenbmposée de trois groupes de
minéraux : minéraux argileux, calcite et quartzs lpgoportions des minéraux changent au
long de la profondeur (Figure 2). Au niveau du laboire souterrain de Bure (490 m), la
composition minéralogique moyenne de l'argilite lessuivante (Gaucher et al. 2004): 45-
50% de minéraux argileux, 28% de carbonate et 28%uartz. L’argilite contient également
4% d'autres minéraux dits «lourds», essentiellerder pyrite (0,5-1%) et la sidérite (0,5-
3%).

Les minéraux argileux sont majoritairement conéstd’interstratifiés illite/smectite
divisés en deux types : (i) les interstratifiégalsmectite type-R1 dans la partie supérieure de
la formation (voir Figure 2), contenant 20-40% dmestites. (ii) les interstratifiés
illite/smectite type-R0O dans la partie inférieure ld formation, constitués par 50-70% de
smectites. La transition de R1 a RO s’effectue msgjvement a une profondeur d’environ
490m, correspondant au niveau du laboratoire s@iteavec des teneurs en argiles pouvant

atteindre les 50%.

2.3. Microstructure

L’étude de la microstructure est nécessaire powurmicomprendre la distribution
spatiale et la géométrie des minéraux composatits.nEcessite une zone d’investigation
suffisamment grande afin de fournir une meilleueprésentation du matériau étudié. La
microstructure des roches sédimentaires richesieéraux argileux est peu étudiée dans la
bibliographie. Ce manque de données est essentaildié a la limitation et la résolution de
difféerentes méthodes expérimentales utilisées esaput souvent complémentaires. Dans le
cas de l'argilite du Callovo-Oxfordien, la micrastture a été étudiée a différente échelles
depuis les mesures en forage et en laboratoireuw’pusg analyses et descriptions plus
ponctuelles des minéraux (Yven et al. 2007). Laukeg3 présente le modele conceptuel
proposé pour l'argilite du COx par Yven et al. (2ZD0Ce modele repose sur l'utilisation de



Introduction générale

différentes techniques expérimentales (notammerdrasiope €lectronique a balayage,
autoradiographie, porosimétrie au mercure, pétrblium et I'adsorption d’azote). Le
modéle montre comment les inclusions de calcitdeetjuartz sont noyées dans la matrice
argileuse (représentant 45-50% de la compositiaméralogique a 490 m de profondeur)
avec une porosité interconnectée. On peut égaleobserver que les minéraux gonflants,
essentiellement les interstratifiés illite / smigtsont, d'aprés ce modéle, censés se trouver
dans certaines plaquettes avec une distinctiomeckatre les plaquettes gonflantes et non
gonflantes, une hypothése qui n’est pas discutge l@adétail de I'article.
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Figure 3. Schéma illustrant la microstructure degdilite du Callovo-Oxfordien (Yven et al. 2007).

La Figure 3 permet également de définir deux fawmillistinctes de porosité d’aprés
Yven et al. (2007):

- Une porosité a l'interface entre la matrice argikeet les autres minéraux est
caractérisée par des pores micrométriques (entneateice argileuse et les
inclusions de quartz) et par des pores sous-midrajués (entre la matrice
argileuse et les inclusions de calcite). Cette pamosité représente
approximativement 20 a 40% de la porosité totalhectée dans les zones

riche en carbonates ;
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- Une porosité interne de la matrice argileuse astct@risée par des tailles de
pores infra-micrométrique et nanométriques. Cattesité forme environ 60
a 80% de la porosité totale connectée. Une faibleroporosité est
€galement présente (environ 2%) et qui forme lagiti intra-plaquettes.

Un autre exemple de texture est présenté danglae-# par une cartographie de la
porosité (Sammartino et al. 2002) pour un échamtiie I'argilite du COx provenant de
lithofacies C2c. La Figure4a montre une image gén@ar autoradiographie ou l'intensité
des niveaux de gris de chaque pixel est proportibe leur porosité absolue. La présence
de deux zones distinctes a été clairement ideatdens cette figure : (i) les zones riches en
minéraux argileux (CLA), (ii) les zones riches earbonates (CCA). Un modele de
répartition de la porosité par autoradiographie msiposé dans la Figure 4b. On peut
observer que la porosité est répartie en trois zom®nes bleues (porosités inferieures a
13%), zones vertes (porosités comprises entre 130&4) et zones rouges (porosités
comprises entre 20 et 30%).

Figure 4. Cartographie de la porosité par autogadjghie d’aprés Sammartino et al. (2002).

Une zone a faible porosité a été localisée parradimgraphie (Figure 5a) qui
correspond a la zone bleue de la Figure 4b (zon&)CElle souligne I'existence d'une
charge détritique relativement importante (des naimé de calcite et quartz) dans la matrice
argileuse. La distribution spatiale de ces minérgexmet de déterminer un réseau de
porosité, soit a l'interface entre la matrice agde et les autres minéraux ou a l'intérieur de
la matrice argileuse elle-méme. A ce niveau d'olagem, cette zone semble inclure aucun
ou trés peu de porosité intra-plaquettes.
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Une autre zone plus poreuse est présentée ddriguee 5b. Elle correspond aux
zones vertes dans la Figure 4b (zone CLA). La cwtargileuse est représentée par une
couleur violette. Contrairement a la zone moingepse (Figure 5a), les minéraux détritiques
ne constituent pas un squelette connecté donahasgtion aurait un impact significatif sur la

porosité.

@

G00pm 1 A00pm 1

Figure 5. (a) : Zone CCA : zone riche en minéragéixitiques, (b) : Zone CLA : zone riche en matrice
argileuse.

3. Les éléments principaux de cette these

Le travail de thése présenté dans ce mémoire aréglisé dans le cadre du
programme scientifique du Groupement de Laboratddéomécanique de I'Andra. Il vise a
étudier le comportement thermo-hydro-mécanique’atgilite du COx par des approches
expérimentales microscopique et macroscopique.éobsntillons d’argilite testés ont été
sollicités suivant différents chemin de chargentgmrique, mécanique et thermique a 'aide
de différents dispositifs expérimentaux. Les étuebgserimentales ont porté principalement
sur (i) I'effet des chemins de séchage et humidifisn sur la microstructure a l'aide de
I'utilisation de la porosimétrie au mercure, (iBtude du couplage compression-gonflement
avec un aspect microstructural par I'utilisatiomjointe de la porosimétrie au mercure et le
microscope électronique a balayage, (iii) I'effed th température sur le comportement
déviatorique et les changements de volumes en timmslidrainées isotropes, et (iv) I'effet
d’'un endommagement engendré par un cisaillementasperméabilité a une température
ambiante (25°C) et une température plus élevéeC(j8@vec la possibilité de réactivation des
plans de cisaillement par le phénomene de preasionsthermique dans un échantillon

endommageé.
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Ce mémoire se présente sous la forme de quatpitresaqui tenteront de répondre

aux questions exposées ci-dessous :

Le premier chapitre présente une étude microstraletwdes propriétés de rétention
d’eau de l'argilite du COx sous la forme d’'une pcdition. L'étude compléete de la
courbe de rétention d’eau déterminée par la tecienge contrble de succion par
phase vapeur et incluant les changements de vokinge degré de saturation en
fonction de la succion le long des chemins de ggehet humidification a été
complétée par une étude microstructurale baséegesunesures porosimétriques par
intrusion de mercure.

Dans le deuxiéme chapitre, on présente tout d’aborgprogramme expérimental
destiné a comprendre les effets de la succion siiichantillon de I'argilite du COx
sous la forme d’'un article accepté dans la rev@etechnique Letters. Une étude
du couplage compression-gonflement avec un aspéatostructural est ensuite
présentée sous la forme d’'une publication soumisk aevue « Engineering
Geology». Ce chapitre est complété par la présentatida détermination d’une loi
phénomeénologique permettant de définir les défaomatphysico-chimiques liées au
gonflement durant la phase de déchargement condiite des échantillons
préalablement comprimés a différents niveaux déraomes.

Le troisieme chapitre présente une étude expérateentu comportement thermo-
mécanique de l'argilite du COx saturée a I'aiddadeellule triaxiale a cylindre creux
a faible chemin de drainage (Monfared et al. 2010a) présente tout d’abord une
synthese des résultats publiés sur le comported@idtorique ainsi que sur 'effet
de la température sur la réponse volumique deilii@glu COx. Les aspects thermo-
meécaniques étudiés concernent : (i) la réponsdsaillement drainé sous différents
états de contraintes et températures et (ii) laomeép en chauffage drainé. Des
mesures de permeéabilités ont été également réalmde voir un effet éventuel de la
température sur la perméabilité de cette I'argilites résultats obtenus dans cette
étude sont présentés sous la forme d’un articieétianglais et soumis dans la revue
« International Journal oRock Mechanics and Mining Scienge

Le quatrieme chapitre est consacré a I'étude deprigtés d’auto-colmatage de
I'argilite du COx par la réalisation des essaispgeméabilité radiale avant et apres
cisaillement. La réponse d'un essai de chauffagec@mdition non drainée d'un
échantillon préalablement porté a la rupture suivam chemin de contrainte
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moyenne totale constante, comparable a celui Kuiwide I'excavation d’'une galerie,
est également étudiée. Ce chapitre correspond artiohe soumis dans la revue «

Rock Mechanics and Rock Engineering
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Chapitre 1 : Propriétés de rétention d'eau de I'a rgilite du

Callovo-Oxfordien

Introduction

Lors de I'excavation des galeries dans le conté&tstockage des déchets radioactifs a
haute activité dans les couches géologiques prefrérgilite du Callovo-Oxfordien (COXx)
dans le champ proche autour des galeries sera se@nha fois a une désaturation induite par
les effets de la ventilation puis a une resatumnatie I'eau provenant de la roche saturée une
fois les galeries fermées. Pour mieux comprendrghémomene, une bonne compréhension
des propriétés de rétention d'eau de l'argilit€dx est nécessaire.

Ces propriétés ont été etudiées par Pham et @7)2fui ont mis en évidence les
effets d'hystérésis ainsi que les changements déekse des ultrasons et la contrainte induite
par des cycles d'hydratation sur des échantillan$adgilite du COx soumis a différentes
humidités relatives contrélées. Plus récemment e détaillée des propriétés de rétention
d’eau de l'argilite du COx a été réalisée par Waalage et al. (2013) afin de fournir une
description complete des changements de volumeutem eau et degré de saturation le long
des chemins de séchage et humidification. Cettdeétuégalement montrée le retrait et le
gonflement de l'argilite pendant les cycles de sutavec un effet d’hystérésis.

Ce chapitre présente une étude microstructuralgpugmietes de rétention d’eau de
I'argilite du COx suite a I'étude de Wan et al130La compréhension des mécanismes de
séchage et humidification (retrait et gonflemers) éxaminée par la réalisation d’essais de
porosimétrie au mercure sur des échantillons I\fgglsi a I'état initial et a différentes
succions imposées. On observe que les concepssaégil’hydratation des smectites peuvent
étre utilisés pour une meilleure compréhensionefiiets de changement de teneur en eau sur
l'argilite.

Cette étude microstructurale est I'objet d’'un detidestiné a une revue internationale.
Le manuscrit de cet article est présenté dans ajgtcb.
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A microstructure investigation of the water retenti on properties of

shales: the case of the Callovo-Oxfordian claystone

Hamza MENACEUR, Pierre DELAGE, Jean Talandiér

! Ecole des Ponts ParisTech, Navier/CERMES, France

2 Andra, Chatenay-Malabry, France

Abstract

The Callovo-Oxfordian (COx) claystone is considenmed-rance as a possible host
rock for the disposal of high level long lived radctive waste at great depth. During the
operational phase, the walls of the galleries ahthe disposal cells will be successively
subjected to desaturation induced by ventilatidiowed by resaturation once the galleries
are closed. To better understand this phenomenmguad understanding of the water
retention properties of the COx claystone is neargsd-ollowing a previous study by the
same group, this paper presents an investigationia@bstructure changes of COx claystone
under suction changes. Microstructure was invetstthdased on the use of the mercury
intrusion porosimetry on freeze-dried specimensrstibd to various suctions. Along the
drying path, the initial microstructure, characdded by a well classified unimodal pore
population around a mean diameter value of 32 manges with the same shape of the PSD
curve slightly moved towards smaller diameters Z8/m) at suctions of 150 and 331 MPa,
respectively. The infra-porosity too small to b&uded by mercury (diameter smaller than
5.5 nm) reduces from 4% to 3%. Oven-drying redubesmean diameter to 20 nm and the
infra-porosity to 1%. Wetting up to 9 MPa suctia@ads to saturation with no significant
change of the PSD curve, whereas wetting at zertiosugives rise to the appearance of a
large pore population resulting from the developmeh cracks with width of several
micrometers, together with an enlargement of thealnpore population above the mean
diameter. The concepts describing the step hydratb smectites by the successive
placement of 1, 2, 3 and 4 layers of water molecwéh respect to the suction applied

appeared useful to better understand the watarti@teproperties of the COx claystone.
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1. Introduction

The French Radioactive Waste Management Agencyrgdns currently considering
the Callovo-Oxfordian claystone (COx), an induratéaly rock 155 million years old (limit
upper-middle Jurassic), as a potential host rockddioactive waste disposal at great depth.
An Underground Research Laboratory (URL) has bemavated at a depth of 490 m by
Andra in the 150 m thick layer of the COx claystafese to the village of Bure in the North-
east of France in order to carry out in-situ expents and to assess the reliability of the host
rock as a geological barrier for radioactive wagiafinement (Lebon and Mouroux 1999).
Due to the excavation and ventilation of the gakerthe close field around the galleries and
the disposal cells is prone to desaturation, thitbe followed by progressive resaturation
by the pore water from the host rock at the enthefoperating stage once the galleries are
closed. Better knowledge of the water retentionpprbes of the COx claystone is hence
necessary.

Particular attention has been paid in recent yegaigvestigate the significant water
sensitivity of claystones. By carrying out Envirommtal Scanning Electron Microscope
(ESEM) observations on COx claystones samples gtdamio cyclic changes in relative
humidity, Montes-Hernandez et al. (2004) obserywdwater sensitivity of the clay fraction,
with significant successive openings and closuresracks. Valés (2008), Bornert et al.
(2010) and Wang et al. (2014) also evidenced thmeaance of cracks resulting from
hydration under zero stress conditions by usingitd@ligimage Correlation (DIC) at
microscopic scale. The water retention propertiéstie COx claystone have been
investigated by Pham et al. (2007) who evidencedesbysteresis effects together with the
changes in ultrasonic velocity and in strain indubg hydration cycles on COx samples at
various controlled relative humidities. Boulin dt €008) determined the water retention
curve of the COx claystone from its pore size thstion (determined by mercury intrusion
porosimetry) and found reasonable agreement wigh tfain wetting path of the water
retention curve.

This paper is following a former one from the sagneup by Wan et al. (2013) who
have provided a complete description of the changegter content, volume and degree of
saturation of the COx claystone along drying antting paths, also evidencing the swelling
shrinkage behaviour of the claystone under comtmofluction and hysteresis effects. In this
paper, a better understanding of the water retemqioperties of the COx claystone is looked

for thanks to a study of the microstructure chamjes to changes in suction along various
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paths of the water retention curve. Microstructureestigation is carried out by using

mercury intrusion porosimetry.

2. Material and methods
2.1. The COx claystone

The COx claystone is a sedimentary rock deposit&dniillions years ago on top of a
layer of Dogger limestone that was afterwards ceddry an Oxfordian limestone layer. The
thickness of the COx layer is about 150 m. The Cfaystone is composed of a clay matrix
containing some detritic grains of quartz and ¢alcThe mineralogical composition of the
COx claystone varies with depth, particularly imte of clay fraction and carbonate content.
At the depth of the Bure URL (490 m), the averageemalogical composition of COXx
claystone is as follows (Gaucher et al. 2004): @%5clay fraction (mainly interstratified
minerals of illite—smectite), 20% carbonate, 22%rtpi and 9% other minerals (feldspars,
pyrite, dolomite, siderite and phosphate minerdlie total connected porosity varies in the
COX layer between 14% in carbonated levels and%9rb the more argillaceous levels
(Yven et al. 2007).

The specimens were drilled from a 80 mm diameted 830 mm long core
(EST44584) perpendicular to bedding that was etddhat the level the URL (490 m). The
initial characteristics of the specimens are preskrin Table 1. The water content was
determined by measuring the initial and final wesgbit a rock piece before and after drying
in the oven at 105 °C for 48 hours. The porosityg degree of saturation were calculated
from carefully measuring the sample volume by ugigdrostatic weighing. The initial total
suction was determined by using a dew point patergier (WP4, Decagon). As seen in the
Table, the specimens EST44584 are not fully sadratt initial state with a degree of
saturation around 77.6 % corresponding to a suci@# MPa for a porosity of 17.0 %. The
dry density and specific gravity values are 2.16 &m@l Mg/n?, respectively. Partial
saturation resulted from the combined actions ofngo transport, storage and specimen
preparation.
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Table 1. Initial characteristics of the tested speas.

Specimen EST44584
Depth (m) 490
Water content (%) 6.1
Dry density (Mg/nf) 2.16
Specific gravity (Mg/r) 2.6

Void ratio 0.205
Porosity (%) 17.0
Degree of saturation (%) 77.6
Suction (MPa) 34

2.2. Experimental techniques

The core was confined within a plastic tube immidyaafter having been drilled
from the borehole until the preparation of samjdedaboratory experiments. In spite of this
precaution, macroscopic cracks were observed aftening the core. The bedding plane of
the COx specimens makes it quite difficult to tsamples without breaking them. All tests
were run on specimens of 38 mm in diameter anddmtv8-10 mm in height. To do so, the
cylinder core was firstly sliced by using a diamamide saw at low speed in dry condition in
order to preserve the integrity of the sample, bbam a cylinder sample of 80 mm in
thickness. The cylinder was then placed in a spewgal confining mould and cored to the
desired diameter (38 mm) by using a diamond bamréelry condition. Finally, seven small
specimens of 8-10 mm in thickness were obtaineah filee cylinder of 38 mm diameter by
using the diamond wire saw.

The determination of the water retention properbethe COx claystone was carried
out by controlling suction through the vapour phalgs technique consists in placing the
specimens into desiccators containing saturatethesaolutions. The saturated saline
solutions used and the corresponding suctions alative humidity at 20 °C are shown in
Table 2 (Delage et al. 1998). The highest suct881 (MPa) was imposed with a saturated
saline solution of KOH. A smaller value of 150 MRas imposed by using Mg£lZero and
9 MPa of suction were imposed by using pure watdrkdNO; respectively. Specimens were
left in the desiccators until reaching mass stafion (checked by periodic precision
weighing). Once equilibrated, a suction measuremastmade by using the WP4 dew point
potentiometer to confirm the achievement of theirddsvalue of suction. Afterwards, the

specimens were immediately waxed using slush waloy#est possible temperature before
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solidification, see Wan et al. 2013 for more detdillareful weighing was carried out prior
and after waxing, giving a good determination @& tax weight and volume. The specimen
volume was obtained by subtracting the wax voluroenfthat of the waxed specimen. The
wax technigue was also used to obtain the specwoé&rme at initial state (34 MPa of
suction, degree of saturation of 77.6%). Finalhg specimens were cut into small pieces to
measure their water content by oven drying. Thel vatio and degree of saturation were

determined by measuring the volume by means ofdsydtic weighing.

Table 2. Solutions used with corresponding relativeidity and suctions at 20°C (after Delage e1888).

Solution Relative humidity (%) Suction (MPa)
KOH 9 331
MgCl, 33 150
KNO; 93.7 9
Pure water 100 0

2.3. Microstructure investigation

Microstructure investigation was carried out byngsmercury intrusion porosimetry
(MIP). MIP tests were conducted on various specsrardifferent suctions along the drying
or wetting paths followed. To preserve the micnosture, dehydration was made by freeze-
drying small pieces of claystone (1-3 g in weighgt were previously quickly frozen by
immersion in slush nitrogen. Slush nitrogen wasaioiatd by applying vacuum on liquid
nitrogen, bringing down its temperature from — X®gboiling temperature) to — 210°C
(freezing temperature). Fast immersion in slushogén is preferable because no boiling
occurs around the specimen, resulting in fastezfregy of water with no volume change (see
Tovey and Wong 1973, Gillott 1973, Delage and Piell@984 and Delage et al. 2006 for
more details). MIP tests were carried out in a Bheeritics-AutoPore IV 9500 porosimeter
from a low initial pressure of 3.4 kPa up to 22%IPa, corresponding to entrance pore
diameters of 363.6 um and 5.5 nm respectively.
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The intruded mercury porosity{g) was defined as the ratio of mercury intrusion

volumeVyg to specimen total volumé

_ Vg
Mg =~ 1)

The pore entrance diamet&)(was determined from the intrusion presdgg by assuming

a cylindrical pore shape according to the Laplacen§ equation:

_4ocosd
I:’H

D 2)

g

where o is the mercury-solid interfacial tension afids the mercury-solid contact angle
(0 =0.484 N/m and =141.3° according to Diamond 1970).

2.4. Test program

A first series of samples were submitted to dryivegting path (Al to B2, see Table
3) from the initial water content (equal to 6.12\th a 34 suction and a degree of saturation
of 77.6%). Two specimens were simultaneously dueder suctions of 150 and 331 MPa
along the drying path, to check repeatability. dpens Al and B1 were used to define the
specimen characteritics and to investigate theicresiructure at 150 and 331 MPa
respectively. Once dried at 331 MPa, specimensrAlB? were afterwards wetted at 9 MPa
and zero suctions, so as to determine the mainngegpath. Along the wetting path, both
specimens were periodically taken out from the ideator for weighing so as to determine
their water content. Their suction was also measurg means of the WP4 dew-point

tensiometer.

Table 3. Drying-wetting paths.

Specimen | Initial state 150 MPa| 331 MPa 9 MPa 0 MPa
Al * —— %
A2 *x —— Kk —— Kk —— %
81 * - *
B2 * - Y - %
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A second series of tests corresponds to a wettiyigglpath (Table 4). Starting from
the initial water content (6.12 %), three othercspens (C, D1 and D2) were firstly wetted
under decreasing suctions (9 MPa for specimen Czaral suction for specimens D1, D2).
Specimen D2 was then used to determine the maingipath up to suctions of 150 MPa
and 331 MPa.

Table 4. Wetting-draying paths.

Specimen Initial state 9 MPa 0 MPa 150 MP& 331 MRa
c * —— %
i * - %
D2 * > % > Y% > %

3. Experimental results

3.1. Transient phases

The changes in water content with respect to tiramfthe initial statew = 6.12%)
along the drying and wetting paths are shown iufeidlL. In a standard manner, the higher
the suction, the larger the decrease in water obraéong drying paths. Higher water
contents are achieved at smaller suctions aloninggtaths. Good correspondence between
the two specimens simultaneously used (exceptMiPa suction) shows good repeatability.
The data show that water content equilibration dached after 25 days at the highest
imposed suction (331 MPa) and after 18 days at MIB@&. Specimen C wetted at 9 MPa
suction came close to equilibrium after only 8 degmpared to 18 and 25 days necessary to
reach suctions of 150 and 331 MPa, respectivelygefd suction, equilibrium does not seem
to be fully reached after 40 days with final watentents of 10.6% for D1 and 10.4% for
D2.

Figure 2 presents the wetting phases of speciménamdl B2 from 331 MPa to 9
MPa and zero suction respectively, together withdfying phase of specimen D2 from zero
to 331 MPa. As commented previously, these phdkeseal determine the main wetting and
drying paths. Subsequent wetting appeared to afisantly faster than the previous drying
phases with curves starting with sub-vertical skbofgpecimen A2 came close to equilibrium
(suction of 9 MPa) after only 10 days. Figure 2oathows that the jump observed on
specimen A2 from 1.6% to 5.6% in water content egponding to suction decrease from

331 to 22 MPa exhibits a 70% increase in total wedatent during only 2 days. Specimen
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B2 reaches a water content of 11.2% at 0 MPa. iggaftom a wet state at zero suction

(w = 10.4%), specimen D2 reaches water contents3@02.at 150 MPa and 1.26% at 331

MPa.

Water content (%)

12 —

Water content (%)

EST44584

—<9— D1
—C— D2
467C
—O— A2
—@— AL
—3¢— B2
—%— Bl

O
150 MPa 150 MPa

\\\*zﬁz**:% ¢ 3% 331 MPa

0 5 10 15 20 25 30 35 40 45

Time (day)

Figure 1. Water content versus time from theah#gtate to various suctions.
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— @ A2
— 44— D2
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<331 MPa .\4‘ .
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EST44584 Time (day)

Figure 2. Water content versus time for the subsetqdrying/wetting to various suctions.
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3.2.  Water retention curve

The water retention curve expressed in terms ohgbs in water content versus
suction is presented in Figure 3. The points ab section are arbitrarily plotted at a suction
of 0.01 MPa. As described in section 2.3, starfiogn the initial state (w = 6.12%, suction
34 MPa), two points were obtained along the drypath at controlled suctions of 150 and
331 MPa and two other points along the wetting @atbuction of 9 and 0 MPa. Data along
the main wetting and drying paths were also obthimg suction measurements and water
content determination along the wetting path frddi 8 0 MPa for specimen B2 and along
the drying path from zero suction to 331 MPa foesmen D2. Good correspondence is
observed along the main wetting path between tha ofaspecimens B2 and A2 that was

wetted between 331 and 9 MPa, providing some cendid in the quality of the data.

%  Dryin/wetting from initial state

12 () Wetting from 331 to 9 MPa ( specimen A2)
—&@— Main wetting path (specimen B2)
—4A— Main drying path (specimen D2)

10 —

TR

I

initial state

Water content (%)
(o))
I

EST44584
]
]
O I IIIII”I I IIIII”I I IIIII”I I IIIII”I I IIIII”I
0.01 0.1 1 10 100 1000

Suction (MPa)

Figure 3. Water retention curve of COx claystone.

Examination of the main drying and wetting pathsveh that the water retention
properties of the COx claystone are characterieeshmonly, by a hysteresis effect. The data
also show that the initial state resulting fromatasation from the in-situ saturated state is
located, commonly, on the main drying path. Thetiwgtpath starting from the initial state
shows that the point at 9 MPa of suction (speci@grs located below the main drying path,

which is typical of scanning curves (there is unfoately no other point between 9 MPa and
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zero suction along this path). A particularity olveel here is that the main wetting path from
the dry state at 331 MPa suction is defining ab zerction higher water content (11.2%) than
that (10.4%) obtained from wetting the specimennétal water content. This does not

correspond to standard water retention propenmiessaturated soils and will be commented

later.

3.3.  Volume changes

As previously described in section 2.2, the paransetietermined at each suction
equilibration were the water content, the volunie, porosity and the degree of saturation.
Results are presented in terms of changes in dedsuration versus suction in Figure 4a,
in degree of saturation versus water content imuféigtb and in volumetric changes versus
suction in Figure 4c. The data taken from simi&sts by Pham et al. (2007) and by Wan et
al. (2013) are also plotted, with good agreemetwéen the data.

As already commented in detail by Wan et al. (20113 specimen following the
wetting path from the initial state comes clossdturation at 9 MP&5(= 96%,w = 7.65 %,
Figure 4b). At suction smaller than 9 MPa, the i$igant increase observed in water content
(Figure 4b) occurs in saturated condition. Along thrying path from initial state, a linear
relationship is observed between the degree ofratain and the water content with an
average decrease of 13% in degree of saturatioa flmcrease of 1% in water content. The
main wetting curve obtained once the specimen keas loried to the highest suction (331
MPa) is located below the curves of drying-wettirgm initial state (Figure 4a), confirming
the hysteresis observed by Wan et al. (2013).

The changes in volumetric strain with respect totisn (Figure 4c) show that the
drying from the initial state to 331 MPa of suctiogsults in a shrinkage of 2.0% while
wetting to zero suction induces a swelling strdi®.4%. Figure 4c also shows that reducing
suction along the wetting path from initial statears with little swelling (0.3%) from 34 to
9 MPa and significant swelling below 9 MPa (6.1%zeato suction). As commented above,
this significant swelling occurred within a sat@@tspecimen. The specimen previously
dried up to 331 MPa before wetting to zero sucfimain wetting path) is not brought back
to the same point as that of the specimen subntittedwetting path from initial state, with
some irreversible swelling strain (1.6%) and higlielume at zero suction. However, the

main wetting path seems to be close to the dryimgecfrom initial state at higher suction
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(> 40 MPa) showing some reversibility in the voluetegange behaviour under stress free
conditions at highest suctions.
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Figure 4. Water retention curve and volumetric vidha obtained by the suction controlled method.

3.4. Mercury intrusion porosimetry

The results of the MIP test obtained at initiatests = 77.6%, porosityn = 17.0%)
are presented in Figure 5a in cumulative plot amgdifé 5b in a density function plothe
total porosityn of the specimen is also plotted in the cumulatueve, showing that the
mercury intruded porositging is smaller than the total one, with an infra-papsi -nyg of
4%. Pores smaller than the lower limit of 5.5 nrar(esponding to the maximum mercury
pressure of 227.5 MPa) cannot be intruded. The megligible infra-porosity found here
confirms previous findings by Yven et al. (2007p@woulin et al. (2008) who estimated the
porosity not intruded by mercury at 25% of the k@i@rosity, in accordance with the 23.5%

value with diameter smaller than 5.5 nm found hdiee density function of Figure 5b
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exhibits at initial state a typical monomodal cumwigh quite a well defined pore population
identified by an inflection point at 32 nm. NoteatlfSammartino et al. (2003), Yven et al.
(2007) and Boulin et al. (2008) who performed thdiP analysis on air dried specimens
obtained smaller average diameter of around 20Asnshown by these authors, this pore

population is related to the average entrance gharaeter within the clay matrix.
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Figure 5. Pore size distribution curves of specifa&i44584 at initial state.

Figure 6 presents the pore size distribution cunfespecimens Al and B2 dried at
150 and 331 MPa respectively from the initial statgether with the PSD data of the
specimen at initial state of Figure 5 and that spacimen oven-dried at 105°C during 48h.
MIP data are presented in terms of cumulative @aif\@gure 6a and Figurm, where an
enlargement of the PSD curves between 0.001 andr.is presented) and density function
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(Figure 6b and Figureb, enlarged in the same zone). In Figure 6a, allesuare plotted
starting from the same point at the maximum poeenditer. The total porosities obtained
from volume measurements are also given. The iattushercury porositiesg of the
specimens dried up to 150 (Al) and 331 MPa (Blegueal to 12.8 and 12.2%, respectively,
compared to total porosities of 15.9 and 15.2%peesvely, showing that the infra-
porosities not intruded by mercur (< 5.5 nm) are again lower than the total ones. The
infra-porosities are smaller than that at initit@te ( - nhg = 3.0% for both specimens dried
up to 150 and 331 MPa, compared to 4% at init@le$t Conversely, the mercury intruded
porosity of the oven-dried specimen (12%) appeatset quite close to the total one (13%)

giving an infra-porosityn - nyg = 1% significantly smaller than at suctions of J&tl 331
MPa (3%, see Table 5).

0.18 i

Total porosity (0.170) (a)
0.16 <— 0.159
014 — T0.152

~0.12 45~ —A— initial state
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Figure 6. Pore size distribution curves of specifB&T44584 at initial state, 150 MPa and 331 MPa.
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Table 5. Porosity values obtained.

Specimen Suction Intruded porosity  Total porosity Total porosity Infra porosity

(MPa) Nhg (%0) total volume hydrostatic N —Nyg

measurement weighing
n (%) n

Initial state 34 13.0 17.0 17.0 4.0
D1 0 15.6 21.7 21.6 6.1
B2 0 16.6 22.8 22.9 6.2
C 9 13.1 17.2 17.2 4.1
A2 9 13.0 17.9 17.7 4.9
Al 150 12.8 15.8 15.8 3.0
Bl 331 12.2 15.2 15.3 3.0
D2 331 12.4 14.8 14.8 24

In the enlargement of cumulative curves at smatepmf Figure 7a, the degree of
saturation of each specimen is also reported, basdde hypothesis that water is contained
in smaller pores due to the nature of both physloemical clay water interactions and
capillary effects. The arrows indicate the maximdiameter of the pores saturated by water.
One can observe that the main pore population st saturated (up to a diameter of
33 nm) at initial state (suction 34 MP§, = 77.6%, mean radius 32 nm) whereas this
population becomes full of air at 150 MPa suctiod & = 34.4% with reduction of the mean
radius at 28 nm and with the largest saturated paveng a diameter of 13 nm. At 331 MPa,
(S = 18.5%), the largest saturated pore has a diamétaround 4.9 nm with however no
significant change in the mean radius value thgh#y decreases to 27 nm. In other words,
the desaturation of pores between 13 and 4.9 nns ame significantly affect the
microstructure at the level of both the mean pavpubation and of the infra-porosity that
remains constant (3%). Conversely, the effect @nedrying is much stronger than drying at
150 and 331 MPa suctions, with a reduction of tlemampore diameter to 21 nm and, more
importantly, a significant reduction of the infrarpsity to 1%. There is obviously a gap
between the highest applied suction (331 MPa) &edtotal removal of water from the
microstructure by oven-drying. Note that the 21 nmmean pore diameter obtained on the
oven-dried specimen is comparable to the valuesirdd by Sammartino et al. (2003) and
Boulin et al. (2008) on oven-dried specimens (respely dried at 105 and 70°C),
confirming that drying provided an under-estimatatle of the mean pore diameter of the
COx claystone.

