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RESUME

Dans le but de vérifier I'efficacité des dispositile scellement ou des barrieres ouvragéees
dans le stockage géologique des déchets radiqdatiftitut de Radioprotection et de Slreté
Nucléaire (IRSN) a mis en ceuvre le projet expérialeSBEALEX (SEALing performance
EXperiments) auquel ce travail est étroitementiéns le cadre de ce projet, des essais in-
situ sont effectués a I'échelle représentative asdbes conditions naturelles sur un mélange
compacté de bentonite et de sable. Ce matériau élange a été choisi pour sa faible
perméabilité et surtout pour sa capacité de gomffgngui permet de colmater les vides
existant dans le systéme, notamment le vide teofitple correspondant au vide radial entre
le noyau de scellement et la roche hote et qunésitable au cours de l'installation du noyau
dans le forage. Une fois les vides scellés, le lgor@nt a volume constant engendre une
pression de gonflement aussi bien sur la roche [(rGigiale) que sur les structures de
confinement en béton (axiale). Le comportement eematériau dans ces conditions de
couplages hydromécaniques est alors étudié datravagl. La microstructure du matériau a
son état initial a été premiérement examinée parasiomographie rayons-X. Ceci a permis
de caractériser la distribution des grains de betg®@t de sable ainsi que le réseau de pores
dans I'échantillon. Des macro-pores se sont retmugeéncentrés a la périphérie de
I'échantillon ainsi qu’entre les grains de sable, qui pourra affecter a court terme la
perméabilité. L’hydratation du méme matériau en damrdde gonflement limité a été ensuite
observée par photographie 2D et par micro-tomogeaphix rayons-X. Le mécanisme de
gonflement par production de gel de bentonite,inétue de gonflement, la diminution de
densité et 'homogénéisation du matériau final &gt analysés. L’hydratation en conditions
de gonflement empéché a été aussi étudiée parsdais ®u la pression de gonflement a été
mesurée dans deux directions : radialement eteareit. La différence retrouvée entre les
pressions de gonflement axiales et radiales indigugrésence d’'une anisotropie de
microstructure qui a été analysée en fonction dedase volumique seche de bentonite dans
le mélange. Des essais en modéle réduit reproduasané échelle 1/10eme les essais in situ
(SEALEX) ont été également effectués afin d’étudéecomportement du noyau compacteé
apres rupture des structures de confinement. Deane®locales de pression de gonflement le
long des échantillons ont permis de mettre en é@cield’évolution du gradient de densité
durant le gonflement axial. Finalement une comparaientre les résultats obtenus dans ce
travail et ceux d’'un essai in situ (SEALEX) a éiétd. Une bonne correspondance entre les
valeurs d’humidités relatives a été retrouvée pesirmémes longueurs d’hydratation tout en
prenant en compte la saturation par le vide teduiglie radial. Un facteur de temps égal a
100 a été retrouvé en comparant les pressions deeig@mt entre les essais a échelle réduite
(1/10) et les essais in situ.

Mots clés : Mélange bentonite/sable ; stockage des déchets radioactisnflement ;
microstructure ; anisotropie ; essais a échelleitégdeomportement hydromécanique.






ABSTRACT

In order to verify the effectiveness of the geotadjihigh-level radioactive waste disposal, the
French Institute for Radiation protection and Nacl&afety (IRSN) has implemented the
SEALEX project to control the long-term performanoé swelling clay-based sealing
systems, and to which this work is closely relai&fthin this project, In-situ tests are carried
out on compacted bentonite-sand mixture in nattwaditions and in a representative scale.
This material is one of the most appropriate sgafivaterials because of its low permeability
and good swelling capacity. Once installed, thigemal will be hydrated by water from the
host-rock and start swelling to close all gapshea system, in particular the internal pores,
rock fractures and technological voids. Afterwargelling pressure will develop. In the
present work, laboratory experiments were perforteechvestigate the sealing properties
under these complex hydro-mechanical conditionsntaknto consideration the effect of
technological voids. The microstructure of the matan its initial state was first examined
by microfocus X-ray computed tomography (LCT). Tlakowed identification of the
distribution of grains of sand and bentonite asl asglthe pores in the sample. Macro-pores
are found concentrated at the periphery of the saiapd between the grains of sand, which
could affect in the short term the permeability. Tiyelration of the same material in limited
swelling conditions was then observed by 2D phaphy and 3D uCT. The swelling
mechanism with bentonite gel production, the swglkinetics, the density decrease and the
homogenisation of the material were analyzed. Tydrdtion in the conditions of prevented
swelling was also studied by swelling pressurestesth radial and axial measurements of
swelling pressure. The difference found between @kl and radial swelling pressures
suggested the presence of an anisotropic micrasteudMock-up tests at a 1/10 scale of the
in situ SEALEX tests were carried out for the stadiyhe recovery capacity of the mixture in
case of the failure of the confining structurescalomeasurements of swelling pressures
along the sample allowed analysis of the densiadignt evolution during axial swelling.
Finally, a comparison between the laboratory resastd those from an in-situ test was done,
showing a good fitting in the relative humidity eas for the same infiltration length while
considering the saturation effect from the technolmgvoid. The swelling pressure
comparison resulted in a time factor of 100 betwtberiaboratory (1/10) and in situ tests.

Keywords: Bentonite/sand mixture; radioactive waste dispasatrostructure; swelling;
anisotropy; mock-up tests; hydro-mechanical behaviou
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Introduction

INTRODUCTION

The management of radioactive waste is a majorazonfor the countries that produce or use
nuclear energy like China, Belgium and France amotigers. These wastes are treated
differently depending on their activity and thegrjd (i.e. half-life). In France, High Level
and Intermediate Level Long-Lived (HL/IL-LL) wastese temporarily stored at surface by
the respective producers awaiting a long-term gwmtée management solution. Deep
geological disposal has been considered as a posslution to successfully isolate these
wastes from the biosphere for a very long periodis Tinvolves placing the waste in an
underground facility, located several hundreds efars in a relatively impermeable rock, in
order to isolate them over periods allowing for thdioactive decay of isotopes they contain.
Such storage is based on the concept of multidrartie natural or geological barrier (host
rock) and engineered barriers (waste containeffebaind sealing elements). In the French
concept, once the wastes containers will be irestaldalleries and access shafts are closed
and sealed by swelling clay based cores. Compawbeire of bentonite and sand is one of
the candidate sealing materials in this system thamkheir low permeability, high swelling
and high radionuclide retardation capacities (Pud&v9; Yong et al., 1986; Villar et al.,
2008). Moreover, addition of 30% sand has a ndgkgeffect on the hydraulic conductivity
of the mixture (Cho et al., 2000) but was founcdo®wadvantageous with respect to ease of

handling, manufacturing and cost (Agus, 2005).

Once installed in the repository, these sealingenmas will be subject to coupled hydro-
mechanical loadings: hydration due to the infilbatof pore water from the natural barrier
and mechanical confinement resulting from the &t prevented swelling of the

engineered barriers. It is therefore essentialrtdetstand well their behaviour under such

loadings when assessing the overall repositoryysafe

In this context, a number of laboratory studies Ibhaen conducted to investigate the
performance of buffer/sealing materials (e.g. Delagal., 1998; Lloret et al., 2003; Agus and
Schanz, 2005; Romero et al., 2005; Lloret & VillaQ07). Various experiments were also
performed in underground research laboratories (URuch as FEBEX at Grimsel
(Switzerland), RESEAL at Mol (Belgium), KEY at Bur@rance) and SEALEX at

Tournemire (France), to which this work is closediated.

In order to identify the key factors related to tbag-term performance of bentonite-based
sealing systems, the French institute IRSN (InstieuRadioprotection et de Shreté Nucléaire)
has launched the SEALEX project. This project ceissof a series of in situ experiments
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performed in natural conditions and at a represestacale in the Tournemire URL. The
tests program was specially built in order to pdevuseful information about the effect of
technical specifications, design, constructionedts, etc. (Barnichon et al. 2009, 2010). Clay
cores made of pre-compacted disks of MX80 benttsatel mixture were considered. The
cores were introduced in boreholes excavated ystdae where they undergo the saturation
process. During this process, the injected watennael total pressure and relative humidity
changes are monitored at several positions. The dmplathe technical specification and
design of the sealing plug will also be investigatey changing the intra-core geometry
(jointed vs. monolithic disks), core compositionXBD/sand ratio) and core conditions (pre-
compacted vs. in situ compacted). Furthermore effext of altered conditions will be also
studied by simulating the decrease of swelling saress caused by a failure of the concrete
confining structure. Considering the complexitytlodé in-situ conditions, it appears important
to identify the hydro-mechanical behaviour of coetpd mixture in laboratory conditions in
order to obtain useful information for interpretitige results obtained in the field conditions.

Problematics and objective of the study:

Once the initially unsaturated bentonite/sand dsren place, it undergoes a process of
saturation by infiltration of pore water. The pneseork specially focuses on the interface
between the seal and the host-rock while consigettie presence of radial technological
void. This void is the annular gap that is techihyjcaeeded for the installation of the seal in
the gallery (Barnichon et al., 2010, 2012). Onceantact with water, a first mechanism of
bentonite free swelling by gel formation startsfitbthe void (Cui et al, 2002; Cui et al,
2008). A density gradient is then present betwdencompacted centre and loose gel at the
interface with the host-rock. This gel will consldte over time being blocked between the
continuously swelling compacted centre and thetivelly stiff host-rock. Meanwhile, the
swelling of the compacted centre to the rear o tiel induces a reduction of their density
which can approach that of the consolidated geleofétically, the density gradient is
expected to decrease over time and to reach adiatd of uniform density. In reality, as a
result of the complex interface and microstructof€ompacted materials, this ideal case of
uniform final density may never be reached. If de@sity gradient persists in the clay core in
the final state, it must be taken into accounhim assessment of overall safety of the storage
system, for instance by considering the hydro-meicia& properties as a function of density.
The objective of this work is to study the longneevolution of the density gradient and that

in terms of microstructure, swelling stress andsitgrmeasurements.
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The testing program consists of different typesexperimental laboratory tests that were
performed in order to study several phenomena.iffitial microstructure was investigated
by microfocus X-ray computed tomography (LCT) anerddiry Intrusion Porosimetry (MIP);
the limited swelling and homogenisation were stddig time lapse photography and uCT;
the anisotropy of swelling pressure was studiedctwystant volume elementary tests and
finally the hydro-mechanical behaviour was invesiggl by 1/10 mock-up tests and by

comparing with the results from in-situ experiments
Organisation of the dissertation:

The results of this work are subjected to 8 publsiseibmitted and to-be-submitted papers.
One of them was published in the proceedings onBat/2012 Conference; two other papers
were accepted with moderate modifications in Engjiimg Geology journal and Journal of
Rock Mechanics and Geotechnical Engineering. Thergiapers were submitted to Soils and
Foundations, Applied Clay Science, Engineering Ggpl Canadian Geotechnical
Engineering and Geotechnical Testing journal. Tiseadtation includes 5 chapters composed

each by an introduction and the corresponding pap@nuscripts, in their original form.

The first chapter presents the microstructure efdbmpacted material at its initial compacted
state before hydration. The study was done by rucus X-ray computed tomography
(LCT) in addition to Mercury Intrusion PorosimetfIP). uCT is a non-destructive 3D
imaging technique increasingly used in the fieldgefosciences. The bentonite and sand
grains organisation in the sample was examined;ptites distribution in the sample was
further investigated using image analysis. A gaailie and quantitative study of the 3D
sample is shown in this chapter as well as an aisabf the complementary features of the
two techniques (MIP and uCT).

The second chapter involves the limited swellingtted material after being immersed in
water. A 2D examination by time lapse photograpbgstitutes the first part of the chapter
and a 3D investigation using pCT constitutes theorse part. In the first part, the swelling
mechanism was observed and analysed especialgrimstof gel production and swelling
kinetics. By uCT, the 3D limited swelling was obsst; the gel formation and the sample

homogenisation due to swelling was further studiyedmage analysis.

Constant volume swelling and anisotropy were stlichethe third chapter. In a first part, the
swelling stress was measured in two different dioes (radial and axial). Emphasis was put

on the anisotropy of swelling pressure knowing tthe swelling pressure of compacted



Introduction

bentonite/sand mixture was studied in the pastdnly by considering a single global

swelling pressure (axial) for the clay core. On thieer hand, in practice, the seal swells in
both directions, axially towards the confining etnts and radially towards the host-rock.
The swelling pressure kinetics, final swelling m@® values and the anisotropy was further
studied. In a second part of this chapter, an tny&tson of the microstructure features was
conducted to complete the analysis of the resuitthe anisotropy of swelling pressure. The
microstructure observation was made using uCT omtureted compacted sample and a

saturated sample after swelling pressure test.

In connection with the SEALEX project, 1/10 mock-tgsts were performed to study the
saturation of the compacted sample with local megsents of swelling pressure. In the first
part of the fourth chapter, the cell specially dasd for this purpose is described in details.
The obtained measurements like the swelling pressiine volume of infiltrated water, and
the axial displacement were compared to other teguliterature in order to validate the cell.
In the second part of this chapter, the hydro-meiclad behaviour of compacted
bentonite/sand mixture was studied by combiningsiivelling pressure measurements with
the previous suction measurements by Wang et @L3(2. In this same part, the failure of
confining elements was experimentally simulated #rel sealing of the created void was
investigated. The density gradient was also studredn the radial swelling pressure

measurements along the sample.

Finally, the results obtained from the laboratargts were compared with the in situ results.
A SEALEX test was chosen for this comparison whitwe same material was tested with
measurements of swelling pressure and relative diymDespite the significant differences
in the scale of tests and the technical complioatisome interesting comparison factors were
defined.
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INTRODUCTION

The main role of the sealing materials is to lifiitxes of underground waters around the
galleries, by their low permeability and high swell capacity that help in closing all gaps.

These two characteristics are then the most impbalad consequently the most investigated
in the past. Very often, bentonite-based materais considered as the most appropriate
sealing materials. As the macroscopic behavioubertonite-based materials is closely

related to their microstructure features, it is artpnt to well characterise the microstructure
of the studied material in its initial state.

The traditional microstructure observation techesjare the Mercury Intrusion Porosimetry
(MIP) and the Scanning Electron Microscopy (SEMJ éimey have been successfully applied
to bentonite-based materials (Agus and Schanz,; Z2D8kge et al., 2006). However, these
techniques require preliminary sample treatment thedvolume of the sample is limited to

about 1 criin the case of MX80/sand mixture. In addition,tbtechniques are destructive
and the tested sample cannot be reused. The MiRitg® provides the pore size distribution
and the porosity of the tested sample but it canelbtabout the pores distribution in the

whole as-compacted sample unless several testpesfermed at small samples taken at
different locations. This technique also canndtalebut pores connectivity. The SEM method
gives a 2D observation at microscopic scale anchaaprovide an overall look at the

macroscopic scale of the sample.

In this first chapter, microfocus X-ray computedntmgraphy (LCT) observations were used
in parallel to the MIP measurements to further gtigate the microstructure of a compacted
bentonite/sand sample. uCT is a hon-destructiveniyjing technigue that does not impose a
preliminary sample treatment. It has been recesigcessfully applied on bentonite-based
materials. The overall grains and pores distributio the “as-compacted sample”, their
connectivity was further investigated by qualitatabservation completed by image analysis.

The results are presented in the form of a papeatigely accepted for publication in

“Engineering Geology”.
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Further insight into the microstructure of compacted bentonite/sand
mixture

Simona Sab', Pierre Delage Yu-Jun Cui, Anh Minh Tand, Nicolas Lenoit and Jean-
Dominique Barnichoh

Abstract: Compacted bricks of bentonite/sand mixture ar@rea to be used as sealing
plugs in deep radioactive waste disposal reposgdrecause of their low permeability, high
swelling capacity and favourable properties witlspext to radionuclide retention. The
isolating capacity of compacted bentonite/sand umétis closely related to microstructure
features that have been often investigated, inqodat by using scanning electron microscope
(SEM or ESEM) and mercury intrusion porosimetry B¥llIn this work,uCT observations
were used in parallel to MIP measurements to furthgestigate, at larger scale, the
microstructure of a laboratory compacted bentosated disk (65/35% in mass). Qualitative
observation ofuCT images showed that sand grains were inter-caedesith some large
pores between them that were clearly identifietheébimodal pore distribution obtained from
MIP measurements. Due to the gravitational andtidnal effects along the specimen
periphery, a higher density was observed at thé&reai the specimen with bentonite grains
closely aggregated together. This porosity hetereiye was qualitatively estimated by means
of image analysis that also allowed the definitminthe representative elementary volume.
Image analysis also provided an estimate of thgelgorosity, in good agreement with MIP
measurements.

Keywords: compacted sand-bentonite mixture; sealing plugjoective waste disposal;
microstructure; mercury intrusion porosimetry; X raicro tomography.

1Introduction

In deep radioactive waste disposal concepts, gepligs made of compacted bentonite/sand
blocks are planned to be used to close the gallemal to limit water transfers. Compacted
bentonite/sand plugs are used for their low periigabhigh radionuclides retention
capability and sealing/swelling abilities when liméited by water (e.g. Pusch, 1979; Yong et
al., 1986). Once the disposal galleries are clogkds will be progressively infiltrated by the
pore water of the host rock. They will swell anéldbe so-called technological voids of the
system, i.e. the voids remaining between blocks anthe interfaces with the rock. These
technological voids are estimated at 14% of thal tadlume of the plugs by IRSN (Institut de
Radioprotection et de Sdreté Nucléaire, the Fremgdert Institution in the field of nuclear

safety).

Various investigations of the microstructure of quaunted bentonites and sand bentonite
mixture have been carried out by using mercuryusitm porosimetry (MIP) and scanning
electron microscopy (SEM, ESEM, Komine and Ogat399] Villar and Lloret, 2001,

! Ecole des Ponts ParisTech, Laboratoire Naviernslaa Vallée, France
2 Institut de Radioprotection et de Sireté Nuclé@R&N), Fontenay-aux-Roses, France
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Montes-H, 2002; Cui et al., 2002; Lloret et al.020Agus and Schanz, 2005; Delage et al.,
2006). These techniques require a cautious predimidehydration of the samples, often by
freeze-drying. They provide local observations osrraall part of millimetric samples. They
are hence interestingly completed at a larger sdale microfocus X-ray computed
tomography (LCT), a high-resolution non destruc8Bizeobservation technique that does not
need any sample pre-treatment and that gives fuBBeinformation on the whole sample
(including grain size distribution as well as porege distribution and pores inter-

connectivity).

Previous applications of uCT have been devoted h® monitoring of hydro-chemo-
mechanical processes (Comina et al, 2008), to dh&ection of desiccation cracks
(Gerbrenegus et al., 2006; Mukunoki et al., 2086 the visualisation of diffusion/hydration
phenomena, to the study of fluid movements (Roll@hdal., 2003; Rolland et al., 2005;
Carminati et al., 2006; Koliji et al., 2006) and ttee investigation of the microstructure of
compacted bentonite based materials (Kozaki e2@Q1, Van Geet et al., 2005 and Kawaragi
et al., 2009). In this work, pCT was coupled to Ml further microscopic investigation of a
compacted bentonite/sand sample.

2 Material and methods

2.1 Material

The studied material is a compacted mixture of WiypgnMX-80 bentonite (65% in dry mass,
commercial name Gelclay WH2) and sand (35%). The8MX¥entonite contains 92% of
montmorillonite with several other minerals inclgiquartz, alumina, and hematite (Tang et

al., 2008). The sand is of pure quartz nature (cercial name TH1000).

The mixture was provided in boxes containing a pawdith an initial water content of
10.2% and a suction of 73.3 MPa measured with Bedhimirror dew point tensiometer
(Decagon WP4). The grain size distribution of tleatonite powder obtained by dry sieving
is presented in Figure 1 together with that of theflocculated bentonite obtained by
sedimentation. The grain size distribution of tla@dsis also plotted in Figure 1. The grain
size distribution curves show that the bentonite/gber grains are larger than the sand grains
with Dsp values of 1.2 and 0.6 mm, respectively. Both csiame representative of well sorted
materials. The unit mass of bentonite particles maasured using a pycnometer and found
equal to 2.77 Mg/rhin agreement with the published data (Madsen, 18@8nland et al.,
2006). The density of bentonite grains was also suea using a pycnometer with a
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desaromatised immiscible oil (commercial name Keejdaving a density of 0.791 at 20°C.
It was found equal to 2.00 MgAxiThe value for sand grains was found equal to RI§&n°.
Compacted samples were prepared by uniaxial statigpaction (strain rate of 0.1 mm/min)
in a cylindrical mould in order to obtain a diskgeheter 50 mm, height 10 mm) at the target
dry density (1.8 Mg/mobtained at a maximum compaction stress of 25.8)MP

100 »
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o0 40 1
.E —A— Bentonite grains /Z
(]
Y 20 4| —@— Deflocculated bentonite|
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0.0001 0.001 0.01 0.1 1 10

Grain size (mm)

Figure 1. Grain size distribution curves.

The sample water content was 10%, resulting ingaesteof saturation of 55 % and a suction
of 76.3 MPa. Note that this value is close to thlathe powder prior to compaction (73.3
MPa). The slightly higher value may be due to s@ffects of evaporation during the process
of compaction. In any case, these small changesiagtion after compaction are compatible
with the observations of Li (1995), Gens et al.98Pand Tarantino and De Col (2008) on
soils compacted on the dry side of Proctor optimlirmonfirms that suction is governed by
aggregates that are not much affected by the cdiopads a consequence, there is little
dependency of the water retention properties onstmaple density in compacted bentonite
based materials.

2.2 Mercury intrusion porosimetry

The pore size distribution of the compacted sampias measured on freeze dried samples
using an Autopore 1V 9500 mercury intrusion porastien (Micromeritics) that operates at a
maximum pressure of 230 MPa. Instantaneous freemmsg carried out by plunging small
samples (volume 0.40 Anin slush nitrogen (-210°C) obtained by previousljomitting it to
vacuum (Delage et al., 2006). In such conditiohgrd is no nitrogen boiling around the
samples when plunging them into nitrogen, resulimgn optimized quick freezing and good
microstructure preservation. The intruded porogigs determined from the total volume of
mercury intruded into the sample and the pore diggibution was obtained, in a standard

13
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fashion, assuming parallel, cylindrical nonintetegr pores of different radii, using the
Autopore IV 9500 V1.09 standard software packagée Tintruded porosity was
systematically compared to the total porosity otgdiby standard methods so as to detect the
smaller porosity (entrance equivalent diameter Em#ian 5.5 nm) not intruded by mercury
at the highest applied pressure (200 MPa).

2.3 Microfocus X-ray tomography and image analysis

Microfocus x-ray computed tomography-CT) was used to examine, in three dimensions,
the internal microstructure of the compacted betdtsand mixtures.u-CT is a non
destructive observation technique that has proedretuseful in the investigation of various
geological porous media including compacted betgo(iKozaki et al., 2001), bentonite
pellet/powder mixture (Van Geet et al., 2005) araimpacted bentonite/quartz mixture
(Kawaragi et al., 2009u-CT consists firstly in recording a set of two-dims@nal X-ray
radiographs of an object at several angles (tylyical 180° or 360°) and secondly in
reconstructing the 3D slices from the radiograpsiagia mathematical algorithm. The final
3D image of the internal structure is obtained tagclang the slices. The final measurement is
the attenuation coefficient to x-ray which dependshe mass density and the atomic number
of the object (Ketcham and Carlson, 2001; Van @eal., 2005).

The pCT scans presented here were carried outthvthdevice of the Navier laboratory
(Ecole des Ponts ParisTech), an “Ultratom” devpectically designed and manufactured by
RXsolutions (France). Images were reconstructedgughe software Xact-reconstruction
developed by RXsolutions. The system is a dual-teeatidual-imager scanner; two sources
[a nano-focus xs-160hpnf/GE-Phoenix (160 kV, 15\ @m min spot size) and a micro-
focus xs-225d/GE-Phoenix (225 kv, 320W, 5 um mimtspize)], two interchangeable
imagers: [HD camera PhotonicScience VHR (4008x26iX2ls, 9um pixel size) and a flat-
panel-Csl scintillator-Varian 2520V/Paxscan (14 b820x1526 pixels, 127um pixel size)].

The couple micro-focus source/flat panel was usdtis study. The X-ray source parameters
were a voltage of 140 kV with an intensity of 218, & source power resulting in a spot size
below or equal to the spatial resolution, here xeVsize of 30 um. The sample was scanned
using 1440 projections on 360° with an exposure trh0.2 s. Each projection was integrated
on 4 s (average of 20 frames) in order to obtaigoad signal-to-noise ratio. The total
scanning time was about one hour and a half. Tred 8D image is a 16 bit type with a size
of 1840x1840x386 voxels. The image analysis andtritent was then carried out using
ImageJ, a public domain Java image processing am@gRasband, 1997-2012). Note that the
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image was first converted to 8 bit for size reasons
3Results

3.1 Pore size distribution

The pore size distribution determined at a dry ity 1.8 Mg/nT, a water content of 10%
and a suction of 76.6 MPa is presented in terncuiofulative and density functions curves in
Figure 2. The bimodal curve obtained is comparabl¢hat of samples compacted dry of
optimum (Ahmed et al., 1974; Delage et al., 1996mRro et al., 1999 among others) and
also with the results of Cui et al. (2002), Llosttal. (2003), Agus and Schanz, (2005) on

compacted bentonite materials.
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Figure 2. (a) Pore size distribution curve and (bCumulative porosity curve.
The PSD curve indicates that the smaller pores latpn (micro-pores) has a mean entrance
diameter of 0.019 um and the larger pore populaffoacro-pores) has a mean entrance
diameter of 22 um. Note that the intrusion of meranto the specimen starts at quite a low

15



Chapter 1. Microstructure of the material at it&ial state

pressure, evidencing a largest diameter of 360thenupper limit of the method. The total
porosity (0.337) calculated in a standard fashigmiacroscopic volume measurements are
also plotted in Figure 2.

The smaller value of the porosity intruded by meyc{0.273) confirms that pores with an
entrance diameter smaller than 5.5 nm (the loweait lof MIP) could not be intruded by
mercury. This feature is typical of compacted beités and strongly depends on the water
content (the higher the water content, the higher gmallest porosity, see Delage et al.,
2006).

3.2 Microfocus X-ray computed tomography @-CT)
The reconstructed 3D volume of a compacted sampleentonite/sand mixture at a dry
density of 1.8 Mg/mand a water content of 10% is presented in Figure

Figure 3. The 3D reconstructed image of the sampleith the position of the cross section considered.

The position of the plane where the cross sectasdeen done is indicated. The horizontal
cross section at 4 mm from the top of the samppgasided in Figure 4. The uCT technique
is able to distinguish the various components alcgrto their density and atomic
composition (the grey level range goes from whieresenting high attenuating material to
black representing void). A clear distinction cam finade between the clearer sand grains
(density of 2.65 Mg/m) and the less clear larger bentonite powder gréiysirated at a
gravimetric water content of 13% and with a densify2.00 Mg/ni). This is due to their
density and atomic composition difference. One alao observe in Figure 4 that the sample
density is not strictly homogeneous with more vathbserved around the sample and a larger
density with less voids in the centre. This sholet,tunsurprisingly, compaction was less
effective around the sample along the ring agamisich friction effects resulted in less
compaction. Detailed observation made on a zoorentalose to the sample perimeter also
shows that the bentonite powder grains remain lglegrparent around the sample and that
they are apparently more frequent than at the eenltrere powder grains appear to be more
compacted one against another, resulting in a destagcture. Inspection of Figure 4 also
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shows that the bentonite/sand mixture is not rdatlyjnogeneous and that sand grains and
powder grains appear to be somewhat segregatemdisated in the figure, aggregations of
powder grains are observed in some locations and geains packings with inter-grains
pores in other locations. This segregation, propadsulting from the difference in density
between the bentonite powder and the sand granspti compatible with the common
statement that, in a 35-65% sand/bentonite mixts@@d grains should be homogeneously

scattered among a (supposedly finer) clay matrix.

Inter sand grains pores

Inter sand grains
pores

Aggregated bentonite

Sand grains J
grains

packings

Bentonite grains

Sand grains

Figure 4. A typical horizontal uCT cross section othe compacted bentonite/sand mixture sample (dry
density: 1.8 Mg/n¥, water content: 10%. disk diameter is 50 mm).

Conversely, it seems that, due to segregation, sonénuity between the sand grains is
observed with the bentonite powder grains locateside a loose grain “skeleton”. As a
consequence, there could be some continuity aeccorinection of the pores located between

sand grains.

Further examination of the voids configuration skaiWvat many voids are located between
sand grains. Around the sample, some voids ardadated between powder grains but this is
less true at the denser centre in which bentongmg appear to be aggregated together. This
suggests that the maximum compression stress jté &fpbeing as high as 25.5 MPa, is not
high enough to allow the intrusion of clay partec{@ydrated at a water content of 13 % with
73.3 MPa suction) into the pores located betweenstind grains. This high compression

stress only allows some aggregation of bentongééngras observed at the centre (around 8
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grains of various diameters are aggregated initbke éndicated). This slight deformability of
dry grains under high stresses is compatible viithabservation made above about the small
suction variations observed when compacting samplelsy conditions: compaction affects
the assembly of bentonite grains but not signifilgathe bentonite grains themselves, the

microstructure of which is governing suction.

