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ABSTRACT

The argillite extracted from Bure site (Franceprsposed, after being crushed and com-
pacted, as a possible sealing and backfill materitéhe geological high-level radioactive
waste disposal. In this study, the effects of trengsize distribution and the microstruc-
ture on the hydro-mechanical behaviour of the cartgzhcrushed argillite have been in-
vestigated. The volume change properties were figaged by running one-dimensional
compression tests under constant water conter2(8%) with loading-unloading cycles.
Under various vertical stresses, water floodingst@gere carried out in constant volume
condition. Depending on the vertical stress leegher swelling or collapse behavior was
observed in the sense that vertical stress inaleasdecreased upon flooding respectively.
A clear effect of grain size distribution has besso identified: finer samples exhibit
stiffer compression behaviour and higher swellingeptial. To provide a microstructure
insight into the macroscopic behaviour feature olesk both mercury intrusion po-
rosimetry (MIP) and scanning electron microscopEN observations were performed,
evidencing that: (i) at the same dry density, tlze sf inter-aggregates pores is larger for
the coarser crushed material; (ii) mechanical casgon only reduces the inter-aggregate
porosity in the stress range considered; (iii) tiiero-mechanisms governing the flooding
under constant-volume condition include the swglih the clay particles, the increase of
the intra-aggregate pores and the collapse ointiee-aggregates pores. The results show a
strong effect of the grain size distribution on th&ro-mechanical behaviour and thus the
close link between the microstructure and the hydezhanical behaviour.

Keywords. Compacted crushed argillite; radioactive wastegahsal; swelling pressure;
microstructure; grain size effect; hydro-mechanamalpling.



1 INTRODUCTION

Deep argillaceous formations are considered asmpaltédost rock for radioactive waste
disposal in many countries such as Belgium, GermiBrance, Japan and Switzerland. In
order to ensure the safety of the whole storaggesysit is of prime importance to well
understand the involved clay properties on diffetane scales: during the construction,
during the exploitation and during the long terwrage life of the waste (Landais & Aran-
yossy, 2007). In addition to the coupled thermorbyahechanical behaviour of the host
rocks, the engineering properties of backfillinglsegy materials are also an important is-
sue to be investigated because these materialssasdly used to avoid preferential path-
ways for water, gas and radionuclide migration, i@y correspond therefore to an impor-
tant part of the high-level radioactive waste ugdaund repository safety system. In the
past decades, bentonites have been widely studipdssible backfilling and sealing mate-
rials because of its low permeability, adequatés=dling potential and high retention ca-
pacity (Lloret et al., 2003; Tang & Cui, 2005; Hotin et al., 2007). In France, ANDRA
(the French Radioactive Waste Management Agency)begn constructing an Under-
ground Research Laboratory (URL) at Bure site ggasErance, at 445-490 m depth) in
order to investigate the suitability of the Calle@afordian (COx) argillaceous formation
for the disposal of high-level radioactive wastelfbn & Mouroux, 1999). Unlike in the
currently well-accepted design using compacteddret®, the excavated COx argillite has
been proposed at this URL as a possible sealinkfibbeg material to isolate the waste
canisters from the concrete plug and the acce$srigal The main advantages of this de-
sign are: (i) the recycling of the excavated CQuilbte as sealing/backfilling material re-
duces the negative impact on the environmentrép)acing commercial bentonite by ex-
cavated COx argillite reduces the cost; (iii) pevbs related to the mineralogical or
physico-chemical incompatibility between the hastkrand the engineered barrean be
avoided(Andra, 2005). In addition, a series of tests Hasen carried out to investigate the
geotechnical, hydraulic, mechanical and compadiemavior of the crushed COx argillite.
Based on the obtained results, Andra (2005) coedubat the COx argillite is suitable to
be used as a sealing/backfilling material.

It is expected that after installation of engineebarriers, water infiltration from the
host rock takes place and the compacted argilliteewpand and develop swelling pres-
sure under nearly confined conditions. This swglfmessure should be high enough to en-
sure the sealing effectiveness. On the other haedswelling properties of the compacted
argillite must be compatible with the in-situ sgedate, i.e. the swelling pressure should
not excess the in-situ minor principal stress (aboMPa at Bure URL) so as to ensure the
mechanical stability of the system.

The present work aims at investigating the hydraimeical properties of compacted
crushed COx argillite. Two crushed materials witfiedent grain size distributions (GSD)
were considered, that were obtained by crushingxicavated COx argillite with two dif-
ferent procedures. The compressibility of the twwwshed materials was investigated by
running one-dimensional compression tests at constater content (2.4 — 2.8%) with
loading-unloading cycles. After compaction, wateofling was carried out under constant
volume conditions. The effects on the hydro-meateniehavior of the axial stresses ap-



plied and the grain size distributions were idesdif Finally, the soil microstructure
changes before and after flooding were investigaeekd on the observations at mercury
intrusion porosimetry (MIP) and scanning electraoroscopy (SEM).