25



Chapter 1. A microstructure investigation of thetev retention properties of COx claystone
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Figure 7. Enlargement of cumulative PSD curvesall pores at initial state, 150 MPa and 331 MPa.

In Figure 8, the pore size distribution curveshd two specimens wetted from initial
state at low suctions (9 MPa and zero) and highgree of saturatior§(=96% and 99% for
s=9 and 0 MPa, respectively) are presented togethle the data at initial stat&(= 78%,

s = 34 MPa). Also plotted in the Figure are the tqafosities of the specimens. The PSD

cumulative and density function curves at 9 MPaisndS = 96%) are quite similar to that

at initial state (Figure 8a) with an only slightciease in total porosity at 9 MPa (0.2%),

showing that the infra-porosity is also similar both cases. This is compatible with the

negligible volume change observed in the volumengbkssuction curve of Figure 4c when

passing from initial states& 34 MPa) to a suction of 9 MPa. The specimenraatun from

S = 78% to 96% hence occurs by complete filling leé mean pore population with very

little microstructure changes both in the porosityuded and not intruded by mercury.
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Figure 8. Pore size distribution curves of specifa&i 44584 at initial state, 9 MPa and 0 MPa.

Figure 9 presents the PSD curves of the two spesrat9 MPa obtained from initial
state and after drying at 331 MPa, compared tdrtiial state. Observation of the volume
changes with respect to suction in Figure 4c ind&a larger volume for the sample wetted
from a suction of 331 MPa. Inspection of the PSBres of Figure 9 shows that both curves
at 9 MPa are similar with however a slight diffezerobserved in the cumulative curve at

pores larger than 6 pum.

The reduction in suction from 9 MPa to 0 MPa ocafrgjuasi-saturated state (see
Figure 4a) with a significant 6.1% swelling giviaginal water content of 10.5% and degree
of saturation of 99% (see Figure 4c). Indeed, §igamt changes are also observed at the
microstructure level, as shown by the change ipala the PSD curve of specimen D1 at
zero suction that becomes bimodal. Changes afiest tevels of porosity:
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i) The infra porosityn - nyg that increases from 4% at 9 MPa to 6.1% at zectsu
with an intruded porosity of 15.6% and a total oh@1.7%;

i) The large porosity with appearance of a neweppopulation corresponding to a
proportion of 10.5% of the total porosity in thenge of diameters between 7 and 100 pum
with a mean diameter around 12 pm;

i) An enlargement of the previous pore populattbat moves from a narrow range
between 12 and 50 nm (see density function cunkegare 8b) to a wider range between 12
and 500 nm with a new plateau between 60 and 200Nute however that no change is

observed in the density function curves betweendb2® nm.
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Figure 9. Pore size distribution curves of specifi&m44584 at initial state, 9 MPa (from initialtsjeand 9
MPa (from dry state at 331 MPa).
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Figure 10 shows the pore size distribution curveszexo suction for the two
specimens D1 and B2 wetted from initial state (3®avisuction) and after having been
submitted to a suction cycle up to 331 MPa and lackero along the main wetting path,
respectively. The mercury intruded porosiy of D1 and B2 specimens is equal to 15.6 and
16.6%, respectively, corresponding to total poyosit 21.7 and 22.8%, respectively. The
porosity not intruded by mercury does not changeicantly, withn — nyg equal to 6.1%
for the specimen directly wetted to zero suctiod)(@and 6.2% for the specimen wetted to
zero suction after drying at 331 MPa. The two PSibves are similar, but the
superimposition of the cumulative curves in the lbpares area (Figure 10b) indicates that
the slight change in total porosity is mainly daechanges at the level of pores larger than 2
pm.

In Figure 11, the PSD curves of the driest specam@n331 MPa suction obtained
either from the initial state (34 MPa, B1) and fréhe wet state (zero suction, D2) after
following the main wetting path are presented tbgetaind compared to the initial state. The
curves at 331 MPa are comparable and slightly difi@n the curve at intact state (slight
decrease in mean pore radius and decrease inpafogity, as commented previously). The
similarity between the curves at 331 MPa indicatiest the drying of specimen D2
previously submitted to wetting at zero suctiordketo complete erasing of the modifications
due to hydration and swelling described above (e d0):

i) The infra-porosity of the previously wetted sppeen came back from 6% to 2.4%
compared to 3% for that dried from initial state;

i) The large pores population between 7 and 100cpmpletely disappeared;

iii) The mean pore population became again webkgifeed as indicated by the peak

of the density function curve with pores diameten@ught back between 10 and 60 nm.
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Figure 10. Pore size distribution curves of specifeST44584 at 0 MPa.
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Figure 11. Pore size distribution curves of the @enEST44584 at 331 MPa.

4. Discussion

4.1.

Initial state

To interpret the microstructure changes with respmesuction changes along various

paths of the water retention curve observed her@giin MIP investigations, it was found
useful to consider the conceptual model of the @{aystone microstructure presented in
Figure 12 and proposed by Yven et al. (2007) frata @btained by using various techniques
including scanning electron microscope, autorad@iplgy, mercury intrusion porosimetry, oil,

helium and nitrogen adsorption. The model schemlticshows how individual calcite or
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quartz detritic grains are embedded into a clayrismnatith interconnected porosity that
represents 45 — 50% of total constituents at tipghdef 490 m considered here.

10 7m

non swelling

\N_/_

i Mesoporosity

macroporosity i Froh 00 nm | microporosity .
associated to grains swelling clays

Figure 12. Conceptual model of COx clay microstutet(after Yven et al. 2007).

The interpretation of the well defined single ppegulation defined by an average
value of 32 nm observed in the PSD curve of Figuoan be made by assimilating the clay
matrix to an assembly of bricks made up of plasetétcomparable thickness, as can be seen
in the scheme of Figure 12. The mean pore radinosenprovides an estimate of the average
platelet thickness. With an interlayer spacing @60nm (9.6 A) typical of the mineralogical
structure of (dry) smectites and illites and with @a/erage platelet thickness of 32 nm, an
average number of around 32 layers by plateletsbeanoughly estimated, in accordance
with data provided by Mitchell and Soga (2005). &lthat in the model of Figure 12, the
interstratified illite-smectite swelling mineralgeasupposed to be located only in some
platelets, with clear distinction between swellangd non swelling platelets, a hypothesis not
discussed in the paper that probably needs fucthirmation.
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4.2. The hydration of smectites

Given the significant effects of the changes inewatontent (or suction) on the
changes in volume (swelling-shrinkage) and in nstwecture of the COx claystone and
given the importance of the smectite fraction @& thay matrix in this regard, it was found
interesting to consider in more detail some medmsi that govern the hydration of
smectites.

Interlayer spacing larger than 9.6 A should be iwed in the case of hydrated
smectites within the interstratified illite-smeetiayers of the clay matrix, given that smectite
hydration is known to result from step increasegshef interlayer spacing with increased
water content (or decrease in applied suction)dedal, one, two or three layers of water
molecules adsorbed along the smectite phase conddp interlayer spacing of 12.6, 15.6
and 18.6 A respectively (Mooney et al. 1952, Méramyd Glaeser 1954, Norrish 1954),
giving a thickness of 3 A for one layer of water leoules. Another interesting result
obtained by various authors (including Ben Rhai¢ml.e1987, Bérend et al. 1995, Cases et
al. 1997, Sayiouri et al. 2004 and Ferrage et@052 by using X ray diffraction techniques is
that the number of layers adsorbed along the stadattes depends on the relative humidity
imposed during hydration. As an example, Sayiotirale (2004) observed in a MX 80
Wyoming compacted montmorillonite that one layerwster molecules was adsorbed at
suctions larger than 50 MPa, two layers betweerartd 7 MPa and three layers below 7
MPa, with a fourth layers adsorbed at low suctismsller than 0.1 MPa. Similarly, Ferrage
et al. (2005) worked on purified SWy-1 montmorilli@s saturated with various cations and
observed, on a Na montmorillonite, that one layas \adsorbed at relative humidity (RH)
smaller than 60% (suction of 7Pa) with the transition between one and two layers
occurring between 60 and 80% RH (suctions of 70 3ddVPa, respectively). On a Ca
montmorillonite, the two layers hydration occurm@dsmaller RH value of 40% (suction of
126 MPa). It seems that a 95% RH (suction of 7 MPa)lm&anonsidered as the upper limit of
the two water layers in clays, as shown by Lairdlef{1995) who observed a transition from
2 to 3 layers starting from 95 % RH for both 5 refece smectites.

As a rough estimation, for a natural claystone aimiig some smectite minerals, one
can hence consider that one layer of water molsctbelld be adsorbed at suctions above
five or more tens of MPa, with a second layer atiad one or two tens of MPa. These order
of magnitudes of suction might be useful in thelgsia of the microstructure changes
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observed here given the values of suction congiderethe determination of the water
retention curves (0, 9, 150 and 331 MPa).

4.3. Drying phase

Observation of the PSD curves of Figure 6, in whilsl curve at initial state is
compared to that at 150, 330 MPa suction and toaththhe oven-dried specimen, shows that
drying is characterized by a reduction of the mé&meter of the single well defined pore
population from 32 nm (intact) to 28 (150 MPa), 381 MPa) and 21 nm (oven-dried).
Based on the brick model, this corresponds to aatexh in thickness of the bricks, i.e. of
the platelets. This reduction can only be due t@nge in the interlayer spacing of smectite,
given that illite minerals are not sensitive to mipa in water content and keep an interlayer
spacing of 9.6 A. Based on the suction values galemve, it can be reasonably considered
that all specimens at suction higher than 150 M&aelonly one layer of adsorbed water
molecules along the smectite minerals within treey glatelets. At initial state and a suction
of 34 MPa, the data of Sayiouri et al. (2004) wouwldicate the possibility of having two
layers adsorbed, in reasonable compatibility with tlata of Ferrage et al. (2005). The
reduction of the average diameter from 32 to 28camthen be linked to the transition from
two to one adsorbed layer of water molecules.

Oven drying resulted in having no more water lagdsorbed (Ferrage et al. 2005)
and the rough estimation of the average numbelagflayer in one platelet of interstratified
illite-smectite could then be done by using the mdeameter of 21 nm of the oven-dried
specimen, providing a number of 21-22 clay layeitk an interlayer spacing of 9.6 A. Then
the introduction of one water layer would resulthe placement of an average number of 23
layers of 3 A thick layers of water molecules, t#sg in an increase in the platelet thickness
of 7 nm, from 21 to 28 nm. This rough calculati@ems to indicate that the interstratified
minerals would be only made up of smectite wittlditllite fraction, which is probably not
realistic. Note however that this hypothesis wopldvide an estimation of the average
theoretical platelet thickness increased of 7 nrth wivo adsorbed water layers, giving a
value of 35 nm not so far from that measured (32. Arhis seems to demonstrate that the
rough analysis based on the step hydration proeggtenced in pure and compacted
smectites could be of some interest to analyseiyiag and shrinkage behaviour of the COx

claystone.
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Another important point is the significant reduatiof the infra-porosity to 1% after
oven drying, compared to 3% at 150 and 331 MPa,48acat 34 MPa. This reduction can
also be related to the shrinkage of platelets dlsai reduce the porosity of diameter smaller
than 5.5 nm. Indeed, the existence of porositystoall to be detected by MIP is well known
in compacted smectites (see for instance Delagé @006) whereas full intrusion has been
observed in kaolinites and illites (Ahmed et al749Sridharan et al. 1974) or in natural fine-
grained soils containing illite (Delage and Lefedbw984). An interpretation could be that
once dried, the interstratified platelets only halagy layers of thickness of 9.6 A and behave
in terms of pore configuration like illites. In @hwords, the bricks are shrunk enough with

very small internal porosity after the expulsiortlod last layer of water molecules.

4.4. Wetting phase

Very little change was observed between the saatgldtial state (34 MPa) and that
at 9 MPa both in average mean pore diameter an@-pdrosity. This is reasonably
compatible with the suction values given by Sayietral. (2004) that indicate that the two
water layers could be stable under this suctiogeamith the third water layer only adsorbed
at suction smaller than 7 MPa.

Wang (2012) investigated the nonlinearity of svngjlin the COx claystone by the
combined use of high resolution imaging by ESEM @nigdital Image Correlation. They
showed that the swelling strain was not significamd evolved linearly between 75 and 95%
RH (39 and 7 MPa suction respectively), whereadseitame significant between 95 and
99.8% of relative humidity. This is in agreementhathe results obtained here when passing
from initial state $= 34 MPa) to a suction of 9 MPa. The constanteslobtained both in
the porosity intruded and not intruded by mercuap be explained by the stability of the
water layers in the clay platelets in this suctiange.

The significant swelling due to wetting at zero tsut was analysed through three
mechanisms in section 3.4. The mechanism i) thatexms the infra porosity can be related
to the adsorption of a third or even a fourth laylewater molecules within the infra-porosity
that increased from 4% (initial state at 34 MPa)6te% at zero suction. Based on the
hydration model used above, adding a new water hageld result in an increase of 7 nm in
the platelet thickness, giving an average valud%hm. Adding a fourth water layer would
lead to an average thickness of 46 nm. These isesem thickness are compatible with

mechanism ii) with an enlargement of the diamefethe mean pore population towards
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larger value. It does not however explain the appeze of pores as large as 200 or 300 nm
that can be linked to a higher degree of disorder,observed in compacted bentonites
(Sayiouri et al. 2004) in which the suction redotibelow 0.1 MPa (appearance of the
fourth layer) also involved a reduction in thickaed the platelets due to layer exfoliation

together with an increase in the number of plateletrther investigation is necessary here in
the case of the COx claystone to better undergtasghhenomenon.

The appearance of the large pore population wédmeters between 7 and 100 pum is
related to the creation of cracks that can be eksewisually and that have also been
observed by Wang et al. 2014 by using Digital Im&gerelation at microscopic level. These
cracks, that are saturated as observed in Figyneeta suspected in the analysis of the water
retention properties of the COx claystone provitlgdWan et al. (2013). Observation of
Figure 10b indicates that a sample previously daie831 MPa and brought to zero suction
exhibits more large pores in the 20 — 30 um raage, consequence of higher damage due to
the suction cycle that in turn results in slighdyger swelling with a porosity at zero suction
of 22.8% compared to 21.7% when directly wettednfinitial state.

Finally, it is interesting to observe that all {peres of any kind (mechanisms i. in the
infra-porosity, ii. in inter-platelets pores and. iwith cracks in the clay matrix) that
developed during hydration and swelling are conabyeterased under high suction
(331 MPa), as shown in Figure 11 in which no ddfese is observed between the specimen
dried from initial state and that previously swallét is likely that the inter-crystalline water
exchanges with the three or four water layers alihegsmectites minerals are reversible
mechanisms, but at least the cracks observed aitelling that have been closed by high

suction will reopen under further rehydration.

5. Conclusion

The use of mercury intrusion porosimetry on fredrded specimens appeared to be
quite fruitful to provide better understanding dketchanges in microstructure that occur
along the wetting and drying paths of the wateemigdn curve of the COx claystone.
Interestingly, the concepts developed to deschieehtydration mechanisms of smectites and
their dependency to suction changes appear to pécalple to the hydration of the
interstratified illite-smectite minerals that aesponsible of the change in water content and

the swelling-shrinkage behaviour of the COx clagsto
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The initial state, that is located on the dryiraghpof the water retention curve, is
characterized by a suction of 34 MPa that corredpdn the adsorption of two layers of
water molecules along the smectite faces. Releasiagon to 9 MPa results in the saturation
of the claystone but it does not significantly affethe COx microstructure with no swelling
and change in the pore size distribution curveadnordance with the stability of the two
layers of water molecules in this suction rangenv@esely, passing from 9 MPa to zero
suction allows the placement of a third, or evdauath layer of water molecules that results
in significant changes in the inter-platelets pagosSimultaneously, a network of saturated
cracks appears and the global swelling observextrat suction comes from the combined
action of the changes in the inter-platelet poyoaitd the generation of cracks.

Drying the specimen at 150 and 331 MPa suctiosgltein a reduction from 32 to
28-27 nm of the mean diameter of the pore sizeibligion curve that keeps the same shape.
Simultaneously, the infra-porosity not intruded fogrcury with diameter smaller than 5.5
nm reduces from 4% to 3%. Both features are ineagemt with the placement of one layer
of water molecules in this suction range, which laxp the small differences in
microstructure observed at these two suctions. @sely, oven-drying at 105°C results in a
further decrease to 21 nm in the mean diametenefrtter-platelet porosity that is coupled
with a reduction of the infra-porosity to 1%. Thdsatures are compatible with the state of
smectite minerals at dry state, with no water lagsorbed and an interlayer space of 9.6 A.

The validity of the concepts of hydration of snitestindeed provides deeper insight
in the understanding of changes in water contemissavelling-shrinkage behaviour of the
COx claystone. They confirm, as was observed whemparing the water retention
behaviour of powder and compacted smectites, thatostructure effects are mainly
governed by physico-chemical interactions, withlditeffects of the initial fabric and
structure of the claystone. In other words, thesneity of these interactions are strong
enough to surpass the inter-particle bonding ofrit&l state, even in the case of the strong
inter-particle bonds within the clay matrix of tlekystone. It seems probable that these
conclusions might also help to better understaedstif sealing behaviour of the claystones
that contain a significant proportion of smectitdss the Callovo-Oxfordian claystone of the
Opalinus clay. More generally, these findings stohklp with any problem linked to
swelling in shales, like in petroleum industry (sli&y of boreholes in shales) or tunnelling

(interaction between shames and the support).
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Chapitre 2 : Comportement en compression - gonfleme nt

du l'argilite du Callovo-Oxfordien

Introduction

Le comportement au gonflement de l'argilite du @ab-Oxfordien (COx) et ses
propriétés d’auto-colmatage sont liés, étant dogmé I'auto-colmatage est généré par la
mobilisation des smectites dans les fissures. €&t démontré dans une fissure de traction
artificielle entre deux demi-cylindres de l'argdilu COx par Davy et al. (2007). La relation
entre le gonflement et 'endommagement a été eégalemise en évidence par Carter et al.
(2010) qui ont observé que le gonflement étaitefoent mobilisé dans les zones de
cisaillement a partir des essais au laboratoidegtobservations in-situ.

Dans le travail de Mohajerani et al. (2011), ungesd’essais oedométriques haute
pression (jusqu'a 113 MPa) a été réalisée sur deangéllons de l'argilite du COx. Les
résultats ont montré que la compression a plusdgraontrainte entraine un gonflement plus
important, du fait d’'un plus grand endommagementdéa compression sous une plus forte
contrainte. De fait, les argilites sont trés selesilaux changements de contrainte et de teneur
en eau, qui peuvent causer de 'endommagement, eodémontré également par Vales
(2008), Bornert et al. (2010) et Wang et al. (2044¢) ont mis en évidence l'apparition de
fissures pendant I'hydratation en condition libre atilisant la corrélation d'images
numeriques (DIC) a I'échelle microscopique.

Dans ce contexte, on présente dans ce chapitrétude microstructurale du couplage
compression-gonflement de I'argilite du COx. Damspuemier temps, un échantillon a été
resaturé sous gonflement empéché (endommagemeimiséh et ensuite désaturé par un
déchargement instantané a teneur en eau constimteautre série d’essais oedométrique
haute pression a été réalisée pour confirmer lssrghtions de Mohajerani et al. (2011) avec
une investigation microstructurale détaillée patilisation de la porosimétrie au de mercure
et le microscope électronique a balayage. Finaleno@nprésente une loi phénoménologique
permettant de définir les déformations élastiquephgsico-chimiques liées au gonflement

pendant la phase de déchargement.
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Abstract

An experimental program aimed at investigating isaceffects in a specimen of
Callovo-Oxfordian claystone extracted at great dggZ9 m) was carried out. A specimen
that was saturated in an oedometer with limitedllsvgeexhibited significant swelling and
desaturation upon quick unloading at constant watertent. The microstructure after
unloading was compared to the initial one based nwercury intrusion porosimetry
measurements. Since the pore size distributionesupefore and after loading appeared to be
comparable in the range of pore sizes covered brcune intrusion (entrance diameter
between 363.um and 5.5 nm), it was concluded, based on micro&tre considerations,
that swelling occurred in pores with diameter serathan 5.5 nm, from a water transfer
within the clay matrix from inter-platelets to iatplatelets pores. This mechanism might
occur when excavating galleries in areas of theakation damaged zone that support
instantaneous unloading sequences, as a first uasah process prior to subsequent
evaporation due to the ventilation of galleries.

Keywords

Clays - Fabric/structure of soils - Partial satarat Radioactive waste disposal - Rocks/rock

mechanics - Suction.
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1. Introduction

It is well known that saturated clay specimens fodlse extracted at standard
geotechnical depths (various tens of meters) ekisibction (Skempton and Sowa 1963,
Bishop et al. 1975, Doran et al. 2000, Delage et2@D7). In the case of the “perfect
sampling” of an isotropic elastic sample and predithe sample remain fully saturated once
extracted, this suction is supposed to be equtdle¢anean effective stress the specimen was
submitted to prior to extraction (Bishop et al. 327A necessary condition for the sample to
remain saturated is that its air entry value showidexceed the mean effective in-situ stress.
In the case of the Boom clay, suction effects Hasen investigated by Delage et al. (2007)
who found that specimens extracted at a depth &f rB2in the Underground Research
Laboratory (URL) of Mol (Belgium) exhibited a sumti value between 2 and 3 MPa, close to
the mean in-situ effective stress (2.12 MPa). Tvosk also confirmed that swelling clays to
be tested in the triaxial apparatus should not lteirp contact in water without previously
being submitted to a mean effective stress as @sg®ssible to that existing in-situ to avoid
swelling and damage that would degrade the mechlar@sponse and reduce the volumetric

yield stress.

Compared to clays, claystones have been consalidaug strengthened by very long
diagenesis periods during much longer geologicohystresulting in significantly lower
porosity, strong diagenesis bonds and higher mecdlaresistance. Following the previous
investigation in the Boom clay, suction effects avamvestigated in the Callovo-Oxfordian
(COx) claystone by testing specimens extracted @e@h of 479 m in the Bure URL in
Eastern France. Investigation of the effects ofateation in claystones (Pham et al. 2007,
Jougnot et al. 2010 and Wan et al. 2013) is of sonegest due to the consequences of the

ventilation of the galleries along the gallery wsall

2. Materials and methods

The Callovo-Oxfordian claystone is a marine sedimeom the Jurassic period
deposited 160 millions years ago between the Callowand the Oxfordian ages in the
western area of the Parisian basin (Gens 2011)adt been since that time submitted to
various tectonic effects including some hrizontélesses resulting from the Alpine
orogenese. The stress state measured in the 4@@prBiire URL is as follows (Wileveau et
al. 2007):
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- =12.7 MPa

- oh=12.4 MPa

- oy=12.7-14.8 MPa
- u=4.9MPa

The vertical stresgy, is close to the minor horizontal stragsand smaller than the
major horizontal stressy. For this reason and some others (Mohajerani.2(dl1), usual

concepts of preconsolidation valid in clays do apply to the COx claystone. Based in the
above values, the equivalent effective Terzaghirrrﬂaassp'z%(a'v+20'h) is between 7.7
and 8.4 MPa (witho'i = g —u).

Table 1 provides a comparison between the geoteahpioperties of the Boom clay
(at a depth of 225 m) and that of the COx clayaaepth of 479 m with maximal clay
fraction of 48-50%, Gaucher et al. 2004). The ddfees in water contentv), Young’'s
modulus and unconfined shear strength illustrage silgnificant difference between a stiff

clay (Boom clay) and a claystone (COx).

Table 1. Geotechnical characteristics of the Botay and COx claystone

Boom clay Callovo-Oxfordian claystone
Geology" Oligocene (Rupelian) Jurassic (Callovo-Oxfordian)
Age’ 30 millions years 160 millions years
Depth 225 m 479 m
Water content” w (%) 20-30 <6.5
Porosity n (%) 35-40" 14-19°
Clay fraction (%) 40-70° 48-50°
Young’s modulus’ (GPa) 0.2-0.4 3.6-8.5
Initial specimen suction 2.8 MPa™”> 34 MPa°

' After Gens, 2011

2 After Yven et al. 2007

% After Gaucher et al. 2004

* After Delage et al. 2007

> Measured by the filter paper method

® Measured by the Decagon dew-point tensiometer

The COx claystone is characterised by a clay méttexy fraction close to 50% at a
490 m depth) composed of interstratified illite-stite minerals (Gaucher et al. 2004) with
also significant proportions of grains of calcite0%) and quartz (22%). Further
understanding about the microstructure, mineralagy porosity of the COx claystone was
gained by Yven et al. (2007) by using different noets (including scanning electron
microscope, autoradiography, mercury intrusion ponetry, oil, helium and nitrogen
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adsorption), resulting in the conceptual model @né=d in Figure 1. The model shows how
individual calcite or quartz grains are containetbia clay matrix with interconnected
porosity.
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Figure 1. Conceptual model of the COx clay micnactture (Yven et al. 2007)

Figure 2 provides a typical pore size distributcomve of the COx claystone obtained
by mercury intrusion porosimetry (MIP) on a freeltéed specimen, showing a well defined
single pore population (with an average diameteBdihm in agreement with Yven et al.
2007 and Boulin et al. 2008) that is typical of tblay matrix. The intruded porosity
represents 75% of the total porosity=17.4% and also represented in the graph). Tatis d
Is in good agreement with that of Yven et al. (20@ho estimated the porosity of small
dimension (3 - 10 nm) to 33.5 % of the total paros1 accordance with the 34% of porosity
smaller than 10 nm found here.

The remaining porosity is located within the clagtrix in smaller pores that cannot
be investigated by MIP (Yven et al. 2007). Thisaisvell known feature in clay materials
containing smectites, due to very thin intra-pletiel (or intra-crystalline) porosity (see
Delage et al. 2006 in compacted smectites). Therpretation of the single pore population
observed in Figure 2 can be made by assimilatiegcty matrix to an assembly of bricks
made up of platelets, as can be seen in Figurénhd.niean pore radius hence provides an
estimate of the average platelets thickness. Witelemental clay thickness of 1 nm typical
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of smectites and illites and an average plateiektiess of 30 nm, an average number of 30

layers by platelets can be roughly estimated, comtance with data provided by Mitchell
and Soga (2005).
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Figure 2. Pore size distribution curves of the damapinitial state.

Tests were carried out in a room at controlled terafure and relative humidity
(20°C and 80% respectively). Following Mohajerania¢ (2011), the saturation of the
sample was conducted on a high stress double &weloedometer (Marcial et al. 2002) by
carefully limiting volume changes during water fmftion. To do so, the vertical
displacement gauge was manually followed and tleeisgen was progressively loaded to

compensate any swelling with a limit fixed at 2 rhe detail of the procedure is illustrated
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in Figure 3 that shows that the maximum stressiegpb neutralize the swelling was equal
to 3.48 MPa for a sample with an initial degreesaturation &) of 77% and a suction of 34
MPa (WP4 measurement). The relatively high disptearg of 16um observed at the end of
first day is due to imperfect control during nigime. To investigate suction effects on such
a specimen resaturated with limited volume chatige,specimen was afterwards quickly
unloaded at constant water content. To do so, ¢tineus stones were first desaturated by air

flushing.

—a&— Axial stress
_ —&— Axial strain B

Axial strain (um)
Axial stress (MPa)

EST28518

Time (day)
Figure 3. Resaturation with limited swelling

Pore-size distribution measurements (Mercury Poregr micromeritics-AutoPore
IV 9500 were conducted on freeze-dried specimens to iigatst microstructure changes.
Specimens were previously frozen at - 210°C byaislash nitrogen (obtained by previously
putting liquid nitrogen under vacuum, Delage et28l06). The range of pores investigated
was between 363.6 um (minimum pressure of 3.4 kB&.5 nm (maximum pressure of
227.5 MPa).
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3. Results

The stress-strain path corresponding to the irsteaius constant water unloading
phase from the 3.48 MPa vertical stress is reptedan Figure 4. Unloading was performed
stepwise at intermediate stresses of 0.8 MPa @nsémi-log graph, complete unloading is
arbitrarily represented at a stress of 0.1 kPag dihloading process lasted 5 minutes and
exhibited an increase in porosity from 17.4 to 1&¥¢culated from the swelling observed in
Figure 4. The sample was afterwards extracted tt@moedometer cell allowing for (slight)
radial and axial expansion as shown in Table 2efdacalliper measurements carried out 15
minutes after unloading sample provided a porosdtiyie of 20.9 %. Obviously, significant
axial swelling occurred at constant water contamteothe sample was extracted from the
ring. Note that hydrostatic weighing provided agsity value of 21.2 % quite close to that
obtained by calliper measurements, also represeme#figure 4. The specimen was
afterwards isolated from evaporation by wrapping plastic film and rapidly frozen to keep

constant water content.

0.22 —
u Final total porosity
0.21 — ’:‘
. |
2 0.20 :
g _ , Swelling
£ 0.19 — |
n |
0.18 — (@x—
1 e \.\0\“_.
0.17 — I | IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII
0.1 1 10 100 1000 10000
EST28518 Axial stress (kPa)

Figure 4. Unloading phase at constant water content

One can observe that, in spite of having a consteatér contentw = 8.4%), the
swelling observed (final porosity = 21.2% compared to 17.4%) resulted in a simutiase
desaturation of the specimen with a final valuetloé degree of saturatiof = 81%

corresponding to a 21 MPa suction (WP4 measuremehiy means that the air-entry value
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of the sample has been exceeded. Indeed, this,vekignated between 7 and 9 MPa
according to gas penetration tests (De La Vaissa@ Talandier 2012) is significantly

smaller than the final value of 21 MPa.

Table 2. Characteristics of the tested sample.

h 0, 0, 0, S
Sample State (mm) d (mm) m () w (%) e n (%) S (%) (MPa)
EsTogs1g  before test 8.86 37.92 2375 6.3 021 17.4 77 34
(initial state)
EST28518 Atter test 919 3806 2448 84 027 212 81 21

(final state)

The pore size distribution (PSD) curve of the semlsample is presented in Figure 5.
Also reported in the graph is the total porosity.226). Surprisingly, the shape of the PSD of
the swollen unsaturated specimen at constant watgent is quite comparable to the initial
one presented in Figure 2. It exhibits a singleegmopulation with a mean radius of 32 nm,
comparable to that of the intact sample (althodmintty less well classified as indicated by
the density function curve). No large pore popolatrepresenting possible cracks due to
hydraulic damage and swelling (Yang et al. 2012nWfaal. 2013) is observed. Also, visual
examination of the sample didn’'t evidence any Wesitracks with thickness larger than the
maximum diameter identified by mercury intrusio®33% pum).

Global specimen expansion at constant water comehen only possible within the
intra-platelet infra-porosity (too small to be indled by mercury) with a transfer of water
from the larger inter-platelets pores (average 82 to the smaller intra-platelet pores that
results in crystalline swelling. Here, swelling acs within the inter-stratified illite smectite

clay platelets.

As any clay material, the pore water of the COx dlecludes both capillary and
hydration water (e.g. Revil and Li 2013). By onlgnsidering capillary effects, the suction
exerted when desaturating 32 nm diameter poreses ¢y the Young-Laplace equation:

20 cosd
p=— (1)

in which ois the water/air interfacial tension equal to 72.80° N/m andé the solid-liquid
contact angle with co8 = 1 for water. A pressure value of 9.1 MPa is oiagd, slightly
higher than the air-entry value of the COx claystononfirming the predominance of

capillary effects in the clay water interaction timese pores schematically represented in
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Figure 1. Comparing this value with the final santiof 21 MPa finally measured in the
sample indicates that inter-platelets pores hawn liesaturated. The high suction value is
hence mainly due to strong clay-water interactioouoring inside the platelets, confirming

the intra-crystalline nature of the swelling.
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Figure 5. Pore size distribution curves, swollemgke and initial state.