Visual observation of two cross sections closénelottom and to the top of the sample also
showed that the pore distribution was not homogesedong the axial direction, with more
large pores and large particles observed in théolmoof the sample. This is related to
segregation effects during sample preparation. Wizeming the powder into the compaction
mould, the largest grains first tumble resultingnore macro-pores at the bottom.

Observation of Figure 4 provides further informatiabout the interpretation of the PSD
curves of Figure 2, in which one observes that orgrantrusion started in macro-pores with
an entrance diameter of 330 um and an average @awie22 um. This size is compatible
with the inter-grain pores observed in pCT in FgGr Given that the sample tested in MIP
was extracted from the centre in which bentonitengr are more closely aggregated together,
this pore population is mainly related to the pdoesited between the sand grains. The clear
presence of the pore inter-grains population inRB® curve confirms the interconnection of
inter-grains pores along the grain skeleton thas waspected from the pCT image and
commented above. Hence, the bimodal porosity shgénerally related to inter-aggregate and
intra-aggregate pores in soils compacted dry oimaph (Ahmed et al 1974, Delage et al.
1996, Romero et al. 1999) is here due to the nattitbe mutual arrangement of sand and
bentonite powder grains. Indeed, the inter-aggeegaérage entrance pore diameter observed
by Delage et al. (1996) in a compacted low plastidossigny silt is 8 um whereas Romero et
al. (1999) detected inter-aggregates pores clos2 pom in compacted Boom clay. The
significantly larger average entrance pore diametetected here is too large to be
representative of inter-aggregate pores as indbe of standard compacted soils, it is linked
to the connected inter-grains pores observed dloegand skeleton in uCT.

18



Chapter 1. Microstructure of the material at itstial state

Linear Logarithmic

0 255

Figure 5. Histogram of the image (linear and logathmic scale) with the fitted Gaussians and the obtaed
threshold value.

Further investigation of the microstructure wasriedrout using the ImageJ image analysis
software. The first step was to reduce noise bylyagpa 3D median filter with a 1 pixel
radius. Then, a segmentation of the image is neededler to isolate pores from the other
existing phases. The choice of the threshold vaumade using the “mixture modelling”
plugin. The mixture modelling technique is a histog based technique that assumes that the
histogram distribution is represented by two Garssurves. The histogram is then separated
in two classes using a Gaussian model and a thceshtue of 73 is then calculated as the
intersection of the two Gaussians. Figure 5 shdweshistogram of the image on a linear
(black) and logarithmic (grey) scale. The lineaamr does not exhibit two clearly distinct
peaks because the number of pore voxels is tod sorapared to that of the grains. However
the logarithmic graph evidences a non-symmetritelps indicating the presence of the
smaller pore population. The two Gaussians are fiied using the “mixture modelling”

plugin as seen in the Figure 5 represented by the\{continuous and dashed) curves.

Figure 6 shows an image at different stages bedeggmentation: a) initial state; b) after
applying a 3D median filter; c) after applying a *¥8eshold value (Figure 5) and d) the
segmented image. An investigation on the effecthef size of the studied volume on the
calculated porosity was conducted. To this end, ploeosity was calculated using the
histogram of the segmented image and by dividirgrtmber of black voxels by the total
number of voxels. Starting from the middle horizlrross section of the sample at different
positions (see Figure 7a), cubic volumes were tedewith sides starting from 21 to 271

pixels.
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a) b) c) d)

Figure 6. Images at different stages before segmextibn: a) non-treated, b) after applying 3D median
filter, ¢) during threshold and d) final segmentedmage.

The side on thedirection is limited by the height of the sam@d@ (mm) that corresponds to
a maximum thickness of 271 pixelsandy were afterwards increased until 700 resulting in a
parallelepiped volume. The porosity values caladatith respect to the considered volumes
are plotted in Figure 7. The curves start with samegularities and then stabilise. Some
curves continuously and slowly increase (bottom &gt in Figure 7a). These increases
suggest a spatial heterogeneity of the porositgedl, when the studied volume increases,
porosity increases because some zones located eoside of the specimen with higher
porosity are more and more included into the voluBtabilization is observed for volumes
greater than 20 x $0oxels. This volume corresponds to a cube witlida approximately
equal to the height specimen i.e. 271 pixels. iit bance be considered as a Representative
Elementary Volume (REV).

Porosity

|
0 20 40 60 80 100 120 140
Volume (x10% voxels)

Figure 7. Calculated porosity for different volumesand at different locations in the sample.
This side size corresponds to 9 adjacent gréggrixture = 0.9 mm = 30 voxels), which is
compatible with previous studies (e.g. Razavi gt24107).
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Figure 8. Sections of the volumes investigated iheé sample (thickness 271 voxels).

The spatial distribution of the porosity is now éstigated at different locations along the

and y directions by using volumes with heights equal#l pixels. The locations of the

volumes sections investigated are presented inr&igu Figure 9 shows the variation of

porosity with respect t@ andy (volumes 1 to 12 in Figure 8). A clear differens@bserved

in the porosity values between the bordery(= 160 and 1515) and the centre. A significant

difference in porosities is also noticed fofory) varying between 1244 and 1515 whjléor

X) equals 925. It corresponds to cubes 5 and 6nd12 in Figure 8. The porosity variation at

these points is not smooth like in the others batdlope is steep showing a sudden change in

porosity.
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Figure 9. Porosity changes with respect to the pdisin of the studied volume in the sample (x and y).
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It confirms the slow increase observed in the REM\g (Figure 7b), since it corresponds to
the same positions (right for cubes 5 and 6 antbbotfor cubes 11 and 12). The same study
is now made on concentric rings having a heigh@f pixels and a width of 167 pixels
starting from the centre (radius from 0 to 167)the contour (radius from 501 to 835, see
Figure 10).

Figure 10. Concentric rings studied.

The porosities obtained with respect to the radites presented in Figure 11. The smallest
detail that can be identified in the u-CT imagesda$ined by the size of the voxel (3tn).
The porosity estimated by image analysis only im@slpores with a diameter larger than 3
voxels (partial volume effect).

0.07
0.06 1
0.051
0.04

0.03 1

Porosity

3 4
. — "

0.024 1 2
- -/
0.01+

0-00 T T T T T T T T T T T T T T T 1
200 400 600 800 1000 1200 1400 1600 1800
Radius (pixels)

Figure 11. Changes in macro porosity with respecbtthe radius of the ring selected.
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The value of the cumulated porosity of pores latgan 90 um from the PSD curves (Figure
2) is 0.0108. This value is in the same range asdhtained by image analysis in the central
part of the sample where MIP was performed (0.0i@®sity for radius smaller or equal to
334 voxels). This confirms that, in spite of somathtion related to the voxel size, uCT is an
interesting complementary method to MIP for estingatthe macro-pores and giving
additional information on the spatial distributiohthe porosity.

4 Discussion

Most of the investigations carried out up to nowammpacted soils in laboratory have been
obtained from the combined use of MIP and SEM ee#e dried samples. It is commonly

admitted that the bimodal pore distribution obsérire fine-grained soils compacted dry of

optimum is due to the aggregate microstructureoofigacted soils, with macro-pores being
inter-aggregate pores and micro-pores being irdgaeggate pores. In such soils, it has also
been demonstrated that compaction has little etiacthe sample’s suction (Li et al., 1995,

Gens et al.,, 1995, Tarantino and De Col, 2009)emgithat suction is governed by intra-

aggregate phenomena (mainly the adsorption of vedderg the clay fraction, Romero et al.,

1999) whereas the change in density are due tadh®gression of larger inter-aggregate
pores with little effect on the aggregates (Del&§%)9).

Compacted bentonites and sand-bentonite mixturesaaspecial case of compacted soils.
They are obtained by compacting powder grains thay have, as observed here, a size
significantly larger than the aggregates in labmsatompacted soils. Compacted bentonites
and sand-bentonite mixtures also have quite laegees of suction (76.6 MPa here). In the
mixture studied here, the powder grains of bendo(it2 mm average diameter) are larger
than the sand grains (0.6 mm average diameter)inAgtandard compacted soils, suction
appeared here not to change significantly befor@ after compaction (73.3 MPa in the

powder before and 76.6 MPa after compaction), coirfig a well known trend in compacted

soils.

Compared to MIP and SEM, uCT provided further infation on a larger scale going from
the size of the grains (sand and bentonite, 1 nderasf magnitude) to the size of the sample
(50 mm), i.e. on a scale much larger and represemtdhan both MIP and SEM.
Interestingly, pCT has been able to distinguistargfeenough the bentonite from the sand
grains within the compacted mixture, in spite ofa#indifference in density. Thus, pCT
provided interesting complements to MIP and SEM eolsions, including grains
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connectivity and distribution through the sample.

An important point is that uCT observation confidrit@at the bentonite grains seem to have
not been crushed during compression. They stillehaa average size compatible with
macroscopic grain size measurements and an argiidpe with no clear appearance of local
grain breakage. This finding is in agreement with small variation of suction before and
after compaction, as suspected from studies inrébry compacted soils. Suction didn’t
change because the grains have not been significaffiected by compression, even under
25.5 MPa. uCT also provides clear information altbetmutual arrangement between sand
and bentonite grains within the mixture, showingttihis not really homogeneous with some
continuity observed between sand grains with thetdrete grains (65% in mass) located
within the sand grains assembly (35% in mass). dr@mon hypothesis of having sand
grains isolated within a clay matrix is not confechand some continuity of the inter-grains
porosity is suspected. In the looser zone arouedsdmple, some large pores with a size
comparable to that of the inter-grains pores hdse been observed between the bentonite
grains. These pores, that are likely to exist 3 ldensely compacted sand-bentonite samples,
are no longer observed in the denser central zZomdnich the compaction stress appear to be
high enough to aggregate the bentonite grainsheget

In spite of the precautions taken during sampleanation, UCT clearly evidenced that the
compacted sand-bentonite mixture was heterogeneitusooser zones all around the sample
close to the ring in which compaction was mades Tdifference could have been better
estimated by running MIP tests at different disemnfrom the centre to compare them with
the data of Figure 2 obtained in the denser ceatesl. Some segregation probably resulting
from the difference in density between the benéoaitd the sand grains was also detected by
HCT. The hydro-mechanical response of the samplaldibe somewhat influenced by this
heterogeneity, with mechanical parameters affettedthe stronger central area and the
hydraulic conductivity affected by the smaller peahility around the sample.

In this regard, it would be interesting to perfop@T observations on industrially processed
compacted bricks to check their degree of heteraigereither due to change in density or to
particle segregation during the process (that mightmore severe than in the laboratory).
Compared to the 2D friction effects observed hdoagthe ring walls, 3D friction effects
should be more pronounced close to the corneingedlbicks. The question as to whether this
heterogeneity affects the global response of theemahaarises, particularly with respect to
water transfer during infiltration, arises. Inde#tg looser zones observed around the sample
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could facilitate water transfer and reduce thetnation time, a serious concern in mock-up
tests (e.g. Dixon et al., 2002). In this regardgppears that the direct determination of the
hydro-mechanical parameters of the industrially paoted bricks becomes necessary to
confirm the measurements carried out on sampleskffefent shapes and sizes compacted in
the laboratory. It would also be interesting todnawn estimation of the global permeability of
an assemblage of bricks, accounting for the effectse technical voids.

5Conclusion

The uCT investigation of the microstructure of caated bentonite/sand mixture samples
(65/35%) provided interesting complementary featwaelarger scale that could not have been
identified by using MIP. uCT allowed further obsation of the mutual arrangement of
bentonite and sand grains. The commonly admittgobtmesis of having isolated sand grains
among a clay matrix has not been confirmed. Com¥ersand grains appeared to be scattered
along a loose granular skeleton with interconneatégr-grains large pores that were also
detected by MIP.

A study on the effect of the size of the REV dentiated that it was necessary to consider a
cubic volume with a size of 271 voxels (around 8ig). The sample heterogeneity due to
compaction with a larger porosity around the samp#s quantified by carrying a 3D
estimation of porosity by using image analysis.

The interconnection of inter-grains pores evideniceck could have some effects during the
hydration of the bentonite/sand mixture, at leasthe vapour phase, since it could facilitate
the propagation of vapour within the mixture thrbugonnected inter-grains pores. The
guestion as to whether this porosity remains intenected and not clogged when bentonite
grains start being hydrated remains. It could bememed by conducting a similar
investigation at various degrees of hydration.
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INTRODUCTION

The geometry of the sealing plugs considered ia Work is cylindrical and formed by a
succession of pre-compacted bentonite/sand diskenvthey are emplaced in the galleries,
they are in an unsaturated state. They will thart seing saturated by water infiltration from
the host rock starting from their outer boundaryisTwill result in radial swelling allowing
the closure of the radial technological void betwdge sealing plug and the host-rock. The
plug starts to swell freely by forming a gel untittouches the host-rock. Then, the gel is
consolidated between the host-rock and the contisiycswelling core. The densification of
the gel and the homogenisation of the seal aremgke preventing any leakage. In a first
part of this chapter, the radial free swelling @@yeftouching the rock) is reproduced at the
laboratory scale for a compacted disk of bentosated mixture immersed in water, allowing
observation of the gel development and study of ghelling kinetics and magnitude.
Observation was made by 2D images taken by a caatexdixed time interval. The images
were then analysed using an image analysis softaradethe results have been published in
the proceedings of the E-UNSAT 2012 conference. giigished paper constitutes the first
part of this chapter.

The second part of this chapter involves the lithgevelling of a similar sample that was also
in radial contact with water. The observation oeiwwg was made in 3D using microfocus
computed tomography (UCT). The density degradat@at accompanies the free swelling
was observed and estimated using digital imageyaisalThe long term homogenisation was
also examined and the results are presented iseitend part of this chapter in the form of a
paper to be submitted to “Applied clay science”.
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Swelling of highly compacted bentonite-sand mixture used as sealing
materials in radioactive waste disposal

Simona Saba, Anh Minh Tang, Yu-Jun Cui, Jean-Dajoi@iBarnichon

Abstract. In the radioactive waste disposal concepts, highe-compacted bentonite-sand
mixtures are considered as appropriate sealing riasteo fill the galleries. Compacted
elements of bentonite-sand mixtures are placedcanfjato each other, forming a plug that
should limit the transfer of radionuclide. The bmmte has proven to have the capability of
retaining radionuclides and the capability of simgliwhen getting in contact with water and
then closing all the voids in the system especihllyradial technological void being the gap
between the bentonite-sand elements and the hokt hodeed, when the bentonite-sand
elements is emplaced in the gallery, they are ifirsan unsaturated state and they will start
being saturated by the host-rock pore water. Thiéiytlven start swelling, forming a gel that
will close the gap. In this work, such hydratiomgass is experimentally analysed on a small
scale. The swelling is analysed by time-lapse giraghy, its kinetic is also studied by image
processing. We can see that the swelling of thiserzd is fast and large, and we can
distinguish different states of the material dursvgelling, starting from the dry centre to the
outer boundary. On the other hand, the presencebahdviour of sand grains in the gel
formation is evidenced by images as well. The sgrains are found to be covered by
bentonite particles and being carried with the beie swelling.

Keywords: Radioactive waste disposal; bentonite-sand maxtwwelling; digital image
analysis.

1Introduction

In the high-level radioactive waste repository agputs, pre-compacted elements of bentonite-
sand mixture could be used as sealing materiakthtmits low permeability, high swelling
and high radionuclide retardation capacities (Pu%$8f9; Yong et al., 1986). When emplaced
in the gallery, such bentonite-based seals areifiran unsaturated state. Once the repository
is closed and local groundwater conditions arestakdished, water in the host rock formation
will flow toward the repository and start saturgtithe seals from their extremity. When
absorbing water, bentonite swells and forms a dethvshould fill the radial technological
void as the gap between the seal and the host Aftee. filling all the technological voids,
the gel will be consolidated between the host anwik the swelling core.

In this study, the radial swelling and gel formatiare investigated. Small compacted
bentonite-sand disks were immerged in distilledewand time-lapse photography coupled
with digital image analysis was performed to staldgir swelling kinetics for different dry

densities. Swelling was defined as the variatiothefdisk surface over time. The growth of
the total surface and the reduction of the dry redisurface were monitored. The movement

of sand grains was also investigated. It was fotlmad the sand grains were firstly pushed
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radially by the swelling of the bentonite aggregattil the surrounding material becomes
too loose to support them: the grains finally dregplown by gravity.

2 Materials and methods

2.1 Materials

The soil studied is a mixture of MX-80 bentonitee(@ay WH2) and quartz sand with a

bentonite content of 70% in dry mass. The bentdrate a montmorillonite content of 92%; it

has an average specific gravity of 2.76, a liqumdtlof 520%, and a plastic limit of 42%. The

grain size distribution curve determined by seditaton shows that 84% grains are smaller
than 2um (clay-size fraction).

2.2 Methods

The prepared disks have been compacted staticaihygwa mechanical press, and have a
diameter of 35 mm and a thickness of 10 mm. Sevbs&k were prepared by compaction at
different dry densities. They were then placed leenwtwo transparent Plexiglas plates to
avoid the axial swelling of the disk when the whivleene was immerged in distilled water. A
computer controlled camera was fixed on a speaéldr above the container at a defined
height and was able to take photos automatically given time interval. Artificial lighting
was used and the system was covered with a bléxlc feo isolate it from external lights in
order to avoid changes in lights between day aghtrisee Figure 1).

Atificial lighting

Pc controlled camera

Bentonite-sand disk immerged in water

L /

i

Figure 1 The experimental system: A computer contited camera is fixed above a bentonite-sand sample
immerged in distilled water to follow its swellingwith time.

Photos were then analysed using an image procegsogyam Fiji of ImageJ) to help
estimate the surface and tracking object movemdras. the estimation of surface, an
automatic method can be used: photos were firatede(contrast enhancing, illumination,
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background removal), then a threshold value wadieappo isolate the surface of interest.
This is a delicate operation especially as therfaxte gel/water is not sharp since the
bentonite gel is transparent. Therefore, for thignegion of the surface evolution over time, a
manual selection of the surface was used. Finadlyavoid confusion in units, photos are

calibrated with the original object units (in mm).
3 Results and discussion

3.1 General observation
The swelling of bentonite-sand disks was studiadgusme lapse photography coupled with
digital image analysis. The swelling of the disldise to the swelling of bentonite present in

the mixture.

t=0 U t=2.5hrs

Figure 2 Initial state of a bentonite-sand disk Figure 3 Same disk after 2.5 hours (swelling =
with a dry density of 1.97 Mg/n?. 60%).

Figure 4 Same disk after 4.5 hours (swelling = Figure 5 Same disk after 41 hours (swelling =
70%). 125%)

Figures 2, 3, 4 and 5 show a bentonite-sand dispeated to a dry density of 1.97 Mg/t
different times during swelling starting from itstial state (Figure 2). In Figure 3, it is noted
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that there are some cracks in the dry centre duhedirst hours of swelling, and they are
closing with time (see Figure 4) to disappear a #nd. This is explained by the
rearrangement of the aggregates. The last thregeBgshow three different states of the
material in the disk viewed from its upper face: external ring of loose gel, a ring of
saturated material that has not turned into geapdta dry centre. In fact, water was absorbed
by the disk starting from its boundary; the berttoraggregates on the boundary started
swelling first as they have enough free space tdywe a gel. Actually, knowing the
microstructure of the bentonite aggregates we staed the way they swell when in contact
with water (Mitchell, 1993). As water continued ilivhting to the disk, internal bentonite
aggregates did not have enough space to swelyfegel then did not turn into a gel, while in
the dry centre water still did not arrive. Over ¢inthe gel on the extremity became very loose
due to the exfoliation of the bentonite aggregaies their precipitation to form a bentonite
suspension (see Figure 5). This phenomenon of watsrsaturation of aggregates was also
evidenced by Montes (2002). It is explained by ¢estence of a certain amount of water
causing the exfoliation of aggregates into smattiplas (Ye et al. 2009). Consequently, the
internal bentonite started swelling freely follogithe same mechanism. As an overall result,
the gel surface became larger and the dry surfacanbe smaller due to water infiltration.

3.2 Swelling kinetics

Experimental results on the swelling of benton#a disks are obtained after digital image
analysis (i.e. a two-dimensional analysis). In Feg@, three curves are illustrated: one for the
variation of the external total surface of the diske for the variation of the dry central
surface and the difference between the two cuhasrépresents the surface of the gel ring.

2500

2000

,_..
w
(=4
=

Total surface

Surface {[mm?)

1000 = == Drysurface

— - Gel surface

0 5 10 15 20 25 30 35 40 45
Time (hrs)

Figure 6 Variation of the total surface, dry surface and gel surface with time for a bentonite-sandisk
having a density of 1.97 Mg/m
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The shape of the total surface curve shows a péling for the first three hours, after that
it becomes slightly slower and exhibits a constaté. The test was stopped after 2 days
when the swelling reached 300%. The variation @f dny surface is almost linear, which
makes the shape of the gel surface curve simildhao of total surface but with a sharper
slope. The gel surface curve is moving toward thal surface curve, which indicates that at a
certain time the curves will superimpose and tlugresponds to the state where the disk

becomes saturated and the maximum swelling is eshch

3.3 Presence of sand grains

Figure 7 shows the trajectory of a sand grain dutive disk swelling; the grain apparently
disappears after six and a half hours (Figure r8fatt, when the disk was in contact with
water and the bentonite aggregates started to sachdllly, the sand grains were covered by
swelled bentonite and were pushed outwards by teespre from the radial swelling. When
the swelled bentonite around the sand grain exémlizand became loose (similar to a

bentonite suspension), the sand grains fell down.

On the other hand, the proportion of sand in thmmacted disk is about 30% in dry mass.
When the swelled bentonite formed an external cogtaining transported sand grains, the
volume fraction of sand grains became lower. Theceatration in sand grains was lower on

the outer boundary of the disk and is mainly lodatethe bottom.

Figure 7 A sand grain pushed Figure 8 Precipitation of the sand
radially in the gel formation. grain (not visible anymore).

4 Conclusion

The swelling of a compacted bentonite-sand diskxjserimentally studied using time-lapse
photography coupled with digital image processifige main advantage of this method is the
rapidity for obtaining qualitative and quantitatikesults. However, it was difficult to analyse

the images automatically due to lack of contrast.
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Thanks to the observations of the photos it wassipesto identify different states of the

material during swelling: the dry centre, the gdremity and a saturated un-swelled surface
in between.

The image analysis allows drawing swelling kinefiaves and tracking the trajectory of a
sand grain during swelling. It was found that thneeing started rapidly and then became
slower. The sand grains were found to be coveréd swelled bentonite and pushed outward
until they dropped down and precipitated under iyawhen the swelled bentonite became

very loose similar to a bentonite suspension.
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Limited swelling and homogenisation of compacted lgonite/sand mixture:
a 3D investigation using X-ray computed tomographyuCT)

Simona Sab, Yu-Jun Cui, Pierre Delage Nicolas Lenoit, Jean-Dominique Barnichén
and Anh Minh Tany

Abstract: Cylindrical sealing plugs made of compacted bem¢gsand mixture will be used
to seal radioactive waste disposal galleries amdt kvater transfer in the disposal. Upon
contact with water, these seals will swell and leefiit all the so-called technological voids
created during the setting of the system. In tloskwa laboratory test designed to mimic the
filling of technical voids by the swelling of theompacted sand-bentonite mixture is
presented. A 50 mm diameter compacted sample (1¥86nite/sand mixture) was placed
in a 80 mm diameter PMMA cylindrical cell, resuliiin a radial peripheral void allowing a
60% radial swelling. The changes in density resglfrom the swelling and filling of the
radial void by the samples were monitored usingrofacus X-ray computed tomography
(LCT). The cell was scanned at different hydratiores, enabling the analysis of the material
at initial state, during swelling and subsequentnbgenisation once the swelled sample
reached the cell wall. At initial state, the 3D geashowed that the mixture constituents
(bentonite and sand grains) were heterogeneouggnaed in the sample, with a fracture
observed along the sample diameter in the uppan5This fracture disappeared after 3 days
of hydration, confirming the self-sealing capaatythe material. The qualitative monitoring
of swelling over time revealed that swelling tod&ge by clay exfoliation from the bentonite
grains around the sample and by creation of aSye¢lling started quickly and slowed down
over time. Sand grains were found to be transpdiyetthe swelling of bentonite grains. Once
touching the cell, the gel started consolidatinglemthe swelling pressure generated by
hydration of the denser centre. The homogenisatias studied using image analysis by
plotting grey level profiles at different hydratitimes along a given diameter. A gradient was
observed between the denser centre and the loesphery and it progressively decreased,
i.e. the density of the central part decreased edsethat of the periphery increased.

Keywords: bentonite/sand mixture, sealing, X-ray tomograpswelling, density gradient,
homogenisation.

1Introduction

In high-level radioactive waste repository concepte-compacted bentonite/sand mixtures
are often foreseen to be used as sealing matéoidisit fluxes (water, and radionuclides)
around storage galleries thanks to their low pebiigg high radionuclide retardation
capacities and high swelling potential (Pusch, 19Y6ng et al., 1986). Swelling of
compacted mixtures helps in closing all gaps exgstvithin the disposal system, especially
the so-called radial technological voids betweandbal and the host-rock (Barnichon et al.,
2010, 2012). When initially placed in the gallelngntonite-based seals are unsaturated. Their
hydration by the host-rock pore-water starts onlte tepository is closed, when local
groundwater conditions are progressively recove¥éden absorbing water, bentonite swells

Y Ecole des Ponts ParisTech, Laboratoire Naviernslaa Vallée, France
2 Institut de Radioprotection et de Streté Nuclé@RSN), Fontenay-aux-Roses, France
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and forms a gel that fills the radial technologieaid around the plugs. Axial swelling is also
prevented by concrete retaining structures placede gallery.

The swelling behaviour of bentonite has been Ilgrg#lidied in the past, especially in the
context of geological radioactive waste disposalktiBular attention has been paid to the
swelling pressure. Pusch (1980), Komine and Oge#89), and Wang et al. (2012), among
others, studied the swelling pressure of bentaiiteer through laboratory tests or numerical
modelling. In the studies of bentonite erosion aApdrated bentonite extrusion into fractures
of granitic host-rocks, the free swelling of benterand its transformation into a gel upon
contact with water have also been investigated Peseh, 1999; Jansson, 2009; Neretnieks et
al., 2009; and Moreno et al., 2009). Based on wWallimg mechanism identified, a model was
developed allowing the description of the clay @dllformation. Dvinskikh et al. (2009)
studied the bentonite swelling and homogenisatpmimersing a bentonite pellet in water.
They used Magnetic Resonance Imaging (MRI) and é&udilagnetic Resonance (NMR) to
estimate the evolution of the clay volume fractjprofiles over time. This experiment was
then used to validate a dynamic force balance maeledtloped by Liu et al. (2009) to further
study the colloid expansion. It was found that bemtonite pellet at an initial density of
1.8 Mg/nT swelled over time and almost reached homogenisatithin 26 days.

The hydration of bentonite was also studied by Gaet et al. (2005) by using microfocus X-
ray computed tomography (LCT). They studied thesithieinomogenisation of a FoCa clay
pellet/powder mixture hydrated under a water pnessof 0.5 MPa and found that
homogenisation was achieved at the end of thgaéist five and a half months). Moreover,
they observed that the initial macro-porosity pnese the powder and the fractures in the
pellet disappeared after one and a half month.

Dueck et al. (2012) studied the limited swelling c@impacted bentonite blocks after full
saturation (maximum radial void of 31%) in ordermtedict the final state of the block after
swelling and homogenisation. They performed sevest$ to study the radial swelling of an
initially saturated compacted bentonite block. Aeé tend of their tests, they measured the
densities at different positions and evidenced feerénce in dry density of about 0.1 to

0.2 Mg/n? between the centre and the border of the samigleatiout one week hydration.

The long-term homogenisation of sealing plugs isiaportant issue in the context of
radioactive waste disposal. It is hence importarte able to further investigate the long-term
sample homogenisation by a non-destructive mongowf the density gradient during

40



Chapter2. Free/limited swelling upon direct contewth water

swelling and by observing the gel formation.

In this study, a disk of compacted bentonite/sanxture placed in a PMMA (polymethyl
methacrylate) cylinder having a larger diameter wasirated while continuously observing
hydration by means of microfocus X-ray tomograpp (). Qualitative observation and

image analysis were conducted to observe thelisitze and further changes of the sample
during swelling.

2 Materials and methods

2.1 Materials

The studied material is a compacted mixture of WipgrMX-80 bentonite (commercial
name Gelclay WH2, 70% in dry mass) and sand (30%g. MX-80 bentonite contains 92%
montmorillonite with several other minerals suchgasrtz, alumina, and hematite (Tang et
al., 2008). The sand is a pure quartz one (comailerame TH1000).
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Y 20 {—{ —®— Deflocculated bentonite
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0.0001 0.001 0.01 0.1 1 10

Grain size (mm)

Figure 1. Grain size distribution curves.