A guestion about the rate of water transmissioweéeh the large inter-platelets pores
and the thin intra-platelets ones arises given by low permeability and slow water
transfer suspected. This internal water transfemparable in nature to long term internal
transfers observed in compacted bentonite at congtater content (Delage et al. 2006) has

been completed in around 30 minutes after unloadhagually, the slowing effects due to

52



Chapter 2. Suction effects in deep Callovo-Oxfordikaystone

the low permeability (around T8 m? in the COx claystone) are compensated by the small
distance that water molecules have to travel froeniter-platelets pore to the intra-platelets

ones.

4. Conclusion

Suction effects were investigated in a specimethefCallovo-Oxfordian claystone
extracted at great depth (479 m) in the undergraesdarch laboratory of ANDRA in Bure
(France). The specimen was first saturated withtéithvolume change by progressively
increasing vertical stress up to 3.48 MPa. Theispat was afterwards quickly unloaded at
constant water content, exhibiting significant dimgl and desaturation, 30 minutes after
extraction from the oedometer ring with a suctigm#icantly larger than the air entry value.
The pore size distribution of the swollen samples wamparable to that of the initial one
with no appearance of large pores, indicating $iadlling was due to a water transfer within
the clay matrix from inter-platelets pores to inpfatelet pores, in a pore range that is too
small to be detected by mercury intrusion. Thisq@meenon may occur during gallery
excavation in areas of the excavation damaged oinmitted to instantaneous stress release,
as a first stage of desaturation, prior to the egbent evaporation due to the ventilation of

the galleries.
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A microstructure investigation of the compression-swelling

behaviour of shales: the case of the Callovo-Oxfordian claystone
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! Ecole des Ponts ParisTech, Navier/CERMES, France
2 ANDRA, Chatenay-Malabry, France

Abstract

To further examine a conceptual model proposed bhdjerani et al. (2011) on the
compression-swelling behaviour of claystones, awsicucture study based on the combined
use of mercury intrusion porosimetry and scannilegteon microscopy was carried out on
freeze-dried specimens of the Callovo-Oxfordian ysane submitted to various
compression/swelling paths. Specimens were comguieissthe oedometer to stress of 56
and 113 MPa prior to be unloaded in two conditighgt constant water content and ii) by
allowing water infiltration, as in standard swefjintests. Careful examination and
interpretation of the specimen released at constamer content (that also swelled due to
internal water transfer) allowed interpret compi@ssas the combined action of pore
collapse (resulting in local cracks) at the levieinber-platelets pores within the clay matrix
of the claystone, and the compression of the @tt¢hemselves by expulsion of some water
molecules adsorbed along the smectite sheets inntbestratified illite-smectite minerals
where they are located. Swelling after water irdtibn resulted in pore changes at two
levels: through the creation of large cracks ofesalvtens of micrometers, and to some
disorder at the level of the inter-platelets pasosihat became less well organised with a

larger pore range compared to the initial state.
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1. Introduction

The Callovo-Oxfordian (COx) claystone is considessda potential host rock for
high activity radioactive waste disposal at greaptd in France because of its low
permeability, adequate self-sealing potential aigth hetention capacity (e.g. ANDRA 2005,
Escoffier at al. 2005, Davy et al. 2007, Zhang &wdhfuchs 2008). ANDRA, the French
Radioactive Waste Management Agency, has develogedUnderground Research
Laboratory (URL) close to the village of Bure irethNorth-east of France in order to carry
out in-situ experiments and investigations on radiive waste disposal at great depth
(Lebon and Mouroux 1999). The URL is composed dlegas excavated at a two levels
(depths of 445 and 490 m) in the 150 m thick layfethe COx claystone, an indurated clay
rock 155 billion years old (limit upper-middle Jes&). The subhorizontal layer of the COx
claystone (1 — 1.5° tilting) is located in betwdam several hundred meters thick layers of
Dogger (bottom) and Oxfordian (top) limestones. Tisitu stress state at the level of the
Bure URL at 490 m has been investigated in detaiMieveau et al. (2007). The total stress
values obtained are as follows: vertical stress 12.7 MPa, minor horizontal total stress
o, = 12.4 MPa and major horizontal total stress= 16.2 MPa, indicating a nearly isotropic

stress state, with a pore pressure of 4.9 MPa.

In recent years, the coupled hydro-mechanical bebawf claystones has been
investigated in the context of radioactive wastpdsal. Particular attention has been paid to
the properties of both the COx claystone and thali@ys clay from the Mont-Terri URL run
by the Swiss agency for radioactive waste dispdBEAGRA). The significant water-
sensitivity of claystones has been evidenced (¢ajes et al. 2004) together with the
paramount importance of i) the smectites mineralgtained in the clay matrix and ii) the
resulting swelling and self-sealing properties tlaé¢ crucial in terms of confinement
efficiency, particularly through the excavated dgethzone (EDZ, Tsang et al. 2005) in the
close field around galleries and repository celley et al. 2007, Monfared et al. 2012,
Zhang 2013). The water-tightness of the EDZ isiatuparticularly in the case of the French
concept of high level radioactive waste disposalinich waste canisters are to be placed in
repository cells in direct contact with the COxyd#one, with no engineered barrier in
between the canisters and the claystone.

The swelling behaviour of the COx claystone is dalselinked to its self-sealing

properties, given that self-sealing is generatedneymobilization of smectites minerals in
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confined cracks. This was clearly shown in an iaféf tensile crack by Davy et al. (2007)
who measured a 3 MPa swelling pressure betweealtaeylinders obtained by previously
submitting a triaxial specimen to a Brasilian tensest. The relation between swelling and
damage has also been evidenced by Carter et 40Y2®m tunnelling in swelling ground.
From field observations and laboratory tests, Catel. (2010) observed that swelling was
highly enhanced in sheared zones and they showaee@ither natural mechanical disturbance
(fault, shear band) or man induced disturbanceafeating-trimming) could break down the
bonds that, in normal rock mass, confine the snglilays from freely expanding. Aversa et
al. (1993), in their study on the mechanical bebawdf Italian tectonised shales, performed
oedometric tests and observed that samples comepresxler higher stresses had greater
swelling index, a feature that they related to pinesence of discontinuities. The swelling
properties due to discontinuities were also ingegéd in the extreme case of crushed COx
argillite by Tang et al. (2011). Based on oedométsts, these authors obtained swelling
pressures between 1 to 5 MPa, comparable to theofl&tavy et al. (2007)..

In this context, Mohajerani et al. (2011) performeedseries of high stress (up to
113 MPa) oedometer compression tests on specinighse €Ox claystone and showed that
compression at larger stress resulted in more damad in stronger swelling capability.
Indeed, claystones are quite sensitive to chamgssass and water content that may result in
damage. This has been demonstrated by Valés (2B08)ert et al. (2010) and Wang et al.
(2014) by using Digital Image Correlation (DIC) aticroscopic scale to evidence the
appearance of cracks resulting from hydration uzéeo stress conditions. The occurrence
of swelling and hydric damage was also indirecéyndnstrated by Wan et al. (2013) in a

detailed investigation of the water retention prtips of the COx claystone.

In their interpretation of enhanced damage and Iswelduring compression,
Mohajerani et al. (2011) proposed a conceptual madepling compression, induced
damage and enhanced swelling, based on conclusivawn on the changes in
microstructure occurring in structured fine grairsmils during compression by Delage and
Lefebvre (1984). The model proposed was that oégile porous matrix defined by a given
pore size distribution (PSD) curve that was congwdsby the progressive and orderly
collapse of the pores, from the largest to the ksialin other words, a given level of stress
collapsed pores of a given size, allowing thenirtk the slope of the pore size distribution
curve to the compressibility index in structuredss¢see Delage 2010 and Delage 2014 for

more details). This model, extended to compactals ¢Delage 2009) was applied by

58



Chapter 2. A microstructure investigation of congsien swelling behaviour of COx claystone

Mohajerani et al. (2011) to the COx claystone thas considered as a rigid porous matrix
defined by a clearly unimodal PSD curve definediftgr-particle pores within the clay

matrix (Yven et al. 2007). Like Delage and Lefebyt884), Mohajerani et al. (2011) also
considered that collapsed pores resulted in locaipoulded zones made up of cracks,

illustrating local mechanical damage prone to aféeds exhibit enhanced swelling.

In this paper, an attempt to check Mohajerani e{2011)’s findings by a detailed
microstructure investigation based on the combingel of mercury intrusion porosimetry
(MIP) and scanning electron microscopy (SEM) onpprty dehydrated specimen (freeze-
drying with quick freezing of small specimens) iadwn, following the methodology initially
proposed by Delage and Lefebvre (1984). Microstmgctnvestigation was conducted on
COx specimens at initial state and submitted toouar compression stresses prior to be

released either at constant water content (instaptss stress release) or after swelling.

2. Material and methods

2.1. The COx claystone

The COx claystone is an indurated clay with a nalogjical composition that varies
with depth. The total connected porosity variesMeen 14% in carbonated (stronger) levels
and 19.5% in more argillaceous (weaker) levels @rgeal. 2007). At the URL depth (490
m), the COx contains 45-50% clay minerals that Gtate a matrix in which other detritic
components (20-30% carbonates and 20-30% quartfehlispar) are embedded (Gaucher
et al. 2004). In this study, tests were performadspecimens cored perpendicular to the
bedding plane at depths of 479 m (specimen EST28ui8 482 m (EST44581). The initial
characteristics of the samples are presented ite Tlallfhe water content was determined by
measuring the initial and final weights of a rockqa before and after drying in the oven at
105 °C for 24 hours. The porosity and degree afratibn were calculated from carefully
measuring the sample volume by hydrostatic weighifige initial total suction was
determined by using a dew point potentiometer (WPdgcagon). As seen in Table 1 the
sample EST28518 is not fully saturated at inittaltes with a degree of saturation of 77%
corresponding to 34 MPa of suction for a porosityl 6.4%. Partial saturation resulted from
the combined actions of coring, transport, stol@ specimen preparation.
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Table 1. Initial characteristics of the tested sksip

Specimen EST28518
Depth (m) 479
Water content (%) 6.3
Dry density (Mg/nf) 2.14
Specific gravity (Mg/r) 2.6

Void ratio 0.21
Porosity (%) 17.4
Degree of saturation (%) 77
Suction (MPa) 34

2.2. Sample preparation and setting

Once extracted from the borehole (perpendiculdsetdding), cores were packed in
specially designed cells (called T1 cells) thatvpre desaturation and partially confine cores
thanks to an expansive mortar cast around thewitinealso an axial stress of 0.6 time the in-
situ stress applied by means of a calibrated spiihg diameter and length of cores in T1
cells are 100 and 300 mm, respectively. In the ratooy, the oedometer tests were
performed in 38 mm diameter rings. COx specimemsddficult to trim in the laboratory
because they often break along the bedding plamdrifi 38 mm diameter specimens, the
100 mm diameter core was first placed in specialameonfining mould to ensure good
confinement while trimming the internal 38 mm diderecylinder by diamond coring in dry
condition. The required height (around 10 mm) wier@ards obtained by cutting the 38
mm cylinder by using a small hand saw. Finally, tihyig and bottom surfaces were carefully

polished by using a sand paper sheet

High pressure oedometer compression tests wergea¢aut by means of a double
lever arm oedometer (Marcial et al. 2002) ablefgplyaa maximum axial stress of 113 MPa
on a 38 mm diameter specimen. The sample was ptactedmetal porous disc connected to
two lateral valves to allow satisfactory saturatadrthe porous disc. Axial displacement was
monitored by using an electronic transducer (Miao)oconnected to a data acquisition
system. A preliminary calibration of the system pasformed by running a load cycle along
the total stress range (0 — 113 MPa) without samaplas to account for the effects of the
elastic compressibility of the metallic porous dis€ the cell base and of the piston. The
vertical calibrated elastic response obtained wabtracted to the total measured

compression displacements obtained in all tests.
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To avoid any further damage due to swelling dugpgcimen resaturation, particular
attention was devoted to the resaturation procedus# was conducted, following
Mohajerani et al (2011), by infiltrating water witlontrolled volume change smaller than
that corresponding to 2 um swelling. To do so,dpecimen was placed in the oedometer
ring (that was previously coated with grease toucedlateral friction) with initially dry
porous disks. A low stress loading-unloading cycie to 0.44 MPa, corresponding to 1 kg
load) was applied to ensure good contact betweerspecimen, the porous discs and the
piston. During this cycle, the two lateral pore eatalves connected to the bottom porous
disk were closed to avoid any drying of the speciméhe saturation phase was started by
infiltrating water from the bottom porous disk wdifollowing the vertical displacement
gauge and imposing by progressive manual loadingpamum vertical displacement of 2
pum. The specimen response is illustrated in Figu¢epecimen of Test T2) that shows that
the maximum stress applied to neutralize swellingsvw3.2 MPa. The relatively high
displacement of @dm observed at the end of first day is due to ingmtr€ontrol during night
time. All specimens were saturated following thensaprocedure. The other specimens
coming from core EST28518 were saturated at maximstiess between 2.8 and 3.5 MPa

with initial degree of saturation of 77% and sucta 34 MPa.
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Figure 1. Resaturation process with limited volurhange (< 2 um), EST28518 specimen.
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3. Experimental program

3.1. High pressure compression tests

Various mechanical loading paths were followed riwestigate the compression-
swelling behaviour of the COx claystone, as deediim Table 2. Tests T1, T2, T3 and T4
were carried out along paths aimed at investigatiegvolume behaviour and microstructure
changes at various level of compression. This seki@s conducted on specimens coming
from the same core (EST28518) to avoid any disperdue to differences in initial porosity
or mineralogical composition. In tests T1 and T& specimens were loaded by steps up to
56 and 113 MPa respectively and afterwards quigklpaded at constant water content. To
do so, the porous stones were first desaturateairbijushing. The specimens were quickly
step unloaded at constant water content underatime stresses as during the loading phase.
The axial displacement was immediately noted beftaging the next step, each step lasting
around 1 minute. In tests T3 and T4, compressfans6 and 113 MPa respectively) were
followed by standard unloading stages in which waitas allowed to infiltrate the specimen

and generate swelling.

Table 2. Test program.

Test Specimen Core diameter (mm) height (mm) Pureed

Resaturation at constant volume,

T1 S1 EST28518 37.92 12.74 High pressure compression up to 56 MPa,
Unloading at constant water content.
Resaturation at constant volume,

T2 S2 EST28518 37.92 13.59 High pressure compression up to 113 MPa,
Unloading at constant water content.
Resaturation at constant volume,

T3 S3 EST28518 37.92 11.76 High pressure compression up to 56 MPa,
Unloading with hydration (swelling allow).
Resaturation at constant volume,

T4 S4 EST28518 37.92 11.65 High pressure compression up to 113 MPa,

Unloading with hydration (swelling allow)

3.2.  Microstructural observations

MIP measurements and SEM observations were cortlatténe end of each test in
order to analyse the microstructure changes raguftom the loading path followed. To
preserve the microstructure, dehydration was magefréeze-drying small pieces of
claystone (1-3g in weight). These pieces were pusly quickly frozen by immersion in

slush nitrogen at — 210°C. Slush nitrogen was obthiby applying vacuum on liquid
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nitrogen, bringing down its temperature from — X9gboiling temperature) to — 200°C
(freezing temperature). Immersion in slush nitrogepreferable because no boiling occurs
around the specimen, resulting in faster freezihgvater with no volume change. Ice was
afterwards sublimated in a freeze-drier (see TamyWong 1973, Gillott 1973, Delage and
Pellerin 1984 and Delage et al. 2006 for more tgtaMIP tests were carried out in a
Micromeritics-AutoPore IV 9500 porosimeter from awl initial pressure of 3.4 kPa up to
227.5 MPa, corresponding to entrance pore diamefe&383.6 um and 5.5 nm respectively.
The intruded mercury porosityn{g) was defined as the ratio of mercury intrusion

volumeVyg to specimen total volumé

_ Vg
Mg =~ 1)

The pore entrance diamet&)(was determined from the intrusion presdeug by assuming

a cylindrical pore shape:

_4ocosd
Py

D

) (2)
where ¢ is the mercury-solid interfacial tension afids the mercury-solid contact angle
(0 =0.484 N/mp =141.3° according to Diamond 1970).

SEM observations were also conducted on freezetdqpecimens. To improve the
guality of the surface observed, specimen werez&drmactured. Freeze fracturing allows a
better definition of the observation plane, givéattfracture is not occurring, like when
fracturing in the dry state, along any weaknesa@laith pulling out of some patrticles. The
fracturing of a frozen specimen is governed bytiw also acts as an impregnation resin,
avoiding any disturbance by maintaining all paesctnmoved during fracturing. This is also
a significant advantage compared to EnvironmenE $n which fracture is made at wet
state. Sticks were fractured along horizontal aedical planes, with unfortunately no
possibility of identifying the orientation of theetdding plane in vertical planes. SEM
observations were conducted on horizontal andocagplanes.
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4. High pressure compression oedometer tests

41. Tests Tland T2

Samples S1 and S2 (EST28518) were loaded up ton&6LA3 MPa, respectively.
Each loading step lasted up to 3-4 days so as &chrehe stabilization of vertical
displacement, as seen in Figure 2 in which theicarstress and strain are plotted with
respect to time. The compression curves in termpavbsity changes versus stress are
presented in Figure 3a and b in linear scale ag&dale of vertical stress, respectively. The
shape of the compression curve is comparable wahdbtained by Mohajerani et al. (2011)
with, in linear scale, an initially upwards curvedrve followed by a linear section above
15 MPa. Under 56 and 113 MPa, the compressivenstraie 4.6 and 8.9 % respectively,
values comparable to that obtained by Mohajeraal.€R011, with 9.6 % compression strain
under 113 MPa) and Heitz and Hicher (2002, with 88der 100 MPa). The initial phase of
saturation is clearly observed in the semi-log fegure 3b), showing that the resaturation
with impeded swelling occurred until a verticalests of the order of 2.6 — 3 MPa. The points

of the quick unloading steps are also represemtéukl Figure.

Figure3b also shows that the instantaneous constant wateading phases from 56
and 113 MPa occurred at constant water contennglwishort period of about 3 minutes
with significant swelling (increases in porosityin 13.4 to 15.1% in test T1 - swelling of
42% - and from 9.3 t0 12.2 % in T2 - swelling of@3Figure 3b).

The specimens were afterwards extracted from traoroeter cell allowing for
(slight) radial and axial expansion as shown inl@aB in which the other specimen
characteristics are also given. Careful callipeasueements carried out 18 minutes after
unloading provided porosities of 17.3 and 13.6 % T and T2 respectively. Hydrostatic
weighing carried out afterwards provided porosiglues of 17.6 and 14 % respectively,
quite close to that obtained by calliper measurémeAs seen as in Table 3, the
instantaneous unloading stage at constant watdemoprovided swelling and desaturation
in both specimens with a final degree of saturatpr 82% corresponding to a 21 MPa
suction for T1 ands = 90% for T2 with a suction of 18 MPa. Actuallfg rebound upon
quick unloading at constant water content are hgtoved in soils that keep saturated with
little rebound when unloaded (in a range of sigaifitly smaller stresses in standard

geotechnical testing). These rebounds are notvoufaof easily investigating the effect of
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compression on the microstructure, due to subseguienostructure changes due to swelling

(and desaturation) at constant water content. gdiist will be further discussed.
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Table 3. Characteristics of the specimens at tdeoéeach test.

Specimen Initial state T1 T2 T3 T4
Water content (%) 6.3 6.7 5.7 9.4 10.1
Void ratio 0.21 0.21 0.16 0.25 0.29
Porosity (%) 17.4 17.5 14 20.1 22.2
Degree of saturation (%) 77 82 90 98 95
Suction (MPa) 34 21 18 1 6
Height (mm) - 12.70 12.92 11.93 12.12
Diameter (mm) - 38.05 38.05 38.04 38.04

42. Tests T3and T4

Standard step loading-unloading tests were perforapeto maximum axial stresses
of 56 and 113 MPa on specimens S3 and S4, reselctivhe changes in axial strain and
stress versus time along both the loading and nheading stages are presented in Figure 4.
The compression curves are presented in lineae stalertical stress in Figure 5a and in log
scale in Figure 5b. The shape of the compressioredn linear scale is similar to that of test
T1 and T2 , bringing some confidence in the qualitghe data, with comparable values of
maximum axial compression strains of 4.8 and 8.8#eu56 and 113 MPa, respectively.

Along the unloading phase, swelling curves comgaradthat observed in swelling
soils are observed upon unloading with significamelling observed once stress is released
(to 0.11 MPa). Under the same stress decremeng sveglling with larger slope is observed
in the T4 specimen (loaded up to 113 MPa) comperd® (loaded to 56 MPa). As in soils,
swelling curves are highly non-linear and end upigher porosities than initial under the
minimum stress of 0.11 MPa, with final porositiésoth specimens (18.1 and 19.5 % for T3
and T4 respectively) larger than the initial on&.4%6). This trend is more clearly apparent

in the semi log diagram of Figure 5b.

The specimens were afterward extracted from theometer cell and their
characteristics determined (Table 3). Careful patlimeasurements provided porosity values
of 19.1 and 21.1 % for T3 and T4, respectively. Tegrees of saturation of the swollen
specimens wer& = 98% with a 1 MPa suction for specimen T3 &d 95% with a 6 MPa
suction for specimen T4. This slight desaturatiesuits from the release, a constant water
content, of the 0.11 MPa stress.
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5. Microstructure investigation

Themicrostructure change of the COx claystone specivainvestigated at various
levels of compression by using both MIP measuresmemtd SEM observations. The
porosities of the specimens concerned by microstrednvestigation are given in Table 4.
Porosity values were first calculated at the endth® oedometer test, and afterwards
measured by hydrostatic weighing. Valuag, obtained from the maximum volume of

mercury intruded during MIP are also given.

Table 4. Porosity values obtained.

Specimen State n Mg n N —Nyg
Oedometer curve (Intruded by mercury) (Total)

EST28518 initial 17.4 13.1 17.4 4.3

S1 Tl 13,4 12.7 17.6 4.9

S2 T2 9,3 10.5 14.0 3.5

S3 T3 18.1 16.2 20.1 3.9

S4 T4 19.5 18.1 22.2 4.1

5.1. Pore size distribution curves

5.1.1. Initial state

The pore size distribution (PSD) curve obtained Using mercury intrusion
porosimetry on sample EST28518 at initial st&e=(77%,n = 17.4%) is shown in Figure 6a
in and Figure6b in density function. A monomodal curve with gua well defined pore
population is identified, with an inflection poimtt 32 nm, in reasonable agreement with
Yven et al. (2007) and Boulin et al. (2008) who leeer performed their MIP analysis on air
dried specimens and obtained smaller average desroétaround 20 nm, probably because
of some shrinkage due to oven drying (Wan et &l328videnced a global shrinkage of 1.4%
on COx claystone specimens submitted to a sucfia®s® MPa). As shown by these authors,
this pore population is related to the averageaeet pore diameter within the clay matrix.
The comparison of the porosity intruded by mercafryhe highest mercury pressurngg(=
13.1% atPyg = 227.5 MPa corresponding to smallest diametér.®hm) is smaller than the
total porosity from total volume measurememt=(17.4%), confirming previous findings by
Yven et al. (2007) about the existence of a polame of smaller size (corresponding here
to a porosity of 4.3%). Indeed, Yven et al. (2083)imated the porosity of small dimension
(3 - 10 nm) at 33.5 % of the total porosity, in @@ance with the 34% value with diameter
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smaller than 10 nm found here. Boulin et al. (2088p estimated that the porosity not
intruded by mercury was equal to 25% of the toted.o

1 Total porosity (0.174) (a)

—a&— Initial state

EST28518

0.00 T T T T 1
0.001 0.01 0.1 1 10 100 1000
D (um)

0.4 —

o
w
I

0.2 —

de/dlogD (-)

0.0 T T T T 11T,
0.001 0.01 0.1 1 10 100 1000
D (um)

Figure 6.Pore size distribution of the sample EST28518 iialirstate.

5.1.2. Compression at 56 and 113 MPa and instantaneous unloading

Figure 7 presents the PSD curves of specimens 81San(compressed to 56 and
113 MPa, respectively) and unloaded at constargneaintent, together with the PSD data of
the sample at initial state of Figure 6. PSD reasaie presented in terms of both cumulative
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curves (Figure 7a and b) and density function (Fegic). In Figure 7a, all curves are plotted
starting from the same point at the maximum poaméditer (363.6 um corresponding to
initial pressure of 3.4 kPa). In this plot are atguen the total porosities obtained from
volume measurements by hydrostatic weighing. Thia @& Figure 7a confirm that the
porosities intruded by mercury are lower than titaltporosity of the specimens in all cases
(see Table 4).

The total porosities of specimens compressed an86113 MPa obtained from the
compression curves (equal to 13.4 and 9.3%, rdaspbgt are also plotted in the graph.
Indeed, the mercury intruded porosities after amglht constant water content are larger
than the total porosity before swelling, confirmitigg significant changes in microstructure
during swelling. The curves of Figure 7a also shdtwat there is an unexpected
correspondence between the initial state=(6.3%,S = 77%) and that after compression at
56 MPa and subsequent swelling at constant watetenb (v = 6.7%, S = 82%). The
comparable values of total porosities could be nlegkefrom

Figure 3, but such a similarity in PSD was not necessagected. This evidences
the difficulty of clearly identifying the effect oEompression due to further changes in
microstructure due to swelling upon unloading. Hegre an important conclusion drawn
from comparing these curves is that there is n@agmce of large pores after constant water
content swelling, with no change observed at diamdarger than 500 nm. Swelling hence
only mobilized the small porosity population. F@tltomment in this regard will be made in

the discussion session.

When plotting curves with correspondence at thellest pore detected (Figure 7b),
one observes a pretty good superimposition of theutative curves for diameters smaller
than 20 nm. Inspection of the density function esref Figure 7c shows that there is a slight
difference, with the characteristic pore definedraximum slightly decreasing in diameter
between the intact state and that compressed @wtdkiPa. It seems however that there is
little difference between the characteristic paes6 and 113 MPa, with a value decreasing
from 27 to 26 nm, smaller than at initial state (82).I1t seems that no difference in the PSD

curves at 56 and 113 MPa is observed below a dexm&P0 nm.
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Figure 7. Results of MIP tests on COx claystoneispen of T1, T2 and initial state.
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5.1.3. Compression/swelling tests at 56 and 113 MPa, tests T3 and T4

The cumulative PSD at initial state and after caapion swelling tests T3 (56 MPa)
and T4 (113 MPa) are presented in Figure 8a witrespondence of curves at largest pores,
together with the total porosities values. Figute shows the cumulative curves with
correspondence at smallest pores and Figure 8emisethe density function curves (with an
enlargement of the curves of large pores). Theided mercury porositgng of T3 and T4 is
equal to 16.2 and 18.1%, respectively, correspantbntotal porosities of 20.1 and 22.2%,
respectively. Data show that the unintruded poygsiiameters smaller than 5.5 nm) of tests
T3 and T4 together with that at initial stat@= 13.1 %,n = 17.4%) does not change
significantly with little effect of the compressitswelling stage, with values of 3.9% (T3),
4.1% (T4) and 4.3% (initial state).

Unlike specimens T1 and T2 that swelled at consteatier content upon stress
release (Figure 7), two populations of pores agarty observed here both in cumulative and
density function curves in the almost saturatectigpens T3 and T4 after swelling due to
water infiltration. The pore size density functigigure 8) shows that large pore have
entrance diameter between 5 and 100 um for T3 (B&)Mnd up to more than 300 pm (the
upper limit of MIP) for T4 (113 MPa). Simultaneoysthe small pore population becomes
slightly less well defined with a less sharp pebdo ahowing a slight decrease in average
radius from 32 nm (initial) to 29 nm (swelling aft&6 MPa) and 26 nm (swelling after 113
MPa). This difference also appears in the cumwatiurves plotted with correspondence at
smallest pores (Figure 8b) with mercury intrusitarteng in pores of 90 nm for T3 (56 MPa)
and 200 nm for T4 (113 MPa). Little effect of swaj is detected below 20 nm with good

superimposition of cumulative curves.
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5.2.  Scanning electron microscope observations

A series of SEM observations was conducted on é&dexctured specimens.
Figure 9a presents the SEM pictures at low magei{gsde bar scale of 200 um) on a vertical
plane of specimen T4 (113 MPa and swollen) witlealargement of some area indicated in
the Figure 9b and c. The orientation of the beddrane is also indicated. The lowest
magnitude photo (Figure 9a) evidences the presefoamg cracks parallel to bedding within
a dense clay matrix. Figure 9b provides more detah 20 um wide crack. The clay matrix
appears to be quite dense and some detritic ilmcisstan be observed, although strongly
coated by the surrounding clay matrix. Figure 9aveha zone in specimen T4 with various

small cracks parallel to bedding.

An interesting feature of freeze-fracturing isatsility to pull out the grains that are
located along the fracture plane and that let gnts in the clay matrix. This is particularly
evident in Figure 9c where the prints left by pdlut rounded grains (probably quartz) are
clearly evident. This feature evidences the coathghe clay matrix around the detritic
grains, providing some doubt about the possibdithaving pores at the interface between
the clay matrix and the grains, as suggested by ¥iel. (2007). Some agglomerations of
pyrite grains are also observed as indicated irFigere.

The horizontal plane observed in Figure 10 shows tihe fracture plane developed
along a bedding plane, with clay particles mainlys@rved from their face. Detritic
inclusions are not so apparent because of coatingetwork of cracks (with inter-cracks
distance between 100 and 200 um) is also obseteesksponding to the intersection of the
crack network with the fracture plane.

The distinction between the matrix and inclusiogsomewhat easier in Figure 11
that shows large elongated inclusions on the rgytie (length between 50 and 1,0)
oriented parallel to stratification and smallerlusions (left, from 20 to 4Qm) together with

some prints left by grains pulled out during freézeturing.
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Figure 9. SEM pictures, vertical plane, specimer{I®8 MPa and swollen)
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Figure 10. SEM picture of horizontal plane, T4 sp&n.
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Figure 11. SEM picture of vertical plane, T4 spesim
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6. Discussion

6.1. Initial state

To interpret the microstructure changes due to cesgon, it was found useful to
consider the conceptual model of the COx claystareostructure proposed by Yven et al.
(2007) based on the use various techniques (imgudicanning electron microscope,
autoradiography, mercury intrusion porosimetry, biélium and nitrogen adsorption) and
presented in Figure 12. The model shows how indadi¢talcite or quartz detritic grains are
embedded into a clay matrix (representing 45 — 50%tal constituents at the depth oh 490
m considered here) with interconnected porosity.

The interpretation of the well defined single ppapulation defined by an average
value of 32 nm observed in the PSD curve of Figuoan be made by assimilating the clay
matrix to an assembly of bricks made up of plasetdtcomparable thickness, as can be seen
inin the scheme of Figure 12. The mean pore rabiersce provides an estimate of the
average platelets thickness. With an interlayercisgaof 0.96 nm (9.6 A) typical of
smectites and illites and with an average platibiekness of 32 nm, an average number of
around 32 layers by platelets can be roughly estidhan accordance with data provided by
Mitchell and Soga (2005). Of course, larger intgglaspacing could be considered in the
case of hydrated smectites within the interstedifilite-smectite layers with one, two, three
or more layers of water molecules adsorbed withesponding thicknesses of 12.6, 15.6 and
18.6 A (e.g. Mooney et al. 1952).

Fouché et al. (2004) obtained a pore populatioh wimean diameter of 50 nm on a
freeze-dried COXx claystone specimen with an initiater of 7.2% (slightly higher than that
of the EST28518 specimen). Conversely, Sammartirad. 2003), Yven et al. (2007) and
Boulin et al. (2008) determined a mean diamete2®fHm on oven dried specimens. It is
suspected that the smaller mean diameter valuesntieed on oven dried specimens are
related to some shrinkage that does not occur whiry freeze-drying, as done here.

Note that in the model of Figure 12, the interdiext illite-smectite swelling
minerals are supposed to be located only in somelpts, with a clear distinction between
swelling and non swelling platelets, a hypothesas $so easy to confirm. As commented
above, the presence of pores at the interface ketdetritic inclusions and the clay matrix
indicated in Figure 12 is not in agreement with ®EM observations carried out here

(Figure 9 to Figure 11) in which close contact @oedting was observed between the clay
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matrix and the grains. This close contact is a raeidal consequence of sedimentation and
further vertical stress increase due to buryingreat depth.

\
non swelling

macroporosity i um N 74100 nm  Microporosity 1
associated to grains swelling clays

Figure 12. Conceptual model of COx clay microstuutet(after Yven et al. 2007)

6.2. Compression behaviour

A significant difficulty in detecting the changes PSD due to compression is due to
the swelling and desaturation due to unloadings Heisaturation, that does not occur in fine
grained soils under smaller stresses (see fomostRelage et al. 2007 on the Boom clay), is
compatible with the value of the final suction (@Pa for T1), significantly larger than the
air entry value of the COx claystone, found betwé&eand 9 MPa by De la Vaissiere and
Talandier (2012) by means of gas penetration tdsisbetter analyse this desaturation, a
specimen saturated at initial porosity with swejlimpeded was afterwards unloaded at
constant water content, like in tests T1 and T2e Tésult and interpretation of this test
(Delage et al. 2014) showed that the sample alsatdeted with swelling at constant water
content v = 8.4%) from a porosity of 17.4 to 21.2% (finalgdee of saturation of 81% and
suction of 21 MPa) with very slight changes of Bf&D curve. This showed that swelling at
constant water content occurred with an internalewaransfer from the initially saturated
inter-platelet pores to smaller pores with diamegsraller than 5.5 nm, the lower limit

detectable by MIP. Since swelling occurred, theewaholecules transferred are likely to
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have been attracted and fixed along the faces ef dimectites minerals within the
interstratified illite-smectite minerals of the glanatrix. The suction value of 20 MPa
indicates a rather strong physico-chemical bondvéen the water molecules and the
smectite minerals.

The same mechanism is suspected to also occurgdtiven constant water content
swelling observed when releasing stress on satlisgiecimens compressed at 56 and 113
MPa. Note that the suction measured in the specwhéest T1 after release is equal to 21
MPa and close to that obtained by Delage et all4R0This could explain why the PSD
curve of specimen T2 (113 MPa) provides a mercuityded porosityrig = 10.5%) larger
than the total porosity that the specimen had udd& MPa = 9.3%). In the same way,
this internal water transfer could explain that timal porosity of specimen T1 compressed
under 56 MPa (17.6%) is close to that of the ihitiae (17.4%, increased to 21.2% after
unloading at a constant water content of 8.4% amvshby Delage et al. 2014). An
interesting conclusion that can be drawn is thagrgthat all infra-porosities are comparable
(see values oh — nyg in Table 1), the infra-porosityD( < 5.5 nm) of the compressed
specimens should be smaller under stress, showaigcompression at high stress (56 and
113 MPa) affected some of the water adsorbed atbrgsmectite minerals within the
interstratified clay platelets by squeezing it ithe interconnected network of inter-platelets
pores, thus reducing the interlayer spacing in siteaminerals. In such case, the thickness of
the “bricks” (i.e. the platelets) would reduce undempression, resulting in a reduction of
the mean pore size characterized by the peak adeéhsity function curve. This observation
adds a new mechanism with respect to that deschipddohajerani et al. (2011) who only
considered the ordered collapse of pores withifgia iclay matrix to explain the volume
decrease during compression. In other words, thg matrix appears to be somewhat
compressible due to water expulsion from the iptedelet porosity to the inter-platelet one.
This reduction in thickness of the platelets woh&hce tend to reduce the average inter-
platelets size, resulting in a shift towards smaiéelius of the mean pore diameter observed
in the PSD curves and a move leftwards of the pé#tke density function curve.

To further analyse the validity of this assumptmfncollapse of inter-platelet pores
according to their size with smaller pores remajnintact, another question arises as to
whether the average diameter defined by the pedkeoflensity function curve increased
(from a value smaller than 26 nm) or kept consfah26 nm) during swelling at constant

water content. In such case, the thickness of tek's” (i.e. the platelets) would reduce,
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resulting in a reduction of the mean pore sizetifled by the peak of the density function
curve.

Some relevant information can be obtained fromwbek of Wang et al. (2014). By
submitting a COx specimen to changes in relativaitity, they observed by using Digital
Image Correlation at microscopic level along a migypath a continuous shrinkage of the
clay matrix in some areas with also the appearaficgome cracks, showing that volume
changes were the combination of both a continuodsaadiscontinuous process. This trend,
also observed along wetting path during swellingilld be reasonably extrapolated here
under stress changes. In some way, this would amfhe first analysis of Mohajerani et al.
(2011) about the collapse of pores and the resultheation of cracks in collapsed zone
during compression, by also considering, under $ugi stresses, a possible compression of
the matrix with the mobilization of the water lagexdsorbed along the smectite minerals. If
this occurred, all interstratified platelets wolld compressed with a reduction in thickness
that would move the characteristic radius of thdP& values smaller than the 26 nm
detected after swelling. Under such a hypothesiseeéms likely that interstratified illite
smectite minerals be scattered along the wholerolatyix and not localized in some specific

platelets as illustrated in the conceptual modéligbire 12.

6.3. Swelling behaviour

Compared to the initial state characterized by aonmdal PSD defining a well
classified entrance pore diameter representativatef-particles pores, the swollen state of
the specimens clearly exhibited two distinct pospylations, with a new population of very
large pores in the range 5 — 3@@. This pore population develops along a largeméiar
range in the case of the specimen previously cosspreto 113 MPa compared to that under
56 MPa. SEM observations indicated that these lgrges corresponded to the cracks
observed on swollen specimens, with thicknesséiseobrder of 2@m.

There is also an effect of swelling on the inifi@re population around the 32 nm
average value, with the sharp peak characteriziegwell classified inter-platelets pore
population at initial state (with pore diameterdween 50 and 5.5nm) becoming smoother
and smoother with increased maximum compressiesstPore diameters range between 90
and 5.5 nm for the 56 MPa specimen up to a largege between 200 and 5.5 nm for the
113 MPa one. Considering again the bricks modek thdicates that some mutual

movements between the bricks resulted in a lessreddarrangement. The appearance of a
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wider range of inter-particles pores could alsdedfsome increase in brick thickness due to
increase in the interlayer spacing due to the atisor of water molecules along the
smectites within the interstratified illite smeetiminerals. However, changes in interlayer
spacing would have involved changes in the infreepity smaller than 5.5 nm, which is not
the case since the values of the unintruded pgrositnyg are almost constant and close to
the initial one (Table 3). This is also confirmey the fact observed in Figure 8b that no
change is observed in the PSD curve below a diaroé20 nm. Another conclusion that can
hence be drawn is that the driving force of swglis probably not resulting from adsorption
of layers of water molecules at the interlayer lebet rather between clay platelets by the
mobilisation of diffuse double layers in inter-@hdt planar pores that are large enough to

allow for their development.

6.4. Compression-swelling behaviour

The data obtained here allow to further detailfthdings of Mohajerani et al. (2011)
with respect to the coupling between damage andlisgiealso found in other works on
tectonised shales (Carter et al. 2010, Aversa. €9813). Indeed, more swelling is observed
when more cracks are present. The mechanism ofquisgse proposed by Mohajerani et
al. (2011) showed that more cracks are created wb#apsing more pores under higher
stress. The higher density of cracks at highesstwas identified here by means of MIP with
a significantly larger volume of cracks obtainetkatompression at 113 MPa compared to
56 MPa. Further precision has also been gainedtdabeiprobable mobilisation of the infra
porosity during compression at high stress, andag shown that swelling did not involve
any change in pores of diameter smaller than 2®unrather involved diffuse double layer

mechanisms within the inter-platelet porosity.

7. Conclusion

To further inspect some conclusions made by Mohajeret al. (2011), a
microstructure investigation on the effects of coaggion and swelling on the Callovo-
Oxfordian claystone was carried out by means ofdbmbined use of mercury intrusion
porosimetry and scanning electron microscopy orziedried specimens. To do so, COx
specimens were compressed under high stressesn(b@18 MPa) that were afterwards

released in two ways: either at constant wateresarity avoiding any water exchange with
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the specimen when releasing stress or by allowwvgliig by water infiltration upon stress
release.

The microstructure at initial (unsaturated) stases characterized by a monomodal
pore size distribution curve with a mean pore di@mef 32 nm, larger than what was
observed (around 20 nm) in previous published ¢B#anmartino et al. 2003, Boulin et al.
2008) on oven-dried specimens. Based on the stéhriatask model further elaborated by
Yven et al. (2007), this difference was relatedh® shrinkage of the platelets during oven
drying resulting from the expulsion of water molesulocated along the smectite minerals
within the intra-platelet porosity.

The swelling observed during stress release att@onw/ater content, including on a
sample only compressed to a (small) stress aimadaadling any swelling during hydration,
was interpreted (Delage et al. 2014) by an intetraaisfer of water molecules from inter-
platelet pores to much smaller intra-platelets p@leng the smectite minerals, resulting in a
crystalline swelling within the interstratifieditk smectite minerals. The same phenomenon
was observed after (high) stress release, makmg@ulalysis of the change in microstructure
due to compression more difficult. The interpretatof the changes in pore size distribution
evidenced that the compression volume changes @authlie to the combined action of pore
collapse (with creation of local micro-cracks) aafl the expulsion of water molecules
adsorbed along the smectite minerals in intra-{g@tgte pores. This interpretation is
compatible with Digital Image Correlation analyaismicroscopic scale (Wang et al. 2014)
that indeed indicated some local shrinkage in tAg matrix under increased suction.

The swelling due to water hydration during stredsase appeared to be due to two
phenomena. Firstly, the presence of large cracksides as 20 um as observed in SEM and
measured in MIP. Such cracks were suspected by &vVah (2013) in their study of free
swelling when examining the water retention prapsriof the COx claystone. The PSD
curves show that they correspond to 26% and 16%eintruded mercury volume of the
swollen specimen compressed up to 113 and 56 M#pectvely. Secondly, swelling is due
to an enlargement of the inter-platelet porositguad the mean value of 32 nm determined
at initial state. This pore population is much lesdl classified after swelling, showing a
more disordered assembly of clay platelets withendlay matrix.

The tests carried out in this work have been madery high stresses, much higher
than what is supported by the COx claystone atdhel of the Bure URL (490 m). These
extreme conditions imposed were however interedtingvidence some micro-mechanisms

occurring within the microstructure when submittthg claystone to stress changes, between
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the two porosities of the clay matrix, i.e. theemplatelets porosity (30 nm average diameter)
and the intra-platelets pores where the water mtdscare adsorbed along the smectites
minerals within the inter-stratified illite-smediplatelets. These fundamentals mechanisms
help better understand the macroscopic respongeedfOx claystone, and of other shales,

under stress changes.
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Further insight into the compression-swelling behaviour of the

Callovo-Oxfordian claystone

Hamza MENACEUR, Pierre DELAGE and Jean-Michel PEHRAI

Ecole des Ponts ParisTech, Navier/CERMES, France

1. Introduction

Thanks to their low permeability, high radionuclidetention capability, swelling
behaviour and self sealing properties, claystones cansidered as possible geological
barriers for the storage of high activity radioaetwastes at great depth. In this context, a
better physical and theoretical understanding efrtBwelling behaviour is important. In
recent years, the compression-swelling behavioucl@jstones has been investigated by
several authors (Aversa et al. 1993, Davy et aD72QCarter et al. 2010, Zhang and
Rothfuchs 2008, Zhang 2013).

Although not so common in rock mechanics, one-dsi@noedometer compression
appeared to be a simple method to investigatedhgression behaviour of claystones. This
was done for example by Heitz and Hicher (2002)aoseries of claystones that they
compressed up to a maximum stress of 100 MPa. Maently, Mohajerani et al. (2011)
performed a series of oedometer tests on specimérthe Callovo-Oxfordian (COx)
claystone to further investigate their compresswelling behaviour in relation with
microstructure features. They proposed a conceptuadel of the change in claystone
microstructure during compression based on eafiielings obtained on structured fine-
grained soils by Delage and Lefebvre (1984) whaébfrom mercury intrusion porosimetry
data that compression occurred by the orderly ps#laof the pores of a fragile porous
matrix, starting by the largest ones and progre$giaffecting smaller and smaller ones. In
the COx claystone, that also exhibits a well cfessipore population with a mean pore
diameter between 20 and 30 nm typical of a clayim#tat represents around 50% in mass
of the total constituents (Gaucher et al. 2004,r¥eeal. 2007, Boulin et al. 2008), collapse

is suspected to occur in inter-platelets poresiwithe clay matrix (Mohajerani et al. 2011).
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As observed in structured fine grained soils, tbkapse of pores in the COx claystone was
then suspected to result in local micro-cracks #iftarwards enhanced swelling.

The detailed observation of swelling during stredease after compression at two
different maximum stresses (28 and 113 MPa) madddiyjerani et al. (2011) showed that,
under the same stress decrement, larger swellingr@a in the specimen compressed at
higher stress. Given that it has been shown (eagy[@t al. 2007) that the swelling properties
of the COx claystone are generated by the mohibizadf smectites minerals within cracks
(the reason also of the good self-sealing propediethe claystone, see for instance Zhang
and Rothfuchs 2008), the model interpretation & dompression at higher stress results in a

denser network of induced micro-cracks that, imtuesult in stronger swelling.

Various evidences of the coupling between damagesarelling in claystones and
shales exist. Aversa et al. (1993) performed oed®meompression tests on Italian
tectonised shales and observed that samples casepdremder higher stresses had greater
swelling index, a feature that they related to tipeesence of discontinuities.
Davy et al. (2007) measured a 3 MPa swelling presbatween to half-cylinders obtained
by previously submitting a triaxial specimen to @dlian tensile test. The relation between
swelling and damage has also been evidenced byerCetrtal. (2010) from tunnelling in
swelling ground. From field observations and labamatests, Carter et al. (2010) observed
that swelling was highly enhanced in sheared zonégy showed that either natural
mechanical disturbance (fault, shear band) or masuded disturbance (excavating-
trimming) could break down the bonds that, in ndrmak mass, confine the swelling clays
from freely expanding. The swelling properties doi@iscontinuities were also investigated
in the extreme case of crushed COx argillite bygranal. (2011). Based on oedometer tests,
these authors obtained swelling pressures betweten51MPa, comparable to the data of
Davy et al. (2007).

Other evidence of the sensitivity of claystoneshianges in stress and water content
that may result in damage has been provided bysvé&e08), Bornert et al. (2010) and
Wang et al. (2014). By using Digital Image Corrglat(DIC) at microscopic scale, they
evidenced the appearance of cracks resulting frganation and swelling under zero stress
conditions. The occurrence of swelling and cradsulting from hydric damage has been
also demonstrated by Wan et al. (2013) in a detdieestigation of the water retention

properties of the COx claystone. Note also thahmsicey electron microscope observation
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showed that the swelling of the Romainville claystdf clay from the Paris area, France)

was clearly due to the development of micro-crg@eremew et al. 2009).

In this paper, the methodology used by Mohajeearil. (2011) is used in an attempt
to further understand the compression swelling Welba of the COx claystone. Various
swelling compression tests were carried out witlnaestigation of the microstructure of the
swollen specimens by means of mercury intrusionogioretry and scanning electron
microscope on freeze-dried specimens. Also, caedfahtion was devoted to the distinction
between the elastic and the physico-chemical coemsrof the swelling strain.

2. Materials and methods

2.1. The Callovo-Oxfordian claystone

The COx claystone is a sedimentary rock from theshic period, deposited 155
millions years ago on top of a layer of Dogger ktome that was afterwards covered by an
Oxfordian limestone layer. The thickness of the G&per is about equal to 150 m. The COx
claystone is composed of a clay matrix containiatyitic grains of quartz and calcite with a
mineralogical composition depending on depth, vgignificant changes in carbonate and
clay contents. At the URL depth (490 m), the COxtams 45-50% clay minerals that
constitute a matrix in which other detritic compotse (20-30% carbonates and 20-30%

quartz and feldspar) are embedded (Gaucher eb@d)2

In this study, an oedometer compression test weagedaout on a specimen cored
perpendicular to the bedding plane at depth of AB2specimen EST44581). The initial
characteristics of the tested specimen are pratenteTable 1 in which other initial
characteristics obtained on the specimen core ESIR&re also given. The water content
was determined by measuring the initial and finaigiws of a rock piece before and after
drying in the oven at 105°C for 24 hours. The pityoand degree of saturation were
calculated from carefully measuring the sample nawy hydrostatic weighing. The initial
total suction was determined by using a dew patemiometer (WP4, Decagon). As seen in
Table 1, specimen EST44581 is not fully saturatedital state with a degree of saturation
of 91% corresponding to 15 MPa of suction for aopdy of 16.2%. The degree of saturation
of specimen EST28518 is smaller (77%) correspontbng higher 34 MPa suction. Partial

saturation resulted from the combined actions afngo transport, storage and specimen
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preparation. Values of degree of saturation of @d @1% are relatively high and indicate
satisfactory conservation of the specimens witlseaably low drying.

Table 1. Initial characteristics

Specimen EST44581 EST28518
Depth (m) 482 479
Water content (%) 6.7 6.3

Dry density (Mg/m) 2.18 2.14
Specific gravity (Mg/r) 2.6 2.6

Void ratio 0.19 0.21
Porosity (%) 16.2 17.4
Degree of saturation (%) 91 77
Suction (MPa) 15 34

2.2. Experimental techniques

The oedometer tests were carried out on high stteskle level arm oedometer able
to apply a maximum stress of 113 MPa on oedomeemisens of 38 mm diameter (Marcial
et al. 2002). The sample was placed on a metaugatisc connected to two lateral valves to
allow satisfactory saturation of the porous disgiahdisplacement was monitored by using
an electronic transducer (Mitutoyo) connected tdata acquisition system. A preliminary
calibration of the system was performed by runrarigad cycle along the total stress range
(0 — 113 MPa) without any sample so as to accoonttiie effects of the elastic
compressibility of the metallic porous disc, of ttel base and of the piston. The vertical
calibrated elastic response obtained was subtraittethe total measured compression
displacements obtained in all tests.

Particular attention was devoted to the resaturgiltase to avoid any further damage
due to swelling. Following Mohajerani et al. (2011ihe resaturation was conducted by
carefully limiting volume changes during water fmétion. To do so, the vertical
displacement gauge was manually followed and tleeisgen was progressively loaded to
compensate any swelling with a tolerance fixed jatr2 The specimen response is illustrated
in Figure 1 that shows that the maximum stressiegpd neutralize swelling was 0.97 MPa
for EST44581 specimen with an initial degree otisgtion of 91% and a suction of 15 MPa.
The specimens coming from core EST28518 were gatlfallowing the same procedure.
They were saturated at maximum stress between r&123& MPa with initial degree of
saturation of 77% and suction of 34 MPa. This shtves$ the swelling properties at initial
state depends on the initial degree of saturatiendrier the specimen, the larger the suction

and the maximum applied stress.
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Figure 1. Resaturation process with limited volurhange (vertical displacement < 2 um), EST4458tispn.

3. The compression-swelling behaviour of the COx claystone

3.1. Compression swelling curves

The results of two compression-swelling tests upnximum vertical stresses of
56 MPa (test T3) and 113 MPa (test T4) are predeintd-igure 2 in terms of axial stress
versus axial compression strain either in lineates¢Figure 2a) or semi-log scale of vertical
stress as done in standard soil mechanics (FidureThe changes in axial stress and strain
with respect to time of test T3 (56 MPa) and T43(MPa) are presented in Figure 3. They
provide the details of the step loading and unloggtirocesses and indicate that the duration
of loading/unloading steps was around 6 days s @chieve axial displacement stability

(supposed to be satisfactory with a displacemeataflum/day).

The stress-strain data of Figure 2 are comparébl¢hat of similar oedometer
compression tests carried out by Mohajerani e{24111) on EST28522 COx specimen of
22% porosity. The compression curve exhibits sligbtvard curvature along the loading
path, whereas the swelling curves are typical otllswg clays, with swelling strain
significantly increasing at smaller stresses. Tgersnen volume, once the stress completely

released, becomes larger than the initial one.ohsneented above, one can observe that for
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a given stress decrement (from 60 to 30 MPa or f@into 15 MPa), the specimen
compressed at 113 MPa exhibits larger swellingrsthean that compressed at 56 MPa.

120 —
1 (a)

100 —
—@— TestT3
. —@— TestT4
80 — EST28518

\

Axial stress (MPa)
(@)
o
I

113 MPa
40 —
o
0.04 0.02 0 -0.02 -0.04 -0.06 -0.08 -0.1
Axial strain (-)
0.20 — (b)
Axial stress (MPa)
0.18 —
_ IIIIIII| | IIIIIII|
0.16 —0.1 100 1000

Porosity (-)
©
|_\
N
I

Figure 2. Compression-swelling test on the COx EBSIB specimen.
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The detailed observation of the release curvels kegpect to time of Figure 3 shows
that the first release from 113 MPa to 56 MPa s after a smaller period of time (17
hours) compared to stress releases at smallesasrdisat are longer, up to 12 days. This is
linked to the fact that very little physico-chenlisavelling due to water adsorption along the
smectite minerals seems to occur during this fektase phase, with strain mainly due elastic
rebound. The longer equilibration time observed mwhedeasing stresses in the lower stress
range is linked to the mobilisation of physico-cheathswelling, with the adsorption of water
molecules along the faces of the smectite minefdlis process is probably governed by the

transfer of water from large pores to the swelBitgs.
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Figure 3. Changes in axial stress and strain witk.t
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A compression test with various unloading-relogdaycles from stresses of 3.5, 7,
14 and 28 MPa (minimum stress during unloading O/%8&) was carried out on specimen
EST44581 = 16.2%) and the changes in axial stress andnhsiviah respect to time are
plotted in Figure 4. The stress/strain curves aesgnted in Figure 5a) and b) in linear and
semi-log plots, respectively. The upwards curvatfréhe curve is somewhat more marked

than in Figure 2. The cycle from 14 MPa was repkatéce with good repeatability.

0.01 — . . — 30
| $ 2 um —— Axial strain |
0.00 — — Axial stress L o5
. B <
c -0.01 — 20 &
a | | =
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< -0.03 — — 10 S
_ L <
-0.04 — — 5
-0.05 T T 1T T 1 T 1T "1 "1 "1 7T 0

0 10 20 30 40 50 60 70 80 90
EST44581 Time (day)

Figure 4. Axial strain and axial stress versus time

3.2.  Microstructure changes due to swelling

The pore size distribution (PSD) curve of the speri at initial state (porosity
17.4%, suction 34 MPa and degree of saturation 13%)esented in Figure 6 together with
that obtained after compression and swelling atimam stresses of 56 and 113 MPa. PSD
data are presented in terms of both cumulativedemgity function curves (Figure 6a and b,

respectively).

The initial state is defined by a well defined $engore population with an average
value of 32 nm, comparable in shape to that obgebye Sammartino et al. (2003) and
Boulin et al. (2008). Comparison of the mercuryuded porosity ¢4 = 13.1%) with the

total one (= 17.4%) shows that there exist what we call draiporosity @nira = @- @ig)
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with entrance diameter smaller than 5.5 nm, thellsstaintruded pores when mercury

pressure is at maximum value of 227.5 MPa.
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Figure 5. Compression test with stress cycles, BS84.
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Based on a model of the COx microstructure proptsedven et al. (2007) in which
isolated detritic grains of quartz or calcite angbedded in a clay matrix, the interpretation of
the well classified PSD curve of Figure 6 can belenhy assimilating the clay matrix to an
assembly of bricks made up of platelets of compar#thickness. The mean pore radius
hence provides an estimate of the average platatkness. With an interlayer spacing of
0.96 nm (9.6 A) typical of dry smectites and ikitand with an average platelet thickness of
32 nm, an average maximum number of around 32 dabgr platelet can be roughly
estimated, in accordance with data provided by iilicand Soga (2005). This number is

smaller in hydrated cases given that the interlesacing of hydrated smectites then
increases.
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Figure 6. PSD curves, EST28518 : a) cumulative gityob) pore size density function
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The swollen states¢g{= 20.1% after compression at 56 MPa and 22.2%r afte
compression at 113 MPa) are characterised by adamore distribution. There is little
changes in small pores with diameter smaller thamr2 with comparable values of infra-
porosity @a = 3.9 and 4.1% for 56 and 113 MPa, respectivallgg small pores population
with mean diameter of 32 nm is less well classified enlarged with largest diameters of
110 nm at 56 MPa and 290 nm at 113 MPa. More imptt, a new population of large
pores appears in the range 45-130 um at 56 MP4%360 um at 113 MPa.

As clearly seen in the SEM photo of Figure 7 tHasge pores correspond to long and
continuous cracks that develop along the beddiraggs. The PSD curves of Figure 6
indicate that this crack network has larger poréduwe in the case of swelling after
compression under 113 MPa.

ilite COx 10.0kV x63 200

Figure 7. SEM picture of vertical plane, EST28518.

4. Phenomenological expression of the physico-chemical swelling

Previous experimental observations showed thatydeation of micro-cracks plays a
role in the swelling of a COx specimen previoushmpressed, the higher the maximum
compression stress, the higher the swelling. A nuetailed identification of swelling was
made previously with a distinction between elasticound and physico-chemical swelling
based on both the stress strain curves of the @ssion tests and the change in strain with

respect to time during unloading phases. Figurer@ér illustrates the distinction proposed
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between the linear elastic swelling strain increm€udetermined at the first unloading phase
from the highest applied stress, and the physiesnital swelling strain incremeut® with

the total swelling straia given by the relation:

g:§+£pc (1)
120 —
100 —
—— Test T3
—_ 7 —@— Test T4
© —[oed e
a 80 — EST28518 do =E>*dde
e
(73]
o
D
T
<
<
do
7 ]
0.04 0.02 0 002 -004 -006 -0.08 0.1

Axial strain (-)

Figure 8. Elastic and physico-chemical swellingistincrement.

The changes in physico-chemical swellifigwith stress from the compression tests
of Figure 2 and Figure 5 are plotted together iguFé 9 with comparable data taken from
compression test on specimen EST28522 with maxirstess of 113 MPa carried out by
Mohajerani et al. (2011). There is good agreemetwden the two tests carried out at 113
MPa, and a regular arrangement of the curves wepact to the maximum stress applied,
the smaller the maximum stress, the smaller thesipbychemical swelling. The smaller
physico-chemical swelling values at lower stresmioled on specimen EST28522 compared
to specimen EST28518 should be related to therdiff®e in the criterion adopted to end a
swelling step. In test EST28522, four days werdgeaudafor at each unloading step, a shorter
period of time criterion that did not allow totalofmlisation of the physico-chemical

swelling. The larger swelling observed in the twistf points could be related to the
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difference in porosity between both specimens (ZAPEST28522 compared to 17% for
EST28518). A more porous specimen has larger dateat, the driving force of swelling.

0.10 —@— EST44581 - 14 MPa
—%— EST44581 - 28 MPa
0.08 —B-EST28518 - 56 MPa
——EST28518 - 113 MPa
_— 006 —A— EST28522 - 113 MPa

60

O (MPa)

Figure 9. Physico-chemical swelling strain versxialastrain during unloading phase.

The effect of stress on the magnitude of swell lsaraccounted for by normalising
the compression swelling curve with respect tontleximum supported streggaxas done in
Figure 10 in which the data of Figure 2 and Figbrare plotted together with that of
comparable test carried out withax = 113 MPa on specimen from core EST28522 (initial
porosity g= 22%) by Mohajerani et al. (2011). The set aimalised curves obtained shows
reasonable correspondence along the loading patheaximum compression stresses of 56
and 113 MPa, with some difference observed onpkeisien compressed to 28 MPa. There
is also good correspondence between the tests #lenghloading paths except for the test at
maximum stress of 56 MPa. An average value of libylgesy = 4.5 can however be taken for
the first unloading path from the maximum stresat tdefines the elastic rebourd

providing the following expression for the elasgbound:

e

g £
=qa + :8 2
O max Emax 2)
with 8= -3.5
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providing the following stress-strain expression:

o,
o=a—"2¢%+Bo (3)
max

giving the following expression of the oedometeasét modulus with respect to the

maximum stress from which unloading was carried out

o
Eyeq = O —T1 (4)

max

0T 5 EST44581 - 28 MPa

——EST28518 - 56 MPa
—8—EST28518 - 113 MPa
—0—EST28522 - 113 MPa

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

Figure 10. &/€ax VErsuso/oax CUIVES.

The changes in physico-chemical swellgifwith respect to stress normalized by the
maximum supported stresg,.x are presented in Figure 11 in a semi-log diagieme. set of
normalised curves show a regular arrangement ottinees with respect to the maximum
stress applied, the smaller the maximum stressstiedler the physico-chemical swelling.
As a consequence, the following relation charasitegithe physico-chemical swelling can be

written:

o
£ = Cype(Tma) 10g—— ) (5

max
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whereCspd 0may IS a coefficient characterizing the slope of tange in physico-chemical
swelling with respect to the normalized streisthe Cspd Omay Valuesobtained from Figure
11 are plotted together in Figure 12 with respecthe maximum stress supported. The
Figure shows that there is a linear relationshifwben Cs,, coefficient and the maximum
stress supportedCéc = admax + b) with a = 1.44 x 1d (MPa)* andb = - 6.37 x 10,

providing the following swelling expression for thRysico-chemical swelling strain:

g
pc —
&= (aamax + b) IOg (6)
amax
0.10 - —8— EST44581 - 14 MPa
—¥— EST44581 - 28 MPa
0.08 - ——-EST28518 - 56 MPa
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N—r
(]
o
w 0.04 1
0.02 -
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Figure 11. Changes in physico-chemical swellingusmormalized stress.
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Figure 12 Cg,cversus the maximum stress supported.
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5. Discussion

To better understand the compression swelling \netia of the COx claystone
following Mohajerani et al. (2011), some oedomet@mpression tests were carried out and
complemented by a microstructure investigation §ipgimercury intrusion porosimetry tests
carried out on specimens at initial and swolletestafter compression at 56 and 113 MPa. A
more detailed analysis of the physico-chemical phtihe swelling strain was also made.

The compression-swelling data obtained here wesepatible with that of
Mohajerani et al. (2011) with comparable shapeshefcompression swelling curves and
more swelling obtained after compression at highess. The MIP and SEM investigations
demonstrated that well defined cracks were obseoredgwollen specimens, with higher
swelling corresponding to a larger pore volumehs tracks. At the same time, the well
classified pore size distribution around the typi@2 nm pore diameter of the initial state
was altered with the development, on the swollegcispens, of larger pores up to various
hundreds of nanometers. Note however that it waspossible to directly check here the
validity of Mohajerani et al. (2011) concept of gressive and ordered collapse of pores
during compression, given the changes in micro&iracoccurring during stress release and
swelling. However, it was interesting to note thab consecutive stress cycles carried out
from a maximum stress of 14 MPa were very simildris indicates that, given that the
maximum applied stress of 14 MPa has not been passed during the second loading
stage, there has not been more damage inducedrbycpllapse, resulting in a subsequent
swelling under unloading similar to the first one.

An idea of the intensity of damage obtained durmognpression can however be
obtained by considering the pore volume correspanth the cracks in the PSD curves of
the swollen specimens (Figure 6). Given that thB BSpores with diameter smaller than 20
nm does not significantly change, one can concthdethe main effect of swelling is due to
the cracks that are more significant after compoessnder 113 MPa, with a larger pore
volume than after compression at 56 MPa. An ide@a lkeuld be to consider that a larger
volume of swollen cracks would result from a largember of cracks formed by pore
collapse.

A detailed examination of the unloading curves enai possible to propose a
distinction between the elastic and the physicaxacbal components of the swelling strain.
The normalisation of the compression swelling carpeovided, for all the tests carried out,

an expression of the elastic rebound strain widpeet to the maximum stress applied. A
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simple phenomenological expression of the physieaacal swelling strain developed with
respect to the maximum applied stress was alsonaiota

Finally, the question of the physico-chemical mataf the driving force of swelling
arises. In cracks, in which the main swelling phreenon seems to occur, there is a
possibility of having the development of diffuseutdte layer repulsion, given that the inter-
platelets distance is large enough. Further ingagtn accounting for the cations nature and
concentration in the pore water and the resultiepulsive actions could help for better

understanding the swelling driving force.