The mixture was manually prepared by mixing a giweass of bentonite powder at an initial
water content of 13.3% with dry sand. The graire sizstribution curve of the bentonite
powder obtained by dry sieving is presented in &gl along with that of the deflocculated
bentonite obtained by hydrometer test. The grage distribution curve of the sand is also
plotted in Figure 1. It is observed that bentopitevder grains are larger than sand grains,
with a Dsp value of 1.2 mm against 0.6 mm. Both curves apzesentative of well sorted
materials. The unit masses of bentonite particles sand were measured (using a
pycnometer), and found equal to 2.77 Mg/amd 2.65 Mg/, respectively. The density of
bentonite grains was also measured using a pyceoméh a desaromatised immiscible oll
(commercial name Kerdane) having a density of 0at920°C. It was found to be equal to
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2.00 Mg/n?.

The compacted sample was prepared by uniaxiat stathpaction at a rate of 0.1 mm/min in
a cylindrical mould. A maximum compaction stres26f5 MPa was applied, resulting in a
final dry density of 1.8 Mg/rhcorresponding to a bulk density of 1.98 Mg/ 11% water
content. The final dimensions of the sample weren®in diameter and 10 mm in height.

2.2 Microfocus X-ray computed tomography (LCT)

The Microfocus X-ray computed tomograpipC({T) is able to distinguish various components
of a material according to their density and atomignposition. The grey level range
observed in uCT goes from white (representing ragkenuating dense material) to black
(representing voiduCT is a non destructive observation technique urséde investigation
of various geological porous media like compactedtbnite (Kozaki et al., 2001), bentonite
pellet/powder mixture (Van Geet et al., 2005) araimpacted bentonite/quartz mixture
(Kawaragi et al., 2009). The technique uses afset@dimensional X-ray projections of an
object at several angles and consists in reconstguthe 3D slices of the object using a
mathematical algorithm, resulting in a 3D imagethe# internal structure. The parameter of
interest is the attenuation coefficient to X-rap$ that depends on the mass density and on
the atomic number of the object (Ketcham and Carl2001; Van Geet et al., 2005).

The pCT used in this study is an “Ultratom” devpmvided by RXsolutions (France).
Images were reconstructed using the software Xadrnstruction developed by RXsolutions.
The micro-focus source is an xs-225d/GE-Phoeni®% (22, 320W, 5 um min spot size) and
the imager is a flat-panel-Csl scintillator-Variab20V/Paxscan (14 bit, 19201526 pixels,
127 um pixel size). The voxel size varies betwe2nu& and 48 um depending on the
scanned area. The size of the 3D images is ¥8#840x 1180 voxels. The image analysis
and treatment are conducted using ImageJ, a pdibiicain Java image processing program
(Rasband, 1997-2012).

2.3 Experimental set-up and test program

The test cell is made of Polymethyl Methacrylat®IfPA), a material transparent to X-rays.

A vertical cross-section of the cell is presentedrigure 2. It consists of a cylinder (80 mm
inner diameter) fixed on a base. A circular pladt8@ mm diameter is placed at the top of the
sample and is glued to the internal surface ottHimder to prevent axial swelling. The used
glue is removable to facilitate releasing the sagdter test. The upper plate is perforated
along its periphery (11 holes) to let water flowathgh, fill the peripheral volume and hydrate
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radially the sample from its external perimeter.

80 mm “T— PMMA cylinder
- 50 mm R Perforated PMMA
. | // plate
j| , | Glue and silicone
:5@%7 F&;ﬁ%:% j‘ﬁ Sample
1/

Figure 2. Outline of the PMMA test cell.
A first scan was performed at the initial (as coptpd) state of the sample prior to filling the
peripheral volume with water. Five scans were theriormed at different hydration times: 15
min, 3 h, 1 day, 3 days and 52 days with a scamtimr around 2 hours. All along the
experiment, the cell was covered by a plastic &lmal preserved in an ambient environment at

a constant temperature of 20°C to avoid evaporation
3Results

3.1 Dry state observation
The uCT horizontal cross-section at 5 + 0.1 mm fthmtop of the sample is shown in Figure

3. At the adopted scan resolution (32.5 um), omedistinguish the different constituents of
the sample: clear sand grains, less clear largetohi#e grains (hydrated at a gravimetric
water content of 13.3%) and dark voids. The greglldifference between sand and bentonite
grains is due to the larger unit mass of sand (®1§8n°) compared to that of bentonite grains
(2.00 Mg/n?). Inspection of Figure 3 also shows that the beitetsand mixture is not really

homogeneous, a segregation being observed betveeeh ggains and bentonite grains as
illustrated by some clustering of sand grains. Teserogeneity probably results from the
effect of the difference in size and mass betwéenbentonite and the sand grains during

sample preparation.

In Figure 3, the grey level is not homogeneous waitharker centre. Such an artefact, typical
of X-ray UCT, is called beam hardening effect amdhat representative of a real change in

density.

Observation of the upper cross-sections of the &affjigure 4) shows the occurrence of a
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fracture along the diameter of the sample. Thedrachas a depth of about 5 mm, i.e. 50% of
sample thickness. It probably appeared during theement of the upper plate at the top of

the sample.

Bentonite

” Beam hardening

Figure 3. Horizontal cross section at a distance & mm from the top of the sample.
3.2 Swelling observation
Figure 5 shows the evolution of the same horizontaks-section of the sample during

hydration from the initial compacted state. The gesm are obtained after eliminating the

external void by fixing a grey level threshold &fthat separates gel from air or water.

After the first 15 min of hydration, curved cragkarallel and close to the perimeter of the
sample appear all around and the sample diameteeased from 50 to 52.8 mm. The
bentonite separated by the cracks along the penm®welled first and was quickly
transformed into gel, with a sharp contrast obskfvetween the gel ring and the denser
compacted area. The cracks result from the effetteextremely high suction gradient and
differential radial swelling strains resulting frotine sudden contact imposed between liquid

water (zero suction) and the compacted mixture antlnitial suction of 76 MPa.

After about 3 hours of hydration, water infiltratetbre the sample with a further increase in

diameter to 55.3 mm and a comparable pattern oksra
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ww 09

Top view

ww 0T

Side view

Figure 4. Top view and side view of the sample al¢ position of the crack.
After 1 day, the clear separation observed in thevipus scans around the sample is no
longer apparent. Some cracks are still observednaradhe sample, but their opening is
smaller than previously. This crack network seperdhe central zone in which the effects of
compaction is still apparent from a zone appearmgch more homogeneous, which is
representative of the gel. Closer to the sampl@lpery, the gel zone progressively darkens.
The diameter of the hydrated sample is estimatetbanm. Interestingly, one can observe
that sand grains transported by the hydrated amtlezivbentonite are clearly apparent in the
gel around the sample, with a small concentrafidre structure of the newly produced gel
close to the crack pattern is denser (clearer) thanwas previously produced, which is now
located at larger radius. This difference in densst due to the difference in boundary
conditions: while the first bentonite grains at theéial sample periphery swelled freely in
water, the subsequent bentonite grains (i.e. ldda¢hind) swelled in contact with the already
swelled mixture. We can also observe that aftenyl tthe fracture that was observed at the

initial state almost disappeared (see Figure 6).

After 3 days, swelling continued and the gel alnfiled the 15 mm radial void between the
sample and the cell. The whole sample was not cetelplsaturated as the central dryer part
was still identified. Until this time, the samplevedling was still free. By means of image

analysis, we can estimate the surface increase wwe. By considering the sample’s
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diameter evolution obtained as explained earliggrdixing a grey level threshold, one can
estimate the surface increase with respect to time.

t=15 min

t = 3 days t= 52 days
Figure 5. A cross section of the sample at the middof the sample at different hydration times (timeof the
start of the scan).

Figure 7 shows the evolution of swelling definedttas ratio of the increase of surface with
respect to the initial surface. Results obtained previous work in which no limit to radial
swelling was imposed (Saba et al.,, 2012) are aported in this figure. The difference
between the two tests relies in the sample dian{B@&mm in this work and 35 mm in the
previous work) and in the sample initial unit mék8 Mg/nt in this work and 1.97 Mg/fin

the previous work). Similar changes are observel wifast increase in the beginning and a
rate decreasing over time. However, the swellinggmtades are not comparable, with here
lower values at the beginning and higher valugb@end. This may be the result of the lack
of data in this work for the first period due tetthifferent time scale.
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t=0 t=1 day
Figure 6. Fracture closure after 1 day of hydration The circular line outlines the unsaturated part dter 1
day and its position is reported in the initial stae.

After 52 days, the sample was completely hydratedched the cell and could no longer

increase in surface even though the swelling ofbtyx@tonite grains closer to the centre still

occurred. From this moment on, swelling occurredarnconstant volume conditions. The
internal parts of the sample that continued to kse@hsolidated the peripheral gel. The
homogenisation of the sample started, charactehgethe progressive disappearance of the
dryer dense central part and of the sharp conpestiously observed. A radial swelling
pressure was simultaneously mobilized along the tagether with an axial swelling pressure
that resulted in an axial displacement of aboutmirh, as shown in Figure 8 in which the

initial and final cross-sections are presented. dienge in grey level between both sections
iS clear.
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Figure 7. Free swelling kinetics and compatrison wiit previous results.
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t =52 days

Figure 8. The axial swelling occurring between thaitial state and after 52 days.
During the sample swelling, sand grains were fotmdbe transported by the swelling of
bentonite and radially moved toward the cell wé&lloser inspection of Figure 5 shows
however that full homogeneity is not achieved,adenced by a darker periphery containing
less sand grains. Note also that the sand grainetdration is not fully constant at the same
distance from the centre, more grains being obdeve the top right section. Due to
hydration, the volume of bentonite grains becam® fithes larger than that of sand grains

and sand grains were finally dispersed in a betegal matrix.

3.3 Profiles evolution

Figure 9 shows the grey level profile along thertiger of the sample in the initial dry state at
a cross-section located in the middle at a deptb afm. The profile shows a significant
fluctuation of values corresponding to the greyelevof the different constituents of the
sample. Highest peaks correspond to the denser gamids whereas smallest peaks
correspond to pores full of air.

200
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Grey level
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Figure 9. The grey level profile along a diametermonly one slice att = 0.
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The profile along the whole thickness of the sampltgained by averaging the grey intensity
along the whole stack of slices forming the samigl@resented in Figure 10. A reduction in

fluctuation due to averaging is observed. The gdrierm of the profile evidences the cupped
effect due to the beam hardening artefact thatpeesented in Figure 3. Ignoring this artefact,
the mean grey level along the diameter can bemeted and a value of 119.47 was obtained.
This mean grey level value is represented by tisbethline in Figure 10, it was obtained on a
sample with an the initial density of 1.98 Mg/m
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Figure 10. Averaged gray level profile of the centd 8 mm thickness along the diameter at t = 0.

Figure 11 shows the averaged grey level profilesm@la given diameter of the sample at
different hydration times along with the mean gieyel value in dashed line. For simplicity,
the presented curves represent the 50 points avevhghe original data. The profile
corresponding to the initial state is the sameéhasih Figure 10, but here in terms of moving
average values; it serves as a reference in tHgsiarhe curve corresponding to 15 minutes
hydration is characterised by a sharp decreaseegflgvel on the extremity, indicating the
production of loose gel.

In the central part of the sample (along a diamet&0 mm), the grey levels are not ordered
with respect to the progression of hydration. Thents after 1 day are mostly located above
those after 3 hours, which is not satisfactory.réhere also some cases in which the points
after 3 days are close to that after 3 hours. déimsethen that it appears difficult, in this

feasibility test, to affect a given density to aemi grey level. Also, the sudden decrease
observed in the central part between the stattetdst (t = 0) and the state at 3 hours appears
too strong, compared to the change afterwards wdddretween 3 hours and 3 days. It seems
then reasonable to consider that the density clsamgéhe central part are not significant
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during the first 3 days, as deduced from the tali# observation previously conducted.
Note however that the global decrease in grey lelsskrved after 52 days is significant of a
global decrease in density, as commented earlier.
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Figure 11. Grey level profiles along the same dianer at different hydration times. The mean values
corresponding to the different hydration times arealso plotted in dashed line.

For a given profile at a given time, more significa is given to differential changes in grey
level and by the change in the slopes of grey lavehe extremities. The decrease in slope
between 1 hour and 1 day illustrates the progressater infiltration and coupled swelling
that result in an increase in diameter and a dser@a the diameter of the central part
corresponding to the zone still unaffected by hiidna Note that the averaged slopes of the
curves on each side are comparable at 1 day, 3ahay$2 days. Simultaneously, the steady
grey level values in the central area indicate thate is no significant density gradient in this
area. The significantly lower grey level in the tahpart after 52 days seems to indicate a
decrease in density compared to the situation estvieand 3 days.

In order to make a quantitative study in terms ehglty, calibration (as in Van Geet et al.,
2005) should be first conducted on various samefetifferent well controlled densities in
the relevant range, along with a global enhancemétite scan quality (same scanned area,
beam hardening correction, etc.).

An estimation of the final average density value ba obtained considering the final volume
of the sample supposed saturated and using thenass of bentonite particles (2.77 Mdjm

and sand grains (2.65 Mgfn giving a value of 1.40 Mg/fn Hence, the decrease in grey
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level in central areas level observed in the Fiduetveen the first hydration stages in which
the sample central area was not affected (betweerd @ days) and the final stages (52 days)
can be somehow related to the decrease in unit fass 1.8 to 1.40 Mg/rh Again, a
satisfactory correlation would require further badition tests.

4 Discussion

The homogenisation of seals is of high importantdimiting fluxes in the context of
geological nuclear waste disposal. The test caoigdn this study reproduced the conditions
to which the seal will undergo in disposal galleri®nly radial swelling was allowed before
the sample touched the cell (corresponding to th&-fock in situ); the axial swelling was
prevented by the upper plate (corresponding to kbendary conditions applied by the
concrete retaining structures). Note however thatind the test, the axial boundary
conditions were not perfectly reproduced as anl awall of 1.5 mm occurred, showing that
the axial swelling pressure developed was highen the adhesion stress of the glue. Despite
this phenomenon, the main objective of this stugy, investigating the radial swelling, is
thought to have been reasonably achieved.

The percentage of the radial void adopted in tlesegmt laboratory test is considerably larger
than the one considered in situ (60% against 14#hdarin-situ experiments performed by the
French Institute for Radiation Protection and Nacl€afety - IRSN). This on-purpose test
was designed to study the radial swelling phenomenore clearly.

The uCT technique is a non destructive technigaedltows continuous monitoring of grey

level (i.e. of density) gradient between the cerangl the periphery of the sample during
hydration. It avoided making several tests witHetgnt samples at different hydration times.
It was observed that pCT was successfully usedhenbentonite/sand mixture. With this

technique, we can distinguish the different coustits of the sample as shown in Figure 3.
This figure also shows a heterogeneous dispersidhese constituents in the sample that
indicates the difficulty in preparing the bentorsend mixture due to the difference in grains
in size and density. The same phenomenon was psdyiobserved by Saba et al. (2013)
who also observed a concentration of larger poresulting in a lower density) along the

periphery of the cylindrical sample that they us@dis can only be visually observed in

Figure 3 because beam hardening artefact affebedjrey level profile along the diameter

(Figure 10).

The 3D image at initial state also showed the preseof a fracture along the diameter,
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starting from the upper face of the sample. Thastiire was mostly the result of pushing the
upper plate to ensure good contact with the uppdace of the sample. Indeed, since the
sample’s upper and lower surfaces were not exacthizontal with a non uniform thickness,
the pushing of the upper the plate resulted in muraform force leading to traction at the
middle of sample that created the fracture. One alsserved that this fracture disappeared
after one day hydration, indicating the effect ol swelling and confirming good self-sealing

performances.

During the first 15 minutes of hydration, a rougidaapid swelling took place, affecting the
bentonite grains located at sample periphery, ag Were first in contact with water. This
rough swelling and exfoliation of bentonite gramere previously investigated in Saba et al.
(2012). Cracks parallel to the perimeter of the glanwere observed in both studies as the
result of differential swelling between the graatsthe border and those closer to the centre.
As water continued to infiltrate into the sample time radial direction, swelling of the
bentonite grains continued with a concentric patt&welling progressively slowed down
over time as it became conditioned by the alreadgllsd parts that applied a certain

resistance.

Density gradients could be observed during hydnatitanks to the differential changes in
grey level observed in Figure 10. The decreaseeimsitl was not homogeneous over the
sample as it started at the sample periphery wihergiel was produced. A density gradient
developed between the loose gel at the border laadiénser soil of the central part. Over
time, this gradient became smoother for the sarsoreas explained previously: the swelling
of the inner parts was conditioned by the resistasfche already swollen parts. The density
of the gel produced by the inside hydrated bergograins was consequently higher. As
swelling continued, the volume of the denser cépinat decreased to finally reached a value
close to the final average value of 1.4 Md/determined at the end on the saturated sample.
From Figure 10, we can also notice the increasgolnme that can be detected by the
increase in length of the density profiles.

After filling the radial void, the gel started te ltonsolidated under the effect of swelling

pressure developed by the inner bentonite graihs. donsolidation was characterised by an
increase of gel density over time observed in taesdy profiles. The grey level or density

gradient decreased as the profiles became morarfthtsteady. Full homogenisation can be
expected to be reached at long-term with a homamenginal unit mass of 1.4 Mgfn
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As mentioned before, the initial radial void wasoab 60% of the total volume in the
experiment carried-out in this work whereas thecgetage of initial void in the in situ
experiment is 14%. Basically, it is not the peregetof void that conditions the time required
to fill the void, but the void dimensions. If wertsider in situ conditions, the void dimensions
are similar to those in the test conducted in dimiatory, but the seal dimensions are 10
times larger. As a result, it will take the samadifor filling the void by gel, but a much
longer time for full homogenisation. Moreover, tHifferent void percentages did not affect
the kinetics of swelling because the process iretlvccurred at the grain level, and the grain
level was the same both in the laboratory andtin si

5Conclusion

The limited swelling and homogenisation of compadi#X-80 bentonite/sand mixture were
investigated experimentally using uCT scans coupdedigital image analysis. A specific
testing cell in PMMA was designed for this purpo8e70/30 bentonite/sand mixture was
prepared and uniaxially compacted to obtain a sarhpling a diameter of 50 mm and a
height of 10 mm, corresponding to an initial drynsliéy of 1.8 Mg/mi. This sample was
placed in the cell (80 mm diameter) and hydratedeurthe conditions of limited radial
swelling and prevented axial swelling. The cell vgganned in pCT at different hydration
times, enabling the analysis of the material attiahistate, during swelling and

homogenisation.

At the initial state, the 3D data showed that tbhestituents were heterogeneously organised
in the sample. In addition, a fracture was obsenledg the diameter of the sample and in the
upper 5-mm thickness of the sample. This fractusappeared after 3 days of hydration,
confirming the self-sealing capacity of the materiéne qualitative monitoring of swelling
over time revealed that swelling took place atgbale of bentonite grains. It started quickly
at the beginning and became slower over time. &hd grains were found to be carried along
by the swelling of bentonite grains. Some crack=lpd to the perimeter were produced
during the first hours and they disappeared withetias hydration proceeded. Swelling
continued with an increase in gel production ardkerease in the volume of the unsaturated
central part. When the gel touched the cell, itsasidated due to the subsequent swelling
pressure resulting by the confinement exerted byc#il. Visually, the material became more
homogeneous with sand grains more homogeneoushbdigd in the bentonite gel matrix.
This homogenisation was further studied by imagalyass by plotting grey level profiles
along the same diameter of the sample at diffelngatation times. A density gradient was
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found between the dense centre and the loose bofdgample. This density gradient became
smoother over time as the density of the centrat dacreased and that of the border

increased.

The considered radial void percentage considered Wwas much larger than in the in-situ
case: 60% against 14%. However, as the void dirmaeaswvere similar, the time required for
filling the void should be similar as in both caseglling takes place at the level of bentonite
grains. The time needed to reach homogenisationldhi® longer in the case of larger seal,
and a higher final density can be expected in ¢hse. More accurate uCT characterization
based on careful preliminary calibration of greyels carried out with samples at various
known densities should be carried out next to eefime results presented here and provide
values of densities from the grey level as don¥am Geet et al. (2005). Also, the density
gradients in seals and their effects on their hydexhanical behaviour should be further
investigated.
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INTRODUCTION

Once emplaced in the galleries, the compacted etoenstituting the sealing plugs (disks,
torus) will start being saturated by the water friira host-rock and swell. Once all voids are
sealed, constant volume swelling will result in ttevelopment of swelling pressure radially
in the direction of the host-rock and axially irettlirection of the confinement elements. The
study of the swelling pressure is important ashitudd be high enough to ensure a good
sealing and at the same time it should not exchedyield stress of the rock and of the
confinement elements. This explains the numerawtiest conducted on the swelling pressure
of compacted bentonite-based materials. Howevamast cases, a unique isotropic swelling
pressure was considered. Some authors tried to umeedbe radial swelling pressure

(Borgesson et al., 1996; Cho et al.,, 2000 and lted.£2012) and a difference between the

radial and axial swelling pressures was found.

In the first part of this chapter, an experimergaldy on the radial and axial swelling
pressures was undertaken on samples compacteffeatmt dry densities. Emphasis was put
on the swelling pressure kinetics, the stabilisatialue of swelling pressure and the
anisotropy coefficient defined as the ratio of ahgiressure to vertical swelling pressure. The
results are presented hereafter in the originanfaf a paper submitted to “Soils and

Foundations” journal.

In the second part of this chapter, microstructuvservation of two samples by microfocus
X-ray Computed Tomography (LCT) was presentedimite as-compacted state and another
after a swelling pressure test. The bentonite grawvelling and the pores clogging were
examined. These observations helped in furtheryaima the results obtained in the first part
of this chapter. The results are presented in &mpapcepted in Journal of Rock mechanics
and Geotechnical Engineering.
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Anisotropic swelling of compacted bentonite/sand mture

Simona SABA*, Yu-Jun CUl, Anh Minh TANG', Thi Phuong Huyen TRAN Jean-
Dominique BARNICHON

Abstract: In the conception of deep radioactive waste disptsa use of sealing materials is
needed to limit water transfer in the vicinity ofaste canisters. Compacted disks of
bentonite/sand mixture are often considered as iljessealing plugs for their low
permeability, good radionuclide retention capaeityl high swelling ability. In the design of
such sealing plugs, the swelling pressure is arotapt parameter to be taken into account.
Nowadays, a unique isotropic swelling pressurelieen usually considered. However, this
consideration can be far from the reality as tradisg plug can swell in both radial direction
against the host rock and axial direction agaihstretaining concrete structures. Thus, the
swelling involved is anisotropic by nature, dep@&gdon the microstructure of the sealing
plugs. In the present work, this anisotropic swellis experimentally investigated by
performing infiltration tests under constant volueanditions in a cell with both axial and
radial swelling pressure measurements. Resultan&otaconfirm the anisotropy of swelling
pressure. Furthermore, the initial anisotropic ctrce caused by the sample compaction
disappears after hydration for a certain range of densities, beyond this range the
anisotropy being well preserved. Different kinetafsswelling pressure is also observed at
different dry densities and along different direo8. An exponential relationship is identified
between the final swelling pressure and the dnysiten

Keywords: bentonite/sand mixture; infiltration test; dry déy; swelling pressure;
anisotropy; kinetics.

1Introduction

Compacted bentonite/sand mixtures are often corexidas possible sealing materials for
geological radioactive waste disposal due to thew permeability, high radionuclides
retention capacity and swelling ability (Pusch, 39%ong et al., 1986). A possible
configuration is the use of sealing plugs maderefgpmpacted bentonite/sand mixture. Upon
water infiltration, these plugs absorb water anelkJilling all existing voids (technological
voids, pores and fractures in the rock). Afterwargwelling pressure will progressively
develop in both radial and axial directions, on Hust-rock and on the retaining concrete
structures, respectively. In the design of suchisgglugs, the swelling pressure is an
important parameter to be controlled. Indeed, istrbe high enough to ensure a good sealing
performance and at the same time it must be lohem both the in situ minor stress of the

host rock and the retaining capacity of the comcsétuctures.

Up to now, for designing sealing plugs or enginédoarriers and assessing their swelling
behaviour, a unique swelling pressure, usually dkial one, is usually considered. The

L Ecole des Ponts ParisTech, Laboratoire Navierndlaa Vallée, France
2 Institut de Radioprotection et de Sireté Nuclé&omtenay-aux-Roses, France
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swelling pressure can be determined in the labordip different methods: constant volume,
swell-load, zero swell and adjusted constant volume¢hod (Tang et al., 2011b). It has been
found that different methods give different valaéswelling pressure. Number of studies on
the swelling properties of compacted bentonite-basaterials was reported (Pusch, 1982;
Komine and Ogata 1994, 2003, 2004; Delage et @08;1Agus and Schanz, 2005; Komine et
al., 2009; Wang et al., 2012). The effect of miteggacal composition was studied by Komine
and Ogata (1994) and they found that the swellioggmtial is higher when the fraction of
expansive minerals (montmorillonite) is larger. Yhaso found that the swelling pressure
increases exponentially with the increase of ihitley density and that the initial water
content of the soil specimen has insignificant@ften the swelling pressure. The increase in
salinity of the saturating water was found to redube swelling capacity, although this
influence becomes less significant at higher dassfKarnland et al., 2005; Castellanos et al.,
2008; Siddiqua et al., 2011).

As mentioned previously, in most cases the swefiressure was measured in one direction
(usually the axial one). Some authors also triech&asure the radial swelling pressure (Cho
et al., 2000; Lee et al.,, 2012 and Borgesson e1296). Borgesson et al. (1996) carried out
several tests such as swelling/compression tesds inedometer with measurement of axial
and radial swelling pressure, tri-axial tests andstant volume infiltration tests to measure
the swelling pressure. They found that the valuesadial pressure (oedometer), isotropic
pressure (tri-axial) and axial swelling pressureng&tant volume cell) measured agree well:
the radial pressure from swelling compression testsimilar to the swelling pressure at
constant volume. Nevertheless, experimental reshivsv a difference of 2 MPa between the
radial and the axial swelling pressure at a voi@raf 0.6. Cho et al. (2000) and Lee et al.
(2012) measured the radial and axial swelling press in a constant volume cell using
pressure sensors mounted in the two directionsy @ls® found a difference between the two
directions, the larger difference being at highgr densities. This was explained by the effect

of uni-axial compaction for the preparation of sdaesp

In the present work, the anisotropy of swellinggstee was evaluated in the laboratory on a
bentonite/sand mixture compacted at various dessith special constant volume cell was
used with a total pressure sensor to measure thel raressure and a force transducer to
measure the axial force. The results obtained aadysed in terms of kinetics, stabilisation

value and anisotropy coefficient.
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2 Materials and methods

The material studied is a compacted mixture of WyngmMX-80 bentonite (commercial
name Gelclay WH2) and quartz sand (commercial nBAE00) with a proportion of sand
of 30% (in mass). Note that the mixture was praodide boxes and the sand proportion of
30% is a global one. Further examination of thedsproportion § in the samples tested
showed that the real proportion varies from 320%4see Table 2). The initial water content
of the mixture is 10.2% corresponding to a suctbry3.3 MPa (measured using a chilled
mirror dew point tensiometer). Note that this mietus the same as that used in the in-situ
SEALEX experiments carried out by IRSN (Institut dRadioprotection et de Sdreté
Nucléaire, the French expert national organisatiomuclear safety)n the underground
laboratory in Tournemire (Barnichon et al., 20I®)e grain size distribution of the bentonite
powder determined by dry sieving is presented igufd 1 together with the grain size
distribution of pure bentonite determined by theddoyneter method. The grain size
distribution of the sand is also shown in Figure 1.

100 »
< 80 -
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q 60
©
o :
) —&— Sand grains
o0 40 -
= —&— Bentonite grains //
(]
Y 20 A —@— Deflocculated bentonite|
& (hydrometer)
0.0001 0.001 0.01 0.1 1 10
Grain size (mm)

Figure 1. Size distribution curves of bentonite grims, sand grains and bentonite particles
The grain size distribution curves show well sonedterials having a mean grain diameter
Dso of 1.2 mm and 0.6 mm for bentonite and sand, y@dy. The unit mass of bentonite
particles measured using a pycnometer is 2.77 Mdfmagreement with the corresponding
literature data (Karnland et al., 2006; Madsen,893he unit mass of sand is 2.65 Mg/m
The main clay mineral of the MX80 bentonite is mmatillonite (92%), other minerals being
guartz, alumina, and hematite (Tang et al., 2008 experimental setup is presented in

Figure 2. The compacted sample is placed betweenptwous stones and filter papers. On
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the top, a piston is fixed with a screw to prevany axial displacement generated by soll
swelling. During the test, the sample is saturdtenh the bottom with synthetic water having
the same chemical composition as the ground watethe Bure underground research
laboratory of ANDRA (see details in Table 1).

On the cell inner wall, a total pressure sensom@unted to measure the radial swelling
pressure. A force transducer is also used in dalereasure the axial force generated by the
soil swelling. All data are recorded by a data &g

pressure
sensor

Water inlet4

Force _ |
transducer

Figure 2. Layout of the cell for swelling pressureneasurement
At the end of each test, the exact sand percernitagige samplesS) was determined as
follows: samples were weighed after being ovenddaead then, they were submerged in a
large volume of water allowing the bentonite to larated and swell until it became a
suspension; then, all was washed on a 200 um sies@lect sand grains. The collected sand
grains were then oven dried and weighed to detexrrthie sand proportion in the mixture,
defined as the mass of dry sand over the mas&afrthsample.