6. Conclusion

In this chapter, the swelling behaviour of the G&lystone has been investigated by
performing oedometric compression tests, compleateby MIP and SEM analyses to study
the evolution of its microstructure. It has beeoweh that the specimen swell more during
unloading if the were previously subjected to ahbigstress, the final porosity after
unloading being larger than the initial one.

The microstructure investigations allow concluditigat the material is damaged
during compression. This damage increases witlppéed stress and is characterised by the
occurrence of cracks that are significantly lardemn the characteristic size of natural pores.
Upon unloading, the presence of these cracks tainbrresponsible for the activation of the
swelling of the clay matrix. The more damaged ttzemal initially is, the more it swells.

A simple phenomenological model has been proposednodel the swelling
behaviour of the COx claystone. This model distisges two components of strains. The
first one is a linear elastic strain. The second ancounts for physico-chemical swelling.
This second strain component introduces a swellidgx that depends on the maximum
stress achieved during compression. This modedipgroach is a first satisfactory step in the

modelling of damage-enhanced swelling of the CQ@ystbne.

Acknowledgements

The authors are grateful for ANDRA (French Agenoy INuclear Waste Management) for

funding this research.

105



Chapter 2. Further insight into the compressiondng behaviour of the COx claystone

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

106

Aversa S, Evangelista A, Leroueil S, Picarelli L99B). Some aspects of the

mechanical behaviour of structured soils and swfks. In: Anagnostopoulos,
editor. Geotechnical engineering of hard soils—smfks. Rotterdam: Balkema

Bornert M, Vales F, Gharbi H, Nguyen Minh D (2010)ultiscale full-field strain
measurements for micromechanical investigationsth& hydromechanical
behaviour of clayey rocks Strain 46(1): 33—-46

Boulin PF, Angulo-Jaramillo R, Daian JF, Talandi&rBerne P (2008). Pore gas
connectivity analysis in Callovo—Oxfordian arg#litApplied Clay Science 42:
(1-2) 276-283

Carter TG, Castro SO, Carvalho JL, Hattersley D oW &, Barone FS, et al (2010).
Tunnelling issues with Chilean tertiary volcanitiasocks. Mir conference;
Problemi di stabilit a nelle opere geotecniche.i@épll, Torino

Davy CA, Skoczylas F, Barnichon JD, Lebon P (20@&rmeability of macro-cracked
argillite under confinement: gas and water testi?fyysics and Chemistry of the
Earth 32(8-14): 667-80

Delage P, Lefebvre G (1984). Study of the structira sensitive Champlain clay and
of its evolution during consolidation. Canadian €@ebnical Journal 21 (1): 21—
35

Delage P (2010). A microstructure approach of thesgivity and compressibility of
some Eastern Canada sensitive cl&&otechniqué&0 (5), 353-368.

Delage P (2014). The oedometer compression curag@e size distribution curve in
loose structured clays. Proc. TC105 Internatioryahi@sium on Geomechanics
from micro to macro (2), 1251 — 1254, K. Soga et edds, CRC Press.
Cambridge, UK

Gaucher G, Robelin C, Matray JM, Négrel G, GroH¥itz JF, Vinsot A, Rebours H,
Cassagnabeére, Bouchet A (2004). ANDRA undergrowsegtarch laboratory:
interpretation of the mineralogical and geochemidata acquired in the
Callovian-Oxfordian formation by investigative ding. Physics and Chemistry
of the Earth 29: 55-77

Geremew Z, Audiguier M, Cojean R (2009). Analysfstlte behaviour of a natural
expansive soil under cyclic drying and wetting. IBuh of Engineering
Geology and the Environment (68) 3: 421-436



Chapter 2. Further insight into the compressiondng behaviour of the COx claystone

[11] Heitz JF, Hicher PY (2002). The mechanical behavmfuargillaceous rocks — some
guestions from laboratory experiments. Proc Int gywdydromech Thermo-
hydromech Behav Deep Argillaceous Rock: 99-108

[12] Marcial D, Delage P, Cui YJ (2002). On the highestr compression of bentonites.
Canadian Geotechnical Journal 39 (4): 812-820

[13] Menaceur H, Delage P, Tang AM, Talandier J (20A4nicrostructure investigation of
the compression-swelling behaviour of shales: tlsecof the Callovo-
Oxfordian claystone. Engineering Geology. (subrdijtte

[14] Mitchell JK, Soga K (2005). Fundamentals of sothdaour. John Wiley New-York

[15] Mohajerani M, Delage P, Monfared M, Tang AM, Sulem Gatmiri B (2011).
Oedometer compression and swelling behaviour of @adlovo-Oxfordian
argillite. International Journal of Rock Mechanesd Mining Sciences 48(4):
606-615

[16] Tang CS, Tang AM, Cui YJ, Delage P, Schroeder G,B5(2011). A study of the
hydro-mechanical behaviour of compacted crushedlliseg Engineering
Geology 118: 93-103

[17] Vales F, Nguyen Minh D, Gharbi H, Rejeb A (2004xpErimental study of the
influence of the degree of saturation on physical mechanical properties in
Tournemire shale (France) Applied Clay Science 26:207

[18] Vales F (2008). Modes de déformation et d’endommmeye de roches argileuses
profondes sous sollicitations hydro-mécaniques. Phbesis Ecole
Polytechnique : Paris

[19] Wan M, Delage P, Tang AM, Talandier J (2013). Watdention properties of the
Callovo-Oxfordian claystone. International Jourmdl Rock Mechanics and
Mining Sciences 64: 96—104

[20] Wang LL, Bornert M, Héripré E, Yang DS, Chanchole (Z14). Irreversible
deformation and damage in argillaceous rocks indlubg wetting/drying.
Journal of Applied Geophysics 107: 108-118

[21] Yven B, Sammartino S, Geroud Y, Homand F, Villiera@007). Mineralogy texture
and porosity of Callovo-Oxfordian claystones of Meuse/Haute-Marne region
(eastern Paris Basin), Mémoires de la Société g@ple de France, ISSN
0249-7549, 178: 73-90

[22] Zhang CL, Rothfuchs T (2008). Damage and sealingayf rocks detected by measure-
ments of gas permeability. Physics and Chemistrythef Earth A/B/C 33

107



Chapter 2. Further insight into the compression{éng behaviour of the COx claystone

(Suppl. 1):S363-73
[23] Zhang CL (2013). Sealing of fractures in claystaheurnal of Rock Mechanics and
Geotechnical Engineering 5:214-220

108



Chapter 3. On the thermo-mechanical behaviour efG@lallovo-Oxfordian claystone

Chapitre 3 : Comportement thermo-mécanique de l'arg lite

du Callovo-Oxfordien

Introduction

L'argilite du Callovo-Oxfordien (COx) sera soumigedes sollicitations couplées:
variation de contrainte lors de l'excavation delenigs et variation de température due a la
nature exothermique des déchets, ce qui rend reéeEstude de son comportement thermo-
meécanique couplé pour une meilleure compréhensetadéponse du champ proche au
voisinage des galeries et des alvéoles de stockage.

Les données sur la réponse thermique des argides rares dans la bibliographie.
Des investigations sur le comportement déviatoriqaed’argilite du COx a l'aide d’essais
triaxiaux ont été realisées par différent auteficsuellement, les données publiées concernant
les propriétés mécaniques apparaissent dispersesa d’'une part de la variabilité naturelle
des propriétés de l'argilite du COx avec en paligcula variation de la composition
minéralogique avec la profondeur. D’autre part, ldi§férences entre les meéthodes
expérimentales adoptées et plus précisément eattairss parametres caracteéristiques des
essais, notamment la taille d’éprouvette, les dmrd de drainage, le degré de saturation et
la vitesse de cisaillement, ont aussi des effettasvariabilité des résultats.

Dans ce chapitre, on présente les résultats d’éne g’essais drainés réalisés au
triaxial a cylindre creux (Monfared et al. 2011)leux températures différentes (25 et 80°C)
sur des échantillons saturés avec soin sous cotriai-situ. L'éprouvette cylindrique creuse
a un diametre intérieur de 60 mm, extérieur de @A@Y, une hauteur de 70-80 mm et un
chemin de drainage court correspondant a la depaesseur du cylindre, soit 10 mm. Le
programme expeérimental réalisé est destiné a étlelitet de la température sur la résistance
au cisaillement et sur les changements de volumeoeditions saturées et drainées dans
I'argilite du COx. Des essais de perméabilité riedamt été également effectués a 25 et 80°C
afin d’avoir une meilleure compréhension de I'effetla température sur la perméabilité.

Ce travail a été soumis dans la reviisternational Journal oRock Mechanics and

Mining Science, on reproduit dans ce chapitre I'article dangesaion en anglais.
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On the thermo-mechanical behaviour of the Callovo-O xfordian

claystone

Hamza MENACEUR, Pierre DELAGE, Anh-Minh TANG!, Nathalie CONIE

! Ecole des Ponts ParisTech, Navier/CERMES, France

2 Andra, Bure, France

Abstract

The Callovo-Oxfordian (COx) claystone is consideasda potential host rock in the
French concept of high level radioactive waste assp at great depth. To better understand
and to complement existing published data on teentb-hydro-mechanical behaviour of the
COx claystone, an experimental program was caoigdy using a hollow cylinder triaxial
device specially developed for low permeability enatls. Special care was devoted to the
saturation of the specimens that was made undessstronditions close to in-situ, and to
conditions ensuring full drainage thanks to a redudrainage length and low shear rate.
Tests were carried out under in-situ, half to torsind twice the Terzaghi mean effective in-
situ stress at 25°C and 80°C to investigate theceffin the close field of the temperature
elevation due to the exothermic nature of the waStane radial permeability tests were
conducted at various temperatures. The data obtashewed that there is little effect of
temperature on the elastic parameters determinieelieas a tendency to a decrease in shear
strength was noted, compatible with the few puleliskdata. Temperature also appeared to
have little effect on the intrinsic permeabilityjthvhigher flows mainly due to the decrease

in water viscosity.

Keywords

Claystone - Permeability - Excavation damaged z@teear band - Undrained heating - Self

sealing.
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1. Introduction

In many countries (including Belgium, France andit3svland), deep argillaceous
formations are considered as potential host rockhfe disposal of high activity radioactive
waste at great depth. Because of low permeabgagd self sealing properties and ability to
retain radionuclides, the Callovo-Oxfordian (COlgystone has been selected in France as
potential host rock by Andra, the French agencytlier management of radioactive waste.
Andra developed an Underground Research Labordigrin the COx layer at a depth of
490 m near the village of Bure (East of Francepédorm in-situ investigations devoted to
various aspects of radioactive waste disposal,udicf the thermo-hydro-mechanical
response of the host rock in the close field, infigurations close to that prevailing during
the operational phase of the waste disposal [1].

In the French concept, the canisters containiegakioactive waste are to be placed in
disposal cells that consist in horizontal casedroimnels of 70 cm in diameter and at least
80 m in length. Due to the exothermic nature ofaactive wastes, the rock in the close field
and the excavation damaged zone (EDZ) around disposls and galleries will be
submitted to a temperature elevation. A maximumpienature of 90°C at the cells wall is
considered in the French concept, a condition tfa&t obvious economic consequences in
terms of both the density of the network of galland disposal cells and the number of
canisters that can be placed along a given lerfgtiRaavated disposal cell.

Various investigations have been carried out orthieemal behaviour of clays but that
of claystones is much less documented. In clays,ifiportance of the overconsolidation
ratio has clearly been emphasized, with significafiects in volume change and shear
strength response [1, 2, 3, 4, 5, 6].

Various investigations have been carried out atfmeithydro-mechanical behaviour of
the COx claystone based on triaxial tests [7, 8@®,11]. Actually, published data on the
shear strength properties of the COx claystoneappebe somewhat dispersed partly due to
the natural variability of the properties of theydtone. The mineralogical composition of
the COx claystone changes with depth, in particulaerms of clay and calcite content. The
depth of 490 m at which the Bure URL has been eatemlvcorresponds to a maximum clay
content of around 50%, selected to ensure the ibekiting properties in terms of low
permeability, self-sealing and radionuclides retajrability.

Another possible reason of the observed dispersibrihe published mechanical

characteristics of the COx is related to the vaitesting methodologies adopted. A first
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important parameter is the specimen size that eolsWyocontrols the easiness and the period
of time necessary to fully saturate specimens. sitene specimens can be significantly
desaturated due to the consecutive effects of godare isolation from evaporation, core
transportation and storage and, finally, machinimghe laboratory. Claystones are very
sensitive to changes in water content and triateats carried out at various degrees of
saturation evidenced a significant increase ofntteehanical strength with lower degree of
saturation [8, 9, 12, 13, 14].

Another parameter largely dependent on the specsizens the quality of the drainage
ensured during triaxial testing. Due to the veny jpermeability of claystones (around %0
m? for the COx claystone), fully drained tests that mecessary for a sound determination of
their intrinsic mechanical characteristics areidifit to achieve [15]. Good drainage can be
ensured either by adopting slow enough shearirg oatby adopting testing devices with
small drainage length. This can be made eitherebting small specimens or by adopting
specimen shapes with reduced drainage length B5.1]. These aspects will be commented
in more details later.

In this paper, fully saturated and fully draineidxral thermal tests were carried out on
COx specimens by using a hollow cylinder thermalkial device with short drainage length
specially developed for low permeability geomater{a6]. This thermal device has already
successfully been used to test the Boom clay fratgiBm [17], the Opalinus clay from
Switzerland [18] and the COx claystone from Fradi@. The experimental program carried
out here was aimed at further investigate the tffet temperature on the shear strength
response of the COx claystone by comparing testeedaout at 80°C with tests run at 25°C,
following the work of Mohajerani et al. [19] on timeal volume changes. Triaxial tests were
complemented by constant head radial permeabiéstst run at both temperatures to

investigate the effects of temperature on permigabil

2. The Callovo-Oxfordian claystone
2.1. Mineralogical composition

The COx claystone is a sedimentary rock deposif&dniillions years ago on top of a
layer of Dogger limestone that was afterwards ceddry an Oxfordian limestone layer. The
thickness of the COx layer is about equal to 150 h& COx claystone is composed of a clay

matrix containing some grains quartz and calcitahwa mineralogical composition
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depending on depth with significant changes in @aabe and clay contents. At the depth of
the Bure URL (490 m), the average mineralogical position of COx claystone is as
follows [20]: 45-50% clay fraction composed of 1492 interstratified illite/smectite layers,
17-21% illite, 3-5% kaolinite, 2-3% chlorite. Théagstone also contains 28% carbonate,
23% quartz and 4% other minerals (feldspars, pydi@omite, siderite and phosphate
minerals). The total porosity varies in the COxelapetween 14% in carbonated levels and
19.5% in the more argillaceous levels [21].

The characteristics of the specimens tested asepted in Table 1. Specimens come
from various cores named EST45414 (specimen SThd&B8 m), EST30734 (S2, depth
612 m) and EST285nn (S3-S4, depth 479 m) and ENAE5, depth 499 m). These cores
have been extracted at distinct locations. Theyewszlected because they are located
approximately at the same level in the claystogerlaSpecimen S1 and S5 have a porosity
between 13 and 13.5% and a water content arourid 2@responding to degrees of
saturation between 38 and 39%. A suction of 109 M@@a measured in specimen S1 by
using a WP4 dew-point tensiometer. Specimens S2n8354 have larger porosity between
16.5 and 17.8%, higher water content of around 6%esponding to degrees of saturation
between 80 and 85%. The suctions of specimens 82%54dnare equal to 31 and 34 MPa,
respectively.

Table 1. Initial characteristics of the tested speas.

Water Dry unit Degree of Suction

Depth Height Porosity

Specimen Ref. Core (m) (mm) C(z(r;fnt ('\r)lgfnss) (%) sat(lé;)a)\tlon (MPa)
S1 EST45414 498 73.13 211 2.35 13.0 38 109
S2 EST30734 612 73.95 5.88 2.26 16.5 80 31
S3 EST28514 477 75.00 6.76 2.21 17.6 85 -
S4 EST28518 479 71.02 6.10 2.20 17.8 80 34
S5 EST45407 499 72.60 2.27 2.34 13.5 39 -

2.2.  Shear strength and thermal effects in the COx  claystone

Published data about the shear properties of the dZystone determined by running
triaxial tests are variable. This is due to theuratvariability observed in the COx claystone
layer. The specimens tested do not necessarily éamethe same borehole location or from
the same depth whereas the mineralogical compositiche claystone is dependent upon
the depth at which the specimen has been coredn&iance, specimens with higher calcite

content and smaller clay content extracted frorerdgyleeper than that of the Bure URL (that
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is located at the level of maximum clay contentg atiffer and stronger, as recently
confirmed in terms of Young modulus by means ofroviadentation and mini compression

tests (UCS) run by Hu et al. [22] on COx unsatutagpecimens extracted from depths of
490, 503 and 522 m. By testing COx specimens franous depths, Chiarelli [7] showed

that the Young modulus increased with larger ocalcibntent (between 6 and 15 GPa for
calcite content between 20 and 52%) and decreaskdanger clay fraction (between 15 and

6.5 GPa for clay fraction between 28 and 50%).

Beside natural variability, the testing procedurdo@ed is another important
parameter to consider when comparing the data framous laboratories on COx specimens.
Tests have been run in both saturated and unsaducainditions with drainage conditions
not always described in enough detail. By runnirgeaes of unconfined compression tests
on COx specimens equilibrated at various suctiatsvéen 2.7 and 155.2 MPa (by using
saturated saline solutions), Pham et al. [13] cordd the sensitivity of the COx claystone to
changes in water content already quoted by Chiatedll. [8], Zhang and Rothfuchs [9] and
more recently by Zhang et al. [23]. They obtaineshds comparable to that evidenced by
Vales et al. [12] on the Tournemire shale, witmgigant increase in strength in drier states.
The unconfined compression strengths that Phaml. €tl3] obtained at failure varied
between 27 MPa in a state close to saturated @8 relative humidity (suction 2.7 MPa,
water content 5.24%, degree of saturation not giaad 58 MPa in a much drier state under
a 32% relative humidity (suction 155.2 MPa, watentent 1.65%, degree of saturation not
given).

Prior to inspect further experimental data, it i@sd useful to present the technical
procedures used and published in the literaturdediveg the depth at which specimens were
extracted, the size of the specimen, their porpsigiter content, degree of saturation, testing
rate and drainage length (an important paramettir kgspect of drainage conditions). The
data obtained in the works of Chiarelli [7] and &#Rlli et al. [8], Zhang and Rothfuchs [9],
Pham et al. [13] and Hu et al. [11] are presentefable 2. One can see that various sizes of
triaxial specimens have been used, the smalleaglibe 20 x 20 mm cylindrical specimen
used by Hu et al. [11], the longest one being ®@ mhm high and 35 mm diameter used by
Chiarelli [7] and Chiarelli et al. [8]. Pham et 3] used a specimen of 72 mm in height and
36 mm in diameter whereas Zhang and Rothfuchsg4&{i & slightly larger specimen (40 mm
in diameter and 80 mm in length). Both sizes aoselto standard triaxial specimens of 38

mm in diameter and 76 mm in height.
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Whenever carried out, the saturation procedure rnieasalways been described in
details by the authors. Some values of degreetafagan are given, that correspond to the
initial one as obtained when receiving the specimmethe laboratory (i.e. between 73 and
100 % for Chiarelli [7] and Chiarelli et al. [8] whtested their specimens at their initial
degree of saturation). The smallest degree of a@bar was obtained after drying to
investigate the effects of change in water contenthe shear strength (1.65% by Pham et al.
[13] and 2.8% by Zhang and Rothfuchs [9]). Althoublky did not comment about their
saturation procedure, Zhang and Rothfuchs [9] abthalmost fully saturated specimens at
S = 99%. On their small specimen, Hu et al. [11]ieebd complete saturation by imposing
a 1.5 MPa back-pressure on the bottom of the smecumtil monitoring the same value on
the top. The change with time of the pore pressneasured at the top of the specimen
indicated that full saturation occurred after 7Qifsan the 20 mm high specimen.

The drainage conditions imposed during the tegtsat always described in detail. It
seems that most often drainage was ensured by patses on top and bottom of the
specimens. The other important parameter is tlanstate imposed, that varies between the
largest value of 6.5 x 10 (Zhang and Rothfuchs [9]) in undrained tests deovh0’ s in
Hu et al [11] in drained tests with a drainage tengf 10 mm. The corresponding speeds are
also given in Table 2 in pm/mn, knowing that drdinests in clayey soils (permeability of
10*'m?) are typically conducted at a speed of 1 pm/min &itl9 mm drainage length equal
to the specimen radius, thanks to lateral drairedigsved by filter papers placed all around
the sample. In this regard, given the claystoneameepermeability of I8 m?, it seems that
drainage was not ensured in the tests of the Traiplevith speeds larger than 3um/mn and
drainage lengths larger than 40 mm. Conversely,sthain rate of 10s* (speed of 0.12
pm/mn) adopted by Hu et al. [11] with a drainagegth of 10 mm should ensure satisfactory
drainage.

Note that, in fully saturated clayey soil specimangperfect drainage leads to over-
estimate the shear strength. When specimens aréulhptsaturated, things are different
because water is under a suction state and genkeaps retained by the specimen with only

air exchanges. The shear strength properties esnbtil over-estimated by partial saturation.
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Table 2. Characteristics published tests abousliear properties of the COx claystone.

Authors N° Depth Spec. | Spec. Porosity Water Degree of | Type of test | Testing rate
Specimen | (m) height | diameter | (%) content | saturation (sh
(mm) (mm) (%) (%) pm/mn
Drainage
lengthH
Chiarelli EST 451- 100 35 11.5* 4-57 73-93 Triaxial 6 x 10
(2000), 02172 467 Est. 3.6um/mn
Chiarelli et 15.3 H =50 mm
al. (2003)
Chiarelli EST 469 100 35 11-135*%| 4-7 85—-100 | Triaxial 6 x 10°
(2000), 02277 Est. 3.6um/mn
Chiarelli et 14.6-18 H =50 mm
al. (2003)
Chiarelli EST 482 100 35 11.8 - 4-7 90 - 100 Triaxial 6 x 10
(2000), 02354 13.8* 3.6pm/mn
Chiarelli et Est. H =50 mm
al. (2003) 15.7-184
Zhang & EST 487 80 40 16.1 7.1 99 uUcCs 6.5 x°10
Rothfuchs | 05677-02 3.1um/mn
(2004) H =40 mm
Zhang & EST 487 80 40 16.1 2.8 39 uUcCs 6.5 x°10
Rothfuchs | 05677-04 3.1um/mn
(2004) H =40 mm
Zhang & EST 487 98 50 16.1 7.1 99 Undrained| 6.5 x 10°
Rothfuchs | 05677-01 triaxial 3.8um/mn
(2004) multistage H =49 mm
Pham et al. | EST 451 72 36 10-14 1.65— | VariousS§ | UCS Not given
(2007) 205D 5.24
(2014a) EST 521.5 20 20 11.8 6.2 100 Triaxial 1"
30446 0.12pum/mn
H =10 mm

* porosity value obtained by Chiarelli et al. (2Q0GBm mercury intrusion porosimetry tests. Estieshtotal porosity values are
given in italics based on our observation that 28%e total porosity was not intruded at 200 MR ¢hie tests that we performed on
COx specimens at 490 m.

Fig. 1 presents a synthesis of the shear strerggth fdom tests of Table 2 from the
authors mentioned above, plotted in a diagram gitive shear stress at failure with respect
to the constant confining Terzaghi effective stragplied during the test. One observes that
the data of Chiarelli [7] at various depths withryiag degree of saturation exhibit more
dispersion and are located clearly above other, gatdably because of partial saturation.
The most coherent set of data is provided by Hal.efl1] on specimens EST30446 from
vertical borehole in the URL at a depth of arourl.5 m, with good correspondence
between drained and undrained saturated testsddiaeof Zhang and Rothfuchs [9] come
from both UCS tests and two multistage undrainststen apparently saturated specimens
(saturation procedure not described in the papler)perfectly saturated clayey soils,

undrained triaxial tests carried out at variousficmmg stresses would provide a horizontal
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failure criterion providing only one value of undred shear strength. It is not the case here
with a slope comparable to that obtained in drar@atitions. Imperfect saturation could be
a reason why the criterion is not horizontal. Tlagadof Hu et al. [11] provide, adopting a
Mohr Coulomb criterion, a friction angle around 216se to what could be obtained from
that of Zhang and Rothfuchs [9]. The data of Chiafé], [8], more dispersed, would
provide higher friction angles.

The cohesion that would be obtained from Zhang Rathfuchs [9]'s data (9 MPa,
Fig. 1) is higher than that from Hu et al. [11] spioly due to partial saturation as well. This
Is compatible with data on the shear strength ptigse of unsaturated soils [24] that
evidenced little effect of suction on the frictiangle but significant effect on the cohesion,
the higher the suction, the higher the cohesion.

There is little published data on the thermal béhavof claystones. In terms of
volume changes in clays, the important influencewa&rconsolidation, initially evidenced by
Hueckel and Baldi [2] on Boom clay and Pontida clags confirmed by others (see for
instance [4] on Boom clay and [5] on compacted )l#tyis well established that normally
consolidated clays (that never supported any ovddmuhigher than what they supported
when extracted) contract when heated under conkiadtwhereas overconsolidated clays
(that supported during their geologic history arertwarden higher that what they were
supporting when extracted, due for instance toienosf upper layers) tend to exhibit elastic
thermal expansion. A combined dilating-contractbehaviour can be observed on slightly
overconsolidated clays, like for instance Boom clay

The volume changes of the COx claystone submitigeérmperature elevation under
constant isotropic stress close to in-situ condgiwas recently investigated in fully saturated
and fully drained conditions by Mohajerani et dl9] by using the hollow cylinder triaxial
apparatus. They observed a thermal contractiodeaeing behaviour comparable to that of
normally consolidated clays. On the Opalinus cMgnfared et al. [18] observed a dilating-
contracting behaviour with expansion up to a terafee of 65° close to the maximum
estimated temperature supported during its geadbdicstory (65-70°C). Expansion was
followed by contraction at higher temperature (op80°C). Interestingly, a subsequent
temperature cycle up to 80°C exhibited thermal agmm, evidencing a thermal hardening

phenomenon.
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Fig. 1. Published shear strength data of the C@ystbne.

Zhang et al. [25] run at various temperatures (fiznto 115°C) undrained triaxial
shearing tests (strain rate 10-7 s-1) under con8t&iPa confining stress on Opalinus clay
specimens with bedding planes inclined of 30-40fe Bpecimens had an initial degree of
saturation of 88%. Zhang et al. [25] observed ichstonditions a more ductile behaviour at
elevated temperature with clear decrease in stnethgt to temperature elevation (maximum
shear strength of 20 MPa at 20°C and of 5 MPa at@)l More recently, Zhang et al. [26]
conducted triaxial micro-compression tests on wmatéd standard triaxial specimens
submitted to a relative humidity of around 74%. yiobserved little sensitivity with respect
to temperature in the stress strain curves obtadeteen 20 and 95°C under a confining
stress of 15 MPa (around twice the in-situ effectress), whereas a decrease in peak stress
(with small sensitivity in the elastic regime) walsserved under a confining stress of 5 MPa
(smaller than the in-situ stress). Masri et al.][2@nducted a series of what they called
“pseudo-drained” triaxial shear tests at tempeeaturetween 20 and 250°C under three
confining pressures (5, 10 and 20 MPa) at an atiain rate of 18 s* on specimens not

fully saturated (degree of saturation not providegpecimens of 37 mm in diameter and
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74 mm in height were bored with air pressure frarbic blocks extracted in the Tournemire
URL (France). Their observations are comparabléhtd made by Zhang et al. [25] on
Opalinus clay, with significantly more ductile bef@ur observed at elevated temperature
and peak stress decreasing from 90 MPa at 20°C dow0 MPa at 250°C (tests run with
bedding perpendicular to specimen axis).

The two previous works indicate that there is g&usn of having an increase in ductility
and a decrease in shear strength in claystoneselgttated temperature. However, due to
obvious experimental difficulties, these result® drased on tests that have not been
conducted under fully saturated and drained camuti The necessity and interest of
exploring this issue with well adapted devices prmtedures, as proposed in this work, are

hence confirmed.

3. Experimental device

3.1. Description

A global overview of the hollow cylinder triaxiaklh specially designed to investigate
the thermo-hydro-mechanical behaviour of low peioigg clays and claystones [16] is
presented in Fig. 2a that schematically showsribgial cell containing the hollow cylinder
specimen (external diametBg,;= 100 mm, internal diamet&;,; = 60 mm, heighH = 70-

80 mm). Note that the same confining pressurepiiegpalong both the external and internal
lateral faces of the specimen thanks to a connetigdween these two volumes. As shown in
Fig. 2a-b, a major advantage of this device is joiex¥ by the two lateral drainages in the
inner and outer walls of the hollow cylinder speeimThese drainages are made up of two
geotextiles bands placed along the specimen, witltontact between the bands and the
upper and lower drainages. These lateral drainaggsce the specimen drainage length
down to half the thickness of the hollow cylinder. 10 mm. Satisfactory drainage
conditions are achieved during mechanical and thetoading provided the strain rate and
temperature elevation rate is small enough. Nurakdalculations carried out by Monfared
et al. [18] showed that a stress rate of 0.5 kPagmsured satisfactory drainage in hollow
cylinder specimens with permeability as low ag%r@?.

The axial force is applied by using an integratedom specially developed (Fig. 2a).
The displacements of the piston are controlled lpyressure-volume controller (maximum

pressure of 60 MPa) connected to the upper chaaflibe piston. The applied axial force is
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directly measured by a local immersed force sefised at the bottom end of the piston. It
can also be estimated from the pressure exertechaadured by the PVC.

Fig. 2b shows a schematic view of the hydraulicremtions between the specimen, the
pressure-volume controllers (PVC) and the pressaresducers (PT). PVCL1 is used to apply
the confining pressure whereas the other three PAf€sised to apply and control the pore
fluid pressure. The device also comprises a sysi&d to monitor local strains composed of
two axial and four radial local displacement transets (LVDTSs, precisiot 1um, Fig. 2c).

The heating system consists of a heating elecwit gdaced around the cell with a
temperature regulator with a precision#f.1°C. Temperature is measured inside the cell
close to the specimen by a thermocouple. The salbvered by insulating layer in order to

limit heat exchanges with the environment.
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Fig. 2. (a): Hollow cylinder triaxial cell, (b):cBeme of the hydraulic connections, (c): Localistra
measurement system.
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3.2. Preliminary resaturation procedure

As shown by Monfared et al. [16], an interestingttee of the hollow cylinder triaxial
cell is its ability to ensure good initial satucati of specimens of very low permeability
(around 13° m? in the case of the COx claystone) within a reastenperiod of time thanks
to a drainage path equal to half the thicknesshefhollow cylinder. Proper preliminary
resaturation of specimens that have been desaludaténg coring, conservation, transport
and machining in the laboratory is essential. Tiigal degree of saturation of the specimens
appears to be an important parameter with respesggcimen quality.

As recalled by Delage et al. [28] on the Boom clMgnfared et al. [18] on the
Opalinus clay and Mohajerani et al. [29] on the G&ystone, it is important to resaturate
specimens of swelling clays under stress conditose to in-situ ones in order to avoid
further perturbation due to swelling during hydoati The in-situ state of stress at the level of
the Bure URL has been investigated in detail byewghu et al. [30] who provided the
following values: vertical total stress = 12.7 MPa, minor horizontal total stregg= 12.4
MPa and major horizontal total stresg=16.2 MPa, situ pore pressue= 4.7 MPa.
Mohajerani et al. [29] used a confining stress afMPa and a pore pressure of 4 MPa,
resulting in a Terzaghi effective stress of 8 MBa. as to reduce the risk of leaks due to
possible perforation of the neoprene jacket undgr stresses, it was preferred here to adopt
the same Terzaghi 8 MPa effective stress value lwitrer values, i.e. a 9 MPa confining
pressure and a 1 MPa pore pressure.

Fig. 3 shows the volume changes calculated fromvwtaeer injected from the back
pressure PVCs compared to that monitored by loddDT measurements during the
saturation phase of tests T3 (specimen EST2851lsip ¢ = 17.6%, initial degree of

saturationS; = 85%) and T6 (specimen EST454@% 13.5%,Si = 39%). The curves show

that the stabilization of the water injected andhef volume changes derived from the local
LVDTs occurred after two days in both cases. Thyghéi volume change obtained from the
water injected from the PVC is due to the effecthaf water volume needed to saturate the
porous elements in contact with the specimenthe.lateral geotextiles and the upper and
lower porous discs. One can also observe that #terwnjected from PVCs in test T6 (7.4%,
Si = 39%, Fig. 3b) is significantly larger than thajected in test T3 (2.3%S; = 85%,
Fig. 3a) because of the significantly smaller alitlegree of saturation in T6. A slightly
larger swelling is monitored by the LVDTs in tes? 71.18% compared to 1.04% for T6),
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perhaps linked to the difference in clay fractietvileen both specimens, with a larger clay
fraction in the more porous T3 specimen (porosity%).
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Fig. 3.Volume changes and water exchanges during resatuatiase; (a) test T3, (b) test T6.

3.3. Radial permeability tests

Steady state permeability measurements were cartiely applying a radial pressure
gradient across the specimen and by measuringurdia outflow fluxes by using the PVCs.
Permeability tests were carried out on specimertls an initial backpressure of 1 MPa by
closing the valves connected to the top and bottdnthe specimen and by applying a
pressure excess of 0.5 MPa through the externakxde while maintaining the internal

pressure equal to 1 MPa.
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The radial intrinsic permeability (m?) was calculated using the flow rates as follows:

k - Qﬂwln(Rext/Rint)
' 27hAu

1)

whereQ is the water flowj4, the water viscosity (equal to 8.80L0“ Pa.s at 25°C and 3.55
x 10% Pa.s at 80°C)Rex and R the external and internal specimen radius, respsyti
(Rext = 50 mm;Rrt = 30 mm);h the flow height (h =50 mm); andu the pressure difference

between the inner and outer walls of the specirden=(0.5 MPa).

3.4. Comments on the hollow cylinder device

As commented previously, the advantages of theowotlylinder device in term of
both resaturation duration and drainage conditemesprovided by the short drainage length
equal to half the thickness of the cylinder (10 mthanks to the external and internal lateral
drainages. Compared to small triaxial specimens d@ls0 have short drainage paths, the
hollow cylinder configuration also allows the mamihg of axial and radial local strains
thanks to the larger specimen size. Also, this ifipeconfiguration allows perform radial
permeability tests in sheared specimens by fortiegwater flux in the network of shear
bands. This ability has proven being quite usefulthe investigation of the self-sealing
properties of the Boom clay [17] and of the Opadiralay [31]. However, based on the
experience gained in the previous studies duriegltMODAZ European project (see Li et
al. [32]) and also gained in previous investigati@arried out on the COx clay [19], some
difficulties have been met in link with the diffidy of machining 100 mm diameter hollow
cylinder specimens (see Monfared et al. [17] forendetails). This firstly requires large
cores of 100 mm in diameter, which is expensive @otdso common. Most cores presently
extracted from the Bure URL by Andra have a diamet80 mm. In this study, good quality
hollow cylinder specimens were obtained on a |atbecially devoted to trimming claystone
specimen at CEA, the French research instituteiahesar energy.

For this reason of availability of large diameteres, the tests of this program had to
be carried out on available specimens from diffe@gins and initial characteristics, as

shown in Table 1.
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3.5. Experimental program

Five different loading paths were performed on lsallow cylinder specimens that
were machined with the axis perpendicular to begldm investigate some aspects of the
thermo-hydro-mechanical behaviour of the COx clatyst as described in Table 3 and in
Fig. 4. The same stress path was followed for fE8tand T3. All specimens were previously
saturated as described in section 3.2. Tests TAT32and T4 were carried out along paths
aimed at investigating the shear response at 288Ghown in Fig. 4. To do so, constant
confining pressure tests were carried out at 29%Secto in-situ conditionds = 9 MPa
u =1 MPa), around half the in-situ conditiooz(= 5 MPa,u = 1 MPa) and twice the in-situ
condition (g3 = 17 MPau =1 MPa).

The same program was planned at 80°C but the kmshgd under twice the in-situ
stress condition failed due to leakage and no rhollew cylinder specimen was available to
do it again. The tests under constant confiningsstfinally performed at 80°C were test T5
on specimen EST45414 (like T1) under stress carditiclose to in-situds = 9 MPa
u =1 MPa) and test T5 on specimen EST 45407 undethw®lh-situ conditionds = 5 MPa,
u=1MPa).

Table 3. Experimental programme.

Test Specimen  Ref. Core Programme Permeability tes
T1 S1 EST45414  Shear under 8MPa at 25°C [B-C] -
Isotropic unloading tao' = 4MPa (swelling)
2 S2 EST30734 [B-C], shear at 25°C [C-D]
Isotropic unloading tao' = 4MPa (swelling)
T3 S3 EST28514 [B-C], shear at 25°C [C-D]
Drained isotropic compression up to = )
T4 S4 EST28518 16MPa [B-C], shear at 25°C [C-D]
Drained heating up to 80°C [B-C], shear under )
T5 S1 EST45414 o = 8MPa at 80°C [C-D]
Isotropic unloading toc' = 4MPa [B-C],
T6 S5 EST45407 drained heating up to 80°C [B-C], shear at 80°C [B], [C], [D]

[C-D]

The tests carried out under half the in-situ caadiaire expected to swell during the
stress release from the initial in-situ conditiardar which they have been resaturated (see
Mohajerani et al. [33]). Particular care was putaliowing this swelling phase to make sure
that the specimen reached equilibrium in water e@ontlt seemed that this stress path was

preferable to get a relevant response, compardtiecstandard stress path in which the
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specimen would have been directly submitted todisred stress state prior to perform the
resaturation procedure.

Steady state permeability tests were also plannesbime tests. Their interest is to
provide further insight on the effects of temperatucompression and swelling on the
permeability. Successful radial steady state pebiatests were performed in test T6 at
points B (after resaturation), C (after swellingdeD (after heating the swelled specimen up
to 80°C).

q 4 q
(a) o° (b) @°
/ 1
1 13
13 [
=1 1
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A B ! A >
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TO1 (EST45414) TO3 (EST28514)
T
T
q q A
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(c) ® (d)
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‘ @
13
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-l o
TO4 (EST28518) TOS5 (EST45414) 1.
*
‘0
T 3
T T =80°C .‘
C
q A
o ©

a
>
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Fig. 4. Thermo-hydro-mechanical paths followed during &t carried out.
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4. Experimental results
4.1. Testat 25T

Test T1, a drained shear test at constant confistiregs close to the in-situ effective
stress, was carried out with a constant axial deghent rate of 04m/mn while measuring
the strength by using both the immersed force gaimgethe pressure measurement provided
by the PVC applying the axial force. One observeBig. 5 the changes in axial, radial and
volumetric strains with respect to the shear stres{q = 01 - 03). The curves show that the
maximum value of the shear stress at peak is 23 MR@od correspondence was observed
between the force measured by the immersed foragegand that obtained from by the
external measurement provided by the CPV pressppéed on the piston chamber (not
given here). The peak is reached at 0.62% of laga&l strain and 0.24% of local radial
strain. Note that the two axial LVDTs transduceavérnot moved at the beginning of the
test, up to 4 MPa of shear stress.

Fig. 5 also shows that the axial strain at peakdolly external LVDT is of the order
of 1.45%, significantly higher than the 0.62% siraionitored by the local axial LVDT. This
difference is due to the non-negligible effectdlod compressibility of the whole system of
axial stress application. It shows that Young's uhaesl obtained from external axial

measurements might be significantly underestimated.

25 — 0 (MPa)

> External axial

B —(O— Local axial
0, =9 MPa —{ — Radial
—/\—— Volumetric
EST45414 <
17 " 17 " 17 "' T T 71T T/
1 0.5 0 0.5 1 15 2 25

Strain (%)

Fig. 5. Drained shear test under in-situ effecsitresses at 25°C, test T1.
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A contracting dilating behaviour is observed befoeaching the peak with a transition
observed at 16.5 MPa. The post-peak response tsolted by strain localisation and the
response of the resulting discontinuity observedrdilure. Indeed, one observes on the
photographs of the specimen at the end of the(kégt 6) a network of shear bands with an
inclination of 66° with respect to horizontal. Calgo notes the darker colour of the specimen
due to full saturation, compared to the initialackr grey colour of COx specimens.

Fig. 6.COx claystone at the end of the test T1.

Once resaturated under in-situ stress conditioa,specimens of tests T2, T3 and T6
were unloaded to a stress state close to halfrtfsitu one ¢3 — u = 4 MPa) in drained
condition with the four drainages connected to & R@posing a backpressute= 1 MPa.
To do so, the confining pressure was decreased &¢on5 MPa at a slow rate of 1 kPa/mn.
During this phase, the specimen volume monitoredL¥PTs transducers increased by
1.21%, 1.12% and 0.63% after 12 days for testsTB2and T6 respectively. In a standard
fashion, more swelling was observed in the direcperpendicular to bedding as seen in
Fig. 7. The larger swelling observed in the speaisnef tests T2 and T3 of larger porosity
(16.5 and 17.6% respectively) confirm the effectaofarger clay fraction, as previously
mentioned in Section 3.2 when describing the reatitun phase.

Specimens were afterwards maintained under a daogfpressure of 5 MPa for a few
days in order to see possible swelling under ataohgnean effective stress lower than the
in-situ one (~8 MPa). A volumetric swelling ratiof @.013%/day, 0.022%/day and
0.010%/day were measured by LVDTs for T2, T3 andepectively.
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Fig. 7. Drained isotropic unloading phase, (a); (62: T3, (c): T6.
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The specimens of tests T2€ 16.5%) and T3¢= 17.6%) were then sheared under a
constant confining stress equal to half the in-gsiftective stress (4MPa) in drained
conditions with axial displacement rates of jGfBmn and 0.Am/mn respectively. Fig. 8
shows the axial, radial and volumetric strains gesnwith respect to shear stress for both
specimens. A peak strength value of 10.5 MPa al axid radial strains of 1.06% and 0.24%
respectively is observed for T2. A peak strengthievaf 10.3 MPa at axial and radial strains
of 1.01% and 0.33% respectively was obtained for Sfwing good repeatability in the
response of those two specimens of comparable iporos

g (MPa)

¢ External axial
—— Local axial

—{ — Radial
—/\—— Volumetric

0,=5MPa

EST30734 2

[ = 1 1 17 1 T
-1 -0.5 0 0.5 1 1.5 2 2.5
Strain (%)

(b) 12 — 9 (MPa)
O
<&
<&
<& ¢ External axial

—(— Local axial
0; =5 MPa < —{ }— Radial

—/\—— Volumetric

2 <&

EST28514
- 10 1 vt 1 1 T ]
1 -0.5 0 0.5 1 1.5 2 2.5

Strain (%)

Fig. 8.Drained shear test under half in-situ effectivesdes at 25°C, (a): test T2, (b): test T3.
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Fig. 9 presents the axial, radial and volumetniaistwith respect to the shear stress for
specimen of test T4 under a constant value of norgistress close to twice the in-situ one
(8 MPa) with a peak strength at 25.5 MPa at axima eadial strains of 1.15% and 0.60%

respectively.

30 — 9 (MPa)
<&
&
¢ External axial
B 10 S —()— Local axial
0, =16 MPa — I Radial
——/\—— Volumetric
EST28518 5 <&
rF = 10 1 1 " 1 7
-1 -0.5 0 0.5 1 1.5 2 2.5

Strain (%)

Fig. 9. Drained shear test under twice in-situctfie stresses at 25°C, test T4.

4.2. Drained heating test

Once resaturated under an effective confining stedsse to in-situ (cell pressure

0,= 9 MPa, back pressute= 1 MPa), a drained heating test (T5) was camgidunder the

same constant effective stress on specimen EST464243%). A comparable test (T6)

was carried out under half the in-situ effectivesses ¢,= 5 MPa,u = 1 MPa) on specimen

EST45407 = 13.5%). To do so, the cell was slowly heatedaup0°C with a slow heating
rate of 0.5°C/h [4, 18], keeping the four drainagen (top, bottom, lateral inner and outer).
Fig. 10 presents the thermal local axial, radiad &olumetric strains obtained from
LVDT measurements during the drained heating festalready observed by Mohajerani et
al. [19], they show that the drained thermal voltmoaesponse of the COx claystone under
constant in-situ stress is characterized by a aotitm occurring from the beginning of the
test, with axial strains slightly larger than rdditrains, showing slight degree of anisotropy

in the thermal response. This anisotropy shows ttitdirection perpendicular to bedding
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(axial strains) is somewhat more sensitive tham plagallel to bedding (radial strains). At
80°C, the axial strain is equal to 0.06% (charister by a slop&r, = 1.14 x 1F CY),
compared to 0.06% for the radial strain (charasgeriby a slop&€r; = 1.06 x 1¢ C?),

resulting in a slope of 3.16 x 20C™ for the volume changes.

Cyy = 1.06 x 10 T

80 — y o
7] d ,A/
70 — ©Crp=1.14x10°TL L5
) o AN .
£ 60 — 7 - C,=3.16x10° T
P
g s
@ 50 — //f —(— Axial
g /X —{ I Radial
g 40 — / - —/\— Volumetric
'_
0 EST45414
Contraction
L L L L L I L L L

0 0.02 0.04 006 008 01 012 0.14 0.16 0.18 0.2
Strain (%)

Fig. 10. Axial, radial and volumetric strains me@sbduring a drained heating test (0.5°C/h) undesitu
effective stresses, test T5.

Fig. 11shows the thermal response obtained during theehiaheating test carried
out under half the in-situ effective stresses (T€gt The changes in axial strain also indicate
a continuous and almost linear contraction with lapes (perpendicular to bedding)
Cr=0.96 x 10 C™. In this test, no more change was observed iratattiain above 37°C,
due to some friction effect in the radial LVDT. Hewver, the changes in axial strain observed
up to 37°C are comparable to the radial ones, waitlslope (parallel to bedding)
Cr, = 0.77 x 10 °C™. Based on this value, a volumetric thermal comimaccoefficient of
2.49 x 10° °C* is obtained. Thermal contraction appears to kghti smaller under half

in-situ stress conditions than under in-situ ones.
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Fig. 11. Axial, radial and volumetric strains me@slduring a drained heating under half in-siteetife
stresses, test T6.

4.3. Shear tests at 80C

Once the drained heating phase completed, specimoerssts T5 and T6 were
submitted to drained shearing with a constant adgigplacement rate of Qu&/min and
0.4um/min respectively. Fig. 12a shows that the shéass at 80°C under in-situ stress
condition reached a peak value of 20 MPa at 0.7b%kial strain and 0.31% of radial strain
in test T5. The volume change is characterized bgrdracting behaviour, at the beginning
(up to a 14.6 MPa), followed by a dilation phasetaghe peak. As previously, Fig. 12a
shows that the axial strain found by an externabhsueement at peak is about 1.2%,
significantly higher than that given by the locaasurement.

The shear test at 80°C carried out under half thgitu effective stresses (4MPa) is
presented in Fig. 12b. This curves shows that learsstress reaches its maximum value of
16 MPa at 1.25% and 0.35% of axial and radial straspectively.
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Fig. 12.Drained shear test at 80°C, (a): test T5, (b): Tést

4.4. Failure criterion

All the peak valuestfay Obtained in the previous tests are brought tegeth
Fig. 13 together with the data of Hu et al. [11jtthlso concern fully saturated and drained
tests. The tests run at 25°C on three specimemmsanporosity of 16-17% are located along a
line parallel to that obtained at 80°C on specimetith porosity around 13%. There is
unfortunately only one point at 25°C for a specimeth porosity around 13%. The failure
points at 80°C obtained under in-situ effectivessrfrom a specimen with porosity close to
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13% is located slightly below that at 25°C. This gledata will be further commented in the

Discussion section.
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Fig. 13. Shear strength of all tests carried othéplan g-p'.

4.5. Radial permeability tests

Radial permeability tests were carried out in saages to investigate the effects of
volume changes and of temperature on water trangpimen that specimens were machined
with axis perpendicular to bedding, the flow of amatluring radial permeability tests is
governed by the permeability parallel to bedding. described in Section 3.3, tests were
carried out by applying a 1.5 MPa pore pressur¢henexternal lateral face of the hollow
cylinder while maintaining the pressure on therima face equal to the initial back pressure
of 1 MPa. The confining pressure was kept equél MPa.

The inflow and outflow curves monitored by the wpatn and downstream PVCs for
the test after resaturation under in-situ stresslitons of the specimen of test T6 (porosity
13.6%) are presented in Fig. 14 (in which @Qédinal inflow and outflow are indicated).
Actually, a tiny leak was observed on the upstréaM€ when bringing back the pressure
from 1.5 to 1 MPa at the end of the test. This lggtimated by 23% of the monitored inflow
at point B) was accounted for and inflow curvesected accordingly (note however that the
correction was made under 1 MPa whereas tests gareed out under 1.5 MPa). Less
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confidence is hence given to inflow curves compaecedutflow curve that were not affected
by any leak.

Fig. 14 shows that, once the upstream injectiorisstd was necessary to wait for 30
minutes before monitoring any outflow with the detream PVC. This period of time was
necessary to install steady state conditions amelatch the new effective stress state resulting
from the 1.5 MPa pore pressure exerted along ttexred face of the specimen. By applying
Darcy’s law on the outflow observed at the end esft tQ = 3.35 x 10? m¥s), a radial
permeability of 0.9 x 18° m? is obtained. That obtained from the inflow val@=3.88 x
102 m%s) is close, although slightly largdc£ 1.1 x 167° m?), confirming the good quality
of the measurement (with satisfactory correctiothefupstream leak).
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&
S 0 —
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> 200 —
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S ]
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Fig. 14.Radial permeability test at point B, after resaioraT6, (a): inflow and outflow, (b): volume chang
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Fig. 14b shows the changes in volume obtained fveater exchanges (calculated
from the upstream and downstream PVCs data) amd focal LVDTs measurements. For
some reason, the two curves are not in good canekgmce during the first 14 hours with
LVDTs indicating fast swelling during the first twdiours. Both curves afterwards
correspond and indicate that the specimen sligiwiglls (0.034% after 27 hours with a final
swelling rate of 4.3 x Ibh™). The amount of water adsorbed during the testaing the
slight difference between the inflow and outflowtalaand between the two calculated
permeabilities.

Another radial permeability test was carried outt@st T6 after releasing the
confining stress to half the in-situ value to invgste the effect of the resulting 0.63%
swelling (Point C, Fig. 4). Inflow and outflow daf&ig. 15a) are comparable to that
observed above with no outflow during the first hoproviding at the end of test radial
permeability values of 1.2xH8m? and 1.6 x 18° m? respectively. These values are slightly
higher than before stress release and are relatéiaet0.63% swelling. The PVC volume
change curve (Fig. 15b) provides a slightly largelume change value than LVDTs at end
of test. The final swelling rate is 5.9 x40,

The data of the permeability test finally carrieat after drained heating (Point D,
Fig. 4, test T6, thermal contraction 0.106%, sege Fl1) are presented in Fig. 16 a and b. This
test had to be stopped after only 7 hours witmal swelling rate of 3.7 x ITh™. Even after
a shorter period of time, swelling is close to @)7.e. almost twice that observed in the two
previous tests at 25°C, indicating possible enlmanof swelling with elevated temperature.
Compared to previous tests at 25°C, larger fluxehtained Qinmow = 2.52 x 10" m*/s and
Qoutiow = 1.58 x 13* m¥s). Here, the difference between inflow and owtfis larger than
previously. Given that the upstream leak correctione at 25°C could not be valid here,
only the outflow curve is considered to provide (atrinsic) permeability value equal to
1.8 x 10?°° m?. As further commented in the Discussion sessiamel fluxes are related to
the decrease in water viscosity. A larger perméghd observed at 80°C in spite of a slight

porosity reduction.

137



Chapter 3. On the thermo-mechanical behaviour efG@lallovo-Oxfordian claystone

(@)
400 —
—&— Outflow
T —— Inflow Q=4.11x102m¥s
200 —
& _
£
E o T T T I T I T |
3 4 5 10 15 20
Time (h)
-200 —|
EST45407
-400 —
Q =5.65x1012 mds
(b)
0.05 —
0.04 —
;\a -
~ -0.03 — 5.9 x 10 %/h
§ i
§ 0024 —O— LVDTs
< 7] —@— PVCs
001 7 EST45407
00 @—T—T T 1 T T T ]
0 5 10 15 20

Time (h)

Fig. 15. Radial permeability test at point C, after
swelling T6, (a): inflow and outflow, (b): volume
change.

5. Discussion

5.1. Elastic response
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Fig. 16. Radial permeability test at point D, after
heating T6, (a): inflow and outflow, (b): volume
change.

A series of triaxial tests have been conducted @x Claystone specimens along

various thermo-hydro-mechanical paths (Fig. 4)ultyfsaturated and drained conditions by

using the hollow cylinder device. Although all dfet tests initially planned were not

successful because of the technical difficulty eftigg hollow cylinder specimens and of

running hollow cylinder triaxial tests, some corssins can be drawn from the data obtained.

The various shear stress/axial strain curves oddaion specimens trimmed with axis

perpendicular to bedding allow the determinationsofme elastic constants that partly

describe the transverse isotropic elastic behavwduhe COx claystone. As described by

Cheng et al. [34], the stress-strain elastic retestinip for a transverse isotropic material is as

follows:
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1 _Va _Va
dg; E '152 E do;
2 2 -
Ei E2 EZ

with do, =do; =0 under “triaxial” conditions and whenes; andE, are the Poisson ratios

and Young modulus in the plane of isotropy (2-3W &2, V-1 andE; are the Poisson ratio
and Young modulus in the plane perpendicular tgpthae of isotropy. The Young modulus
and Poisson ratio perpendicular to bedding camabrilated by using the data of the drained
triaxial test using Eq. (3) and Eq. (4).

L2 3
o E

dg; __Vio

do, E (4)

From the data of Fig. 5 under a confining stresselto in-situ (8 MPa Terzaghi
effective stress), a valug, = 3.2 GPa is obtained from the shear stress-aiiain curve for
a mobilisation of 0.1% of axial strain, with, = 0.30 (Table 4). When the confining stress
has been released close to half the in-situ orlees&; = 1.5 GPa and 1.3 GPa are deduced
from tests T2 and T3 respectively with Poissont®ora;, = 0.10 in both cases (Fig. 8).
Conversely, when the confining stress is incredasddice the in-situ stress (test T4, Fig. 9),

values of Young modulus and Poisson's ratio of&@a and 0.34, respectively, are obtained.

Table 4. Evolution of the elastic parameters.

. o' Temperature Omax

Test  Ref. Core Porosity (%) (MPa) (°C) (MPa) E; (GPa) vy,

T1 EST45414 13.0 8 25 23.1 3.2 0.30
T2 EST30734 16.5 4 25 10.5 15 0.10
T3 EST28514 17.6 4 25 10.3 13 0.10
T4 EST28518 17.8 16 25 24.6 5.5 0.34
T5 EST45414 13.0 8 80 20.0 3.4 0.26
T6 EST45407 13.5 4 80 16.1 1.4 0.10
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At 80°C, the estimated values of tBe Young's modulus and th&, Poisson ratio are
E; = 3.4 GPa andxy, = 0.26, respectively, under a confining stresselto in-situ. Values
E; = 1.4 GPa andh, = 0.10, respectively, were obtained under a cenfient of half the in-
Situ stress.

All the values obtained at 25 and 80°C are plottggether in Fig. 17 that clearly shows
that there is no effect of temperature on the ielgstoperties determined here (Young's
modulusE; and Poisson coefficient,). Similar comparison has been drawn by Mohajerani
et al. [19] from isotropic compression tests, shgwno effect of temperature (80°C) on the
elastic compression parameters. The Young's modalss regularly increases with the
effective confining stress. It is important to rié¢hat all the points tested here started from
previous saturation under in-situ stress, withdhmaller confining stress at half in-situ stress
(4 MPa) obtained by subsequent stress releasenfahdisation of swelling). The Poisson
ratio vy,, equal to 0.30 at initial state under in-situ stré8 MPa) decreases to 0.10 when the
confining effective stress is released at 4 MPahhbat 25 and 80°C, confirming the
independency of the elastic parameters with resfme¢émperature. Conversely;, only
slightly changes from 0.30 to 0.34 when the confyjneffective stress is increased at 16 MPa.
This could indicate that the decrease observed whleasing the effective confining stress

could be related to the slight swelling mobilizad,hypothesis to further confirm.
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Fig. 17. Elastic parameters, (a): Young’s moduflak, Poisson coefficient.

It seems difficult to compare the data obtaineceheith published data that appear to

have generally been obtained based on other expetainprocedure like for instance, for the

Young modulus, from unconfined compression testdeumot fully saturated conditions

[13, 26]. Data on the Poisson ratio are less abvigla
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5.2. Thermal volume changes

Two drained heating tests were performed to ingasti the thermal volumetric
response of the COx claystone under stress condit@ose to in-situ (mean Terzaghi
effective stress of 8 MPa) and to half the in-sittess (mean Terzaghi effective stress of 4
MPa). They confirmed the contracting behaviour adse evidenced by Mohajerani et al.
[19], but with smaller contraction coefficient, iaslicated in Table 5. Whereas Mohajerani et
al. [19] observed a significantly anisotropic thatnresponse with thermal contraction
coefficients of 3.15 and 6.50 x C™* parallel and perpendicular to bedding, respeativel
the contraction observed here is less marked asldrisotropic witlCr,= 1.15 x 10°C™*
perpendicular to bedding andG= 1.06 x 10 °C* parallel to bedding under in-situ stress.
These values slightly decreasedXg;= 0.96 x 1F°C*andCr; = 0.77 x 10°C™* under half
in-situ stress. This smaller contraction under $nadtress is not surprising. A possible
reason of the significantly smaller contractioneved here could come from the differences
in origin and in porosity between the specimenghwiiohajerani et al.’s [19] specimen
significantly more porous (17.9% compared to aroliB% here). More porous samples have
larger clay content and clay content is the drivimige of thermal contraction, given that the
grains of quartz and calcite contained in the cfatrix simultaneously expand, probably
resulting in some thermal damage at the interfaterdien the grains and the clay matrix.

Table 5. Thermal contraction coefficients.

Specimen Ref. Core (MOF;a) D((:"T?)th PCE[;)))SIW Cry (x10°°CY  Crp (x 10°°CYh
S5 EST45414 8 491 13.0 1.06 1.15
S6 EST45407 4 491 13.5 0.77 0.96
Mohajerani et al. (2014) EST25820 8 480 17.9 3.15 6.50

The COx claystone is known to have supported airmax temperature of 50°C during
its geological history [35]. Unlike what was obseavin the Opalinus clay by Monfared et al.
[18], one does not observe here an initial therxalansion up to 50°C. For some reason, the

thermal hardening phenomenon observed on the ysatiiay is not observed here.
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5.3. Shear strength and temperature effects

Fig. 13 shows the values of peak strenggh.{ as a function of effective mean stress
p’ for all of the tests carried out here, togethethwhe data obtained by Hu et al. [11] at
25°C under fully saturated conditions. The porogitythe specimens is also mentioned,
given that the specimens tested by Hu et al. [Ypha porosity of around 13%. The Figure
shows that the failure shear stress at 25°C asonably well organised with respect to their
porosity, with good correspondence between test§ERIT45414) under in-situ confining
stress T = 25°C,p’ = 8 MPa,@= 13%,raiure = 23 MPa) and the data obtained by Hu et al.
[11] at a comparable value of porosity and samep&zature. The failure data obtained at
25°C with the specimens of 17% porosity are locdteldw that at 13%, exhibiting smaller
shear strength for more porous specimens, in aatdrfashion. All tests at 25°C (including
Hu et al. [11] data) are aligned along paralletéirihat define a friction angle of 21° equal to
that proposed by Hu et al. [11]. There is a de@easohesion that makes the more porous
specimen weaker with a cohesion of 1.94 MPa at t@#spared to 4.2 MPa at 13%. Note
however that the shear strength data obtaineddpmrear to be somewhat small with respect
to the data of undrained compression tests caougdor Andra by various laboratories that
provided undrained compression strengths (UCS) rmro20 MPa (Conil, personal
communication). Indeed, Pham et al. [13] reportéds of 28 MPa on a specimen not fully
saturated tested under a 98% relative humidity.oasility of underestimating the shear
strength by the size and shape of the specimemsdtébollow cylinder here and small
cylinder for Hu et al. [11]) might be considered.

The two points obtained at a porosity of 13% ttraperature of 80°C are located slightly
below the points at the same porosity and 25°G¢atohg a slight reduction in shear strength
due to temperature. The slight difference obserseattually in the range of the dispersion
observed when testing COx specimens, and thisnpredry observation is of course to be
confirmed by further fully saturated and drainedtde This trend is however in agreement
with previous suggestions taken from the works lodizg et al. [25] on the Opalinus clay and

of Masri et al. [27] on the Tournemire shale.
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5.4. Permeability tests

Steady state radial permeability tests were perory imposing a pore pressure
increase Ju = 0.5 MPa) on the outer face while maintaining pege pressure equal to
1 MPa on the inner face of the hollow specimen. &v/akchanges were monitored by using
the PVCs and LVDTs were used to monitor local vauchanges. In spite of some
differences observed in the transient phase dutiegset up of the new effective stress
conditions resulting from the application of theb IMPa external pore pressure, the
comparison of volume change data from LVDT measergmand from the water exchanges
monitored by the PVCs was reasonably satisfactorgite of a tiny leak), providing some
confidence in the permeability values obtained.

The radial permeability values (parallel to bed{liogtained at various stages of test
T6 (points B, C and D in Fig. 4) are presentedabl€& 6. The values of permeability adopted
and discussed below are that obtained from thdoout€urves. A reference permeability
value of 0.9x 10%° m? was obtained under in-situ stress conditions, laevin the range of
magnitude of published data (more often measuredgathe axial direction) for the COx
claystone, between Fdand 107 m? m? [33, 36, 37, 38].

Table 6. Effecof swelling and temperature on the COx claystonenpability (T6, porosity 13.5 %).

State Test Ref. Core Kr inflow (mz) kr Outﬂow(mz)
After resaturation, 25°C, [B] T6 EST45407 1.1x 10%° 0.9x 10%°
Atfter swelling, 25°C, [C] T6 EST45407 1.6x 10°° 1.4x 10°°
After heating, 80°C, [D] T6 EST45407 2.9x 10%° 1.8x 10%°

A slight change from 0.9 x § m® to 1.2 x 1¢° m? was obtained after the 0.63%
swelling due to stress release from in-situ to kfadf in-situ stress. After drained heating at
80°C (with a thermal contraction of 0.12% followked a swelling of 0.07%), larger inflow
and outflow were observed due to the increase irenwascosity (from 8.9x 10“ Pa.s at
25°C to 3.55 10* Pa.s at 80°C). The permeability at 80°C appearédxbtslightly larger and
equal to 1.8 x 16° m? Although these first results should be confirmbey show that the
permeability is not totally independent of temperaf unlike what was previously observed
on the Boom clay [39], with a slight increase widmperature. Note that this tests also
showed an enhancement of swelling with temperatuith, around twice more swelling at

80°C compared to 25°C under same stress conditions.
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6. Conclusion

Published data on the shear strength propertigbeofCallovo-Oxfordian claystone
exhibit some variability due to the natural varldabiof the deposit, to the changes of the
claystone characteristics with depth and also ¢éa¢isting procedures adopted. An inspection
of published data indeed showed that the specirtestsd came from various boreholes and
from various depths and that the testing procedwese variable in terms of specimen
saturation and drainage conditions. It is well knothat partial saturation and drainage
overestimate the shear strength properties of tbx Claystone, and this seems to be
somewhat linked to the variability observed in phublished data.

Few data are available about the thermal respohseeoCOx claystone. The tests
carried out here were performed after careful séitum under in-situ stress conditions and in
fully drained conditions thanks to the use of ddwlcylinder triaxial apparatus with reduced
drainage length specially designed for testing lmsymeability rocks. Triaxial tests were
carried out at 25 and 80°C to get some prelimimasyghts on the effects of temperature on
the shear strength properties of the claystoneo,Ademe steady state radial permeability
tests were carried out at 25 and 80°C to invediga effect of temperature on the claystone
permeability.