Table 1. Chemical composition of synthetic water (\hg et al., 2012)

Components NaHCO| NaSO, | NaCl | KCI CaC}.2H0O | MgChL.6H,O | SrCh.6H0O

Mass/Litter
of solution 0.28 2.216 | 0.61% 0.075 1.082 1.356 0.053

(9)

A series of tests were carried out (see Table B)gusvo cells on samples compacted either
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inside (In-cell) or outside (Out-cell) the cell. dwests were conducted by considering a 14%
technological void corresponding to the volumetnie for the in situ SEALEX experiments
(Barnichon et al., 2012). This void is the gap kew the compacted disks and between the
compacted plug and host rock, which is createdndutihe construction. Other tests were
carried out without technological void but at diffat dry densities ranging from 1.27 Mg/m
to 1.70 Mg/ni. Different sand fractionsS{ were also considered: from 32% to 40%. The dry
density pg) was deduced from the measured global densitytlamditial water content =
10.2%). For each test with 14% technological voa values of dry densities were indicated
in Table 2; the first one refers to the initial ombile the other is the final one after swelling

and filling of the 14% technological void.

Table 2. Test program and results for all performedests

ID Preparation) Void | pqg S Pdb Pn Py G | S
(Mg/m®) | (%) | (Mg/m?) (MPa) | (MPa)
CS01C1 Out-cell - 1.65 35.00 1.37 1.43 1.72 0.83 -
CS03C1| Out-cell - 1.65 38.13 1.35 1.52 1.64 0,93 -
CS05C1| Out-cell - 1.67 35.80 1.39 1.33 1.52 0.88 -
CS06C1| Out-cell - 1.68 39.60 1.36 1.26 1.61 0,78 -
CS07C1| Out-cell - 1.67 38.60 1.36 1.32 1.73 0/76 107
CS09C1 In-cell - 1.40 40.00 1.07 0.23 0.28 0.82 0{97
CS10C1 In-cell - 1.43 34.16 1.16 0.42 0.43 0.98 40.9
CS12C1| Out-cell - 1.55 38.96 1.22 0.66 0.68 0,97 1,03
CS13C1| Out-cell - 1.60 38.17 1.28 0.87 0.86 101 109
CS14C1 In-cell - 1.60 39.83 1.27 1.07 1.11 0.06 1|04
CS01C2| OQut-cell 14%| 1.951.66 | 35.56 1.38 1.10 1.30 0.85
CS02C2| Out-cell 14%| 1.6861.36 | 38.20 1.03 0.11 0.23 0.48
CS04C2| OQut-cell - 1.70 32.34 1.45 1.83 2.03 0,90 1,07
CS05C2 In-cell - 1.60 37.2% 1.29 0.97 1.0Q 0.97 81.0
CS07C2 In-cell - 1.27 40.39 0.94 0.17 0.32 0.5340.8

As the bentonite fraction is responsible for theeléimg pressure development, in order to
facilitate the analysis of test results, the beigodry density 4qn) was determined based on
the dry density and the sand fraction while assgntirat the mixture void ratio belongs to
bentonite only (Dixon et al., 1985; Lee et al., 998gus, 2005), as follows:

(B/100)p,G..

1
G, (1+w, /100 - p, (1- B/100) S

Pap =
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wherepm (Mg/m®) is the mixture densityB (%) is the bentonite content (in dry mass) in the
mixture, and which is deduced from the sand frac8q%); wm, is the water content of the

mixture; Gssis the specific gravity of sand (2.65).

For the samples used in different tests, the béstdny density 4a) varied from 0.94 Mg/rh
to 1.45 Mg/

Prior to swelling pressure measurement, the Olisaetples were prepared at the desired dry
density by static uni-axial compaction of the mnetypowder in a cylindrical mould using a
mechanical press at a loading rate of 0.1 mm/mami8es were then removed from the
mould and placed inside the test cell. This procedvas applied to obtain compacted soil
specimens having a dry density higher than 1.5 Md@ut-cell, Table 2). For specimens of
lower initial dry densities (i.e. lower than 1.5 Mg), this procedure was revealed to be not
applicable due to the difficulties related to renmngvloose specimens from the mould.
Thereby, for these specimens the soil was compadiitectly inside the cell (In-cell, Table 2).
The obtained sample was a disk having a diamet&@ahm and a height of 10 mm at the
target dry density. In the case of 14% radial tedbgical void, the samples were compacted
outside the cell (Out-cell) in a cylindrical moutdving an internal diameter of 35 mm and

then placed at the centre of the cell.
3 Experimental results

Figures 3 and 4 depict the swelling pressure ewslutver time in the case of high and low
bentonite dry densities, respectively. Figures &3,4a and 4c show the evolution of the
vertical and horizontal swelling pressur®; éndPy,) during the first 10 hours, while Figures
3b, 3d, 4b and 4d show the evolution for the whelst duration. Different kinetics of

swelling pressure can be observed:

The swelling pressure starts with a fast increessches a peak value, decreases a little, and
then continues to increase slowly until stabilsatiThis kinetics is identified for both radial
and axial swelling pressure evolution for tests &S CS05C1, CS06C1, CS07C1 and
CS04C2, which were performed on Out-cell samplegnigahigh bentonite dry densities
(>1.3 Mg/n).

The swelling pressure starts with a fast increasaches a highly marked peak, decreases
quickly and then slightly increases or stabilises avalue significantly lower that the peak
value. This pattern of kinetics with more markeakseis observed in tests CS12C1, CS13C1,
CS14C1 and CS05C2 on In-cell and Out-cell sampdes medium bentonite dry densities

6€
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(from 1.16 to 1.30 Mg/r}). Some exceptions occur for the axial swellingsptee evolution in

tests CS12C1 and CS13C1.

The swelling pressure increases, reaches a nomymced peak and then decreases and

stabilises at a value lower than the peak value Hinetics is identified for the tests CS09C1
and CS07C2 on In-cell samples having low bentairigedensities (<1.10 Mg/f

The swelling pressure increases and then stabiigesut reaching a peak. This is observed

for the vertical and horizontal swelling pressuresests CS01C2 and CS02C2 where a 14%

radial technological void is considered.
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Figure 3. Kinetics of vertical and horizontal sweihg pressure (a,c) at the fist 10 hours and (b,dpf the
whole duration of test in the case of high bentorétdry densities; The letters O, | and V in the legw refer
to the method of sample preparation;_Qit-cell, In-cell and with 14% Void, respectively.

On the whole, peaks are the most marked in theeraignedium bentonite dry densities
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(from 1.16 to 1.30 Mg/r). Outside this range, the peaks are less pronountke
consideration of technological void is detrimenptak generation.

For the tests on Out-cell samples, all swellingspuges start from zero. On the contrary, in
the case of In-cell samples, residual radial pressuidentified after compaction. The curves
for radial swelling pressure in this case startehg from a positive value. It can be however
observed that this residual value does not affeetfinal value of swelling pressure because
after the first increase and reaching the peakstnaling pressure decreases and reaches an
expected value close to the values from other testSut-cell samples.

Comparison between the evolutions of radial andlaswelling pressures shows that peaks

are more marked for the horizontal pressures tbathé vertical ones.

2.0 2.0
@ (b)

0.0 0.0¢
0

2 4 6 8 10 0 2 4 6 8 10
Time (h) Time (day)
—=— CS14C1 (1.27) (O) —*— CS02C2 (1.03) (V) —— CS09C1 (1.07) (1)
—— CS07C2 (0.94) (1) —4— CS12C1 (1.22) (O)
—A— CS05C2 (1.29) (1) —o— CS13C1 (1.28) (O)

Figure 4. Kinetics of vertical and horizontal sweihg pressure for low bentonite dry densities (a,cat the
fist 10 hours and (b,d) for the whole duration of &ést; The letters O, | and V in the legend refer tdhe
method of sample preparation:_Qut-cell, In-cell and with 14% Void respectively.

The radial (horizontal) swelling pressui@) and the axial (vertical) swelling pressuf&)(
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values presented in Table 2 are the stabilisatimal) values (see Figures 3 and 4). The
variations of these values for different bentoditg densities are presented in Figure 5. Note
that stabilisation was considered as reached wihewdriation of swelling pressure was less
than 0.05 MPa/day. An exponential increase of smglpressure (vertical and horizontal)
with increasing dry density of bentoniteqd) is identified. This is in agreement with the
results of Karnland et al. (2008) and Wang et 201@). The relationship (for both vertical

and horizontal swelling pressures) follows the gahexpression established by Wang et al.
(2012):

o, =a xexp”’® (2)

wherea andp are two constants mainly depending on the typé®nfonite. Herey = 0.0013
andp = 5.1053.
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Bentonite dry density (Mg/m®)
Figure 5. Variation of vertical and horizontal sweling pressures with bentonite dry density under
different test conditions
The swelling pressure with 14% radial technologieaid follows the global trend of the
results while considering the final dry densitywed. This confirms that the final dry density
governs the swelling pressure.

From Figure 5 we can also observe that the finklegof radial and axial swelling pressures

are not the same, and the axial ones are mosgjgridnan the radial ones.

This can be explained by the effect of the uni-eg@ampaction which causes an anisotropic
behaviour of the samples. In order to further ase@khis anisotropic behaviour, an anisotropy

coefficient C,) is defined as the ratio ¢, to P,. This coefficient is presented versus the



Chapter 3. Swelling pressure anisotropy investmati

bentonite dry density in Figure 6. It can be obsdrthat, in the range of medium bentonite
dry densities from 1.16 Mg/fio 1.3 Mg/n?, the soil swelling behaviour is mostly isotropic
with values ofC, close to 1. At higher bentonite dry densities, #msotropy coefficient
becomes slightly smaller than 1, with values ragdimom 0.76 to 0.90. When the bentonite
dry densityis lower than 1.1 Mg/ the anisotropy becomes more significant v@thranging
from 0.48 to 0.82. In addition, comparison betwtgenresults of In-cell and Out-cell samples
shows that the sample preparation mode does to¢nde the anisotropy coefficient.
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Ca0.7-
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Figure 6. Anisotropy coefficient variation with bertonite dry density for different test conditions

4 Discussion

In order to better understand the results obtaiaednvestigation of the microstructure of the
compacted mixture is needed because what happ#ns @ticroscopic scale is at the origin of
the macroscopic behaviour. The microstructure oftdr@te has been largely studied in the
past (Pusch, 1982; Tessier, 1990; Mitchell, 1993) & has been evidenced that at the
microscopic scale, bentonite particles are formedthe superposition of platelets (or
lamella). Particles have a plate shape (large seir@mpared to the thickness) that enables
their superposition to form an anisotropic aggregdhe bentonite grains used in this study
have a mean size of about 1.2 mm and are formedrloypbling the aggregates at given
humidity. Comparable grain sizes were reported et and Villar (2007) for the Febex
bentonite. The compacted samples include four poyulations: the interlayer pores (or
intra-particle), the inter-particle pores (or iniggregate), the inter-aggregate pores (or intra-
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grain) and the inter-grain pores (Kréhn, 2003; &tand Villar, 2007).

The evolution of swelling pressure over time evickh different kinetics in different tests
conducted. A first trend with a fast increase & hieginning followed by a decrease and a
slow re-increase was identified in the tests on-€litsamples with relatively high bentonite
dry densities. This trend was observed also by Warady (2012), Karnland et al. (2008) and
Lee et al. (2012). The first increase in swellimggsure is related to the swelling of bentonite
grains at microscopic scale. The peak occurrenii@sfed by a decrease of swelling pressure
corresponds to the reorganisation of the microtirecof the soil characterised by the
collapse of macro-pores (inter-grain pores). Upgdration, bentonite grains swell and split
up, filling macro-pores. If the bentonite dry deénss high enough, the grains can continue
swelling after filling the macro-pores, resultinga subsequent increase of swelling pressure.
Basically, the larger the volume of macro-pores, l#rger the pores collapse. Indeed, a more
significant decrease of swelling pressure was obsleat lower dry densities of bentonite, i.e.
when more macro-pores can be expected. In addiiomhe case of lower bentonite dry
densities (though still in a medium range), a snmakease of swelling pressure was noticed
after the peak occurrence. On the contrary, fotebts at very low bentonite dry densities, the
microstructure was so loose that only light peaksewnidentified followed by stabilisation.
For the tests where 14% radial technological voas$ wonsidered, no peaks were observed -
the swelling pressure just increased quickly anehtllowly before reaching stabilisation.
Although the 14% technological void was only radihls trend was observed for both radial
and axial swelling pressures. The only differerscéhat the first increase was quicker in the
axial direction because the void was annular. eeace of peak in both directions suggests
that during radial swelling that allowed the 14%hteological void to be filled progressively,
there was not sudden collapse affecting the awellmg pressure.

The difference in peaks magnitude between radidl a@qal swelling pressure suggests the
presence of more macro-pores along the radialtibre¢chan along the axial one. This can be
related to the sample preparation procedure, incpé&r the way the powder was poured into
the mould and the friction against the mould dugogpaction.

When considering the stabilisation value of swgllitessure in the axial and radial directions
and when plotting them versus bentonite dry der(8ilyure 5), it was observed that the axial
and radial swelling pressures increased with irsengabentonite dry density, following an
exponential function similar to that obtained byriland et al. (2008) and Wang et al. (2012).
This confirms that the bentonite dry density is #ey parameter in describing the soil
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swelling behaviour.

In Figure 5 it was observed that the axiBl)(and radial P,) swelling pressures are not
identical, the axial one being larger than theabdne. This difference reveals an anisotropic
behaviour of the compacted samples. This anisotiepglated to the microstructure of the
sample as well as its evolution during hydratioam@les in this study were prepared by uni-
axial compaction of the mixture powder which fawarmore significant swelling reaction in
the direction of the compaction force applicatiaxid@l direction). Additionally, the bentonite
grains used (see Figure 7a) mostly have an irreghlape with one dimension larger than the
others. A zoom on a single grain is also preseimeédgure 7 in two directions: the top view
in Figure 7b shows a dimension of the grain that ileast 2.5 times larger than the thickness
of the grain that can be seen in Figure 7c. Ttagepghape favours an anisotropic arrangement
of the grains in the compacted sample, because plaemg the powder of mixture in the cell
the bentonite grains tend to find a stable posiwth larger face side in the vertical direction.
The subsequent loading during compaction enharigesatrangement, thus the anisotropic
behaviour. Upon hydration, the grains will sweldasplit up trying to fill the macro-pores.
This process leads to a microstructure collapsaedsing the initial anisotropy.

Figure 7. (a) A specimen of the bentonite powder gins used in this study. Zoom on a single bentonite
grain rotated in two different directions: Top view (b) and side view (c).

The anisotropy coefficien€, is defined as the ratio of radialP,) to axial ) swelling
pressure. The relationship between this coefficagrtt the bentonite dry density shows that in
the range of medium bentonite dry densities, thlusfficient is close to 1 indicating an
isotropic behaviour. From Figures 3 and 4 it isicent that the higher peaks of swelling

pressure belong to the tests with medium bentatrigedensities. These marked peaks, as
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noted previously, suggest a significant collapse moicrostructure that favours the
development of an isotropic microstructure. Thiplais the isotropic behaviour shown in
Figure 6 for the samples at medium bentonite dnsdies.

In the case of high bentonite dry densities, theesishown in Figure 3 exhibit small peaks,
suggesting a limited collapse of microstructureugthe microstructure remained anisotropic.
This is explained by the fact that, at high berteodry densities, there was not enough space
(macro-pores) allowing bentonite grains to swelud, the microstructure collapse was
limited. This leads to a high degree of anisotrofith C, between 0.76 and 0.90.

In the case of very low bentonite dry densitiesL(¥0 Mg/nT), there was enough space for
bentonite grains to swell but, at low density, ¢nans could not fill up all the voids and give
rise to microstructure collapse. This is confirm®dthe swelling curves in Figure 4 which
show very limited peaks. The initial anisotropythsis preserved with values Gf ranging
from 0.48 and 0.82.

The two tests with 14% technological void at diéfer dry densities did not display any
pronounced anisotropy response. Their results @b the global trend depending only on
the bentonite dry density. This suggests thatebkriological void can be included in the soll
macro-pores when analysing the soil swelling behayias reported by Wang et al. (2013).

From a practical point of view, in the case of alisg plug with compacted disks of
bentonite/sand mixture, this is mainly the radva¢Bing pressure that should be considered to
study the sealing performance. From the resultsioéd in this study, it is observed the radial
swelling pressure is often lower than the axial.dfies feature of anisotropy is important and
should be accounted for in the design of sealings!

5Conclusion

The anisotropy of swelling pressure of compactettdrete/sand mixture was investigated at
the laboratory scale by performing different testslifferent dry densities, including tests on
samples with technological void. The results wermalysed in terms of bentonite dry
densities. Different trends of kinetics of swellipgessure evolution were identified for
different bentonite dry densities and differeneditons. However, stabilisation was observed
for all cases, indicating the full saturation o¢ thamples. Some differences in kinetics at the
beginning of tests were observed with different glenpreparation techniques, though this did
not affect the final stabilisation value. While peating the final values versus the dry density
of bentonite, an exponential relationship was foudowever, a difference between the axial
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and radial swelling pressures was noticed, suggestn anisotropic swelling behaviour due
to the uni-axial compaction mode and due to thesaropic arrangement of the plate
bentonite grains. Upon hydration, this anisotropgn cdecrease with the induced
microstructure collapse. This was particularly olbed for tests at medium bentonite dry
densities from 1.15 Mg/Mto 1.30 Mg/ni with an anisotropy coefficien€, close to 1

indicating an isotropic behaviour at stabilisatidinis coefficient was found to decrease for
higher bentonite dry densities, showing that threas preserved their initial anisotropy after
hydration because of the limited volume of macroegopreventing the microstructure
collapse. At lower bentonite dry densities, it wen possible for bentonite grains to fill the
macro-pores - no microstructure collapse occuriBterefore, anisotropy was also well

preserved.

In practice, it is recommended to take into accattonly the radial swelling pressure but

also the anisotropic swelling behaviour while asggsthe performance of sealing plugs.
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Microstructure and anisotropic swelling behaviour d compacted
bentonite/sand mixture

Simona Sab#, Jean-Dominique BarnichdnYu-Jun Cui, Anh Minh Tand and Pierre
Delagé

Abstract: Pre-compacted elements (disks, torus) of bentsamel mixture are candidate
materials for sealing plugs of radioactive wasspdsals. Choice of this material is especially
based on its swelling capacity allowing all gapghe system to be sealed, and on its low
permeability. When emplaced in the gallery, thdeeents will start to take water from the
host rock and swell. Thereby, a swelling pressutiedevelop in the radial direction against
the host rock and in the axial direction againstshpport structure. In this work, the swelling
pressure of a small scale compacted disk of beetanid sand was experimentally studied in
both radial and axial directions. Different swedlikinetics were identified for different dry
densities and along different directions. As a riffee swelling pressure starts increasing
quickly, reaches a peak value, decreases a littlefiaally stabilises. For some dry densities,
higher peaks were observed in the radial diredti@m in the axial direction. The presence of
peaks is related to the microstructure change autitet collapse of macro-pores. In parallel to
the mechanical tests, microstructure investigadbithe sample scale was conducted using
microfocus X-ray computed tomography (LCT). Imabsesvation showed a denser structure
in the centre and a looser one in the border, wiva$ also confirmed by image analysis. This
structure heterogeneity in the radial direction #mel occurrence of macro-pores close to the
radial boundary of the sample can explain the lgrgeks observed in the radial swelling
pressure evolution. Another interesting resulheshigher anisotropy found at lower bentonite
dry densities which was also analyzed by means@f pbservation of a sample at low
bentonite dry density after the end of test. It icasnd that the macro-pores, especially that
between sand grains, were not filled by swelledtdr@te, which preserved the anisotropic
microstructure caused by uni-axial compaction du@é absence of microstructure collapse.

Key words: Bentonite/sand mixture, nuclear waste disposasoampy, swelling pressure,
microstructure, microfocus X-ray computed tomogsaph

1Introduction

In the concept of deep radioactive waste disposattayey host-rocks, sealing materials are
used to limit water fluxes around the excavatetegak in the post-closure phase. Compacted
bentonite/sand mixtures are often considered asilgessealing materials due to their low
permeability, good radionuclides retention capaaity swelling ability (Pusch 1979; Yong et
al. 1986). A possible configuration used in seaphgys consists in a series of pre-compacted
bentonite/sand disks inserted between two conc@iéning components. Once the disposal
galleries closed, plugs will be progressively indilted by the host rock pore water. They will
swell and seal the so-called technological voidshef system (Wang et al. 2013), i.e. the

voids remaining between blocks and at the integfaegth the rock after placement.

! Ecole des Ponts ParisTech, Laboratoire Naviernslaa Vallée, France
2 Institut de Radioprotection et de Sireté Nuclé@R&N), Fontenay-aux-Roses, France
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Afterwards, swelling pressure will progressivelydi®p both radially along the host-rock
and axially along the adjacent bentonite/sand da&kd then on the mechanical confining
components. In the design of sealing plugs, thdlisgepressure is a key parameter to be
controlled. Indeed, it must be high enough to emsiood sealing performance and at the
same time it must be lower than the in situ minogss in the host rock and the yield stress
supported by the confinement elements.

Generally, a unigue swelling pressure considereg@sopic is considered in the design of
sealing plugs and/or engineered barriers and inasessment of their swelling behaviour.
Accordingly, laboratory measurements are conceedrain only one swelling pressure,

usually the axial one. Number of studies on thellswgeproperties of compacted bentonite-
based materials was reported (Pusch 1982; Komid&gata 1994, 2003, 2004; Delage et al.
1998; Agus and Schanz 2005; Komine et al. 2009;gMdmal. 2012). The swelling pressure
can be determined in the laboratory by differenthods: constant volume, swell-load, zero
swell and adjusted constant volume method (Tangl.eR011b). As mentioned above, the
swelling pressure was measured in most cases iaxibedirection. Some authors also tried
to measure the radial swelling pressure, e.g. Bdme et al. (1996), Cho et al. (2000) and
Lee et al. (2012). Lee et al. (2012) measured Hwdlradial and axial swelling pressures in a
constant volume cell with pressure sensors mouimtethe two directions. They found a

difference between the radial and axial swellingsgures, the larger difference being
observed at higher dry densities. This was expthibpg the anisotropic microstructure of

compacted bentonite.

In order to better understand the macroscopic respmf the compacted bentonite/sand
mixture, especially in terms of swelling pressuan, investigation of the microstructure is
needed. Various observations of the microstructorecompacted bentonites and sand
bentonite mixture have been carried out by usingcarg intrusion porosimetry -MIP - and
scanning electron microscopy - SEM (Cui et al. 20@2ntes-H 2002; Lloret et al. 2003;
Delage et al. 2006; Villar and Lloret 2001). Thésehniques require a cautious preliminary
dehydration of the samples, most often by freey@idr They provide local observations on a
small part of millimetric samples. For a largerlecanicrofocus X-ray computed tomography
(LCT) is needed. This technique allows a high-teggswi non-destructive 3D observation
without any sample pre-treatment. Moreover, furtBBr information on the whole sample
(including grain size distribution as well as podstribution and inter-connectivity) can be
obtained. uCT has been previously applied to morifaro-chemo-mechanical processes
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(Comina et al. 2008), to detect dessication créGBerbrenegus et al. 2006; Mukunoki et al.
2006) and to investigate the microstructure of caatgd bentonite-based materials (Kozaki et
al. 2001, Van Geet et al. 2005 and Kawaragi €2G09).

In this study, the swelling pressure of a smallesscampacted disk of bentonite and sand was
studied in both radial and axial directions. Diffiet swelling kinetics were identified for
different dry densities and along different diren8. In parallel to the mechanical tests,
microstructure investigation at the sample scals w@nducted by using microfocus X-ray
computed tomography (LCT).

2 Material and methods

2.1 Material

The material studied is a compacted mixture of WiypgrMX-80 bentonite (commercial
name Gelclay WH2) and quartz sand (commercial na&000) with a proportion (in
weight) of sand of 30%. The mixture was providedboxes. Actually, examination of the
sand proportion§) in the samples tested showed that the real ptiopovaries from 32 to
40% (See Table 2). The initial water contemt)(of the mixture was 10.2% corresponding to
a suction of 73.3 MPa (measured using a chilledangew point tensiometer). Note that this
mixture is the same as that used in the in-situegmpents (SEALEX) carried out in the
Tournemire underground laboratory (Barnichon et &012) by IRSN (Institut de
Radioprotection et de Sdreté Nucléaire, the Fremqgtert national organisation in nuclear
safety).
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Figure 1. Grain size distribution curves of bentorte, sand and deflocculated bentonite.
The grain size distribution of the bentonite powdbtained by dry sieving is presented in
Fig. 1 together with that of pure bentonite obtdingsing the conventional hydrometer
method. The grain size distribution of the sandl$® shown in Fig. 1. The curves show that
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materials are well sorted with a mean grain diamegg of 1.2 mm and 0.6 mm for bentonite
and sand, respectively. The unit mass of bent@aitécles was measured and found equal to
2.77 Mg/n?, in agreement with literature data (Karnland et2006; Madsen, 1998). The unit
mass of sand is 2.65 Mgfnirhe main clay mineral of the MX80 bentonite ismtrorillonite
(92%), other minerals being quartz, alumina, anddtée (Tang et al. 2008).

2.2 Anisotropic swelling pressure experimental setup

The experimental setup is presented in Figure 2 ddmpacted sample is placed between
two porous stones and filter papers. On top, @pis fixed with a screw to prevent any axial

displacement upon swelling. During the test, theaa is saturated from the bottom with

synthetic water having the same chemical compaosiis the pore water from the Bure

underground research laboratory (Andra, see ddtailble 1). A total pressure sensor is

mounted on the cell inner wall to measure the taieelling pressure. A force transducer is

mounted axially in order to measure the axial fagererated by the soil swelling. All data are

recorded by a data logger.

7

/

| /

Total
pressure

sensor Sample

Water inletA 4 Air Outlet

Force _ |
transducer

Figure 2. Layout of the constant volume cell for te swelling pressure tests.

Table 1 Composition of the synthetic water (Wang edl. 2012

ComponentsNaHCQ [Na,SO;|NaCl| KC|

CaC}.2H;0 |MgCl.6H,O | SrC}.6H,O

Mass/L (g)| 0.28 2.22 | 0.620.08 1.08 1.36 0.05

A series of tests has been performed using twas,ceith samples being compacted either
inside (In-cell) or outside (Out-cell) the cell.ste with different dry densitiesd) ranging
from 1.27 Mg/mi to 1.70 Mg/ni were carried out. Different sand fractio(8) were also
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considered: from 32% to 40%. The dry densiiy) (vas deduced from the measured global
density and the initial water contemt € 10.2%). Two tests were conducted by consideaing
14% technological void referring to the macro ve@ume existing in the in situ SEALEX
experiments (Barnichon et al., 2012). Two valuesligf densities were considered for each
test with 14% technological void; the first oneearsfto the initial value while the other is the
final value after swelling and the filling of thd% technological void.

Table 2 Test program and results for all performedests. (O), (I) and (V) refer to Out-cell, In-celland with
14% void as sample preparation methods, respectivel

ID pa (Mg/n) S (%) pan (Mg/n) Pn (MPa) R (MPa) G
CS01C1(C 1.65 35.0(C 1.37 1.43 1.72 0.82
CS03C1(C 1.65 38.1: 1.3F 1.52 1.64 0.9:
CS05C1(0 1.67 35.8( 1.3¢€ 1.3¢ 1.52 0.8¢
CS06C1(0 1.6€ 39.6( 1.3€ 1.2€ 1.61 0.7¢
CSs0C1(O 1.67 38.6( 1.3€ 1.32 1.7¢ 0.7¢€
csooca(l 1.4C 40.0C 1.07 0.2% 0.2¢ 0.82
csioca( 1.43 34.1¢ 1.1€ 0.4z 0.4z 0.9¢
CSs12Ci1(C 1.5 38.9¢ 1.22 0.6€ 0.6¢ 0.97
CS13C1(0 1.6( 38.1% 1.2¢ 0.87 0.8€ 1.01
csi14ca(l 1.6C 39.8: 1.27 1.07 1.11 0.9¢€
cso01c2() 1.95>1.6€ 35.5¢ 1.3¢€ 1.1C 1.3C 0.8t
cs02c2(v 1.6(>1.3€ 38.2( 1.0 0.11 0.2% 0.4¢
CS04C2(0 1.7C 32.3¢ 1.4¢ 1.88 2.0¢ 0.9C
csosc2(l 1.6C 37.2¢ 1.2¢€ 0.97 1.0C 0.97
csorc2(l 1.27 40.3¢ 0.94 0.17 0.32 0.5%

As the bentonite fraction is responsible for theeling pressure development, the bentonite
dry density fdpn) Was determined based on the dry density and erséimd fraction while
assuming that the mixture void ratio belongs totteite only (Dixon et al. 1985; Lee et al.
1999; Agus 2005), as follows:

— (Blloo)pmGss (1)
Pas G (1+w, /100 - p,,(1- B/100)

wherepm (Mg/m®) is the mixture densityB (%) is the bentonite content (in dry mass) in the
mixture and is deduced from the sand propori®(P6); wy is the water content of the
mixture; Gssis the specific gravity of sand (2.65).

For the samples used in different tests, the bétetdny density 4q) varied from 0.94 Mg/r
to 1.45 Mg/m.

Prior to swelling pressure measurement, the Olisaetples were prepared at the desired dry
density by static uniaxial compaction of the migtyggrowder in a cylindrical mould using a

mechanical press, at a loading rate of 0.1 mm/i@amples were then removed from the
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mould and placed inside the test cell. This procedvas applied to obtain compacted soil
specimens having a dry density higher than 1.5 Md@ut-cell, Table 2). For specimens

with lower initial dry densities (i.e. lower than5IMg/nt), this procedure was not applicable

due to the difficulties related to removing loogge@mens from the mould. For these
specimens, the soil was then compacted directigenthe cell. The obtained sample was a
disk having a diameter of 38 mm and a height omI0 at the target dry density. In the case
of 14% radial technological void, the samples wgnepared by compaction in a cylindrical

mould having an internal diameter of 35 mm and {hlaned at the centre of the cell.

2.3 pCT and image analysis

Microfocus X-ray computed tomographydT) was used to examine in three dimensions the
internal microstructure of the compacted bentosgted mixturesuCT is a non-destructive
observation technique that has proven to be usefihle investigation of various geological
porous media including compacted bentonite (Koztkal. 2001), bentonite pellet/powder
mixture (Van Geet et al. 2005) and compacted betetgouiartz mixture (Kawaragi et al.
2009). It consists firstly in recording a set obtdimensional X-ray radiographs of an object
at several angles (typically at 180° or 360°) aacbsidly in reconstructing the 3D slices from
the radiographs using a mathematical algorithm. fifed 3D image of the internal structure
is obtained by stacking the slices. The final measent is the attenuation coefficient to X-
rays which depends on the mass density and thei@atamber of the object (Ketcham and
Carlson 2001; Van Geet et al. 2005).

The scans presented here were carried out witu@eof the Navier laboratory (Ecole des
Ponts ParisTech), an “Ultratom” device specificalllesigned and manufactured by
RXsolutions (France). Images were reconstructedgughe software Xact-reconstruction
developed by RXsolutions. The final 3D image i6abi type with a size of 1840x1840x386
voxels. The image analysis and treatment was theted out using ImageJ, a public domain
Java image processing program (Rasband 1997-20&8).that the image was first converted
to 8 bits for size reasons.

Two scanned samples are shown in this paper. Téteoine is at the initial state, compacted
like an Out-cell sample with a diameter of 50 mnd @nhheight of 10 mm and with a sand
content of 35%. Its dry density is 1.8 Md/ifbentonite dry densityg, of 1.54 Mg/nd). The
second one was scanned after four months of hgdrati constant volume cell. It has a 38
mm diameter, 10 mm height, 30% sand fraction arzbr@onite dry densitypf,) of 0.97
Mg/m?®.
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3 Results and discussions

3.1 Comparison of swelling pressure kinetics (axial vgadial)

Fig. 3 (a) and (b) depicts the evolution with redp® time of axial and radial swelling
pressures for samples at different bentonite dnstties. The swelling pressure changes start
with a quick increase followed by a peak value,eardase and finally a slight increase or

stabilisation.

P, (MPa)

2.59 Time (day)
(b)
2.0
= 1.5+
S
< 1.0 ———
o< e Aﬁ
0.5
0.0
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—=— CS14C1 (1.27) (O) —0— CS05C1 (1.29) ()

Figure 3.Kinetics of the axial (a) and radial (b) swelling pessure for different bentonite dry densities; The
letters O and | in the legend refer to the methodfosample preparation: Out-cell and In-cell, respectively.

For the tests on Out-cell samples, all swellingspoees start from zero. On the contrary, a
residual radial stress is identified in the castedell samples after compaction.

Therefore, the curve for radial swelling pressuegts from a positive value in the case of In-
cell samples. It can however be observed from tinges that this residual value did not affect
the final value of the swelling pressure. As after first increase and reaching the peak, the
swelling pressure decreases and reaches an expadiiedclose to the other values obtained
from other tests on Out-cell samples. Further eration of the peaks for radial and axial
swelling pressures shows that the radial pressexbbit more marked peaks than the axial
pressures. The presence of peaks is related tostnacture changes and to the collapse that
contributes to the filling of macro-pores. Here,anoapores refer to the largest population of

83



Chapter 3. Swelling pressure anisotropy investmati

pores found between bentonite grains and that easeén in Fig. 4 and Fig. 5.

The bentonite grains have a mean size of 1.2 mmaaadormed by the aggregation of
bentonite aggregates. Comparable grain sizes wpreted by Lloret and Villar (2007) in the
Febex bentonite. The first increase in swellingspuge at the beginning is related to the
swelling of bentonite grains at macroscopic scdéth time, grains will merge into
aggregates with particles that fill up macro-possl cause a decrease of the swelling

pressure, corresponding to the microstructure gsdia

The difference in peaks magnitude between radidl @al swelling pressure suggests the
presence of more macro-pores along the radial ttbre¢han along the axial one. A further
look into the microstructure of the compacted nmigtwvas then performed to clarify this
point. uCT was used to examine the 3D microstractira compacted bentonite/sand sample
having a bentonite dry density of 1.54 Md/and a water content of 10.2%. Fig. 4 shows the
radial cross-section at a position of 4 mm fromttye of sample. The uCT technique is able
to distinguish the various components accordinthé&ir density and atomic composition (the
grey level range goes from white representing laigénuating material to black representing
void).

Bentonite
Loose :
structure

Figure 4. A typical radial uCT cross-section of the compactetentonite/sand mixture sample.

A clear distinction can be made between the clesagxd grains and the slightly darker
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bentonite powder grains, even though their respeaensities are not very different (2.4 —

2.5 Mg/nt for the bentonite powder and 2.65 Md/for the sand). One can also observe in
Fig. 4 that the sample density is not strictly h@emeous, with more voids at the perimeter
and a higher density with fewer voids in the cenfflis could be due to the sample

preparation procedure, in particular the way theger was poured into the mould and also to
the friction against the mould during compactiots@rvation along the perimeter shows that
the bentonite powder grains remain clearly appaasatind the sample and that they are
apparently more frequent than at the centre. Atctir@re, powder grains appear to be more

compacted one against another, resulting in a demseostructure.

Figure 5. Images at different stages before segmentation: apn-treated, b) after applying 3D median
filter, ¢) during threshold and d) final segmentedmage.

Further investigation of the microstructure wagiedrout using the “ImageJ” image analysis
software. The first step consisted in reducingrtbse in the image by applying a 3D median
filter with a 1 pixel radius. Then, a segmentatminthe image was performed in order to
isolate pores from the other phases. The greyhblegs/alue used to segment the image was
found after analysing the histogram and using theture modelling” function that gave the
value of 73 as the grey threshold value separaiimgs from the other phases.

Fig. 5 shows an image at different stages befogensatation: initial state, after applying a

3D median filter, while applying 73 as a thresheddue and finally the segmented image. The
porosity was calculated from the histogram of thgnsented image by dividing the number of
black voxels by the total number of voxels.

The spatial distribution of the porosity was invgsted at different locations along tkandy
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directions by using volumes with heights equal Td pixels. The locations of the volumes
sections investigated are indicated in Fig. 6K&). 6 (b) shows the variation of porosity with
respect to x and y (volumes 1 to 12). A clear défece in porosity values is observed between
the borderX, y = 160 and 1515) and the centre.

3.2 Larger anisotropy at lower bentonite dry densities

The radial swelling pressuréy] and the axial swelling pressurB/) values presented in
Table 2 are the stabilized final values of the $mglpressure evolution (Fig. 3). The radial
and axial values are not identical, the axial dmeing mostly larger than the radial ones. This
can be explained by the effect of the uni-axial pagtion that favours the reaction in the
direction of the compaction force. In order to &sal this anisotropic behaviour, an

anisotropy coefficientq,) is defined as the ratio & to P,.
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Figure 6. Sections of the volumes where the porogitvas investigated in the sample (thickness 271 \&lg)
(a) and the corresponding results (b).

This coefficient is presented versus the bentairgedensity in Fig. 7. It can be observed that,

in the range of medium bentonite dry densities,swelling behaviour is mostly isotropic as

8€
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indicated by values of the anisotropy coefficieltse to 1. These densities vary from 1.16
Mg/m? to 1.3 Mg/nt. At higher bentonite dry densities, the anisotrapgfficient becomes
slightly smaller than 1 with values ranging betw&e80 and 0.76. When the bentonite dry
densityis lower than 1.1 Mg/ the anisotropy becomes higher with coefficienasying
from 0.82 to 0.48. In addition, the sample prepanamode (In-cell or Out-cell) does not
seem to influence the anisotropy coefficient.

The anisotropy behaviour is also related to therasicucture changes of the compacted
mixture. After the uni-axial compaction of the grsipowder mixture, an initial structural
anisotropy is induced by the compaction processrisults in a larger swelling reaction in
the compaction direction. On the other hand, upgirdtion, bentonite grains will swell and
split up, filling macro-pores. This process leadsatmicrostructure collapse, decreasing the

initial anisotropy.
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] A
0.9 1 A A
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0.51 ° ® 14% void
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0.9 1.0 11 12 13 1.4 1.5

P, (Mg/m?)
Figure 7. Anisotropy coefficient changes with respe to bentonite dry density for different test condions.
From Fig. 3, the most marked peaks in the swelfinessure evolution are observed in the
tests with medium range of bentonite dry densilssexplained previously, peaks indicate a
collapse in the microstructure that favours theettggment of an isotropic microstructure.
This explains the isotropic behaviour shown in Fidor the samples with medium bentonite
dry densities and an anisotropy coefficient clasé.t

In the case of high bentonite dry densities, theetits in Fig. 3 exhibits small peaks,
indicating a limited collapse of the microstructtinat remained anisotropic. This is explained
by the fact that, at high bentonite dry densitibgre is not enough space (macro-pores) for
bentonite grains to swell, preventing the microsiee collapse. This leads to a high degree
of anisotropy with a coefficient of anisotropy rargfrom 0.76 to 0.90.
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In the case of very low bentonite dry densitied (5 Mg/nT), bentonite grains can swell but
cannot fill up all the voids and give rise to misttwicture collapse. The swelling kinetics
curves also show small peaks in this range of batatalry densities, confirming the absence
of microstructure collapse. The initial anisotrapythen preserved and it is represented by an
anisotropy coefficient ranging from 0.48 to 0.82.

Pores full of .
water ) Bentonite

with gel on the
extremity

Figure 8. Radial cross-section at a depth of 5 mm of a partfehe compacted sample after a four-month
hydration under constant volume conditions.

To further investigate the anisotropy at low ben®mry densities, a 3D microstructure
observation has been performed by X-Ray uCT om@plkawith a bentonite dry density of
0.97 Mg/nt after a four-month hydration under constant voluwoeditions. A radial cross-
section at a distance of 5 mm from the sample seifapresented in Fig. 8. Different phases
corresponding to different grey levels can be tyedistinguished: from the lightest to the
darkest, sand grains, bentonite grains, the geiddraround the bentonite grains (after their
swelling) and the pores. Pores are found to be stisaturated by water as their grey level is
lighter from the one corresponding to air. Interegdy, some macro-pores can still be seen
between the sand grains, confirming that the smgebif bentonite grains cannot fill all macro-
pores. Also, it can be observed from the image tiatbentonite closed the pores between
bentonite grains more easily than between the gaaids. This contributes to preserve the
initial anisotropy.

4 Conclusions

In the design of sealing plugs for deep radioactwste disposal in clayey host-rocks, the
swelling pressure is an important parameter totleied. In this work, an experimental study
on the anisotropy of swelling pressure of compadttedtonite/sand mixture was carried out.
Two phenomena were identified and analyzed by uCT.

The first one concerns the difference in peaks nad@ between radial and axial swelling

pressure kinetics with radial swelling pressurekpdarger than the axial ones. This reveals
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that the sample may be looser in the radial doecthan in the axial one, because peaks are
related to the collapse of macro-pores, and thlapse is more pronounced if there are more

micro-pores. A uCT image of a sample similar to tited samples showed a concentration
of macro-pores at the radial border of the samplage analysis confirmed this heterogeneity

of porosity being related to the sample preparatethod.

The second phenomenon concerns the anisotropidirsgvef samples at low bentonite dry
densities. It is known that, after hydration undenstant volume conditions, the bentonite
grains swell, fill up the macropores and resulaimicrostructure collapse. This leads to a
decrease of the initial anisotropy induced by thialacompaction. On the contrary, higher
anisotropy was observed at lower densities. The m@age of a sample at a low bentonite dry
density, after the end of a swelling pressure sbsiwed that bentonite could not fill all the
macro-pores. Consequently, bentonite at low dengég not able to produce a collapse of

macro-pores in the sample, which led to presermaiidhe initial sample anisotropy.
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INTRODUCTION

The French institute IRSN is carrying out the SEXLfroject aiming at identifying the key
factors related to the long-term performance oftbeite-based sealing systems. This project
consists of a series of in situ experiments perdarnm natural conditions at the Tournemire

Underground Research Laboratory.

In parallel, laboratory mock-up tests were desigatd 1/10 scale of the SEALEX project
and with similar boundary conditions in order tyide further and quicker information
about the behaviour of the studied material. Tis¢ ¢ell was specially designed with local
measurements of radial swelling pressure and mea®unt of the global axial swelling
pressure. The cell permitted saturation of the dammder confined conditions while
monitoring the swelling pressure, the axial displaent and the volume of injected water.
Two mock-up tests were performed; one with watgciied from the bottom and the other
with two side water injection. Results of the twests are compared in terms of swelling
kinetics as well as the potential effect of entexppir. When full saturation was considered as
reached, and also in a relation to IRSN requiregsyghé confinement failure was studied and
the recovery capacity of the seal was investigaiéis case was simulated in the test by the
piston release creating an axial void of 20%. Tiwgpessive sealing of this void was ensured
by the axial swelling of the seal accompanied bydénsity decrease. The void recovery was
monitored by the radial swelling pressure sensdilse resulting density gradient was
estimated from the radial swelling pressure measergs using an exponential relationship.
The evolution of this gradient over time was mongitband a homogenisation can be expected
at long-term. The dismantling of a previous simitst by Wang et al. (2013a) that lasted 350
days enabled the dry density at different heightee determined. The density gradient was

found smaller than that in the present test.

The first part of this chapter presents a detailedcription of all parts of the mock-up test
cell. A validation of the cell was done by comparithe obtained results with those from

literature. This work was presented in a paper stibdnto “Geotechnical Testing Journal”.

The second part of this chapter consists of a coisgraof the two mock-up tests that were
carried out with different saturation boundary ciiods. It also presents a combination of
suction measurements obtained from Wang et al 3(@0land swelling pressure
measurements at the same position for the simikenal during infiltration. The hydro-

mechanical behaviour of the material was therebglyaad. Finally, the failure of axial
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confinement was simulated and the density gradigotution was monitored. The results are

presented in the form of a paper submitted to Cane@eotechnical Journal.
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Small scale infiltration column with local measurenents of swelling
pressure: cell validation

Simona Sab¥, Yu-Jun Cuf, Jean-Dominique Barnichband Anh Minh Tang

Abstract: This paper describes a small scale infiltratioth &t was designed to study the
behaviour of sealing materials used in the cordéxadioactive waste disposal. These sealing
materials are supposed to swell upon contact witte imand then ensure a good sealing of all
gaps in the system. The cell is a small scale mpckt a 1/10 scale of large scale in situ
experiments conducted by the French Institute fadi&ion Protection and Nuclear Safety
(IRSN) in the framework of the SEALEX project. Tbell consists in a rigid body ensuring
mechanical confinement and a hydraulic part engldaturation of the hosted sample. It is
also equipped with three types of sensors: pressmsors, force transducer and displacement
transducer in order to monitor the swelling behaviof the sample at different positions
(axially and radially) and to check whether anyahxiisplacement takes place. A detailed
description of all the parts forming the cell iepented and the design is validated by carrying
out a test on a compacted bentonite/sand mixtunsidered as a candidate sealing material.
The test gives satisfactory results in terms ofllavgepressure (kinetics and value) compared
with those in literature.

Keywords: small scale infiltration cell; bentonite/sand tobe; SEALEX experiments;
swelling pressure; constant volume conditions

1 Introduction

In the French concept of deep geological disposatadioactive wastes, it is planned to
emplace waste canisters in galleries excavated eep dlow-permeability host rocks
(claystone). After the installation of canistersyligries are supposed to be sealed by the
swelling of compacted clay-based materials, whiwdudd further limit fluxes of underground
water around the galleries. Considering the conipleand the importance of the problems
related to the seal of clay-based materials, batitbrhtory and field tests are needed. In this
study, a Mock-up test was designed and carriedrotlite laboratory at a scale of 1/10 of the
large scale in-situ experiments (SEALEX) perforntydthe French Institute for Radiation
Protection and Nuclear Safety (IRSN) to investigatgelong term behaviour of the compacted
sealing materials. As the SEALEX in-situ experingenbnsider the case corresponding to
failure of the retaining structures and follow @epacity of the sealing materials to recover
the void created by this failure (see Barnichomlet2010 and 2012 for more details), the
present laboratory experiment was then designed #amilar purpose: it reproduces the same
boundary conditions and is capable to reproducesdime void created by the failure of the

retaining structures. Also, it has similar measwsts as the field experiments (swelling

! Institut de Radioprotection et de Stireté NuclédiRSN), Fontenay-aux-Roses, France
2 Ecole des Ponts ParisTech, Laboratoire Navier/€sriMarne-La-Vallée, France
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pressure, volume of injected water).

The laboratory experiment consists of a mechapagt] a hydraulic part and a measurement
part. The mechanical part consists of a rigid sasisteel cylinder that hosts the soil sample
and a fixing system that ensures the confined mechabconditions in both radial and axial
directions. For the saturation of soil sample, watéets are designed in the base of the cell
and in the upper piston, and they are connectegter tanks. Six pressure sensors, one force
transducer and a displacement transducer are osewbnitor the radial swelling pressure
along the sample, the axial swelling and the digriaent of the piston, respectively. This cell
can be used to test different sealing materialferént types of bentonite, mixtures of
bentonite with other materials like sand and crdsb&ystone. It can also be used for
different test configurations: one-side or two-ssa¢uration; confined or free swell conditions

in the axial direction.

The mechanical behaviour of sealing materials leenbargely studied in the past, especially
in terms of swelling pressure. Pusch (1982), Konamed Ogata (1994), Agus and Schanz
(2005) and Wang et al. (2012) studied the swebegaviour of bentonite-based materials,
but only in the axial direction. Some authors diged to measure the radial swelling pressure
(Cho et al., 2000; Lee et al., 2012; Saba et 8,32, although this was achieved only in
elementary tests and not in mock-up tests. In gledeveloped in this study, the swelling
pressure is measured radially along an infiltrattmtumn (at different positions along the
sample). This is another particularity of this limétion cell - it gives the mechanical
measurements along the sample during the saturgtocess, while usually, infiltration
columns are used to measure the hydraulic parasnikerrelative humidity, water content or
suction (Loiseau et al., 2002; Cui et al.,, 2008 ;ndyat al., 2013b).

In this paper, a detailed description of the celpresented with all ts components and the
sensors used. Validation of the design was domeutffr testing a compacted bentonite/sand
mixture that has been extensively studied in thatexi of nuclear waste disposal, and
through comparing the results obtained with theltedrom literature.

2 Materials

The soil used to the cell validation is a mixtuféentonite and sand with a bentonite fraction
of 70% in dry mass. The bentonite is an MX80 frorpding, USA, having a liquid limit of
575%, a plastic limit of 53% and a unit mass of72Wg/nT. Its cation exchange capacity
(CEC) is 76 meq/100g (83% of Na This bentonite is known to be highly water albsott
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with a specific surface as large as 70gmThe swelling index was also measured, equal to
27 cnil2g. This large value also indicates its high swelicapacity. The sand (pure quartz)
used in the mixture comes from Eure and Loire (Eedmvith a unit mass of 2.65 Mgimit
was sieved at 2 mm prior to being mixed with thentbeite grains that were previously
equilibrated with a water content of 13%. The grsire distribution curves of the bentonite
and sand were determined by dry sieving and argepted in Figure 1, along with the grain

size distribution curve of the deflocculated berttdetermined by the hydrometer method.

The saturation water used in the test is synthetiter obtained by mixing the chemical
components listed in Table 1 with distilled watemg a magnetic stirrer until full dissolution.

This composition is similar to that of the pore &rapresent in the rock considered in the
French program of geological radioactive waste agjh
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Figure 1. Grain size distribution curves.

Table 1. Chemical composition of synthetic water (\&hg et al., 2012).

Component | NaHC®| NaSQ, | NaCl| KCI | CaC}.2H,0 | MgCk.6H,O | SrC}.6H,0

Mass/Litter
of solution 0.28 2.216| 0.61% 0.075 1.082 1.356 0.053

(9)

3 Experimental set-up

As mentioned before, the experiment conducted aamstudy the swelling properties of

sealing materials at a scale of 1/10 of the SEAL#&Xitu tests and with the same boundary
conditions. It consists in saturating the soil s&@mat represents the seal under confined
conditions while monitoring different parametersiswas swelling pressure, injected water
volume and piston displacement over time. The aesigexperiment is presented in Figure 2

and consists of several parts: i) the mechaniadl(pagrey) that hosts the soil sample; ii) the
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hydraulic part (in blue) that enables the saturatid the sample and which consists of the
water tanks and water connexions; iii) the measergspart (in red) with all the sensors
(total pressure, force transducer, displacemenitamar) and the acquisition system (data
logger and computer).

3.1The mechanical part

The stainless steel cell was designed to mechénieamkure the confined conditions. A

hollow cylinder of 11 mm thick is fixed by threersws to a thick base with water inlets. In
the axial direction, a piston is placed on the adpghe soil specimen and it is blocked by a
screw that is fixed to a stiff structure (see Fegrand Figure 3). This stiff structure consists
of two stainless steel disks respectively on the sies of the cylinder, connected by three
metallic rods.

Burette
Displacement ]
indicator I Watertank
4 =
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o -
Rigid cell 1
\ Sample
| ‘ Data logger
Power source
Pressure 3
Water/tank | sensor D [e=mom]
| | Semsor 1 S o e
Oocecew(| B85880
¥ 1 O i
| Porous ! 7
1 Computer
Air aiter IN

—Force |
transducer

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2. Outline of the experimental set-up withts mechanical part (in grey), hydraulic part (in blue)
and measurement part (in red).

The cell was designed to stand high pressuresegixérnyg the soil specimen under constant

volume conditions. The force due to soil swellisglirectly transmitted to the screw, and then
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to the stiff structure (disks and rods). The tralssion between the screw and the upper plate
occurs at the centre of the plate; the force istbealised near the screw. The deformation of
the plate at this specific location was measured displacement transducer when simulating
a swelling pressure of 8 MPa. The simulation wasedwy substituting the soil specimen with
a metallic piece and turning the central screwplyathe desired pressure that was measured
by the force transducer (placed between the badetla bottom plate). The measured

displacement was 6 pum, which can be consideredglgible in this pressure range.

Spindle of the
displacement
indicator < Central

Upper plate

Piston

Fixing rod Cylinder
— holding the
sample
Pressure

sensor
Base with
inlets

Force
transducer

Lower plate

A

Figure 3. 3D view of the cell.

3.2The hydraulic part
Depending on the test configurations, either ode-gégenerally from the bottom) or two-side
(from the top and the bottom) saturation may beliegpp For this purpose, the cell was

designed in such a way that both one-side and i saturation are allowed.

The base of the cell on which the cylinder is mednfsee Figure 4) is equipped with a water
inlet and an air outlet. The air outlet is needed@\acuate the air that is present in the base
and in all the system near the inlets. At the faoéd$oth inlets, mechanical valves are

mounted and sealed, allowing the entrance of watdrthe evacuation of water or air to be
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controlled. Flexible water hoses are connectedhdovalves; the side serving as a water inlet
is connected to a burette and then to a water falmk.graduated burette helps in monitoring
the volume of water entering the cell, and it igularly supplied with water from the water

tank. A valve is also added between the water tamkthe burette, allowing the water flow

between them to be controlled.
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Figure 4. Cross section of the cell with the positions ohe pressure sensors.
The piston is also equipped with a water inlet andair outlet, allowing the saturation to be
processed from the top if needed. A water tanlorsnected directly to the water inlet of the
piston, and its position is adjusted so that watem enter the cell through the top of the
piston. However, the water level should not exddedtop of the rigid cell as shown in Figure

2. No pressure is applied to water during the saitum process.

3.3The measure ments parts
a) Total pressure sensors
Six total pressure sensors are used to measuradiag swelling pressure along the sample at
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different positions. Figure 4 shows the locatiohthe sensors. They are labelled according to
the distance between them and the lower extrenfithed sample, for instance, PS20, PS40,
PS60, PS80, PS100 and PS120 are situated at 260480, 100 and 120 mm respectively
from lower end of the sample. Owing to the limiteide of the internal diameter of the cell
(60 mm), miniature pressure sensors are used Tieeg. have a diameter of 6 mm (see Figure
5) and a working range from zero to 5 MPa + 150%safe overloading. For a proper
installation of these sensors in the cylinder wafl, extra piece is needed due to their very
small size: the fitting piece (Figure 5) that gusde®s a good protection of the sensor during
installation.

Place for
the O-ring Cellwall o O-ring
—>

Sensor

Sensor's

cables Fitting piece  Filled with

glue
Figure 5. Total pressure sensor's fitting piece.

This fitting piece also enables an easier instaltadbf the sensors in the cell wall by simply
screwing them into their dedicated holes. The ssree installed in the fitting pieces using
adhesive (strong Araldite glue) as it is recommelrioiethe manufacturer (see the assembly in
Figure 5). The same glue is also used to fill thp gehind the sensor’s end to cover the thin
cables and rigidify the connexion between cables samsor because this connexion can be
easily damaged by the weight of the fitting pie€le four cables of the sensors are welded to
longer cables and then two of them are connectebetalata logger and the two others to the
power source. The power source provides an exwitatdltage of 2 V. Between the sensors
and the data logger or the power source, conneet@snstalled in order to facilitate the

insertion of the sensors to the cell wall.
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Small cell’s O-ring
hollow body
Gap that will
be filled
pressurized
water

Total pressure
sensor’s position

Plug Water path

Figure 6. Calibration plug for total pressure sensts insertedin the small cell.

Prior to their use, the sensors are calibratecetdgyvtheir performance. To this end, a series
of pressures is applied to the measuring facee$éimsor and the responses are recorded. The
pressure is imposed by means of a volume presswneodler. To apply a pressure to the
sensor by injecting pressurized water, the best iwag insert the sensor in a smaller cell
(reduced height (45 mm instead of 175 mm) and dien8 mm instead of 60 mm)) and to
design a plug that enables water injection fachmgy sensor while ensuring a good sealing.
The cross section of the plug inserted in the isepresented in Figure 6. This figure also
shows the water paths and the gap near the sgpesiten that will be filled with pressurized
water. The plug has a water inlet connected tgpthssure/volume controller and an air inlet
that helps in evacuating air from the plug befoeeng filled with water. Once filled, the
extremity of outlet is closed and pressure cannygosed by the pressure/volume controller.
A loading/unloading pressure path is applied withsgure values firstly increased from
200 kPa to 4500 kPa and then decreased. The owdfiaige of the sensor is recorded by the
data logger.
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Figure 7. Calibration curve of the total pressure ensor PS40.

All the used total pressure sensors were calibratedthey all gave a linear relation between
imposed pressure and output voltage. An examps&hasvn in Figure 7, corresponding to
sensor PS40 located at 40 mm height from the botidma calibration curve shows that the
sensor’'s response at zero pressure is not zerdheendialue should be taken into account
while converting the output voltage into pressdiee slope of the linear curve is a constant,
equal toAV/AP = 0.0003696 mV/kPa for sensor PS40. To convertreading given by the
sensor to the corresponding pressure, the followqugation is used:

V(t)-V,

P(t) =
slope

where:
V(t) is the sensor’s output voltage at time t (i)m
Vo is the sensor’s output voltage at zero pressareniy).

According to the manufacturer, the measured pressurcalculated using the following

equation:
o=V = Vo | Py

Vexcitation k
where:

V(t) is the sensor’s output voltage at time t (in mV),
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Vo is the sensor’s output voltage at zero pressure (in, mV)
Vexcitation IS the excitation voltage fixed by the power sourcevjin
Pmax is the capacity of the sensor (in MPa);

k is the rated output voltage given by the manufacturérdepends on the class of the sensor
(in mV/V).