Although somewhat small with respect to the presitlCS data gathered by Andra,
the shear strength data obtained here are in gge@ment with that of tests also carried out
in fully saturated and drained conditions by Hualef{11] on specimens of the same porosity
(13%). Some effects of the porosity have also bmedenced, with smaller shear strength
values obtained on specimens with higher porodi?4). The thermal contraction of the
COx claystone upon heating under constant in-siess evidenced by Mohajerani et al. [19]
was confirmed. Subsequent shear tests at 80°C shdittke changes of the elastic
parameters with temperature, confirming the findingf Mohajerani et al. [19]. The
preliminary results obtained in this work evidenaednore ductile response and slightly
smaller shear strengths of the COx claystone attdd temperature, in agreement with the
few available published data on shales and clagstofinally, radial permeability tests
performed parallel to bedding demonstrated thatittrensic permeability did not change
significantly with elevated temperature, the lardeiv observed at 80°C during the test
being mainly due to the decrease in viscosity dewa

The preliminary data obtained here on temperatdifects on the shear strength

behaviour of the COx claystone need to be furtlomfiomed by complementary tests, they
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however confirm some trends already observed onCiB& claystone and on other clay
rocks. A better understanding of the thermo-hydexhanical response of claystone will
allow a better understanding and modelling of thaepted THM actions that prevail in the

close field once the exothermic wastes have besregl
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Chapitre 4 : Propriétés d'auto-colmatage de l'argil  ite du

Callovo-Oxfordien

Introduction

Dans le contexte du stockage dans les couchesgigoés profondes, I'excavation
des galeries engendre une perturbation majeureoetiud a la création de la zone
endommagée par I'excavation (EDZ, Tsang et al. R0Bb raison de la redistribution des
contraintes et la convergence des parois des gslknis de I'excavation, un réseau de plans

de cisaillement se développe dans 'EDZ, illuséglla Figure 1 (Armand et al. 2013)

i " % ) Average lateral extent
i Drift NOGS'E ¥ < 0.1 drift diameter

Figure 1. Modéle conceptuel d'un réseau de frastimguites autour d’une galerie paralléle a la
contrainte horizontale majeure.

Les déchets de haute activité et a vie longue esasthermiques et la température peut
augmenter jusqu'a 90°C a proximité des parois @dsrigs dans la conception francaise
(ANDRA, 2005). Cette augmentation de températuredud a une augmentation de pression
interstitielle et une diminution de la contrainteoyanne effective dans I'EDZ due au
phénomene de pressurisation thermique (e.g. Marajet al. 2012). Cela pourrait entrainer
une rupture thermo-mécanique (Hueckel and Pelle@8981, Hueckel et al. 2009) ou une

réactivation thermique d’'une bande de cisaillenpeééxistante (Monfared et al. 2012).
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Les propriétés d'auto-colmatage des fractures tEmargilites envisagées pour le
stockage souterrain profond ont été étudiées awile a Opalinus par Monfared et al.
(2014) et Zhang et Rothfuchs (2008) et sur I'argidiu COx par Davy et al. (2007) et Zhang
(2013). Les résultats obtenus ont montré que t'effe la bande de cisaillement sur la
perméabilité n'est pas significatif, ce qui confiries bonnes propriétés d'auto-colmatage de
I'argilite. Dans ce cadre et en raison de I'exitdimitée des données sur l'argilite du COX,
d'autres investigations doivent étre effectuées afiaméliorer la compréhension et la
prévision des processus d'auto-colmatage.

Dans ce chapitre on présente les résultats d'w gsécifique concernant la réponse
thermo-hydro-mécanique d'une discontinuité de tesaent, sous la forme d'un article

soumis a la revue internationalRack Mechanics and Rock Engineering
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On the Thermo-Hydro-Mechanical behaviour of a shear  ed Callovo-

Oxfordian claystone sample with respect to the EDZ behaviour

Hamza MENACEUR, Pierre DELAGE, Anh Minh TANG', Nathalie CONIE

! Ecole des Ponts ParisTech, Navier/CERMES, France
2 ANDRA, Chatenay-Malabry, France

Abstract

To better understand the impact of temperatureaétav on the response of the
excavation damaged zone around repository cellgalteries for radioactive waste disposal,
the combined effects of shear and temperature wevevere investigated in the laboratory
on the Callovo-Oxfordian claystone. To do so, ddwlcylinder thermal triaxial cell with
short drainage path specifically developed for Ipermeability rocks was used. Once
properly saturated under stress conditions close-$itu, the specimen was sheared along a
constant effective mean stress path mimicking ttiess path followed during gallery
excavation. The shear stress was afterwards releaseé an undrained heating test was
performed on the sheared specimen. It was obsehatdthe temperature increase under
undrained conditions led to a thermal increaseoire pvater pressure resulting in a decrease
in mean effective stress that brought back the reldeapecimen to failure, evidencing a
thermally induced failure. Steady state radial pEahility tests performed at various stages
of the test demonstrated that the overall permiéabdf the sheared specimen was
comparable to that before shearing, confirming eékeellent self-sealing properties of the
Callovo-Oxfordian claystone. This shows that, intespf being possibly remobilized by
temperature elevation, the EDZ will keep an ovepalimeability constant equal to that of the

massive rock, keeping the same isolation properties

Keywords

Claystone - Permeability - Excavation damaged z@teear band - Undrained heating - Self

sealing.
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1. Introduction

The Callovo-Oxfordian (COx) claystone has beencsetkas a potential host rock for
deep geological repository of high-level radioaetwaste in France because of its low
permeability, good self sealing properties and goadionuclide adsorption capacity. The
host rock around the repository cells containing #xothermic waste canisters will be
submitted to various coupled mechanical, hydraahd thermal phenomena including the
development of an excavation damaged zone (ED2A) niight affect the overall rock
permeability in the close field (Armand et al. 2D14he heat emitted by the high-level
radioactive waste will increase temperature in tiest rock, with a maximum admitted
temperature of 90°C around the waste canistergari-tench concept (ANDRA 2012). This
temperature elevation might have some effects enctlack network of the EDZ. This
problem was investigated in the framework of thtADDAZ European research project
devoted to the “Thermal Impact on the Damaged Zvnand a radioactive waste disposal in
clay host rocks” (Li et al. 2014). The temperatelkevation might also lead to an increase in
pore pressure and a decrease in effective stre®eiftDZ due to thermal pressurization
(Mohajerani et al. 2012), resulting in possible rthe-mechanical failure (Hueckel and
Pellegrini 1991; Hueckel et al. 2009). In this @it Monfared et al. (2012) investigated the
thermal reactivation of a pre-existing shear bandndrained conditions in the Boom clay.

The effects of cracks on water transfers have lmestigated by various authors in
various clays and claystones. The experimentalstnyation of Zhang (2011) on fractured
COx and Opalinus clay specimens showed that thengmyility of fractured specimens
decreased significantly by several orders of magleitupon hydration of the cracks, thanks
to the hydration of the smectite minerals in thayciatrix that resulted in clogging the
fractures. Davy et al. (2007) also observed thatghrmeability of a confined cylindrical
COx specimen containing an artificial crack madeplbgviously carrying out a Brazilian
tensile test was comparable to that of the inté&ystone. Comparable conclusions were
drawn by Zhang (2011) on the Opalinus clay anddfx claystone and by Monfared et al.
(2012) on the Boom clay, confirming their good s&léling capacity.

The effects of heating on the permeability of ihtalays have been investigated by
Morin and Silva (1984); Delage et al. (2000); Zh#&p@13), among others. Data showed that
the change in water transfer with temperature wig due to the changes in water viscosity,
resulting in a constant intrinsic permeability witbspect to temperature changes. Note
however that available literature data on the éffef temperature on the permeability of
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damaged clays and claystones materials are sé¢ecently, Monfared et al. (2014) showed
that the intrinsic permeability of a sheared Opadiclay specimen remained almost equal to
that of intact specimens at both 25 and 80°C, awoiriiy the good self-sealing properties of
the Opalinus clay at elevated temperature.

The presents work aims at investigating the efté¢emperature elevation on a COXx
claystone specimen previously damaged by a shebthia resulted in the development of a
network of shear planes, following the approachofeéd by Monfared et al. (2012) on the
Boom clay. Once sheared, the shear stress wasedl@aior to reactivate the shear bands by
temperature elevation. Permeability tests run abua stages of the test allowed to monitor
possible changes in permeability due to damagetamperature elevation. To do so, a
thermal hollow cylinder triaxial cell recently ddeped for this purpose (Monfared et al.
2011a) was used. The two main characteristics iefdavice are, on the one hand, a short
drainage path (half the thickness of the cylinddigwing for good saturation and drainage
conditions and, on the other hand, the possibdityrunning radial permeability tests at
various temperatures by establishing a water fleiwben the inner and outer faces of the

hollow cylinder through the shear plane network.

2. Material and methods

2.1. The Callovo-Oxfordian claystone

The Callovo-Oxfordian claystone is a marine sedim@om the Jurassic period,
deposited 155 millions years ago between the Galowand the Oxfordian ages in the
western area of the Parisian basin. It has beee $ivat time submitted to various significant
tectonic effects including some horizontal stresssslting from the Alpine orogenese.

The mineralogical composition of the COx claystoades with depth with significant
changes in carbonate and clay contents. The C@k ¢ohnected porosity varies between
14% in carbonated levels and 19.5% in more argithas levels (Yven et al. 2007). At the
Underground Research Laboratory (URL) at Bure, étasFrance, the formation (at 490m
depth) is relatively homogenous and made up ofw wklatrix containing carbonates, quartz
and accessory minerals. The clay fraction (45-50%0)made up of mixed layers of
interstratified illite/smectite (20 — 24%) and tédi (17-21%) with also small amounts of
kaolinite and chlorite. It also contains 20% ca&ci23% quartz and 4% of various other
minerals such as feldspars, pyrite, dolomite, #ieleand phosphate (Gaucher et al. 2004).
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The smectite percentage in the clay fraction ipaasible for the swelling and self-sealing
behaviour of the COx claystone (Davy et al. 2007ary and Rothfuchs 2008; Mohajerani et
al. 2011).

In the present work, an experiment was performed ballow cylinder specimen taken
from a core (EST30734) perpendicular to the beddimtracted at the same level as that of
the URL. The specimen was carefully trimmed fron® Hdm diameter core on a lathe. The
initial characteristics of the sample are presemedable 1. The initial gravimetric water
content of the sample was 7.4 %. The porosity aegtek of saturation were calculated by
measuring the sample volume by hydrostatic weighifige initial total suction was
determined by using a dew point potentiometer (WB&Lagon). As seen in the Table 1, the
sample is not saturated at initial state with areleg@f saturation of 94% corresponding to a
suction of 6.1 MPa with a porosity of 17.5%. Thetjgé saturation of the specimen resulted

from the combined actions of coring, transportrege and trimming.

Table 1. Initial characteristics of the tested skanp

Height Water content Degree of Porosity Dry unit mass Suction
(mm) (%) saturation (%) (%) (Mg/m®) (MPa)
EST30734 73.37 7.4 94 17.5 2.23 6.1

2.2.  Experimental device

The hollow cylinder triaxial cell specially desighgMonfared et al. 201l1a) to
investigate the thermo-hydro-mechanical behavidlow permeability clays and claystones
was used. A global overview of the cell is presénteFig. 1a, that schematically shows the
hollow cylinder specimen (external diamegk = 100 mm, internal diamete,; = 60 mm,
heighth = 70-80 mm) inside the triaxial cell. The samefoong pressure is applied along
both the external and internal lateral faces of gample. As shown in Fig. 1la-b, a major
advantage of this device is the presence of twardatdrainages in the inner and the outer
walls of the hollow cylinder sample made up of tgeotextiles bands placed along the
sample with no connection with the upper and lowminages. These lateral drainages
reduce the specimen drainage length down to hdhethickness of the hollow cylinder (10
mm). They also allow carrying out radial permeapitests so as to capture the effects of
shear bands on the soil's permeability. Comparestaadard full cylinder triaxial samples
with drainage at top and bottom ends, the shorindge path allows reducing the time
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needed to fully resaturate an initially unsaturatéalystone sample by a factor of seven

(Monfared et al. 2011a). Also, satisfactory dramagonditions are achieved during

mechanical and thermal loading provided the straia and temperature elevation rate are

small enough.

@ (b)

[

Porous disc

PVC4

Q)

PVC1

Lateral drainages=———

(€)

Valve V1

Lateral
drainages

PVC2

Fig. 1. (a) Hollow cylinder triaxial cell, (b) gerad setting of the connections with the pressutame

controllers (PVC), (c) System for applying deviatastress.
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Fig. 1b also shows a schematic view of the hydcatdnnections between the sample,
the pressure-volume controllers (PVC) and the presgansducers (PT). PVC1 is used to
apply the confining pressure whereas the otheetRN¥Cs are used to apply and control the
pore fluid pressure. The device is also equippeth wivo axial and four radial local
displacement transducers (LVDTs, accuracyum) to monitor local strains. The heating
system consists of a heating electric belt placedrad the cell with a temperature regulator
with an accuracy aof 0.1°C. Temperature is measured inside the cedeclo the sample by a
thermocouple. An insulating layer covers the celbrder to limit heat exchanges with the
surrounding environment.

The shear stress is applied by using an integrpistbn specially developed and
manufactured (Fig. 1c). This piston is hydrauligattivated by a pressure-volume controller
(maximum pressure of 60 MPa). As shown in Fig.the, piston is connected to the PVC,
which controls the movement of the piston and tapplies the shear stress. The applied

force is directly measured by a local immerseddaensor installed at the end of the piston.

2.3. Sample resaturation

As shown by Monfared et al. (2011a), an intereste@ture of the hollow cylinder
triaxial cell is to ensure good initial saturatiohsamples of very low permeability (around
10%° m? in the case of the COx claystone) within a reaskenpbriod of time, thanks to a
reduced drainage path. As recalled by Delage €2@07) on the Boom Clay, Monfared et al.
(2011b) on the Opalinus clay and Mohajerani et(2011) on the COx claystone, it is
important to resaturate specimens of swelling clayder stress conditions close to the in-
situ ones in order to avoid further perturbatioe ¢l swelling during hydration.

The in-situ state of stress in the Bure URL hasibeeestigated in details by Wileveau
et al. (2007) who provided the following values:

- vertical total stresg;, = 12.7 MPa

- minor horizontal total stresg, = 12.4 MPa

- major horizontal total stress; = 12.7-14.8 MPa
- pore pressura = 4.9 MPa.

Mohajerani et al. (2014) used a confining stresd»fMPa and a pore pressure of
4 MPa, resulting in a Terzaghi effective stres8 ddPa when performing experiments using
the hollow cylinder triaxial cell. Perforation did¢ neoprene jacket has been observed during

some experiments under such high pressures. Td &vsi problem, the confining pressure
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applied in this study was equal to 9 MPa and the poessure to 1 MPa, so as to apply the
same Terzaghi mean effective stress of 8 MPa. @ppéed the confining stress, specimen
saturation was carried out by injecting water fribra back-pressure PVC.

Fig. 2 shows the volume changes calculated fromwter injected from the PVC
compared to that monitored by local LVDT measuremsieluring the saturation phase. The
two curves show a stabilisation after 2 days. Al rate of 0.02%/day is afterwards
obtained from both the LVDT measurements and tHeme of water injected. The higher
total volume obtained from the injected water itexl the saturation of the soil specimen
and of the porous elements of the drainage systgape( and lower porous discs, lateral
geotextiles).

S | 0.02%/day
EST30734 |
-4 —
S
£
g -3 7 —@— PVCs (4 drainages)
o _ —O— LVDTs
5 ., |
g -2
2
(@]
> I
-1 — l
1
1
l
1
0 T T T 1 T ]
0.0 0.5 1.0 1.5 2.0 25 3.0 35
Time (day)

Fig. 2. Volume changes and water exchanges dusitugation.

2.4. Radial permeability tests

Steady state radial permeability tests were caoigdy applying a pressure difference
between the outer and the inner lateral faces ef hbllow cylinder specimen and by
measuring the inflow and outflow water fluxes byingsthe PVCs. This procedure is
particularly adapted to investigate the effectsloéar bands on the permeability of sheared
hollow cylinder specimens. Permeability tests weeied out on a specimen submitted to an

initial back pressure of 1.0 MPa by closing thevealconnected to the top and bottom of the
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sample and by applying a pressure of 1.5 MPa tlroing external geotextile while
maintaining the pressure in the internal geotexteal to 1.0 MPa.
In a standard fashion, the radial intrinsic pernilegbk, (m?) was calculated using the

flow rates as follows:

k - Qﬂwln(Rext/Rint)
' 27hAu

(1)

whereQ is the water flowj4, the water viscosity (equal to 8.80L0“ Pa.s at 25°C and 3.55
x 10* Pa.s at 80°C)Rex:and Ry the external and internal sample radius, respegti#,: =
50 mm;R,; = 30 mm);h the flow height (h =50 mm); arndl the pressure difference between

the inner and outer walls of the sampias € 0.5 MPa).

2.5. Experimental program

The sample was tested along a thermo-hydro-medcilgmath aimed at reproducing the
stress state in the close field of the excavatdéiérgaThe path followed is shown in Fig. 3.
The test was aimed at investigating the possibdityeactivating a shear band by thermal
pressurisation and at capturing the effect of theas band formation on the radial
permeability.

Once resaturated close to the in-situ stress fiatet B in Figure 3], the sample was
sheared at 25°C [B-C] in drained conditions alongpastant mean effective strgsspath.
The axial deformation was afterwards kept constasilting in a release in shear strgss
[C-D] during the radial permeability test at po@t Then, the sheared sample was heated at
80°C in undrained conditions [D-E]. Finally, thellaemperature was reduced to 25°C and
the stress state was set at isotropic conditiom{jfop = 6.6 MPa) prior to running a drained
heating test. Radial steady state permeabilitys teslre carried out after initial resaturation
(point [B]), right after shearing [C], after shestress release [D], after heating the sheared
sample up to 80°C [E] and after cooling the sheasdple down to 25°C [F].
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Fig. 3. Schematic view of the THM loading pathddaled.

3. Experimental results

3.1. Initial radial permeability (point B)

Two permeability testsvere performed at point B to check the repeatgbdit the

procedure. The water exchanges monitored by theragm and downstream PVCs during
the first test are presented in Fig. 4a. The aarmal radial strains obtained from the local
LVDT measurements are plotted in Fig. 4b-c, withaégmost similar response observed for
measurements in the same direction. Fig. 4d shbe/glianges in specimen volume during
the test, calculated from both the water exchangesitored by the upstream and
downstream PVCs and the local LVDT measurement©idGmrrespondence is observed
between these two independent measurements, hyingimfidence in their quality and in the
water tightness of the system. The volume changess from LVDTs also show that after a
transient infiltration phase during the first 10ui® a constant infiltration rate of 1.2%x4@%
h? is afterwards observed. This trend is typical wekking clays and claystones and has
already been observed by, Monfared et al. (201f@kihe Opalinus clay and Mohajerani et al.
(2011) on the COx claystone and, on the Boom clay et al. (2009); Monfared et al. (2012)
and Bésuelle et al. (2014).
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Fig. 4. Radial steady state permeability test attd® (first test), (a): inflow and outflow, (b)adial
strains, (c): axial strains, (d): volume change.
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The flow curves of Fig. 4a show that the upstreawtC Fnjects water (at 1.5 MPa)
into the sample (initial back pressure 1 MPa) frihra beginning of the test, as expected.
However, one observes that it is necessary to feait3.5 hours before monitoring any
outflow with the downstream PVC. Also, the downatrePVC indicates the occurrence of
water infiltration into the sample during the 3ftihours through the internal phase submitted
to the smallest 1 MPa pressure. Combined observafiéig. 4a and Fig. 4d shows that this
infiltration through the downstream face correspotml the transient phase of the swelling
process observed in Fig. 4d. This transient swgljimase is due to the release of the
effective stress profile along the radial pathdaléd by the water flow due to the application
of the 1.5 MPa pressure along the outer face ofsdmaple. Once this transient phase
completed, a steady phase occurs with some injeatattr kept within the sample,
explaining the difference between the outflow amitbiv after 25 hours in Fig. 4a.

By applying Darcy’s law during the last 5 hourstloé test on the outflow data, a value
of radial permeability of 7.3 x 18 m® Note that an apparent smaller value of 2.2 % hff
(including the water absorbed by swelling) is dedvrom the inflow curve.

For the second test run in same conditions, Fighoavs comparable response in terms
of inflow and outflow curves with respect to streskease during the transient initial phase.
However, as seen in Fig. 5b, volume change stabiis was observed in this second test
after 10 hours with no steady state swelling aseodesl previously. As a consequence,
comparable permeability values (480%'m? and 5.0x 10%* m?) were obtained in the final

steady state phase from outflow and inflow datspeetively.
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Fig. 5. Radial permeability at point B (second)tg&): inflow and outflow, (b): volume change.

3.2.  Shearing under constant effective mean stress at drained conditions
(path B-C)

Once resaturated under in situ stress state at,2bB¥Csample was loaded with a
constant axial displacement rate of BBmin (chosen low enough to ensure drained
conditions, see Monfared et al. 2011a) while manmg the mean stress constant. This was

achieved by controlling the change in confining sstee fos) following the relation

Aoz = % (whereq is the shear stress - ¢3). The changes in axial, radial and volumetric

strains with respect to shear stress are presamntéd. 6. One observes that the shear stress
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reaches a maximum value of 11 MPa at 0.52% of &tialn and -0.25% of radial strain. A
contracting-dilating behaviour is observed befoealpwith a transition a = 8.2 MPa. Note
that the post-peak response is governed by stoaalisation and the mobilisation of shear
planes.

The photographs of the sample at the end of thearespresented in Fig. 7. One
observes a more apparent shear band with an itiolnaf 67° with respect to horizontal,

among a network of other shear bands.

Start permeability test

12 —

—7/\—— Volumetric
—()— Axial
—{ — Radial

Strain (%)

Fig. 6. Stress-strain for the shear test undertaaheffective mean stress at drained conditions
(path B-C).

Fig. 7. COx specimen at the end of the test.
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The effect of the shear bands on the overall spatipermeability was investigated by
carrying out radial permeability tests after sheguat point C, as indicated in Table 2. Once
the sample sheared (Point C), a permeability test varried out. As shown in Fig. 6, a
decrease in shear stress took place once the patityeest started. This decrease can be
related to the reactivation of shear bands duehéo application of 0.5 MPa of excess
pressure. Fig. 8a, which presents both the infloak autflow curves with respect to time,
shows no effect of the stress release phase, vatarvexpelled in the downstream PVC since
the beginning of the test. Fig. 8bshows the sampleme change during the permeability
test. One observes that the volume change caldufeten LVDT measurements is larger
than that calculated from water exchanges becaufd Lmeasurements incorporate both the
swelling of the sample and the possible slidingplotks along some shear bands. Unlike in
other permeability tests, no satisfactory corresigoce was observed between the responses
of axial and radial LVDTs (Fig. 8c-d), with in pedlar opposite responses of the axial
LVDTs. This confirms the mobilisation of shear parand the relative movement of blocks
during the permeability test.

Inspection of Fig. 8a shows that the outflow rat@ximal at the beginning of the test,
afterwards decreases to finally reach a final sl¢gker 16 h) that corresponds to a
permeability of 4.1x 10%* m% a value comparable to that obtained from Fig.tHe (
permeability that would be calculated from the lmwif rate at the beginning of the test is
equal to 1.% 10%°m?).

Table 2. Effecof the shear loading and heating on COx claystanmeability (EST30734).

Kr infiow (M) Kr outtiow (M2) kr mean(m?)

Before shearing, (B) 5.0x 1021 4.8x 1021 4.9x 1021
After shearing, (C) 1.8x 1020 4.1x1021 1.1x 1020
After deviatoric stress release, (D) 56x 1021 3.2x 1021 4.4x 1021
At 80°C, (E) 4.1x1021 2.0x 1021 3.0x 1021
After cooling, 25°C, (F) 6.1x 1021 1.7x 1021 3.9x 1021
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Fig. 9 shows the results of a permeability test thas carried out after the two days
(Point D). The response in terms of inflow and lowtfis comparable to that observed at
initial state with some effect of effective strasdease at the beginning. The calculated
values of radial permeability are equal to 5.6 ¥1@* and 3.2 x 18" m? from inflow and
outflow, respectively. These values are close &t tf the sample before shearing. The
specimen volume changes monitored by the waterasgegs and LVDT measurements (Fig.

9b) are in good agreement and comparable to thbtened during the permeability test
before shearing.
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Fig. 9. Radial permeability test at point D, (aflow and outflow, (b): volume change.
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3.3. Heating under undrained conditions (path D-E)

At the end of the shear test (path C-D) at 25°€,dhear stressg equals 7.3 MPa, the
confining pressure equals 6.6 MPa and the baclsprequals 1.0 MPa. From this state, the
vertical displacement of the piston was blockectloging valve V1 (Fig. 1c¢). The confining
pressure was kept constant at 6.6 MPa and thenspeavas heated at a rate of 1°C/h under
undrained conditions. Fig. 10a shows the changéh@ar stress with respect to temperature.
The shear stress first decreased from 7.3 MPdltMPa at 25.6 °C and afterwards increased
up to a peak (7.8 MPa) at 28.5 °C, followed by agpessive quasi-linear decrease to 5.3
MPa at 80°C.

The changes in pore pressure during this path @septed in Fig. 10b (up to 60°C
because a leak then occurred in the pressure traeis). One can observe that the pore
pressure quickly increased from 1.0 to 1.5 MPa whertemperature increased from 25.0 to
28.5 °C, with a mean rate of 0.14 MPa/°C. At terapge higher than 28.5°C, the rate of
pore pressure increase versus temperature indoeaaene lower (0.005 MPa/°C).

The changes in axial and radial strains with respedemperature are presented in
Fig. 10c. Below 28.5°C, strains were negligible.oxé 28.5°C, the axial strain increased
while the radial strain decreases. Axial strainadabove 38°C were unfortunately not
monitored (no further change due to friction eféaictthe LVDT).

Examination of the inflow and outflow curves at 80¢Point E, Fig. 11a) evidences
larger fluxes compared to previous tests. Howeter intrinsic permeability values obtained
from inflow and outflow curves are equal to 4.1 ®*1m? and 2 x 1G' m?, respectively.
They are comparable to the values obtained prelyioisfore and after shearing. This
confirms that the larger fluxes observed are duthéodecrease in water viscospy with
temperature (from 8.9910“ Pa.s at 25°C to 3.55610* Pa.s at 80°C).

Fig. 11b shows the changes in sample volume dahiagest with good correspondence
between water exchanges and LVDT measurements efirsgvof 0.087% is observed at the

end of the test.
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Fig. 10. Undrained heating test, (a): Shear stkasge, (b): Pore pressure change, (c): Axial aadigRstrains
captured by LVDTSs.

The subsequent cooling phase (path E-F) was pegfibah constant confining pressure
(03 = 6.6 MPa). During this phase, a leak in the ajpilbn system of the shear stress led to a

decrease in shear stress down to 0 MPa. The samgdehen submitted to the combined
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effect of temperature decrease followed by shaasstrelease and it appeared difficult to

analyse the resulting response to this poorly odiett thermo-mechanical stage.

The permeability test carried out at point F (259@bvides inflow and outflow

permeability values of 6.1 x & m? and 1.7 x 18" m

previous tests, a swelling of 0.05% occurred (ERD).

2

, respectively (Fig. 12a). As in

200 — 507 @
(a) ] M
0 ' | | | ' |
0 T T T T T T T T 5 10 15 20
! ! ! ! ! ! I -50 — Time (h)
. K 5 10 15 20 25 30 35 &
™ 1 -
£ Time ® E 100 — —&— Outflow
E -200 — = —— Inflow
> —&— Outflow 2] E
< T —<4— Inflow 150 —|
-400 —| 4
EST30734 200 —| EST30734
-600 — -250 —
-0.10 — 0.05 — (b)
-0.08 — 0.04 —
< <
£ 006 - S 003
2 2
H . g 8
H ) —O— LVDTs
§ -0.04 — —(O— LVDTs S 002 - PUCs
< —@— PVCs 2 ®
-0.02 — 0.01 —
A (R L B B B I B 0.00 — 1 T T T T 1
0 5 10 15 20 25 30 35 0 5 10 15 20
Time (h) Time (h)

Fig. 11. Radial permeability test at point E,
(a): inflow and outflow, (b): volume change.

Fig. 12. Radial permeability test at point F,
(a): inflow and outflow, (b): volume change.

3.4. Isotropic drained heating of the sheared samp le (F-G)

From point F, the specimen was slowly heated ug&tC with a heating rate of
0.5°C/h, low enough to ensure drained conditiondtés et al. 2002; Monfared et al. 2011b).
The local axial, radial and volumetric strains afea from the LVDTs are presented in
Fig. 13. Contraction of the sheared sample occufreth the beginning of the test, with
radial strains larger than axial strains, showiome anisotropy in the thermal response. At
48°C, the axial strain is equal to 0.007% (charised by a slope £=0.28 x 10° °C™?)
compared to 0.027% (= 1.26x 10°°C™) for the radial strain.
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Fig. 13. Isotropic drained heating test.

4. Discussion

The test carried out in this work was aimed athfeirtinvestigating some thermomechanical
issues related to the behaviour of the excavatamnadjed zone that develops around galleries
and repository cells excavated at great depthanttaystone. To do so, the first stage of the
test was aimed at mimicking the stress path foltbwering excavation, by running a shear
test at constant mean effective stress up to &illihis first stage carried out in drained
conditions provided some insight into the sheaemgth and failure properties of the
Callovo-Oxfordian claystone. As seen in Fig. 6 p&-C-D), the curves obtained are
comparable to other data obtained on the COx dagstwith axial strains (perpendicular to
bedding) larger than radial ones (e.g. Chiarelialet2003; Homand et al. 2003; Zhang and
Rothfuchs 2004; Hu et al. 2014).

The corresponding stress path plotted q-ap'diagram presented in Fig. 14 exhibits
some small perturbations at the beginning of teedelow shear stress due to some technical
problems with the PVC controlling the confining gsare, forp’ values smaller than
1.0 MPa. The mean effective strgssafterwards stabilizes at 7.9 MPa. The Figure shows
that failure is reached at a peak shear stres MHa (point C). This is a rather small value
compared to that obtained under comparable comditiy Zhang and Rothfuchs (2004) and

Hu et al. (2014). This confirms the variability eddy observed in the failure criteria of the
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COx clay, that depends on the specimen origin anthe layer in which it has been
excavated, together with other technical parametdées the experimental procedures
followed (including the specimen size and shape résaturation procedure followed and the
drainage conditions imposed). Visual observatiomenat the end of the test on the sheared
specimen (Fig. 7) evidenced a shear network thaeibably affected the post-peak response
that was characterised by the mobilisation of theas planes and the mutual sliding of

blocks.
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Fig. 14. Stress path in g-p' plane.

Particular attention was devoted to the changepemmeability along the various
stages of the test to capture possible effectdrainslocalisation and temperature elevation
on the overall response of the specimen. Permaldsts were carried out by running
constant head steady state radial permeabilitys testthe hollow cylinder specimen, by
imposing a pore pressure increagle € 0.5 MPa) on the outer face of the cylinder while
monitoring water exchanges by using the pressulem controllers. Unlike in standard
triaxial testing on full cylinders that only invadg an axial flow of water through the sample
that may or may not be affected by a shear pldree hbllow cylinder configuration does
impose a radial flow through the network of sheands created at failure, in a direction
parallel to bedding. It is hence particularly adapto capture the effects of shear bands on
the permeability. In this regard, this device ugfaompletes previous procedures carried
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out on sample in which tensile cracks were cre@ddely et al. 2007). Both procedures then
cover the water transfer properties of both theiterand shear cracks that characterise the
EDZ (Armand et al. (2014), allowing better investign of the self-sealing properties of the
claystone.

During permeability tests, the volume changes ef shecimen were monitored by
both the amount of water exchanges monitored by PWC and the local strain
measurements provided by the LVDTs. Quite a goatespondence was observed between
these data in most tests, providing good confidemd¢be permeability values obtained. The
combined effects of the effective stress releaseg(pssively induced when applying the
pore pressure increment of 0.5 MPa on the outeg)fdate specimen hydration and the
swelling induced, and the final stabilization ofteraflows could clearly be identified in the
curves of water exchanges provided by the PVC.

At the beginning of the test, a reference permdgbiialue just after resaturation
under conditions close to in-situ streps=(9 MPa andi = 1 MPa, point B) of 4.9 10%* n?
was obtained. This value is in the range of mageitaf intrinsic permeability of the COx
claystone, estimated between®i@nd 10 m?, (Escoffier et al. 2005; Delay et al. 2006;
Mohajerani et al. 2011). Further changes due taréig and temperature elevation could
then be monitored by running similar tests at estalje of the test.