. . V... xk .
In order to make a comparison of the two equations, thea\mﬂuexﬂtz)& is calculated

with Vexcitaiiontaken equal to 1.99 V, k taken equal to 0.928 mV/Vdgily the manufacturer)
and Rhax taken equal to 5 MPa. The obtained result is 0.000368#&hws quite close to the
calibration coefficient determined before (0.0003696).

b) Force transducer

The force transducer is placed under the cell base and mettsusesal swelling pressure of
the sample. It is powered by a conditioner that is direstilynected to the data logger. The
capacity of this transducer is 2.5 tons, correspondirgj8oMPa pressure given the sample
dimensions. The calibration equation provided by the rsatwrer was used for data

treatment, as follows:

F=(V(t)-V,)x5-25

where:

F is the compressive force (negative value in kN);

V(t) is the output voltage given by the sensor at tirfie V);

Vo is the output voltage given by the sensor before atymin begins (before swelling pressure

is applied on the sensor; it corresponds to the weigihtocell and the sample) (in V).
c) Displacement transducer

A digital displacement transducer is installed to meathgalisplacement of the piston. The
displacement of the piston is measured mainly to verdy tio axial deformation occurs in
constant volume conditions. In case of other test configurativhere axial swelling is
allowed, this transducer allows the axial displace e biet monitored. The display module is
fixed to a magnetic support that is in turn fixed tolibétom stainless steel plate. The spindle
passes through a perforated hole in the upper stainlesplsteeaind it is adjusted so that the

contact point touches the top of the piston. The usedadispient transducer has an accuracy
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of 1 um and it is connected to the data logger for the retpisplacement.
4 Test procedure

4.1 Sample preparation

For the sample preparation, the bentonite/sand mixturecaapacted uni-axially using a
mechanical press. The target dimensions of the sample@renth in height and 60 mm in
diameter, which corresponds to 1/10 of the in-situ SEXLseals dimensions (120 cm and
60 cm). The target dry density of the sample is 1.67n¥gwhich corresponds to the same
final dry density as in the SEALEX tests: the initddy density in SEALEX tests is
1.97 Mg/mi, and after expansion (filing a 14.33% technologioalid) it becomes
1.67 Mg/mi. In order to obtain a homogeneous sample, it was compatt&dlayers of
40 mm height each. The sample was directly compacted in liheftee closing the holes in
the cell's wall by screwing solid plugs having the saahape as the fitting pieces. The inner
wall of the cylinder was coated with grease in order to miige the friction between the solil
and the cell. A porous stone and a filter paper hatlegsame internal diameter as the cell
were placed at the bottom of the cell. The mass of soil powdeded to prepare the first
layer was placed in several steps while stirring the mixtach time and trying to flatten the
surface each time by tapping it manually using the pistaother filter paper was placed at
the top. The piston of 60 mm diameter was put ontofilfez paper, followed by a long
piston with a diameter of 50 mm. A piece was needed toecétmrlonger piston in the cell; it
was a hollow plastic adjustable cylinder (piston alignéalt tfitted the space between the
internal surface of the cell and the piston (see Figure &@e details). The cell was placed
on the displacement shaft of the mechanical press amasitadjusted in order to connect the
top of the piston to the force transducer as shown inr€igu A metallic ball was used to
create a simple connexion between the piston and the forcducens The compaction then
started at a constant displacement rate of 0.1 mm/mingillem axial stress of 13 MPa in this
case monitored by the force transducer. The target heightaisasmonitored by making
marks on the piston. After the axial stress reached theedeglue (13 MPa) and the marks
on the piston also confirmed the target height, the dégphent shaft was fixed till the axial

stress became stable (change in axial stress by relaxa®less than 0.05 MPa/hour).
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Force
transducer

Fixed _
structure . Imposed Metallic ball

speed Piston

Piston
alliner

Cell body

<«— Hole plugs

Cell base

Figure 8. Sample compaction in the mechanical press
This took about 20 hours. Afterwards, the cell wasaddal and moved out of the mechanical

press; the height of the compacted sample was measured marsiadl a calliper. The same
procedure was repeated for the two other layers, with the wpéce of the compacted
layer being scarified each time before placing the new neixpowder in order to ensure a
good junction of layers. The details of the three layerming the sample after compaction
are presented in Figure 9. The final mean density obtaiasdlL.69 Mg/rfy close to the target

density (1.67 Mg/r).

4.2 Test protocol

At the end of the compaction of the last layer, the cell plased on the tray of the force

transducer between the two stainless steel plates fixddtia three rods. The central screw
was adjusted to touch the piston and apply an initiatgure of 100 kPa. This pressure
allowed a good contact between the cell, the piston andathpls. The radial sensors are
then screwed to the cell wall and adjusted so that @ialipressure of 100 kPa was also
applied to ensure a good contact between the sensor andntpéesNote that the imposed

values were approximately 100 kPa because it was difficuthpose exactly 100 kPa by just

turning the fitting piece in the cell wall.
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Figure 9. Dimensions and final dry densities of théayers of the compacted soil specimen.

The sample saturation in this test is only from thadoot The water hoses that had been
saturated previously were then connected to the inlets wédping the valves closed. Note
that the previous saturation of the water hoses befeiedbnnexion helps in avoiding a large
water level drop in the burette at the initial stagetheftest. The test started by setting on the
data acquisition program to record all the initial value®te the hydration started. The water
level in the burette was also noted before opening the¢ \ialve (at the base). The air outlet
was also opened in order to eliminate air in all the eaioms and pieces. The water level in
the burette was manually recorded after opening the valvee Nmwever that neither the
valves nor the passages in the base were saturated befsreg thuick drop in water level in
the burette was inevitable. The evolutions of axial andftaevelling pressures were recorded
during hydration as well as the displacement of the pisfbhe injected water was

continuously monitored by noting the water level inlibeette every day.
5 Results and discussion

5.1Vertical displace ment of the piston

Although the cell was designed to have constant volumeitimms] deformation due to the
non-perfect contacts between the base of the cell, the samglthe piston can however take
place. Figure 10 shows the evolution of the recorded dispé&aeaver time, together with
that reported by Wang et al. (2013a). The displacemeneased over time and reached
0.32 mm that represents 0.25% of the sample height. vihe obtained in this study is
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slightly higher than that obtained by Wang et al. (2023).15 mm; but is consistent with the
higher axial swelling pressure reached in the present {golPa) compared to Wang et al.

(1.8 MPa). This displacement is small enough to beeogeyl in the analysis of results.

0.35 7
0.3 7
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g 0.257
T 027
£ —— Presentwork
)
% 0.15 A
= ——Wang et al.
,é’ 0.1 (2013a)

0 20 40 60 80 100 120 140 160 180 200
Time (day)

Figure 10. Evolution of the piston's displacementwer time in the present work and in the work of Warg
etal. (2013a).

5.2Swelling pressure

The swelling pressure development over time is presentédgure 11 with a zoom on the
first 20 days. Examination of the starting poinbwh that all the first values are close to
100 kPa except for the sensor at 82 mm height that stactedaf higher value (595 kPa). In
fact, as explained before, it was difficult to adjust plesition of the sensor to have an exact
initial pressure value of 100 kPa. On the whole, the swefpressure increased over time
except for the one corresponding to sensor PS120 at 12Cherght that gave an almost
unchanged response of 70 kPa. It was suspected that nk@ sgas not in contact with the
sample. This sensor was planned for another test confguraith release of the piston or
with the axial swelling of the sample allowed. For thkeo sensors, the rate of increase was
nevertheless different depending on their positionigher rate was found for the sensors
that were closer to the wetting source, the highesthraileg logically observed for sensor
PS20 that was the closest to the bottom. The curve con@pto this sensor exhibits a first
quick increase, reaching a peak value followed by a slight decesmiséhen a very slow
increase to reach a stabilisation around 3.5 MPa. The seaginihbiease rate corresponds to
sensor PS40. Its corresponding swelling pressure ewnlats similar to that of PS20 except

for the presence of peak. Indeed, compared to PS20, senddisR84ded a smoother change
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between the very quick first increase and the stabilisafitie. stabilisation also occurred at
around 3.5 MPa. The curves relative to sensors PS60P880 increased at similar initial
rates in the beginning with a slightly higher rate fo6@SThey reached a peak at around 5.0
MPa followed by a decrease.

—=— Axial

—e— Radial 20
—4A— Radial 40
—&— Radial 60
—w— Radial 80
—k— Radial 100
—v— Radial 120

Swelling pressure (MPa)

T T T 1
120 200
Time (day)

—8— Axial

—e— Radial 20
—4&— Radial 40
—o— Radial 60
—v— Radial 80
—— Radial 100
—v— Radial 120

Swelling pressure (MPa)

Time (day)

Figure 11. Swelling pressure development over tinf@) with a zoom on the first 20 days (b).
The values at the end of the test were respectively 4.4 8nPa. At 100 mm height, a
lower increase rate was observed; a peak was reached at 4. 2MRed by a continuous
decrease with a final value of 3.6 MPa. The axial swellmggure curve presented the lowest
initial increase rate; it reached a peak at around 5 MPa fedldwy a decrease at a rate similar
to those for sensors PS60 and PS80. The axial sgefiressure measured by the force

transducer then corresponds to that of the sampleeatatthest position from the wetting
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source; thus, tts initial increase rate was found as eegetot be the lowest. The swelling
pressure values measured by the pressure sensors areib&npith those obtained by other
authors on the same material: Karnland et al. (2008)nd\& al. (2012) also obtained a
swelling pressure of 3.5 MPa for a bentonite/sand nextompacted to 1.67 Mgfmalthough
they used different measurement techniques. Thereby, ltecaoncluded that the response of
the used sensors is reliable regarding the final vatabi(isation value). As far as the kinetics
of swelling pressure and more specifically the increaseigatencerned, it was expected that
the initial increase was quicker when the measure was clodée tovetting face. In fact,
during the infiltration test, water was progressivelyabed by the material and it took more
time to reach the upper layers. This is similar to mafgtration tests where the recorded data
is the relative humidity as in Wang et al. (2013b). Kimetics of relative humidity was found

to be similar to the swelling pressure kinetics observetearmpresent work.

5.3Volume of injected water

The volume of injected water that was monitored manuafyasented versus time in Figure
12 together with the results reported by Wang et 8lL.32) in a similar test. A quick increase
is observed at the beginning followed by a linear incraaselower rate. The theoretical total
volume corresponding to the fully saturated state of thgp&ais calculated as the volume of
the total void in the sample: total volume — volumesofid — volume of existing water
(Wy=13%). By considering a unit mass of 2.77 My/for bentonite and a unit mass of
2.65 Mg/mi for sand, it is found that this theoretical totallwoe is equal to 75 mL.
Comparison between the curve obtained in this studylzatdeported by Wang et al. (2013a)
shows that both curves are comparable except for the firstaise that is higher in the case of
Wang et al. (2013a). This can be explained by the presdre annular technological void

imposed in the test of Wang et al. (2013a).
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Figure 12. Evolution of the injected water volume @er time in the present work and in Wang et al.
(2013a).

6 Conclusion

This study describes an experimental setup designeudstigate the swelling behaviour of
compacted sealing materials that could be used in the fliteech radioactive waste
disposal. This setup is a Mock-up test at a 1/10 scalbeoSEALEX in-situ experiments
performed in the Tournemire underground research laboratbtire French Institute for
Radiation Protection and Nuclear Safety (IRSN). The tessists in saturating the sample
representing the seal under confined conditions and themonitoring the evolution of
different parameters over time. The stainless steel cigliidensures the confined conditions in
the radial direction, while the piston on the sample &cked to ensure the confined
conditions in the axial direction. The cell is equippedhviiree types of sensors: pressure
sensors placed along the wall of the cell, allowing theataglvelling pressures at various
heights to be monitored; a force transducer placed on thenboftthe cell, allowing the axial
pressure to be monitored; a displacement transducer thaturesathe piston displacement.
Validation of the cell was conducted through a test co@pacted MX80 bentonite/sand
mixture. The sample was prepared by uni-axial compactiomeormixture powder at an initial
dry density of 1.67 Mg/fh Sample saturation was processed from water inlets abttenb
and at the top of the sample. The volume of injected watemeasored manually by noting
the level variation in the burettes. The results of smgllpressure shows a good
correspondence with those reported in literature (Karnlaral.,eR008; Wang et al., 2012;

Saba et al, 2013). The injected water volume measured marsiabmpatible with that
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reported by Wang et al. (2013a). The piston displacenezatrded also falls in the range
reported by Wang et al. (2013a). These observations gtatwhe designed cell is suitable for
testing compacted swelling materials with the monitordigwelling pressures at different

heights, both in radial and axial directions.
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Investigation of the swelling behaviour of compaci& bentonite/sand
mixture by mock-up tests

Simona Sab&?, Jean-Dominique BarnichdnYu-Jun Cui and Anh Minh Tany

Abstract: The long-term behaviour of sealing plugs used in ggpodd disposals of
radioactive waste is investigated within the SEALEX projatttated by the French Institute
for Radiation protection and Nuclear Safety (IRSN). Botsitu large-scale and laboratory
small-scale experiments were conducted for this purpodgse.pHper presents the laboratory
results regarding the swelling behaviour of the seafihgy. The studied material is a
compacted mixture of bentonite and sand. Two small- scatk-uo tests were carried out at
a 1/10 scale of the in-situ experiments, one with saturdtam the bottom only and the other
with saturation from both top and bottom. Swellingegsure was monttored at different
positions of the soil sample in both axial and radiagctions. Results showed that the two-
side saturation accelerates the swelling pressure kinetics imyeafactor of 4. The radial
swelling pressure kinetics depends on the infiltratiorgtles. Further analysis based on the
relative humidity measurements conducted in an infiltretést performed previously showed
that the variations of swelling pressure with suctionsanglar to those found in literature,
and that threshold points exist indicating the inibiatof soil collapse. These threshold points
were found to appear at higher suction when the soil wasefaftom the wetting source. The
failure of the axial confining elements in the storggéeries was also simulated in the mock-
up test by releasing the piston and allowing a limitaélaswelling of 20%. The radial
swelling pressures were found to decrease sharply at ttee peslease and during the free
axial swelling. A swelling pressure gradient was fourmnfthe bottom to the top with a
higher value at the bottom. The density gradient wasatdd based on the swelling pressure
profile.

Keywords: bentonite/sand mixture; mock-up test; swelling presstihreshold point; density
profile; confinement failure.

1 Introduction

Highly compacted mixture with 70% bentonite and 30%dsandry mass is one of the
candidate materials for the sealing plugs used in deepacdie waste disposal galleries.
Upon contact with water, bentonite will swell, fillingll voids in the storage system in
particular the radial technological void between the sgglilug and the host-rock and the
gaps between the blocks forming the plug. As a resuipoakible fluxes around the galleries
will be limited. After filling the voids, a swelling preare should then develop radially
against the host-rock and axially against the confinemements that are placed at the back

of the sealing plugs to prevent axial displacements.

The hydro-mechanical behaviour of different sealing malethas been studied in the past at

both laboratory and field scales. The swelling behavofubentonite-based materials was

! Ecole des Ponts ParisTech, Laboratoire Naviernklda Vallée, France
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studied in the laboratory by Komine and Ogata (1994), AgusSchanz (2005), Karnland et
al. (2008) and Wang et al. (2012, 2013a). It was fotlmadl the swelling pressure is governed
by the dry density of bentonite. The hydraulic propertiéshese materials in unsaturated
state were also studied and especially in terms of hiidreonductivity (Loiseau et al., 2002;
Cui et al., 2008; Ye et al,, 2009; and Wang et al. 3B)1Very often, infiltration tests with
relative humidity monitoring were carried out. It was @h&d that during infiltration in
constant volume conditions, the unsaturated hydraulic wtinity decreases first and then

increases after a certain suction threshold due to chamgaisrostructure.

Several studies on the hydro-mechanical behaviour oihgealaterials have been conducted
under field conditions in underground research laboratqti#ésLs) worldwide (FEBEX at
Grimsel, Switzerland, RESEAL at Mol, Belgium, KEY aum, France, etc.). In parallel to
the large-scale in situ tests, small-scale laboratory testsfién carried-out (small scale tests
in CIEMAT laboratory linked to FEBEX, SB mock-up at GRS3eotechnical Laboratory at
Braunschweig, Ophelie mock-up by SCK.CEN/Euridice at)iMo

Recently, the French Institution for Radiation Protectaond Nuclear Safety (IRSN) has
launched in-situ tests within the SEALEX project ide@nrto study the long-term performance
of sealing plugs (Barnichon et al.,, 2010, 2012). Inajakr to the SEALEX in situ
experiments, small-scale laboratory tests have also besedcaut aiming at providing useful

information in terms of hydraulic and mechanical propsrtif the corresponding seals.

In this study, laboratory mock-up tests at a scale of aflthe SEALEX experiments were
performed with monitoring of swelling pressure at différpositions of the soil sample. Two
saturation processes were considered: saturation fromottenbside only was adopted in
Mock-up 1 while saturation from both the top and botwides was adopted in Mock-up 2.
The results obtained from both tests were compared in @fFswelling kinetics and possible
effect of entrapped air. Moreover, the hydro-mechanical \betawas further investigated
by combining the swelling pressure from Mock-up 1 ar@dbction from an infiltration test

performed by Wang et al. (2013b) on the same material.

Furthermore, in relation to the SEALEX experiments, theidence of a failure of the

confinement elements was also studied experimentalligrms of sealing capacity after the
recovering of the void created by this failure. For thigppee, a 20% axial void was created
in Mock-up 2 by releasing the piston. When this vo@s\illed by soil swelling, development
of the swelling pressure in the radial and axial dimexst was monitored. The profile of

density was estimated from the swelling pressure measmtenand then compared to the
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Chapter 4. Hydro-mechanical response from mock-up tests

density profile obtained after dismantling a previoiusilar mock-up test performed by Wang
etal (2013a).

2 Materials

The tests were performed on a compacted mixture of 70% (drg) ridigoming MX80
bentonite and 30% quartz sand from Eure and Loire (fe)amhis MX80 bentonite has a
liquid limit of 575%, a plastic limit of 53% and a umiass of particles of 2.77 Mgimits
cation exchange capacity (CEC) is 76 meq/100g (83% Of Nae mixture was prepared by
adding the sand grains (unit mass of 2.65 My/mith the bentonite powder previously
hydrated at a water content of 13%. The water used inedis has the same chemical
composition as the pore water of the Callovo-Oxfordiaystbne from the ANDRA URL in
Bure (see Wang et al., 2013b). It was prepared by mixig corresponding chemical

components with distilled water using a magnetic stiai full dissolution.
3 Experimental methods

3.1Laboratory equipme nt
Figure 1 shows the layout of the small-scale infiloattell (mock-up test cell) that is 1/10 of

the in situ SEALEX experiments.

Rigid cell

Pressure
sensor

Force
transducer

Figure 1. Layout of the mock-up test cell.

This cylindrical cell ensures confined saturation condgifmm the material thanks to its rigid
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structure that prevents any radial deformation an@ foiston that is blocked by a screw
preventing any axial displacement. The saturation @frtlaterial can be processed from the
top (from the piston side) and/or from the bottom (thee) of the cell depending on the test
configuration. The bottom base and the upper piston areespdpped by an inlet for water

and an outlet for air. The body of the cell is equippéith wix total pressure sensors (PS1 to
PS6) measuring the radial swelling pressure at diffdreigthts of the sample (h = 20, 40, 60,
80, 100 and 120 mm from the bottom side) to be maautoA force transducer is placed

under the cell base that helps in monitoring the axiallswg pressure.

The suction values used for analysis were obtained bygwéaml. (2013b) using a relative
humidity infiltration cell. This cell consists in aastless steel cylinder that ensures the
confined saturation conditions. The bottom base of theicequipped with a water inlet.
Four relative humidity (RH) sensors (RH50, RH100,18Bl and RH200) are installed every
50 mm along the sample at 50, 100, 150 and 200 mm réspgclrom the wetting end
(bottom).

3.2Sample preparation and test procedure
All the soil specimens considered in this study (mockegis and relative humidity test by
Wang et al., 2013b) were prepared by static uni-axial cotiopaat a rate of 0.1 mm/min to a
maximum vertical stress of 13 MPa. This resulted in a niegrdensity of 1.69 Mg/fin
Mock-up 1 and Mock-up 2 and 1.67 Mg/in the relative humidity infiltration test by Wang
et al. (2013b). Specimens were compacted in 3 layersdanttk-up tests and in 5 layers for
the relative humidity test in order to ensure the homoigemd the specimens. During
compaction, the surface of the compacted layer was scarifiecelib®omext layer was added
in order to ensure a good junction between them. Congpaetas done either in the test cell
itself (case of the mock-up tests) or in a separate cyliridricalld having the same diameter
as the testing cell (case of relative humidity test by Wetrad., 2013b).

To ensure a good contact between the sensors and thesamplitial stress of 0.1 MPa was
applied by screwing the sensors at a certain level in theAdiehe tests started from opening
the water inlet valves. At the beginning of the tests,irithe base or in the piston was
evacuated by opening the air outlet valve until no alitidle was observed in the tubes. Water
was then injected either from the bottom only (Mock-upé€lative humidity test) or from
both the top and the bottom (Mock-up 2). The radial amrél pressures or the relative

humidity were recorded automatically by a data logger.

In Mock-up 2, after the constant-volume saturation stiep,piston was released by turning
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Chapter 4. Hydro-mechanical response from mock-up tests

the central screw up to 24 mm which corresponds to 208keoinitial height of the sample.
The same procedure as in Wang et al. (2013a) was folloWedsaturation process continued
and the axial swelling and the radial swelling presswere monitored until total filling of
the void. Afterwards, the piston was blocked again byémral screw and the axial swelling
pressure was monitored again. Figure 2 summariseseathtée tests considered in this study
with their respective configurations regarding saturafjone side or two side) and axial

confinement (confined or released).

&
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B Relative Humidity (RH) measurement
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Figure 2. Schematic view of the three tests with #ir corresponding configurations regarding hydratian
and axial confinement

4 Mock-up tests

4.1Mock-up 1
The evolution of swelling pressures is presented intf€i@ with a zoom on the first 20 days.
A first quick increase is observed for all curves. Howetlex rate of increase is different. A
higher rate is found for the sensors located closer todtterb of the sample, the highest rate
being logically observed for sensor PS1 that is theesbto the wetting source. The curve
corresponding to this sensor exhibits a first quickaase, reaching a peak value followed by

a slight decrease and then a very slow increase to reachsstadniliat about 3.5 MPa. The
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Chapter 4. Hydro-mechanical response from mock-up tests

second highest increase rate corresponds to sensor PS2 swuthlling pressure evolution
similar to that of PS1 except that it has a smoother pBad.curves relative to sensors PS3
and PS4 increase at similar initial rates in the beginwiiig a slightly higher rate for PS3. At

100 mm height, sensor PS5 records a lower increase rate.

—o— PS1
—A— PS2
——PS3

—v— PS4
—*— PS5

—=— Axial

Swelling pressure (MPa)

O 1 T T T T 1
0 40 80 120 160 200

Time (day)
(b)

—e—Ps1
—A—Ps2
——Ps3
—v— PS4
—k— PS5

—&— Axial

Swelling pressure (MPa)

Time (day)

Figure 3. Swelling pressure ewvolution in Mock-up 1a) with azoom on the first 20 days (b).

The axial swelling pressure curve shows the lowestinitcrease rate. The axial swelling
pressure measured by the force transducer corresponds to Ibla¢ mlessure transmitted to
the piston. In fact, according to the cell design, and as/sho Figure 4, the swelling of the
sample is transmitted to the blocked upper piston, agwlttie force is transmitted to the force
transducer. When the sample is hydrated from the bdfidack-up 1), the lowest layers start
swelling resulting in a friction with the cell’'s inteal wall. The pressure being measured at
the top, i.e. at the farthest position from the wettingse,uits initial increase rate was found

as expected to be the lowest. When the sample is alsatégdrom the top (Mock-up 2), the
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swelling of the upper layers is directly transmittedthie piston without the effect of friction
(see Figure 4). When the sample is only hydrated froambtittom, as the measure is then
done at the top, at the farthest position from the wedgce, its initial increase rate was
found as expected to be the lowest. The peak occurrence olldersfthe same order as for
the increase rate: the peak occurred later when the sensorsawkes from the wetting end.
The curves corresponding to sensors PS3, PS4, PS5 aaxigdhene exhibit smoother peaks

with higher amplitude.

Maock-up 1 Mock-up 2
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Figure 4 A simplified scheme of the mock-up testsith their hydration configuration, boundary

conditions, and resulting frictions after swelling.
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Figure 5 Swelling pressure profiles evolution at a time irgrval of 17 days from Mock-up 1.

Figure 5 presents the evolution of swelling pressuddiles in Mock-up 1 over 167 days,
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with a time interval of 17 days. The initial swellingegsure profile is almost uniform, at a
value around 100 kPa. It is observed again that the istimh of the swelling pressure is
faster when the sensors positions are closer to thangetource. Looking at the points
located at 20 mm and 40 mm in Figure 5, from 17 dagspints converge to a value
between 3 and 4 MPa, while for the higher levels (60aB® 100 mm), the convergence is
slower as indicated by the points of the 17-day curve hvisicot close to the other curves at
20 and 40 mm. We can also see that except for sensotitf®Speak magnitudes are higher
when the positions are farther from the wetting source.
4.2Mock-up 2

Figure 6a shows the evolution curves of swelling presgurdifferent heights in the first step
(confined saturation) of Mock-up 2. Note that the sainmawas processed in this test from
the two sides of the sample. On the whole, the swellirggure presents a quick increase in

the beginning and then reaches a peak followed by a s#ilisor a slight decrease.

Figure 6b shows the swelling pressure evolution dufiegdfirst 6 days. It is observed that the
initial swelling pressure values are around 100 kPa.aAs$ the first increase is concerned,
Figure 6b shows that the initial increase rates are not the aad depend on the distance
from the sensor to the closest wetting source (the ratiidtn length). In fact, the axial
swelling pressure curve measured at the top of the sani@er(en from the upper wetting
source) has the highest increase rate, followed by the cuheensors PS1 and PS5 situated
respectively at 20 mm from the bottom wetting source antiBamm from the top wetting
source (piston). Then comes the increase rates of the cufv@snsors RS40 and RS80
situated respectively at 40 mm from the bottom wetting's® and at 38 mm from the top
wetting source (piston). The curve corresponding to se®S@8r starts with a higher swelling
pressure value but its increase rate is the lowest. Thisrs@@S3) is situated almost in the

middle of the sample: at 60 mm from the bottom endShdm from the top end.

The occurrence order of peaks shown in Figure 6a akowvi the same order as for the
increase rates, with peaks occurring later when the measore@are taken farther from the
wetting end. If we admit that the final state was reach&@ atys, the final swelling pressure
stabilisation values range from 2.5 MPa to 3.8 MPa. ki awelling pressure curve reaches
the highest final value of 3.7 MPa; a lower final eala obtained for sensors PS1 and PS5
(3.3 MPa). A similar value is found for sensor PS3itsutorresponding curve shows a clear
decreasing trend. Sensor PS2 shows a value of 2.9 MPa &l BS4 gives the lowest one:
2.5 MPa.
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Figure 6. Swelling pressure ewolution during the ﬁs(:))step of Mock-up 2 (a) with a zoom on the firsé days

4.3 Comparative analysis and discussion
We can conclude from the two Mock-up tests that, at a pogitaser to the wetting source,
the swelling pressure increases faster and reaches a peak Baberally, the peak
occurrence is linked to the collapse of macropores (inter-aggre gores) of the compacted
sample. Compacted bentonite has a complex microstructuselfP1u982; Mitchell, 1993;
Kréhn, 2003): parallel platelets form the bentompigeticle that, combined with other particles
can form the bentonite aggregate or the bentonite graese bentonite grains are compacted
together with the sand grains to form the sample. Camstly, three types of pores exist in
the sample: the pores between the platelets intra-partiblegores between the bentonite

particles (intra-aggregate) and the pores between the bengpains and the sand grains after
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compaction (inter-aggregate). When the saturation stagarts closer to the wetting face
undergo hydration in liquid phase resulting in swglland exfoliation of the bentonite grains.
More explicitly, the aggregates swell and at the same ¢irfeliate (get disaggregated), and
the exfoliated parts fill the inter-aggregate macro-poreshdfdwelling of aggregates gives
rise to swelling pressure increase, it is not the cas¢h®exfoliation. Indeed, exfoliation
rather decreases the swelling pressure. At a macroscopic legekxtbliation can be

assimilated to collapse of macro-pores.

For the positions far from the wetting source, saturandhstart by vapour phase. In this
case, the phenomenon of exfoliation is expected to take plac®mger time and the overall
swelling of bentonite grains prevails. This exptathe different times for the occurrence of
peaks, quicker for the positions closer to the wetting fab& also explains the magnitudes
of peaks that are higher for the postions farther from tledting source because the
prevailing swelling of aggregates at short term ara ltter arrival of collapse (except for
sensor PS5 that exhibits a low peak magnitude). As awadi previously, the peak
occurrence time corresponds to the water infiltration twigich depends on the infiltration

length.

Figure 7 shows the swelling pressure evolution curveseosors PS1 and PS2 in Mock-up 1
and sensors PS1, PS2, PS4 and PS5 in Mock-up 2, albimghe axial swelling pressure

curve from Mock-up 2. These curves correspond to infiliratengths between 0 and 40 mm
from the closest wetting end in both tests. The curvén wie highest first increase rate
corresponds to the axial swelling pressure curve at 0 stande from the upper wetting end.
The stabilised value of this curve is also the highestalaut 4 MPa. The curves

corresponding to infiltration lengths around 20 mm1ASin Mock-up 1, PS1-2 and PS5-2 in
Mock-up 2) have very close initial increase rates with ensjichigher rate for sensor PS1-1.
The peak occurrence times for these three curves are alsoMts®ver, all the three curves

stabilise at about 3.5 MPa. The next higher increase ratesponds to the curve of sensor
PS4-2 situated at 38 mm from the upper wetting end,tlaaccurves of sensor PS2-2 and
PS2-1 situated at 40 mm from the bottom of the samgiesd three curves correspond to
almost the same infiltration length and as a resxlijbét similar kinetics. Nevertheless, at the

current stage their final values are different.
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Figure 7. Swelling pressure ewolution curves in Mdcup 1 and Mock-up 2 for infiltration lengths lessthan
40 mm.

Figure 8 shows the axial swelling pressure curve aloily the curves corresponding to
sensors PS3 and PS5 in Mock-up 1 and the axial sggliessure curve as well as that
corresponding to PS3 and PS-4 in Mock-up 2. If we comff@ecurves corresponding to
sensor PS3 situated at the middle height of the samie Mock-up 1 and Mock-up 2, we
can conclude that the first increase is faster when theasiatuis processed from two sides
(Mock-up 2). Consequently, the peak occurrence time is shortbe case of Mock-up 2 but
the peak magnitudes are similar. The peak occurrence timasr&tpial to 3 as 60 divided by
20 (corresponding to curves PS3-1 and PS3-2 in FigureN8ymally, with two-side
saturation, the infiltration length is reduced by halfiahhshould divide the time ratio by 4
based on the theory of soil consolidation. The theoretioszd tatio obtained is 4, to be

compared with the value of 3 obtained in the test.
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Figure 8. Swelling pressure ewolution curves in Mdcup 1 and Mock-up2 for infiltration lengths larger
than 60 mm, and with the axial swelling pressure deelopment in both tests.

When comparing the development of the axial swellingspure between Mock-up 1 and
Mock-up 2, we can see that the first increase rate in Mock-upl&gely higher than in
Mock-up 1 and consequently the peak occurrence time isesmhilfact, the axial swelling
pressure measurement corresponds to the swelling presstine upper end of the sample,
thus, in Mock-up 1 it corresponds to an infiltratiemd¢th of 200 mm while in Mock-up 2 it
corresponds to O mm. This large difference in infiltratemgth results in a large difference in
the first increase rate and in the peak occurrence time. tkp 1, swelling started in the
lower layers of the sample but was measured on the toe cétinple; the resulting friction on
the internal surface of the cell should then be takenaiot@unt when considering the axial
swelling pressure measurement. On the contrary, in MocR;upe axial swelling pressure
measurement was done directly for the swelling upper layeirsy saturated from the top.
The effect of friction was then negligible as comparethéocase of Mock-up 1. Thus, when
comparing the two axial swelling pressure curves, thecetf friction in Mock-up 1 should
be taken into account at the beginning but this effect shdaddease with hydration of upper
layers that are close to the force sensor measuring ax@llirgyv pressure. Thereby,
theoretically the axial swelling pressures should bes#rae in the two tests after a long time

when the samples are fully saturated.

In order to compare the swelling kinetics in Mock-uprid Mock-up 2, the same boundary
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conditions should be considered. Figure 10 presents thehslsedf Mock-up 1 and Mock-up
2 with their corresponding boundary conditions: in Magki a water flow is permitted from
the bottom and no water flow from the top. In Mock-ypvater flow exists from the top and
the bottom of the sample which reveals the existence yhaetry plan in the middle of the

sample, at 60 mm from both sides.

Mock-up 1 Mock-up 2
[ /) /] X
—100 100
80— |13 80 < |8
60 g B g [/ /)
(o))
40 — 3 40 — 3 40 — g
—20 T 20 3
N v

i)

T 1T 1

Figure 9. Sketch of the samples with their respeate boundary conditions in both tests and after
considering the symmetry plan in Mock-up 2.

At this symmetry plan, no water flow can take place. Therdhye only consider the lower
middle part of the Mock-up 2 sample, we can say that it ltasame boundary conditions as
Mock-up 1. The comparison can now be done between Mockwiphla length of 120 mm
and Mock-up 2 having the same boundary conditions butgiHef 60 mm. According to the
theory of soil consolidation, the time ratio shoulddspial to the square of the infiltration
length ratio: in this case, the time ratio should be eaudiled square of 2 which is 4. To verify
this point, let us first compare the measurements apliee with zero water flow: that
consists in comparing the axial swelling pressure measumem#ock-up 1 (at 120 mm) and
the PS3 sensor in Mock-up 2 (at 60 mm). Figure 10 shie comparison between these two
curves while dividing the time scale in Mock-up 1 by 4. Wa sae that the first increase

rates are similar; however, the peak occurrence times aréystigffe rent.
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Figure 10. Comparison of the swelling pressure kiriees between Mock-up 1 and Mock-up 2 at the place
with zero water flow: at 120 mm from the bottominMock-up 1 and at 60 mm in Mock-up 2.
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Figure 11. Comparison of the swelling pressure kinies between Mock-up 1 and Mock-up 2 at 1/3 from
the bottom of the sample: at 40 mm in Mock-up 1 ash at 20 mm in Mock-up 2.
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Figure 12. Comparison of the swelling pressure kiriies between Mock-up 1 and Mock-up 2 at 2/3 from
the bottom of the sample: at 80 mmin Mock-up 1 andt40 mmin Mock-up 2.

Another comparison is done for the same length ratim ftee bottom (wetting source) of the
sample in Mock-up 1 (total length = 120 mm) and Magk2 (total length = 60 mm). This
comparison involves sensor PS2 (at 1/3 of the length meh) in Mock-up 1 and sensor PS1
(at 1/3 of length = 20 mm) in Mock-up 2. The correspgogdswelling pressure curves are
presented in Figure 11. We can see that the curves amihagreement with very similar
first increase rates, similar peak occurrence times andsaisitar final swelling pressure
values. Figure 12 shows the comparison between sensdrinR@ock-up 1 (at 2/3 of the
sample’s length = 80 mm) and PS2 in Mock-up 2 (ati2/®e sample’s length = 40 mm). We
can see that the curves have similar first increase raitegar peak occurrence times but

slightly different swelling pressure values.

One important concern in the test with saturation bygides comes from the possible effect
of entrapped air. This can be verified in the case of MgrR-where two-side saturation was
processed and air contained in the pores could be entrappleih the sample. If this
happens, the entrapped air will prevent water to inftratrther toward the centre of the
sample. Consequently, the soil will remain unsaturatedtiaare will not be a fast swelling
pressure increase. However, we can see from Figures 10, 1llanthat a good
correspondence is found between Mock-up 1 and Mock-up [ wbnsidering a factor of 4
which can confirm that air was not entrapped. Note thars¢ days after the start of Mock-
up 2, water was blocked in the hose from the burette asaairnaticed in the hose. This

indicated the presence of entrapped air in the bottom dwamgh this part was saturated at
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the beginning of the test by evacuating all air. Whemapped air was noticed, it was
necessary to open the air outlet during the test to ldieagvacuated. Afterwards, the valve
was closed and water circulated again at the entrance ibeesame evacuation procedure
was also done from the top (from the piston). Thisgeats that during the test, air was not
entrapped in the sample, and instead, it went out of thgleaby diffusion through the
saturated part of sample.

5 Swelling pressure versus suction

In the work of Wang et al. (2013b), the same bentaated mixture was tested and the
sample was prepared by compaction to a similar dry demsigyre 13 shows the two tests
with all their measurement points. The swelling pressuweasurements in Mock-up 1 are
given at the infiltration lengths of 20, 40, 60, 80dat00 mm. In order to obtain the
relationship between swelling pressure and suctiortjosuvalues at these same infiltration
lengths should be estimated. For this purpose, the relatvidity at 20 and 40 mm are
determined by linear interpolation between the value givesdmgor RH50 and the value at
the bottom (0 mm height) assumed to be 100%. In the saam@er, the relative humidity at
60 and 80 mm are determined by linear interpolation efrtieasurements given by sensors
RH50 and RH100; the relative humidity at 118 mm ied®eined from the measurements of
RH100 and RH150. Note that the level of 118 mm coardp to the level where the axial
swelling pressure was measured. Knowing the relative hitynmithe total suction can be

calculated using Kelvin's law.
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Figure 13. Positions for relative humidity and swding pressure measurements in the relative humidity
infiltration test and Mock-upl, respectively.

Figure 14 shows the suction profiles obtained by migtthe suction values corresponding to
the same heights considered in Mock-up 1. It is obsemetdthe initial suction is 64 MPa
everywhere and as the test proceeds, suction decreases deestaturation progress. The

suction decreases faster at the bottom of the sample nemettiveg source.

Figure 15 is obtained by plotting the correspondingeslof swelling pressure (from Figure
5) and suction (Figure 10), the different curves corredpw to the different distances to the
wetting source. The starting point is almost the samalfdahe curves and corresponds to the
initial suction of 64 MPa and initial swelling pressaf 100 kPa. The overall evolution of the
curves is similar to that obtained in a previous worklLiyet et al. (2003), with a suction

decrease and an increase followed by a decrease of swelisgupe. The points where the
slopes change or the swelling pressures start to decreasdeared to as the “yield point or

pre-consolidation stress” in Lloret et al. (2003), #rely correspond to the peaks identified in
Mock-up 1.
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Figure 14. Suction profiles evolution at a time irgrval of 17 days from the relative humidity infiltration
test (Wang et al., 2013b).
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Figure 15. Suction versus swelling pressure for ddrent infiltration lengths.

Some observations can be made from this figure:

1) Starting from the initial state, the suction decreasssef when closer to the wetting
source. In other words, the first slope is higher neamtetting source. The swelling pressure
increase takes place at higher suctions in the upper lay¢herfdrom the wetting source.

This suggests that the upper layers are hydrated by vdpigbr suctions) as opposed to the
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bottom layers.

2) The point of slope change, “yield point or peak”, isaiged at higher suctions for higher
heights (far from the wetting source). For instance, gnoups are identified: one for 20, 40
and 60 mm height and the second for 80, 100 and 11&amht, and with peaks reached at
higher suctions for the second group. This may be engraas follows:

i) As it was stated in the previous paragraph, the upgerdavere mainly hydrated by
vapour phase and the peaks were then reached at higher suwiggesting that the peak was

reached when the soil swelling is exceeded by soil e xiofiat

i) If we consider the stress path that the soil was uwdeggand the Loading-
Collapse (LC) curve defined by Alonso et al. (2005)he@ BExM model, the layers from the
wetting source (the upper layers) were pre-stressed becaube eatlier swelling of the
bottom layers. As a result, when they are later saturétiegt,reached the LC curve at higher

suctions than those corresponding to non-pre-stressers litye bottom layers).

Figure 15 also shows the results obtained by Wang é2@13c) from swelling pressure tests
on different samples hydrated by vapour phase at diffetetibss. The curve obtained from
results of Wang et al. (2013c) has an initial slope drgihan the curve corresponding to
20 mm height. The corresponding yield point is pres¢bw suction (around 9 MPa). This
suggests that the results of Wang et al. (2013c) corrdspetter to those near the wetting
source. This could be the effect of dimensions because tiseptsormed by Wang et al.

(2013c) have a thickness of 10 mm (comparable with the ldiyetr in the mock-up test at
20 mm). At this size, equilibrium was reached much fasthis B quite different from the

situation for the top layers in Mock-up 1.
6 Simulation of confinement failure in Mock-up 2

In the second step of Mock-up 2, we tended to reproducealibeefof the confining elements
in the axial direction. It consisted in releasing the pidty turning up the blocking screw.
The swelling was not prevented anymore and a free axialisgvedok place. A total of 20%
axial gap was created for this purpose, as in the SEAIEXtu tests. Figure 16 shows the
swelling pressure evolution before and after the pistdease. A zoom around the piston
release is presented in Figure 17. The sudden decreasdlingsgessure is clearly observed
especially for the axial swelling pressure that dropfmedero. The radial swelling pressures
exhibited a gradient with the maximum value for the lovgedtlayer at 20 mm height (PS1),
followed by those at 40 mm height (PS2), at 60 mm JP&B80 mm (PS4) and finally at

13¢



Chapter 4. Hydro-mechanical response from mock-up tests

100 mm (PS5).

l
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Figure 16. Owerall evolution of swelling pressurewting step 1 and the current stage of step 2 of Méeup
2.
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Figure 17. Zoom on the transition phase between gi€l and step 2 (axial confinement release) of Mockp
2.

Zero swelling pressure was measured at 120 mm (PS6). thadtesensor PS6 was not in
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contact with the sample in the first step of the test bef@giston release. The piston release
allowed axial swelling, thus the material started swgland it progressively reached sensor
PS6. From that moment, sensor PS6 started recordinfngweessure. Sensor PS5 showed a
first drop in swelling pressure, followed by a slightrease and a decrease again to finally
reach zero. The same kinetics is observed for sensorsPFE34 PS2 and PS1. In fact, when
the confinement was released from the top, the top lstarted swelling relatively freely
resulting in a reduction in their density and a reductiotheir swelling pressure. The small
increase after the first drop may be due to the confineneease corresponding to an
unloading process. The bottom layers could not swellyfréae to the effects of the upper
layers and the friction between the sample and the cell wadlensity gradient was then
produced in the axial direction along the sample. Oblyowss saturation proceeded, this
density gradient evolved and equilibrium can be expectéhgtterm, which should lead to a

homogeneous sample.

150

120 °
— —%— 58 days
E 90 A (before)
= —©- 58 days
(@]
-% 60 - (after)

—X-120 days
30 1
0 T T T T T T
0 05 1 15 2 25 3 35

Swelling pressure (MPa)

Figure 18. Swelling pressure profiles at the stardf step 2 (at 58 days, just before and after the gion
release) and at the current stage of test (at 12@yks).

Figure 18 shows the swelling pressure profiles cooedmg to the moments before and after
piston release (at 58 days). The last available measureafgar the piston release (120 days)
are also shown in this figure. It is observed again tafier the release, the top layers
exhibited zero swelling pressure after the free swelling, the bottom layers exhibited a

slight decrease.

Karnland et al. (2008) evidenced that an exponentiatio@iship exists between the effective

dry density of MX80 bentonite and the final swellimgssure, as follows:
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o, = 0.0002exp(6.74860,,) 1)

This relationship was confirmed by Saba et al. (2018)He same bentonite but with slightly

modified parameters:
0, =0.0013xp(5.10530,,) )]

wherecs is the swelling pressure in MPa ap is the effective dry density of bentonite in
Mg/m. The relationship between the dry density and the eféeciiy density of bentonite is

as follows.

Pdb
Py = 3)

SS

wherepq is the dry densitypqp is the effective dry density of bentonite, B ig timass fraction

of bentonite in the mixture (70% in this study) &ad is the specific gravity of sand.
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al., 2013)
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Figure 19. Dry density profiles deduced from the s&lling pressure profiles.
Note that the relationship found by Karnland et(2008) was found by elementary tests and
with axial swelling pressure measurements whileathe obtained by Saba et al. (2013) was
also by elementary tests but with axial and ratiaasurements. Bentonite dry density is the
effective dry density of bentonite in the compacteture and is the most important factor
affecting the swelling pressure values (Wang et 2012). By considering the swelling
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pressure profile at 58 days before the piston selea the stabilisation values or final swelling
pressures, and the values at 120 days as thesfmalling pressures after the release, the
bentonite dry density profile was then estimatethquEgs. 1 and 2. The calculated dry
density profiles are then plotted in Figure 19. Tinean initial bentonite dry density and the
estimated final one after a swelling strain of 2@% also plotted in Figure 19. The mean
initial dry density is the one measured after coctioa (1.69 Mg/m). The final dry density is
calculated by considering the final volume witheawnheight of 144 mm instead of 120 mm.
We can see that at the initial state before thiopiselease, the density values estimated from
the swelling pressure values are close to the medsines. After the release, the estimated
final value falls somewhere in the middle of thdcadated dry densities. The calculated
densities of the bottom layers are higher tharedtenated final one and those of the upper
layers are lower than the estimated final one. Tidicates that the final state has not been

reached yet.

A previous similar mock-up test was conducted byng/at al. (2013a) on the same material
with the similar dimensions. The test followed aBdwe same procedure: first confined
saturation followed by piston release and free |lasugelling. The only difference with the
present Mock-up 1 is the presence of 14% radidirelbgical void in the mock-up test of
Wang et al. (2013a) and the sample’s initial drpsiy being 1.97 Mg/f After filling the
14% radial technological void, this dry density &e® 1.67 Mg/rhas average value, the
same as in the current test. After 9 months of fe@l swelling (step 2), the test was
dismantled and the sample was taken out from thdgesawing it near the internal surface
of the cell. Then sample was cut at different hisigl®, 40, 80, 100, 110, 120, 130 and
140 mm). A total of eight disks were prepared biting, each having a thickness of 10 mm
approximately. Each disk was then cut in piecesrder to make different measurements. The
water content was measured by oven drying, whiedily density was determined based on
the volume measurement by the fluid displacemeattrtejue (see Head, 1980, Geiser, 1999)
using immiscible oil “Kerdane” that has a densify0o791 at 20°C. The obtained dry density
profile is presented in Figure 19. We can seedfiat almost 350 days after the piston release
and the free swelling, the sample was still not bgemeous and a density gradient still
existed along the sample. This clearly shows that $ample homogenisation is a long

process.
7 Conclusion

The long-term behaviour of sealing plugs with défiet configurations is investigated within
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the SEALEX project. Here, two mock-up tests atE013cale of the in-situ experiments were
performed with radial and axial measurements ofllswgepressure at different positions. In
Mock-up 1 saturation was processed from the botwige only, while in Mock-up 2
saturation was processed both from bottom and itlgssA comparison of the two tests was
made in terms of swelling kinetics, final swellipgessure. The possible effect of entrapped
air in Mock-up 2 was also examined. It was fourat the swelling pressure kinetics depends
on the infiltration length, with quicker increaser shorter infiltration length (closer to the
wetting source). The two-side saturation procesglacated the swelling pressure kinetics by
a time factor of 4 that was found when considetimgsymmetry plan in Mock-up 2 with zero
water flbw and then same boundary conditions askMgcl but with the half of the length.
Air was found to be evacuated by diffusion in Magk=2, thus, there was no effect of trapped

air induced by two-side saturation.

In order to estimate the suction changes in thekropctests, the mechanical results obtained
from Mock-up 1 were combined with the hydraulicuis obtained by Wang et al. (2013b)
from an infiltration test carried out on the samatenial. The curves of suction versus
swelling pressure were plotted for different imétion lengths. Similar shapes were obtained
when compared to the curves reported in the lieeafLloret et al., 2003 and Wang et al,,
2013c). Yield points (or peaks) were found to tphace at higher suction for the positions

farther from the wetting source as they were malmylgrated by vapour phase.

The failure of axial confining elements was als@emmentally simulated by adopting an
axial void through releasing the piston. The recg\& the void by the swelling sample was
monitored. The swelling pressure profiles showesudden decrease after the piston release
due to free swelling. A gradient was found along sample, with higher swelling pressure
values in the bottom. The density profile obtairfiexn the exponential relationship between
the bentonite dry density and the swelling presswae also plotted, and a density gradient
was found along the sample. Comparison with the deysity profile obtained after
dismantling a similar mock-up test performed by \Wanbal. (2013a) during 350 days showed
that over time, the density gradient decreasesaamimogeneous density can be expected at

long-term.

In order to complete the long-term behaviour stullipck-up 1 will be continued. It is
expected to obtain a unique final swelling pressurall heights, reflecting of a homogeneous
density within the sample. Similarly, the void rgeoy step of Mock-up 2 will also be

continued and the final state of homogeneous dngitein the sample will be verified.
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INTRODUCTION

As mentioned in the previous chapter, two mockegist were designed at a 1/10 scale of the
in situ SEALEX experiments run by IRSN. These magk-+tests provided local radial
swelling pressure measurements at different positio the sample and global axial swelling
pressure. Beyond the scale effect and the differ@ntest procedure, it appears interesting to
compare the results of mock-up and in situ tesishis end, the second SEALEX test PT-N1
was selected where the same material was testadneiasurements of swelling pressure and
relative humidity at different positions in the bea

A comparison of swelling pressure measurementsdeas between the the mock-up and the
in situ tests. Another comparison was undertaketerms of relative humidity between the

results obtained from the infiltration column of KMéget al. (2013b) and those from the in situ
tests.

The comparative study was subjected to a paper igi@lnto “Engineering Geology” and is

presented in this chapter.
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On the hydro-mechanical behaviour of compacted beohite/sand mixture:
comparison between laboratory and in situ experimets

Simona Sab'e, Jean-Dominique Barnichdnyu-Jun Cui, and Anh Minh Tang

Abstract: This paper compares the laboratory small scaldtiration tests and the in situ
SEALEX experiments taking place at the Tournemirgléfground Laboratory of IRSN - the
French Institute for Radiation Protection and Nackafety. The main objective of SEALEX
is to identify the key factors affecting the loregrh performance of bentonite-based sealing
systems when considering an initial technologicad vin this project, several tests have been
conducted while varying each time one parametatedlto the seal composition, geometry or
test conditions. Meanwhile, small scale laboratorfiltration tests were carried out in
controlled conditions, aiming at providing usefueasurements in terms of hydraulic and
mechanical properties of the seal. The resultsimddashowed a good correspondence in
terms of relative humidity measurements betweenlgheratory and the in situ tests when
considering the saturation effect due to the eme#eof technological void in situ. The
comparison factor was the distance to the closesting source. When comparing the
swelling pressures, a time scale factor of 100 fgasd between the in situ experiment and
the laboratory test. At the current stage of babty, the in situ results are still at the
beginning of the expected evolution and the prediocdf this evolution can be done based on
the laboratory results.

Keywords: laboratory small scale tests; SEALEX experimeriisntonite/sand mixture;
relative humidity; swelling pressure; anisotropieting behaviour.

1Introduction:

Compacted mixtures of bentonite and sand are cftesidered as candidate sealing materials
in radioactive waste disposal concepts. These materan swell upon contact with water,
which thus closes all the initial gaps in the dsglosystem, in particular, the technological
void between the seal and the host-rock, betweenctimpacted blocks of bentonite/sand
mixture etc. The hydraulic behaviour of this contpdcmixture as well as its swelling
properties have been widely studied at small stalthe laboratory and at large scale in
underground research laboratories (URLS). At thedatory scale, Pusch (1979), Delage et
al. (1998), Lloret et al. (2003), Romero et al. 2 Lloret &Villar (2007), Wang et al.
(2012, 2013a, 2013b) studied amongst other thevimiraof sealing materials in laboratory
conditions. In underground research laboratorieRL()J various experiments have also been
performed in the past: TSX at Manitoba, Canada; EERt Grimsel, Switzerland, RESEAL
at Mol, Belgium, KEY at Bure, France, etc. In 201Be French Institute for Radiation
Protection and Nuclear Safety (IRSN) launchedSEALEX project aiming at identifying
the key factors controlling the long-term perforro@arof bentonite-based sealing systems.

Y Institut de Radioprotection et de Streté NuclédRSN), Fontenay-aux-Roses, France
2 Ecole des Ponts ParisTech, Laboratoire Navier/€griarne La Vallée, France
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This project consists in a series of in situ seplexperiments emplaced in a claystone
formation (Toarcian argillite) at the Tournemire URcated in the South of France. Various
technical parameters that may influence the ovénadraulic and mechanical performance of
the seals are investigated, allowing progress enktitowledge on the key parameters that the
implementer should specify and control in situ ¢Belmon and Deleruyelle, 2009). In order to
explore precisely the effect of the technical sfieations, the test series were designed by
changing one parameter at a time (see BarnichonDeteruyelle, 2009; Barnichon et al.,
2010, 2012) among which the intra-core geometnntgal vs. monolithic disks), the core
composition (MX80/sand ratio) and the core condsio(pre-compacted vs. in situ
compacted). The second test of this series, deragtéderformance test PT-N1", is based on
a clay core made of pre-compacted monolithic da&ks1X80 bentonite/sand mixture (70/30
ratio in dry mass). The clay core is 120 cm lond 80 cm in diameter. A seal of such size
normally needs several years to be fully saturaheel to the very low permeability of the
compacted bentonite based materials. In this teetjnjected water volume, total pressure
and relative humidity changes upon saturation apaitored at several positions within the
plug or seal. After full saturation, the overalldmguulic properties (inherent permeability,

occurrence of leakage) of the sealing system willietermined.

In parallel, two small scale laboratory tests wpesformed on samples prepared with the
same material as for PT-N1 test (MX80 bentonitedsanixture). The first test consisted in
measuring the relative humidity at different hegybf a soil column (H = 250 mm, D = 50
mm). The second test was designed at a scale @bithe in situ test (height = 120 mm and
diameter = 60 mm) and consisted in measuring td&@lrand axial swelling pressures at
different heights of the sample. In both testsgal rstainless steel cell was used to simulate
the confined boundary conditions (zero volume clearanditions).

In a previous work by Wang et al. (2013c), the sam&tu PT-N1 test was compared with a
simpler laboratory 1/10 Mock-up test. Between t@oratory and in situ conditions, an up-
scaling ratio of 2.5 was obtained by comparing itijected water volume and the axial
swelling pressure evolution during the saturatioocpss. In comparison with this previous
work, the present study is more local as it providecomparison of the relative humidity and
the radial swelling pressure at different positiofithe samples between the laboratory and in
situ tests. Note that the link between the smadllesdaboratory tests and the in situ
experiments can provide useful information for poteag the saturation duration, the kinetics

of some key parameters as well as their maximuonegal
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2 Materials studied

The soil studied is a compacted mixture of benéoaitd sand, with a bentonite fraction of
70% in dry mass. The bentonite is a MX80 bentoingen Wyoming, USA, having a liquid
limit of 575%, a plastic limit of 53% and a unit ssaof 2.77 Mg/m The cation exchange
capacity (CEC) is 76 meq/100g (83% of ‘NaThe sand pure quartz used in the mixture
comes from Eure and Loire (France) with a unit ns®.65 Mg/ni. It was sieved at 2 mm
before being mixed with the bentonite grains presip hydrated to a water content of 13%.
The saturation water used in the tests has a sintimical composition as the pore water of
the Callovo-Oxfordian claystone from the Andra’slUR Bure (France). It was obtained by
mixing the corresponding chemical components (s#@er1l) with distilled water using a

magnetic stirrer until full dissolution.

Table 1. Chemical composition of the used synthetigater; similar to the pore water composition of
claystone in Bure site (ANDRA) (Wang et al., 2012).

Component NaHC®| NaSO, | NaCl | KCI CaC}.2H0O | MgChL.6H,O | SrCh.6H0O

Mass
(g)/Liter of 0.28 2.216 | 0.61% 0.075 1.082 1.356 0.053
solution

3SEALEX in situ test

As mentioned before, the in situ experiment (PT-W&p selected among SEALEX tests to
make the comparison with the laboratory tests bse#ucorresponds better to the laboratory
tests conditions. The prefabricated seal was iedeim a horizontal borehole of 60 cm
diameter that was air-drilled for this purpose witithe Toarcian claystone from the
Tournemire URL. The seal is made of a successi@mbnolithic pre-compacted disks, each
having 56 cm diameter and 15 cm thickness. The kextgth of the seal is then 120 cm. The
diameter of the seal is slightly smaller than tloeebole’s diameter for the technical reasons
related to the emplacement operation of the sedts iinitial state, a radial technological void
(equivalent to 2 cm on radius) is then existingaresenting 14.33% of the total volume
(volume of void / volume of borehole considering geal length of 120 cm). The disks were
prepared by static uni-axial compaction of MX80kam an initial dry density of 1.97 Mg/fn

At this dry density and after hydration, swellingdafilling of the 14.33% technological void,
the final dry density should reach an average 67 Mg/nt. The expected final swelling
pressure at this final dry density should thenldetiween 3 and 4 MPa, which is high enough
for fulfilling the seal specification and which rams lower than the minor in situ stress to

avoid mechanical damage to claystone.
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Figure 1. Layout of the PT-N1 in situ test.

Figure 1 shows the general layout of the test with seal sandwiched between two porous
plates, allowing water flow from two injection lige(i.e. upstream and downstream).
Mechanically, the upstream plate lies in direct tach with the host-rock while the
downstream one is fixed by a confining system naammg a constant volume condition. A
packer-like device for water tightness is used tevent water leakage from the interface
between the confining plug and rock. Three typessefisors are installed within the
compacted blocks to provide data in terms of sngllbressure, pore water pressure and
relative humidity. For the clarity of comparisomlypthe distribution of relative humidity and
swelling pressure sensors is shown in Figure 2 imaae detailed layout. Eight relative
humidity sensors (22-1,2; 52-1,2; 38-1,2; 8-1,2) iastalled in pairs in the compacted blocks
at a distance of 8, 22, 38 and 52 cm from the poirfdiers as shown in Figure 2. Their
distribution in the blocks is shown in Figure 3ecsons A and B; they are positioned at 15

cm from the seal surface.
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Figure 2. Distribution of the relative humidity and swelling pressure sensors in the seal.