The 0.5 MPa excess pore pressure applied on tleenextface of the sheared sample
induced a decrease in shear stress down to 7.3(pa C-D) related to the reactivation of
shear bands. The important conclusion drawn froenpgrmeability test after this stage was
that, in spite of the clear appearance of sheaddahbserved all around the sample, they
were no decrease in permeability at ambient tenyreraconfirming the good self-sealing
properties of the COx claystone.

After the shear stress release phase, the undrdieatihg of the sheared sample
exhibited a first stage up to a temperature of ZB.&uring which an increase in shear stress
up to a peak at 7.75 MPa was coupled to a faseaser in pore pressure up to a maximal
value of 1.49 MPa (Fig. 10a and Fig. 10b) with noarmge detected in the LVDT
measurements (Fig. 10c). During this stage in whioh specimen was stable with no
mobilisation of the shear planes, an estimatiothefthermal pressurisation coefficient can
be made.
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The total pore pressure change during undrainetinigeia given from the water mass

change equatiordM,,= 0) as follows:
du=Bdp+AdT (2)

whereB is the Skempton coefficient (Skempton 1954) ang the thermal pressurisation

coefficient. Eq. (2) indicates that the total ppressure change is due to a part related to the

total stress chang®&dp = B%) and a part related to temperature change)(

duT:AdT:du-BdB—q 3)

The Skempton coefficient of saturated COx claystovas found equal to 0.87
(Mohajerani et al. 2014) for a saturated sampldghef same porosity (17.7%). The pore
pressure induced by the temperature increase caal@idated by using Eqg. (3), providing a
thermal pressurisation coefficient equal to 0.198a1C between 25 and 28.5°C. This value
Is in agreement with the results of Mohajeranile{2012) who observed that the thermal
pressurisation coefficient slightly decreased withreased temperature, with a value of
0.145 MPa/°C at 32°C.

Once the peak reached, the shear stress startezhsi@g linearly while the increase
in pore pressure became smaller and less regulaindpthis stage, the LVDT measurements
evidenced a decrease in specimen length combinath tacrease in radius, capturing the
displacements resulting from the thermal reactoratof the shear bands and the mutual
sliding of the blocks, in agreement with data aledi by Monfared et al. (2012) on the Boom
clay. This reactivation resulted in a somewhagutar response in pore pressure.

Due to thermal pore fluid pressurisation in theasbd sample and to the resulting
decrease in effective stress during the undraimadifng phase (D-F), the stress path moved
towards the left. A continuous decreasejiandp’ was afterwards observed in the plane

p' (Fig. 14)with a constant ratig/p' equal toM = 0.97, that corresponded to a friction angle
. 3M . . ) . ) .
' = arcsin = 24.7°. This value, that is typical of a residgtdte in which a pre-
¢ m) yp p

sheared plane is reactivated, is in good agreemithtthe results of Zhang and Rothfuchs

173



Chapter 4. THM behaviour of a sheared COx clays&araple with respect to the EDZ behaviour

(2004) at ambient temperature on the COx claysténeiould tend to indicate that the
residual friction angle is not temperature depehden

The sheared sample submitted to drained heatingeleeat 25 to 48°C (path F-G, Fig.
13) exhibited a thermal contraction. Contractiomargier in the direction parallel to bedding
than perpendicular to bedding, with an anisotragijorof 4.5. This trend is not in agreement
with recent data of Monfared et al. (2011b, on @malinus clay) and of Mohajerani et al.
(2014, on the COx claystone) showing larger theroaltraction perpendicular to bedding. It
is suspected here that the radial thermal contraatould be enhanced by the subvertical
cracks (with an angle of 67°C with respect to hamial, see the photo of the sheared
specimen in Fig. 7) along which the smectite phiasenobilised. Note also that some
mobilisation of the shear band could also intervene

The permeability test run at 80°C on the shearedpka showed that the intrinsic
permeability of COx claystone was not dependentesnperature, with the larger fluxes
observed only related to the decrease in watepsigcwith temperature, in agreement with
previous results on intact Boom clay sample (Dektgal. 2000). As already observed in the
Boom clay and the Opalinus clay, the good selfisggiroperties of the COx claystone are

confirmed at elevated temperature.

5. Conclusion

An experimental program was carried out in a nellotwocylinder triaxial cell with a
short drainage path specially designed for low @etfoiity rocks to investigate some
thermo-hydro-mechanical issues in the EDZ arountergs excavated in claystones. The
sample was first resaturated under a stress dtae to in-situ stress conditions in order to
minimize swelling and damage during resaturation.

To complete the understanding of the responseeEZ around a gallery submitted
to temperature elevation like that induced by e&otiic radioactive waste, a COx specimen
was submitted in the hollow cylinder triaxial apgiars to a stress path close to that supported
in the close field during excavation, i.e. to shaarconstant total mean stress. Once the
sample sheared and the post-peak regime with dfegads reached, the shear stress was
released. Subsequent undrained thermal pressonzigil to a decrease in mean effective
stress that brought back the sheared sample todail

The results of radial permeability tests on COxysfane specimens showed that the

damage induced by shearing that resulted in theldpment of a network of shear bands
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around the sample did not affect the sample perititgatconfirming the excellent self-
sealing properties of the COx claystone. Like ia tlase of other clays and claystones, self-
sealing properties are made possible thanks tsrttetite fraction of the clay matrix that is
mobilized along shear bands. The results of ragemeability test on heated samples
already sheared evidenced the mobilisation of fditgres that were only due to the decrease
in water viscosity with temperature, with no sigrant change in the intrinsic permeability.
The results obtained here confirm the good seliirsgpgoroperties the COx claystone and
extend them to elevated temperature.

Indeed, the presence of smectite minerals in tlagscland claystones presently
considered in Europe for the deep disposal of eadige waste (the Boom clay in Belgium,
the Opalinus clay in Switzerland and the Callovddgddian claystone in France) provide
efficient self-sealing properties that result ie fact that the overall permeability of the EDZ
Is comparable to that of the intact rock. This pailneady evidenced in tensile cracks is now
confirmed in shear cracks thanks to the speciakdaysed here.
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Conclusion générale

Conclusions générales et perspectives

Le stockage des déchets radioactifs a vie longueree activité dans les couches
géologiques profondes peu perméables comme lefitemgnécessite I'étude de divers
aspects du comportement THM de I'argilite du Cadl@xfordien et les themes abordés dans

ce travail s’y rattachent.
Propriétés de rétention d’eau

Afin de mieux comprendre les changements de temewau a proximité des parois
sous l'effet de I'évaporation engendrée par la egiin des galeries et du remouillage qui
interviendra une fois les galeries fermées, du daitl'infiltration d’eau depuis la roche
saturée, une étude microstructurale des propriftéstention d’eau a été réalisée a l'aide de
la porosimétrie au mercure sur des échantillongpHiizsés préalablement soumis a
différentes valeur de succions. Le long de chemginséichage, la microstructure de I'état
initial désaturé est caractérisée par une seulelgibpn de pores bien classée autour d’un
diamétre caractéristique de 32 nm qui correspor@pisseur moyenne des plaquettes
d’'argile. Le passage a 150 et 331 MPa de succibtraghiit par une légere modification au
niveau des courbes porosimeétriques. La courbe poébsque garde la méme allure avec un
diamétre caractéristique légerement déplacé vessvdieurs plus petites (28-27 nm). Le
séchage a également un effet sur I'infra-porosté détectée par l'intrusion de mercure
(diameétre <5.5 nm), qui est de I'ordre de 4% aat'énitial (34 MPa de succion) et passe a
3% a 150 et 331 MPa de succion. Le séchage a €gitnduit un effet plus fort d’'une part
sur la taille des pores qui passent a un diameanacteristique de 20 nm et d’autre part sur
I'infra-porosité qui passe a 1%.

L’humidification a 9 MPa de succion conduit a lausation de I'argilite du COx sans
changement dans la microstructure, alors que I'ifitétion a succion nulle donne lieu a
I'apparition d’une nouvelle population de poresdtisant la formation des fissures de
quelques micrometres. Les concepts décrivant ldmgdiion progressive des smectites par la
mise en place successive de molécules d’eau etidorde la succion appliquée est apparue
utile pour comprendre les propriétés de rétentieawddans 'argilite du COx.
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Couplage compression-gonflement

L'étude du couplage compression-gonflement degilite du COx a été menée par la
réalisation d'une série d'essais oedométriques Getdg par des observations
microstructurales par l'utilisation conjointe degarosimétrie au mercure et le microscope
électroniqgue a balayage. Des échantillons ont é@dépdmés jusqu'a des contraintes
maximales de 56 et 113 MPa avant d'étre déchaay&sdkux conditions: i) a teneur en eau
constante et ii) en permettant linfiltration deali, comme dans les essais de gonflement
standard. Les résultats obtenus sur les échantdmhmargés a teneur en eau constante ont
permis d’interpréter la compression comme une adatmmbinée de I'écrasement des pores
(entrainant des fissures locales) au niveau iftaqyettes dans la matrice argileuse, et de la
compression des plaquettes elles-mémes par l'e@pulde certaines molécules d'eau
adsorbées dans les feuillets de smectite danddqsaqites interstratifiées illite-smectite. Le
gonflement du a l'infiltration de I'eau pendandichargement a entrainé des modifications
des pores a deux niveaux: par la création desréissie quelques dizaines de micrometres, et
par un désordre induit au niveau de la porositgriptaquettes qui est devenue moins bien

organisée, avec une plus grande gamme de dianeprerds par rapport a I'état initial.

Comportement thermo-mécanique

Une importance particuliere a été accordée au caempent thermo-mécanique de
I'argilite du COx saturée, vu les rares donnéestamntes du fait de la difficulté de réalisation
des essais au laboratoire. Une cellule triaxiallndse creux a faible chemin de drainage
(égal a la demie épaisseur du cylindre creux, 10rdéveloppée spécialement pour les
matériaux peu perméable (Monfared et al. 2011&¢ atdisée. Toutes les éprouvettes testées
ont été préalablement resaturées sous un étatrdmaiode proche a celle en place afin de
limiter les perturbations liées au gonflement. Lg#cipaux résultats obtenus sont les
suivants :

- Les données de résistance au cisaillement obtesargsen bon accord avec celles
obtenues a partir d’'essais également réalisés damssconditions completement
saturées par Hu et al. (2014a) sur des éprou\astpsrosité similaire ;

- Des valeurs de résistances au cisaillement pluslefaisont obtenues sur des
éprouvettes de plus forte porosité ;

- Les essais de chauffage isotrope drainé sousalehtions de contrainte proche a

celle in-situ et % in-situ ont confirmé le component plastique contractant de
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l'argilite du COx lors, déja identifié¢ par Mohajeiaet al. (2014), avec une
contraction moins importante pour des éprouvetteglus faible porosité ;

- Les essais de cisaillement a une température él@vé@°C n’'ont pas montré de
changement significatif des parametres élastiques ;

- Les résultats préliminaires obtenus montrent unpmtement plus ductile et une
résistance au cisaillement moins importante a emgpérature plus élevée, en accord
avec les rares données publiées sur les argilites ;

- Les essais de perméabilité radiale réalisés a 88°& montrent que la perméabilité
intrinséque de l'argilite du COx ne change pasifativement avec I'augmentation
de la température, le débit plus important obseeédant I'essai a 80°C étant
essentiellement lié a la diminution de la viscodiégél’eau avec I'augmentation de la

température ;

Propriétés d’auto-colmatage

Pour étudier les propriétés d’auto-colmatage eeféets combinés de 'augmentation
de la température et d’une discontinuité de ceaiént sur la perméabilité, un programme
expérimental spécifique a été réalisé a laide ddule triaxiale cylindre creux afin de
reproduire la situation de l'argilite du COx dadaszone endommagée par I'excavation.
L’augmentation de la température autour des galetéestockage engendre une surpression
interstitielle par le phénomeéne de pressurisati@mmique dans la zone endommagée et cette
surpression peut créer de nouvelles fissures etamtiver des fissures préexistantes, comme
'ont déja montré Monfared et al. (2012) dans |s de l'argile de Boom. Les résultats
obtenus sur l'argilite du Callovo-Oxfordien ont nignque le chauffage non drainé d’une
éprouvette préalablement portée a la rupture condula réactivation d'un plan de
cisaillement par la pressurisation thermique duidéu interstitiel. L'effet de
'endommagement induit par le cisaillement sur éanpéabilité a été également étudié en
réalisant des essais de perméabilité avant et apadlement a 25 et 80°C. Les résultats
obtenus n’ont montré aucun effet de 'endommagersantia permeéabilité, confirmant les

bonnes propriétés d’auto-colmatage de l'argiliteCddx a différentes températures.
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Perspectives

L’argilite du Callovo-Oxfordien est un matériauisoirope a cause de I'existence de
plans de stratification. Tous les essais réalis&#ss dce travail ont été menés sur des
éprouvettes provenant de carottes perpendiculaipgaa du litage. Une étude plus compléte
de l'anisotropie des propriétés mécaniques, hyddgat thermiques de l'argilite parait
nécessaire pour compléter la base des donnéesérgsant son comportement.

Cette étude a mis en évidence les bonnes capat#at-colmatage de l'argilite,
confirmant que les fractures n’avaient pas d’infice significative sur la perméabilité a I'eau
de largilite saturée. Néanmoins I'étude du couplaghdommagement-perméabilité en
condition non saturée est également un point itapb&a explorer. Cela permettra de mieux
comprendre les changements de perméabilité penaaitase de ventilation des galeries,
durant laquelle l'argilite se trouve a I'état noatgé, ainsi que la phase post-fermeture de

production de gaz par la corrosion des colis debat8.

182



Références bibliographiques

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

(10]

Ahmed S, Lovell CW, Diamonds S (1974). Pore sizes$ strength of compacted clay.
ASCE J. Geotech. Engng 100, No 4: 407-425

ANDRA (2005). Synthesis argile: evaluation of theadibility of a geological
repository in argillaceous formation. http://wwwdaa.fr/international/
download/andra-international-en/document/editio®&y2a.pdf

ANDRA (2012). Référentiel du comportement THM desniations sur le site de
Meuse/ Haute-Marne. D.RP.AMFS.1 2.0024

Armand G, Leveau F, Nussbaum C, De La Vaissiefdd®et A, Jaeggi D et al (2014).
Geometry and properties of the excavation-inducedctiires at the
Meuse/Haute-Marne URL drifts. Rock Mechanics andkRBngineering 47:21-
41

Aversa S, Evangelista A, Leroueil S, Picarelli L99B). Some aspects of the
mechanical behaviour of structured soils and smfks. In: Anagnostopoulos,
editor. Geotechnical engineering of hard soils—smfks. Rotterdam: Balkema

Ben Rhaiem H, Pons CH, Tessier D (1985). Factdiectaig the microstructure of
smectites: role of cations and history of appligdsses, In: Schultz et al. (eds)
Proc Int Clay Conf, Denver, The Clay MineralogiSaic, pp 292-297

Bérend I, Cases JM, Francois M, Uriot JP, Michot Masion A, Thomas F (1995).
Mechanism of adsorption and desorption of waterouapby homoionic
montmorillonites: 2. The Li+, Na+, K+, Rb+ and Cexchanged forms. Clays
and Clay Minerals 43: 324-336

Bésuelle P, Viggiani G, Desrues J, Coll C, Charrier(2014). A Laboratory
Experimental Study of the Hydromechanical Behavmr Boom Clay.
International Journal of Rock Mechanics and Rocgigering 47: 143-155

Bishop AW, Kumapley NK, El Ruwayih A (1974). Thdluence of pore water tension
on the strength of a clay. Proc. Royal Soc. Londain1286: 511-554.

Blaise T, Barbarand J, Kars M, Ploquin F et al.1@0 Reconstruction of low
temperature (<100 _C) burial in sedimentary basiAs:comparison of
geothermometer in the intracontinental Paris Bafiarine and Petroleum
Geologyhnttp://dx.doi.org/10.1016/j.mar petgeo.2013.08.019

183



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

184

Bornert M, Vales F, Gharbi H, Nguyen Minh D (201@)ultiscale full-field strain
measurements for micromechanical investigationsth& hydromechanical
behaviour of clayey rocks Strain 46(1): 33—-46

Boulin PF, Angulo-Jaramillo R, Daian JF, TalandirBerne P (2008). Pore gas
connectivity analysis in Callovo—Oxfordian arg#litApplied Clay Science 42:
(1-2) 276-283

Carter TG, Castro SO, Carvalho JL, Hattersley D, oW &, Barone FS, et al (2010).
Tunnelling issues with Chilean tertiary volcanitiasocks. Mir conference;
Problemi di stabilit a nelle opere geotecniche.i@épl1l, Torino

Cases JM, Bérend I, Francgois M, Uriot JP, MichgtTldomas F (1997). Mechanism of
adsorption and desorption of water vapour by homoionontmorillonite: 3.
The Mg2+, Ca2+, Sr2+ and Ba2+ exchanged forms.Céayd Clay Minerals
45: 8-22

Cekerevac C, Laloui L (2004). Experimental studyh&frmal effects on the mechanical
behaviour of a clay. International Journal for Nuived and Analytical Methods
in Geomechanics 28: 209-228

Cheng A HD. Material coefficients of anisotropicrpelasticity (1997). International
Journal of Rock Mechanics and Mining Sciences 34(29-205

Chiarelli AS (200). Etude expérimentale et modéiisadu comportement mécanique
de l'argilite de I'est. PhD thesis, Universitéd.ill

Chiarelli AS, Shao JF, Hoteit N (2003). Modelingetdstoplastic damage behavior of a
claystone. International Journal of Plasticity 29:45

Cui YJ, Le TT, Tang A.M, Delage P and Li XL (2009nvestigating the time
dependent behaviour of Boom clay under thermo-mechh loading.
Géotechnique 59(4): 319-329

Davy CA, Skoczylas F, Barnichon JD, Lebon P (20@&rmeability of macro-cracked
argillite under confinement: gas and water testi?lgysics and Chemistry of the
Earth 32(8-14): 667-80

De La Vaissiere R, Talandier J (2012). Gas injectests in the Meuse/Haute Marne
underground research laboratory. Proceedings of Tihwansfert 2012
Conference, Ecole Centrale de Lille Eds, 360-368

Delage P, Pellerin FM (1984). Influence de la lyiipation sur la structure d’une
argile sensible du Quebec. Clay Minerals 19(2)-1%D



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

Delage P, Lefebvre G (1984). Study of the structira sensitive Champlain clay and
of its evolution during consolidation. Canadian @ebnical Journal 21 (1): 21—
35

Delage P, Audiguier M, Cui YJ, Howat MD (1996). Wbstructure of a compacted silt.
Canadien Geotechnical Journal 33(1): 150-158

Delage P, Sultan N, Cui YJ (2000). On the thermatsolidation of Boom clay.
Canadian Geotechnical Journal 37(2): 343-354

Delage P, Marcial D, Cui YJ, Ruiz X (2006). Ageieffects in a compacted bentonite:
a microstructure approach. Géotechnique 56 (5294

Delage P, Le TT, Tang AM, Cui YJ, Li XL (2007). Sun effects in deep Boom clay
block samples. Géotechnique 57 (1): 239-244

Delage P (2009). Compaction behaviour of clay: wbson. Géotechnique 59 (1), 75-
76

Delage P (2010). A microstructure approach of tmesgivity and compressibility of
some Eastern Canada sensitive cl&&otechniqué&0 (5): 353-368

Delage P (2014). The oedometer compression curaee size distribution curve in
loose structured clays. Proc. TC105 Internatioryahi@sium on Geomechanics
from micro to macro (2), 1251 — 1254, K. Soga et eds, CRC Press.
Cambridge, UK

Delage P, Menaceur H, Tang AM, Talandier J (2084iction effects in deep Callovo-
Oxfordian claystone specimen. Géotechnique LeB¢ts 84-88

Delay J, Trouiller A, Lavanchy JM (2006). Proprgtéydrodynamiques du Callovo-
Oxfordien dans I'Est du bassin de Paris : companaides résultats obtenus
selon différentes approches. C.R. Geoscience 338

Diamond, S. (1970). Pore size distribution in claygys Clay Miner 18 :7-23

Doran IG, Sivakumar V, Graham J, Johnson A (20&8}jmation of in-situ stresses
using anisotropic elasticity and suction measurgéme@Géotechnique 50(2):
189-196

Escoffier S (2002). Caractérisation expériementaleamportement hydro-mécanique
des argillites de Meuse/ Haute Marne. PhD theiBLINancy

Escoffier S, Homand F, Giraud A, Hoteit N, Su K @3) Under stress permeability
determination of the Meuse/Haute-Marne mudstonegirteering Geology
81(3): 329-40

185



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

186

Ferrage E, Lanson B, Sakharov BA, Drits VA (2005)vestigation of smectite
hydration properties by modeling experimental X-thfjraction patterns: Part
I. Montmorillonite hydration properties. Am. Miné/@0: 1358-1374

Fouché O, Wright H, Le Cléach JM, Pellenard P (2064bric control on strain and
rupture of heterogeneous shale samples by usiog-@anventional mechanical
test. Applied Clay Science 26 (1-4): 367-387

Fredlund DG, Rahardjo H, Fredlund MD (2012). Unsateed soil mechanics in
engineering practice: Wiley, New-York.

Gaucher G, Robelin C, Matray JM, Négrel G, GroH¥itz JF, Vinsot A, Rebours H,
Cassagnabeére, Bouchet A (2004). ANDRA undergrowsgtarch laboratory:
interpretation of the mineralogical and geochemidata acquired in the
Callovian-Oxfordian formation by investigative ding. Physics and Chemistry
of the Earth 29: 55-77

Gens A (2011). On the hydromechanical behaviouargillaceous hard soils-weak
rocks. In: Proc. 15th European conference on Sathanics & Geotechnical
Engineering, Athens

Gillott JE (1973). Methods of sample preparation rfacrostructural analysis of soil.
Proc. 4th Int. Working Meeting on Soil Micromorpbgly, ed GK Rutherford,
Kingston, 143-164

Heitz JF, Hicher PY (2002). The mechanical behavmuargillaceous rocks — some
guestions from laboratory experiments. Proc Int gywdydromech Thermo-
hydromech Behav Deep Argillaceous Rock: 99-108

Homand F, Chiarelli AS, Hoxha D (2003). Caractégists physiques et mécaniques du
granite de la Vienne et de l'argilite de I'Est. &2\Wrancaise de Génie Civil
6(1): 11-20

Hoxha D, Giraud A, Homand F, Auvray C (2007). Sated and unsaturated behaviour
modelling of Meuse-Haute/Marne argillite. Interoai@l Journal of Plasticity
23: 733-766

Hu DW, Zhang F, Shao JF (2014a). Experimental saigyoromechanical behavior of
saturated claystone under triaxial compressiona &zotechnica 9: 207-214

Hu DW, Zhang F, Shao JF, Gatmiri B (2014b). Infeesyof Mineralogy and Water
Content on the Mechanical Properties of Argilliock Mechanics and Rock
Engineering 47: 157-166



[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]
[58]

[59]

Hueckel T, Baldi G (1990). Thermoplasticity of gsatied clays: experimental
constitutive study. Journal of Geotechnical Engimepl16(12): 1768-1796

Hueckel T, Pellegrini R (1991). Thermoplastic maugl of undrained failure of
saturated clay due to heating. Soils Found 3136 1

Hueckel T, Francois B, Laloui L (2009). Explainittgermal failure in saturated clays.
Géotechnique 59 (3): 197-212

Jougnot D, A Revil, Lu N, Wayllace A (2010). Traonspproperties of the Calloxo-
Oxfordian clay-rock under partially saturated cdiotis, Water Resources
Research, 46, W08514, doi:10.1029/2009WR008552

Lebon P, Mouroux B (1999). Knowledge of the thFgench underground laboratory
sites. Engineering Geology 52: 251-256

Li Y, Weetjens E, Sillen X, Vietor T, Li X, Delage, Labiouse V, Charlier R (2014).
Consequences of the thermal transient on the ewenlaf the damaged zone
around a repository for heat-emitting high-levetlicactive waste in a clay
formation: a performance assessment perspectivek Rtechanics and Rock
Engineering 47: 3-19

Marcial D, Delage P, Cui YJ (2002). On the highessr compression of bentonites.
Canadian Geotechnical Journal 39 (4): 812-820

Masri M, Sibai M, Shao JF, Mainguy M (2014). Expeental investigation of the
effect of temperature on the mechanical behavior Tolirnemire shale.
International Journal of Rock Mechanics and MinBaiences 70: 185-191

Méring J, Glaeser R (1954). Sur le réle de la wadettes cations échangeables dans la
montmorillonite. Bulletin de la Société Francaisee dMinéralogie et
Cristallographie 77: 519-530

Mitchell JK, Soga K (2005). Fundamentals of sothéaour. John Wiley New-York

Mohajerani M, Delage P, Monfared M, Tang AM, Sulem Gatmiri B (2011).
Oedometer compression and swelling behaviour of @adlovo-Oxfordian
argillite. International Journal of Rock Mechanesd Mining Sciences 48(4):
606-615

Mohajerani M, Delage P, Monfared M, Tang A.M, SuldnGatmiri B (2012). A
laboratory investigation of thermally induced pgmeessures in the Callovo-
Oxfordian claystone. International Journal of Rddechanics and Mining
Sciences 52: 112-121

187



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

188

Mohajerani M, Delage P, Sulem J, Monfared M, TaniylAGatmiri B (2014). The
thermal volume change of the Callovo-Oxfordian stape. International
Journal of Rock Mechanics and Rock Engineeringl®1-142

Monfared M, Delage P, Sulem J, Mohajerani M, Tald, e Laure E (2011a). A new
hollow cylinder triaxial cell to study the behavroaf geomaterials with low
permeability. International Journal of Rock Mecltanand Mining Sciences 48
(4): 637-649

Monfared M, Sulem J, Delage P, Mohajerani M (201 Zblaboratory investigation on
thermal properties of the Opalinus claystone. hdgonal Journal of Rock
Mechanics and Rock Engineering 44(6): 735-747

Monfared M, Sulem J, Delage P, Mohajerani M (2012). the THM behaviour of a
sheared Boom clay sample: Application to the behavand sealing properties
of the EDZ. Engineering Geology 124: 47-58

Monfared M, Sulem J, Delage P, Mohajerani M (20IP@mperature and Damage
Impact on the Permeability of Opalinus Clay. Intgronal Journal of Rock
Mechanics and Rock Engineering 47: 101-110

Mooney RW, Keenan AC, Wood LA (1952). Adsorption wofater vapor by
montmorillonite. Il. Effect of exchangeable ionsdamattice swelling as
measured from X-ray diffraction. J. Am. Chem. So&. 1371-1374

Morin R, Silva AJ (1984). The effects of high pnessand high temperature on some
physical properties of ocean sediments. JournalGebphysical Research
89(B1): 511-526

Norrish K (1954). The swelling of montmorillonitBiscussions of the Faraday society
18: 120-133

Pham QT, Vales F, Malinsky L, Nguyen Minh D, Ghaii (2007). Effects of
desaturation-resaturation on mudstone. PhysicCduaanistry of the Earth 32:
646-655

Revil A, Lu N (2013). Unified water sorption andsoeption isotherms for clayey
porous materials, Water Resources Research 4%8%-5699

Saiyouri N, Tessier D, Hicher PY (2004). Experingnstudy of swelling in

unsaturated compacted clays. Clay Minerals 39: 49—



[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

Sammartino S, Bouchet A, Prét D, Parneix JC, Tewnds (2003). Spatial distribution
of porosity and minerals in clay rocks from the |I@ab—Oxfordian formation
(Meuse/Haute-Marne, Eastern France)—implicationsaoits species diffusion
and rock sorption capability. Applied Clay Scie232(1-4): 157-166

Skempton AW (1954). The pore pressure coefficignend B. Géotechnique 4: 143-
147

Skempton AW (1961). Horizontal stresses in an awesolidated Eocene clay.
Proceedings of the "5 International Conference on Soils Mechanic and
Foundation Engineeringaris pp: 351-357

Skempton AW, Sowa VA (1963). The behaviour of sateedl clays during sampling
and testing. Géotechnique 13(4): 269-290

Sridharan A, Altschaeffl AG, Diamond S (1971). Peree distribution studies. J. Soil
Mech. Found. Div. ASCE 97, No. 5 : 771-787

Sultan N, Delage P, Cui YJ (2002). Temperature cedfeon the volume change
behaviour of Boom clay. Engineering Geology 64(2135-145

Tang CS, Tang AM, Cui YJ, Delage P, Schroeder G,B5(2011). A study of the
hydro-mechanical behaviour of compacted crushedlliseg Engineering
Geology 118: 93-103

Tovey NK, Wong KY (1973). The preparation of saiisd other geological materials
for the scanning electron microscope. Proceedinfisthe International
Symposium on Soil Structure, Gothenburg, Swede6;183

Tsang CF, Bernier F, Davies C (2005). Geohydrom@icha processes in the
excavation damaged zone in crystalline rock, ratk and indurated and plastic
clays in the context of radioactive waste disposdérnational Journal of Rock
Mechanics and Mining Sciences 42: 109-25

Valés F (2008). Modes de déformation et d’endommmesge de roches argileuses
profondes sous sollicitations hydro-mécaniques. Phbesis Ecole
Polytechnique : Paris

Vales F, Nguyen Minh D, Gharbi H, Rejeb A (2004xpErimental study of the
influence of the degree of saturation on physical mechanical properties in
Tournemire shale (France) Applied Clay Science @6:207

Wan M, Delage P, Tang AM, Talandier J (2013). Watgention properties of the
Callovo-Oxfordian claystone. International Jourmdl Rock Mechanics and
Mining Sciences 64: 96—104

189



[83] Wang LL (2012). Micromechanical experimental invgation and modelling of strain
and damage of argillites under combined hydric em&thanical loads. PhD
thesis, Ecole Polytechnique, France

[84] Wang LL, Bornert M, Héripré E, Yang DS, Chanchole (&14). Irreversible
deformation and damage in argillaceous rocks indlubg wetting/drying.
Journal of Applied Geophysics 107: 108-118

[85] Wileveau Y, Cornet FH, Desroches J, Blumling P ®0CComplete in situ stress
determination in an argillite sedimentary formatiéthys Chem Earth A/B/C
32(8-14): 866—78

[86] Wu B, Tan CP, Aoki T (1997). Specially designed htaques for conducting
consolidated undrained triaxial tests on low pefoiggp shales. International
Journal of Rock Mechanics and Mining Sciences 334; paper No. 336

[87] Yang D, Chanchole S, Valli P, Chen L (2012). Stoflyhe Anisotropic Properties of
Argillite Under Moisture and Mechanical Loads. Rollechanics and Rock
Engineering 46(2): 247-257

[88] Yven B, Sammartino S, Geroud Y, Homand F, Villiera@007). Mineralogy texture
and porosity of Callovo-Oxfordian claystones of Meuse/Haute-Marne region
(eastern Paris Basin), Mémoires de la Société g@ple de France, ISSN
0249-7549, 178: 73-90

[89] Zzhang CL and Rothfuchs T (2004). Experimental stadythe hydro-mechanical
behaviour of the Callovo-Oxfordian argillite. Apptl Clay Science 26(1-4):
325-336

[90] Zzhang CL, Rothfuchs T, Su K, Hoteit N (2007). Expmntal study of the thermo-
hydro-mechanical behaviour of indurated clays. RBlgem Earth Parts A/B/C
32(8-14): 957-965

[91] Zhang CL, Rothfuchs T (2008). Damage and sealingdayf rocks detected by measure-
ments of gas permeability. Physics and Chemistrythef Earth A/B/C 33
(Suppl. 1): S363-73

[92] Zzhang CL (2011)Experimental evidence for the self-sealing of fuaes in claystone.
Physics and Chemistry of the Earth 36: 1972-1980

[93] Zhang CL (2013). Sealing of fractures in claystadaurnal of Rock Mechanics and
Geotechnical Engineering 5: 214-220

190



[94] Zhang F, Xie SY, Hu DW, Shao JF, Gatmiri B(2012jteEt of water content and
structural anisotropy on mechanical property ofysfane. Applied Clay
Science 69: 79-86

[95] Zhang F, Hu DW, Xie SY, Shao JF (2014). Influenockemperature and water content
on mechanical property of argillite. European Jaurof Environmental and
Civil Engineering 18(2): 173-189

191