Some of these sensors did not work properly, hemrdg, the working sensors (22-1,2; 52-2;
38-2; 8-2) are considered in this study. The ssabeing hydrated from its two ends
(extremity or upstream and downstream sources). édery due to the presence of radial
technological void that will be firstly flooded bwater, another hydration source exists

around the seal (denoted here as the surface gstiurce).

Section A Section B Section C

Technological
void

Pressure cell

Transmitter

Figure 3. Different cross-sections with positionsfahe relative humidity and swelling pressure senss.

Note that the technological void is not uniformlgtdbuted around the seal: is the largest at
the top of the seal and is zero on the bottom awishn Figure 3. Sensor 22-1 (see Figure 2)
measures the relative humidity in the seal axialycm from the downstream wetting source
and radially 15 cm from the bottom surface of teal¢see Figure 3 — section A). This bottom
surface is in contact with the host-rock which ngkedifficult for water to infiltrate at

exactly 15 cm from the bottom but possibly from mdepending on how exactly the seal is

placed in the bottom (see Figure 4 — section A).
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Section A Section B

Saturated
technological
void

Figure 4. Detailed description of the positions ahe used relative humidity sensors in the cross-seéans of
the seal.

The distance to the closest wetting source willcbasidered in the analysis of the results
measured by the sensors. Therefore, for sensor 22 shortest path is between 15 cm and
22 cm as shown in Figure 4. Sensors 22-2, 52-238 are located at 15 cm from the
surface of the seal in contact with the watemfglthe technological void (the surface wetting
source) as shown in Figure 4. They are also locatt@2, 52 and 38 cm respectively from the
porous filters. The closest wetting source is theh5 cm (i.e. the minimum value between 15
cm and 22 cm). Sensor 8-2 measures the relativedityrat 8 cm from the upstream wetting
source (Figure 2) and at 15 cm from the surfacdingesource (Figure 4). The shortest
hydration path is then 8 cm.

Five total pressure sensors (00; 60-1,2,3; 120)restalled in the seal. Three of them (60-

1,2,3) are installed at the surface of the se&l0atm from the extremity wetting sources to

measure the radial swelling pressure. As showngnré 3 — section C, these three sensors
are emplaced at an angle of 120° between them.ofi&r two sensors (00 and 120) are

installed at the two extremities of the seal (imte@t with the porous filters) and in the centre

of the sections to measure the axial swelling presdHowever, one of them (sensor 120) did

not work properly.

Prior to the assemblage of blocks, the sensors placed in the holes specially prepared in
the disks with their shapes and at their pre-assigrositions. Wireless sensors were used to
limit preferential flow along cables, and a wiralesransmitter was installed at each
measurement section. Since then, sensors dataleeted by a receiver located outside the
seal, and they are recorded by a data logger.

As far as the test procedure is concerned, a walame of 49 L was first injected, which
corresponds to the volume of the estimated teclgiealbvoid. This operation was completed
in one hour. Afterwards, water injection was stapplee to a leak at the side packer. Once
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fixed, water injection restarted 20 days laterhvatwater pressure of 0.01 MPa (Wang et al.
2013c). As the saturation proceeds, the injectederwsolumes at both upstream and

downstream chambers are also recorded.
4 Laboratory tests

Three laboratory tests have been carried out amdanpared with the PT-N1 in situ test: one
relative humidity infiltration test where relativeimidity is monitored at different positions,

and two small scale tests (Mock-up 1 and Mock-uge®&igned at the 1/10 scale of the in situ
test, and where the swelling pressures in bothakadid axial directions are monitored at
different positions. The difference between the twmck-ups comes from the water
infiltration process: only from the bottom side Mock-up 1 and from two sides (top and
bottom) in Mock-up 2. Note that all laboratory sestere conducted in the vertical direction
(see Figure 5 and Figure 6) which is different frtime in situ test that is performed in a
horizontal borehole (see Figure 1 and Figure 2).

4.1 Testin relative humidity infiltration cell
a) Experimental setup

The cell is a stainless steel cylinder containirgtpecimen with a rigid structure preventing
any volume changes (radial and axial). Four redativmidity (RH) sensors (RH50, RH100,
RH150 and RH200) are installed every 50 mm aloegstimple at a distance of 50, 100, 150
and 200 mm from the wetting end. They are fixedadicated ports in the wall of the cell.
The two ends of the cell are covered by porousestém ensure uniform boundary conditions
especially in terms of water distribution. The battbase is equipped by water inlets and the
top base contains an outlet allowing for air owtflo

b) Sample preparation

The soil specimen used during this test is 250 wmg bnd 50 mm in diameter. It is statically
compacted in a cylindrical mould having 50 mm indemmeter at a rate of 0.1 mm/min to a
maximum vertical stress of 13 MPa. It is compadte® layers of 50 mm thickness each.
Before adding a new layer, the surface of the cagpllayer is carefully scarified before the
next layer is added in order to ensure a good jumdietween both layers (see Wang et al.
2013b for more details). The dry density after castjon is 1.67 Mg/rfy the same value as
the final dry density for the in situ test aftepexsion and filling of the technological void.
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e Air outlet

; ' Sample
B éﬁ— RH200
=3 B~ | RH150
?
S B~ — RH100
9 é_.. RH50

Porous stone

- Water inlet

Figure 5. Layout of the relative humidity laboratory test cell with positions of the relative humidity
Sensors.

c) Test procedure

After compaction, the specimen is carefully introéd into the testing cell shown in Figure 5
(having the same diameter as the compaction cgldmnecting the ends of the two cells.
Water supply is done through the water inlets a tell base. The relative humidity
measurements are recorded via a data logger. Ttex walume injected into the sample is
monitored during the test by manually noting therdasing volume in a burette connected to
the water inlets.

4.2 Small scale tests (mock-up tests)
a) Experimental setup

Figure 6 shows the layout of the small scale hyaminatell containing the soil specimen

having 60 mm diameter and 120 mm height (DflBT-N1 seal dimensions). Porous stones
are placed at the two sides of the sample to ensuferm saturation through the sample
section. A piston of 60 mm diameter is placed qm db the upper porous stone and it is in
contact with a screw connected to a rigid structhed prevents any axial displacement. This
test configuration simulates the condition of thesitu test where the confining structure does

not allow displacements.
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The bottom and the upper piston are each equippdamwvater inlet and an outlet for air
expulsion. Six total pressure sensors are fixedhenwall of the cell, enabling the radial
swelling pressures at different heights of the danfip = 20, 40, 60, 80, 100 and 120 mm
from the wetting side) to be monitored. A forcensducer is placed under the cell base and

monitors the axial swelling pressure.

Rigid cell

Sample

Pressure
sensor

120 mm

Porous stone

transducer

Figure 6. Layout of the swelling pressure laborator test cell with positions of the sensors.

b) Sample preparation

The soil specimen studied in this test is statjcaimpacted in the test cell itself at a strain
rate of 0.1 mm/min and to a maximum vertical stre6sl3 MPa. In order to ensure the
homogeneity of the specimen, the compaction isezhout in 3 layers of 40 mm each. As in
the relative humidity test, the surface of the cantpd layer is carefully scarified before the
next layer is added. The obtained dry density & same as in the relative humidity test
(1.67 Mg/n?), which corresponds to the final dry density of #eal for the in situ test after

expansion and filling the 14.33% technological void

c) Test procedure
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Two small scale tests have been conducted, witlothedifference in the saturation process.
To ensure a good contact between the load celltla@giston, between the piston and the
sample and between the sample and the bottomamanjtial stress of 0.1 MPa is applied on
the specimen by turning the screw before wateltriafion. Similarly, to have a better contact
between the total pressure sensors and the soihspe, the total pressure sensors are slightly
pushed in the cell. The synthetic water is theadtgd either from the bottom only (Mock-up
1) or from both the top and the bottom sides (Mopk2). The radial and axial pressures are
recorded automatically by a data logger, while thected water volume is followed

manually by noting the water level changes in thesties.
5Experimental results and comparison

5.1 Relative humidity

Figure 7 shows the evolution of the relative hutgidiver time obtained by sensors RH50,
RH100, RH150 and RH200 in the laboratory and 228222; 38-2; 8-2 in situ. As explained
in section 3, to have meaningful comparison, tistadice to the closest wetting source must
be considered for the in situ test while considgtime surface hydration source resulting from
the saturated technological void. The considersthdces are then 8 cm for sensor 8-2, 15 cm
for sensors 38-2; 52-2 and 22-2 and 20 cm for seB2d. Figure 8 shows the results of
sensor 22-1, which are compared with the laboratelative humidity curves obtained at 15,
18, 20 and 22 cm (between 15 and 22 cm as showigure 8) from the surface wetting
source. The plot shows that the curve obtaineddmga 22-1 fits best with the laboratory
curve obtained at 20 cm from the surface wettingre® Note that the laboratory relative
humidity curves at 15 and 20 cm from the wettingrse are obtained by directly plotting the
results given by sensors RH150 and RH200 respéctiwhile those at 8, 18 and 22 cm are
obtained by linear interpolation between the cumksensors RH50 and RH100 (for 8 cm),
RH150 and RH200 (for 18 cm) and by linear extrapamtaof the curve of sensor RH200 (for
22 cm).

For the comparative study with the laboratory testy the relative humidity measurements
corresponding to the positions at 8, 15 and 20 rthe infiltration cell are used. They are
presented in Figure 7. Several observations canduke:

- All the relative humidity values for the in situsteand the small scale test started from
60 + 2% (around 58% in situ and 62% in the labaygtorhis value corresponds to the
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hydric state of the material at its initial staaéter compaction at initial water content
of 11%.

—— 20 (22-1) in situ
—0— 15(22-2) in situ
—&— 15 (52-2) in situ
—— 15(38-2) in situ
—%— 8 (8-2) insitu
—0— 20 RH laboratory
—C— 15 RH laboratory
—%— 8 RH laboratory

Relative humidity (%)

T T T T

T T T T 1
200 300 400 500 600

Time (day)
Figure 7. Evolution of the relative humidity at diff? retnt hydration distances for the small scale anth situ
eslts.

- There is a good agreement between laboratory anditin test results for the
corresponding positions. For the curves correspanth 8 cm from the wetting end,
both (in situ and laboratory curves) start withagtfincrease followed by a quick
stabilisation. The slight difference between the teurves can be related to the
hydration path that is not well defined for thesitu test and also to the adopted linear
interpolation. The laboratory curve given by thasee at 15 cm fits the best with the
in situ curve of sensor 38-2 but less satisfagtomith sensors 22-2 and 52-2. It is
difficult to explain this difference as in suchdarscale in situ test, the test conditions
are not easy to control locally. On the whole, tthgr curves exhibit an increase of
relative humidity over time at a lower initial rai@ean the curves at 8 cm. The in situ
curve corresponding to sensor 22-1 fits well witk taboratory curve at 20 cm from
the wetting end. This sensor (22-1) is locatechatltottom of the seal where the seal
is in contact with the rock; thus, the shortestragidn path through the technological
void should be larger than 15 cm and less tham234tas observed that the laboratory
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curve corresponding to 20 cm fits better than doatesponding to 22 cm with the in
situ curve of sensor 22-1 as shown in Figure 8.skikaround the sensor is then more
hydrated by the water infiltrating from the techwgital void than from the

downstream extremity source (at 22 cm).

90 -
85
80
e\o/ -
> 75 1
:_§ -
g 70+
2 |
v 65- —=&— 22-1 in situ
= i —O— 15 RH laboratory
% 60 - —— 18 RH laboratory
14 —0— 20 RH laboratory
] —4— 22 RH laboratory
55
50 ' T T T T T T 1
0 100 200 300 400

Time (day)
Figure 8. Comparison of the relative humidity curvegiven by in situ sensor 22-1 with the curves giveoy
the laboratory test at 15, 18, 20 and 22 cm from ¢hwetting end.

- As far as the relative humidity evolution kinetiss concerned, both in situ and
laboratory measurements show a quick increase @t slistance from the wetting
source. As sensor 8-2 is the closest to the hydlratburce, the in situ and laboratory
curves exhibit the quickest increase at the beggand a stabilisation afterwards to a
value close to 100%, while the curves of 20 cm fréme wetting source start
increasing slowly and then get faster before s&atibn. The increase rate decreases
as the distance from the wetting source increades.was also observed by Loiseau
et al. (2002) and Cui et al. (2008) on small saafdtration tests performed on

bentonite/sand mixture.

5.2 Swelling pressure

In order to compare the in situ swelling pressesalts to Mock-up 1 and Mock-up 2 results,
the boundary conditions should be first discusEaglire 9 represents a sketch for Mock-up 1,
Mock-up 2 and the in situ experiments. In Mock-upwhter infiltration is only from the
bottom side and is zero from the top while in Magk2 and in situ, water infiltration is from
the two sides of the seal. With a two side infiloa, a symmetry plan exists in the middle of
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the seal; at 60 mm in Mock-up 2 and 600 mm in situ.

Mock-up 1
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Figure 9. The sketch of the samples with their regztive boundary conditions in Mock-up 1, Mock-up 2
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and in situ tests as well as the comparison factobetween them.

]

At this symmetry plan, there is no water flow; waencthen only consider one half of the

Mock-up 2 and the in situ test and compare therh tibck-up 1. The respective infiltration
lengths in Mock-up 1, Mock-up 2 and in situ test 420 mm, 60 mm and 600 mm. The

comparable measurements will be the ones corregpptal the side without water flow and

that with water flow. This corresponds to compating axial measurement in Mock-up 1 (at
the top) to the radial measurement in Mock-up 26@imm) and the radial measurement in
situ (at 600 mm). On the other hand, we can complaee measurements at the water
infiltration side which will correspond to the akimeasurement in Mock-up 2 (at 0 mm from

the top wetting source) and the axial measuremmesitu (at 0 mm from wetting source).
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Figure 10. Evolution of the in situ radial and axid swelling pressures over time.

Figure 10 shows the evolution of swelling presduren the in situ test for both the radial and
axial directions. The radial pressure sensors etiose60 cm started giving measurements
after 26 days of hydration because of a technigatlpm. Considering their initial values at
26 days, sensor 60-1 starts from 0.50 MPa whil@ &farts from 0.12 MPa and 60-3 from
0.19 MPa. The axial pressure sensor 00 starts @M MPa at the very beginning and it
reaches 0.37 MPa after 26 days. On the whole, wsdlisg pressures increase over time at
different rates, depending on the sensors posifidre curve of sensor 60-1 exhibits the
fastest increase at the beginning and then stbiifter 300 days. The curves of sensors 60-2
and 60-3 exhibit an almost linear increase, with $maller increase rate corresponding to
sensor 60-2. As mentioned before, the technologimidl is not uniform; it is the largest at the
top of the seal near sensor 60-2 (see Figure Ito8eC), and it is smaller near sensors 60-1
and 60-3. As a result, the minimum swelling presssrexpected to be given by sensor 60-2
as the seal can swell freely more in the zone 0$3e60-2 than in the zones of sensors 60-1
and 60-3. As sensors 60-1 and 60-3 are symmetitialrespect to the borehole axis, they
should measure the same swelling pressure. Howseeassor 60-1 gives higher swelling
pressures, which may be explained by the factttteatompacted disks may not be perfectly
centred in the borehole, causing one sensor tdasercto the rock than the other. The axial
swelling pressure also increases in an almostrlimes, and at almost 400 days it started
reaching higher values than the curve of 60-1.
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Figure 11. Evolution of the small scale radial andxial swelling pressures in Mock-up 1 and Mock-up 2
tests.

The laboratory results for radial (at 60 mm) andalaswelling pressure evolution are
presented in Figure 11 for the two tests. On thelsylthe swelling pressure increases quickly
in the beginning, reaches a peak and then stacteaeng slowly. The peaks are reached at
about 4 to 5 MPa. The swelling pressures did nabilige yet; the expected stabilisation
values is estimated around 3.5 MPa from the restfilkarnland et al. (2008) and Wang et al.
(2012) for a compacted MX80 bentonite/sand mixwitd a dry density of 1.67 Mg/t As

far as the hydration path is concerned, we caithe¢d¢he increase rate is higher in Mock-up 2
with two-side hydration. This is normal as the saiion is faster when the infiltration length
is shorter. The axial swelling pressure is a litilgher than the radial one, 4.6 MPa against 4.3
MPa in Mock-up 1 and 3.7 MPa against 3.4 MPa in iMop 2.

To be able to compare these measurements withrefitfanfiltration lengths, we should
consider the consolidation theory that consideeg time is inversely proportional to the
square of the infiltration length. As a consequeand when considering Mock-up 2 as a
reference, a scale factor of £ 8hould be considered to compare Mock-up 1 to Mgzi2
and of 100 (1f) when comparing the in situ test to Mock-up 2.ufig12 shows the axial
swelling pressure results in Mock-up 2 and in thaitu test after dividing the time scale by
100. We can see that at this stage of the in sieranent the kinetics are different which
could be explained by the fact that the measuremtachniques are different. It is a local

161



Chapter 5. Link between laboratory experiments iansitu tests

measurement in situ (the total pressure cell lacateghe centre of the seal section) while the
force transducer in the mock-up tests recordsdheefon the whole cross section. The axial
swelling pressure in the present mock-up testsapaded indirectly by the force transducer
placed on the bottom of the cell while in the itudPT-N1 test, the force transducer was
directly in contact with the cell piston. The defability of the cell should also be considered

in the present mock-up tests.

The time scale in Figure was kept at 60 days (&titaa for Mock-up 2) in order to be able to
project the in situ results in time. The time sdaletor of 100 seems promising to be able to

predict the in situ axial swelling pressure values.
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Figure 12. Comparison of the axial swelling pressermeasurement at 0 mm distance to the wetting so@c
between the in situ test and Mock-up 2.

Figure 13 shows the comparison in swelling preskimetics for the sample’s side where no
water flow exists, with the axial swelling presswae 120 mm in Mock-up to the radial
swelling pressure at 60 mm in Mock-up 2 and tor#fthal swelling pressure at 600 mm in the
in situ test. The time scales for the Mock-up lveuas divided by 4 and the one for in situ
divided by 100.
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A first look on the figure reveals a promising caampon between the in situ and the Mock-
up tests. The in situ radial swelling pressure esirfit well with the start of the Mock-up

curves. The curve corresponding to the sensor BOtBe in situ tests fits the best with the
Mock-up 2 curve. This comparison helps in predgtihe swelling pressure kinetics in situ
based on the results from the Mock-up tests.
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Figure 13. Comparison of the swelling pressure kiries at the side of the sample with no water flow
between Mock-up 1, Mock-up 2 and in situ tests wtel dividing the time scale by 4 in Mock-up 1 and by
100 in the in situ test.

The radial swelling pressure recorded by sensoOR$6he mock-up tests should be more
comparable with those of sensors 60-1 and 60-3nah@0-2. In fact, as it stated before, the
technological void is not a uniform ring around #eal: it is the largest at the top of the seal
(near sensor 60-2) and it is significantly smadiethe bottom (near the sensors 60-1 and 60-
3); the configuration of the mock-up tests (withtethnological void) is then closer to that of
the in situ test in the zone near sensors 60-6ar2l

6 Conclusion

In the framework of SEALEX project initiated by IRSthe performance test PT-N1 was
conducted to investigate the performance of seatmajerials. In this test, the relative
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humidity, swelling pressure in both radial and &gieections and injected water volume were
monitored. A comparison was made in terms of smgllbressures and relative humidity
measurements. Two types of laboratory experimemti® werformed: the first one provided
the relative humidity at different positions in teample and the other corresponds to a 1/10
mock-up test with respect to the PT-N1 test andvideal the radial and axial swelling
pressures. During the saturation process, the twofuof the relative humidity for the in situ
and laboratory tests fitted well for a given hydmtdistance while considering the effect of
the saturation due to existence of the technolbgiodd. When comparing the evolution
kinetics of radial or axial swelling pressures bedw the small scale tests and the in situ test,
the boundary conditions in the three tests werdyaed to be the same while considering the
symmetry plan. The three tests models, with theeshoundary conditions having a water
flow from one side and not from the other, hadedéht infiltration lengths. Time scale
factors were found between the in situ and the mugkests based on the consolidation
theory. Considering Mock-up 2 as a reference, tofaaf 100 was found with the in situ test
and a factor of 4 with Mock-up 1. The time scaletda between the in situ and the mock-up
tests is very important because it helps in predjcthe in situ results in the future years

based on the mock-up results.
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CONCLUSIONS and OUTLOOK

A study on the hydro-mechanical behaviour of congrhdentonite/sand mixture used as
sealing materials in geological nuclear waste dispogs presented. The overall study
focused on the swelling of this material upon htidrain case of presence of the radial
technological void between the seal and host rdbiks technological void is inevitable for

the installation of the seal in the borehole. Tleg boint of this study is the heterogeneity
created at the seal/ host rock interface betweenldbse gel formed by the swelling of

bentonite and the compacted bentonite behind theAdter the sealing of the void, the gel

will be consolidated between the host rock anddmetinuously swelling centre. The free

swelling then becomes confined and a swelling pireswill be generated radially on the host

rock and axially on the adjacent compacted diskkthen on the confining elements.

Various experimental tests were carried out in gigly: microstructure observation of the
initial state of samples by microfocus X-ray Congglifomography (UCT) and by Mercury
Intrusion Porosimetry (MIP); swelling, gel formatioand density gradient evolution
observation by time lapse photography and pCT; Iswepressure anisotropy in constant
volume conditions with swelling pressure measuremémttwo directions and the hydro-
mechanical behaviour investigation by 1/10 mocktapts with local swelling pressure
measurements. The mock-up tests also helped iryistudhe accidental failure of the
confining elements and the capacity of the matddaseal the resulting void. The created
density gradient after void filling was again maomnéd by considering the relationship
between the measured swelling pressure and théethsity. Finally, the results were used for

interpreting the in-situ observations in a SEALEperiment.
As compacted microstructure

The microstructure of compacted bentonite/sand urexsamples was studied by uCT that
provided interesting complementary features thatldcawt be identified by the MIP
technique. uCT also allowed further observationhef mutual arrangement of bentonite and
sand grains. The commonly admitted hypothesis ef gkistence of isolated sand grains
among a clay matrix was not confirmed. Conversefynd grains appeared to be connected
forming a loose granular skeleton with inter-graiagye pores that were also detected by
MIP. Porosity heterogeneity was observed alongstdmaple with a larger porosity on the
periphery. This was confirmed quantitatively aftarrying out a 3D estimation of porosity
using image analysis. The interconnection of padestified could have some effects on the

initial permeability of the sample since it coulttilitate the propagation of vapour within the

169



Conclusion

mixture. In order to further explore the pore’s cectivity and pore’s dimensions, a full
image analysis should be done in the future. Thilsadgo permit exploring the pores network

orientation as well as the grains orientation.

Another 3D image was analysed on a sample afteméined saturation (swelling pressure)
test at a relatively lower initial dry density.\itas found that some inter-sand-grains macro

pores remained unclogged.
Limited swelling and homogenisation

Thanks to the observations and the digital imagegssing of the photos obtained by time-
lapse photography it revealed possible to identify swelling mechanism of compacted
bentonite/sand sample. Swelling was not homogendmusoccurred by exfoliation of
bentonite grains in contact with water. The imagalysis allowed the swelling kinetic curves
to be defined. It was found that swelling startagdidly and then continued at a lower rate.
The sand grains were found to be pushed outwarthteidirection of bentonite swelling until
they dropped down by gravity when the swelled beitédobecame as loose as a bentonite

suspension.

A similar test was performed to study the 3D liditswelling and homogenisation of
compacted MX80 bentonite/sand mixture by uCT. Tdans at different hydration times also
showed that swelling took place at the scale of dhens and it started quickly at the
beginning and became slower over time. The selfirggaapacity of the mixture was
confirmed as some initial fractures disappeareer dfydration. Swelling continued with the
increase in gel production and the decrease invttheme of the unsaturated centyzrt.
From day 3 to day 52, the swelled sample touchedanger of the cell and swelling became
prevented. Visually, the material became more hanegus, with sand grains uniformly
dispersed in the bentonite gel matrix. This homagion was further studied by image
analysis by plotting grey level profiles along tb@me diameter of the sample at different
hydration times. During the first days, a grey legmdient was found between the dense
centre and the loose border of sample. This gradiesame smoother over time as the
density of the central part decreased and thahefobrder increased. To be able to see the
homogenisation in a clearer fashion, it is necgssarwait longer time and continue the
monitoring of the experiment. For more precise gtetive density homogenisation results, a
proper calibration is needed between the grey lawdl the corresponding density. To this
end, several samples having the same initial comditbut different densities should be
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scanned under the same conditions; that will alh@wing a proper relationship between the

measured grey level and the density.
Swelling pressure

Laboratory elementary tests with swelling pressueasurements in two different directions
(axial and radial) were performed at different saigpldry densities. Different trends of
kinetics of swelling pressure evolution were idied for different bentonite dry densities,
different measurement directions and different safappreparation methods. However,
stabilisation was observed for all cases, indicatimg full saturation of the samples. An
exponential relationship was found between thel fewaelling pressure values and the
effective dry density of bentonite. A differencetween the axial and radial swelling
pressures was noticed, suggesting an anisotropadlisgy behaviour. Upon hydration, this
anisotropy can be expected to decrease becaube afduced microstructure collapse. This
was particularly observed for tests at medium hsiteodry densities from 1.15 Mgfhto
1.30 Mg/n?. This coefficient was found to decrease for higbentonite dry densities,
indicating that the initial anisotropy was presehwadter hydration because of the limited
volume of macro-pores preventing the microstructaodapse. At lower bentonite dry
densities, anisotropy was also preserved becausssinot possible for bentonite grains to fill
the macro-pores creating a microstructure collaps@ elaborated microstructure
investigation is needed to confirm the internal hatism influencing this anisotropic
behaviour at different densities before and after dwelling pressure tests. It would also be

interesting to study the effect of sand fraction anitial powder wetting on this behaviour.
Mock up tests

A mock-up test was designed at a 1/10 scale ofSBBALEX in-situ experiments. The test
allowed a confined saturation of the sample repitasg the seal and monitoring the evolution
of different parameters over time. The speciallgigieed cell is equipped with local radial
swelling pressure measurements at various heighds aaglobal axial swelling pressure
measurement. Validation of the cell was verifiedtbg good correspondence between the
results obtained and those from literature on cantgobMX80 bentonite/sand mixture. The
results of swelling pressure showed a good correspmwe with those reported by Karnland
et al.,, 2008; Wang et al., 2012 and Saba et al3.2Uhe injected water volume measured
manually was found compatible with that reportedgng et al. (2013a). The designed cell
was thereby suitable for testing compacted swelmagerials with the monitoring of swelling

pressures at different heights, in both radial @xidl directions.
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Two Mock-up tests were performed with bottom sidaugation in Mock-up 1 and two side
saturation in Mock-up 2. It was found that the diwgl pressure kinetics depended on the
infiltration length, with quicker increase for skar infiltration length (closer to the wetting
source). The two-side saturation process accetethteswelling pressure kinetics by a time
factor of 4 which was found by considering the @igstion theory and supposing the

infiltration length is reduced to the half with twa@e saturation.

The hydraulic results obtained by Wang et al. (2)f8om an infiltration test on the same
material and the present swelling pressure measunsnwere used to plot the curves of
suction versus swelling pressure for different lirdtion lengths. Similar shapes were
obtained when compared to the curves reported ititdrature (Lloret et al., 2003 and Wang
et al., 2013c). Yield points (or peaks) were foundtake place at higher suction for the

positions farther from the wetting source as theyeamainly hydrated by water vapour.

The failure of axial confinement was also experitay studied by adopting an axial void
through releasing the piston after full saturatidhe swelling pressure profiles showed a
sudden decrease after the piston release dueetsvirelling. A swelling pressure gradient was
found along the sample with higher values in th#dmo. This gradient was also represented
in terms of density using the exponential relatiopsbetween the effective bentonite dry
density and the swelling pressure. Comparison with dry density profile obtained after
dismantling a similar 350-day mock-up test perfalrbg Wang et al. (2013a) showed that the
density gradient was decreasing over time, and aogermeous density can be expected in
long term. It would be interesting to perform sanimock-up tests with simultaneous pCT
scans and a proper calibration between the gresl vd the density. That will permit to
monitor the density gradient evolution over timedato confirm the achievement of

homogenisation.
Link between laboratory and in situ tests

A comparison was made between the results of lédryraests and in-situ experiments in
terms of swelling pressures, relative humidity amatlling pressure anisotropy. The relative
humidity measurements were obtained from a previodiiration test by Wang et al.

(2013b). The evolutions of the relative humidity the in situ and laboratory tests agreed
well for a given hydration distance while considerithe effect of the saturation due to the
existence of the technological void. For the congoer of the evolution kinetics of radial or

axial swelling pressures between the small scaeaed the in situ test, the consolidation

theory was also considered and a time factor of w@® found between Mock-up 2 with a
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length 10 times smaller than that of the in sitst.tdhe comparison while considering this
time factor was promising as it permits to predn& in situ results in the future based on the
laboratory results.
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