2 SOIL STUDIED

The soil studied was the Callovo-Oxfordian (COxgiliite taken during the construction
by excavation of the ANDRA URL of Bure. It contaii® — 45% clay minerals with pre-
dominance of illite—smectite interstratified minksra80% carbonates and 25 — 30% quartz
and feldspar. The in-situ water content is 2.8 # %; the bulk density is 2.32 —
2.61 Mg/m and the specific gravity is 2.70 (Foucké al, 2004). After Zhang et al.
(2007), the swelling pressure of COx argillite tees 10 MPa.

The COx argillite was crushed following two diffategprocedures, leading to two soils:
(i) soil A was the coarser one with the maximumimgisize of 8 mm; its air-dried water
content was 2.8 %; (2) soil B was the finer onehwiite maximum grain size of 0.25 mm;
its air-dried water content was 2.4 %. To obtaiih Apthe excavated COx argillite taken
from the underground laboratory was crushed usimgndustrial crusher to reach its
maximum grain size of 8 mm and then air-dried. @l B, a small quantity of soil A was
then ground using a laboratory crusher to obtaimer powder (maximum grain size of
0.25 mm). The patrticle size distributions of theotsoils determined by dry sieving are
presented in Fig. 1. Soil A contains 18% fine gsafd 0.08 mm) while soil B contains
70 % fine grains. In addition, the grain size dsttion was also determined by dry-sieving
method after washing (Afnor, 1996) for elementgdarthan 8Qum and by hydrometer
method (Afnor, 1992) for elements smaller thanu®@. Interestingly, the two curves are
similar and show a large fraction of fine grainsor®l than 95 % grains are smaller than
0.08 mm. This observation constitutes the firstsiifation of the water content-dependent
nature of the compacted crushed argillite: thellgeggrains disaggregate when the water
content is increasing, giving rise to smaller ggain

3 EXPERIMENTAL METHODS

3.1Experimental set-up

Fig. 2 presents the experimental set-up used ttyshe compaction behaviour and the hy-
dro-mechanical coupling. An oedometer cell (50-nmmer diameter) was placed on the
top plate of the displacement shaft, and can mopegrds/downwards together with the
displacement shaft. A force transducer was useddoitor the vertical stresg; while a
displacement transducer was used to monitor theakstraing,. A volume/pressure con-
troller was connected to the bottom base of thefoelthe purpose of water flooding. A
porous disc was placed between the specimen anuigtoa allowing water/air flow from
the soil sample through the gap between the p&tahthe oedometer ring. All data were
recorded by a data logging system. Note that tHieraation of soil during the test was
measured directly by the displacement transducéchmivas fixed on the piston (Fig. 2).
The deformation of the piston and the oedometdrdtglng compaction was found to be



negligible. Therefore, the measured displacementhbytransducer was directly used to
calculate the axial strain of soil specimen.

3.2Experiment procedure

During the compaction, the crushed material wastlfirplaced inside the oedometer cell.
After installation of the piston, the press was oadly run to statically compress the soil to
an initial dry densitygy of 1.5 Mg/n?, the corresponding initial height of the samplinge
2.67 cm. The compaction was then started at a aonhsdite of 0.05 mm/min. At the end of
compaction, the axial stress was unloaded to angratie, the specimen was then flooded
under constant-volume condition. The constant-velwundition was ensured by fixing
the displacement shaft and, if necessary, by mnadjusting it according to the records
of the displacement transducer. During flooding thll saturation of the specimen was
checked by using an absorbing paper to check whéte water flows out from the gap
between the piston and oedometer ring. Table 1 sarimes the test program.

3.3 Description of the test program

For the tests EO1, E02, E03, and E04, whereached 1.7 Mg/fh the soil was unloaded
until g, was equal to 0.5 MPa and then reloaded at the sa@eThis unloading/reloading
cycle was also repeatedatequal to 1.8 and 1.9 MgArWhenp, reached 2.0 Mg/f the
soil was unloaded tay, of 7 or 0.5 MPa prior to flooding under constanteme conditions
by injecting distilled water at a vertical stre$sl00 kPa. Note that in practice, before the
backfilling material is placed in the repositoryid first compacted to a target density. The
unloading steps performed in this investigationsaimunderstand the rebound behavior of
the compacted backfilling material. At the endeaich loading step, about 1 hour was
given to reach apparent equilibrium. The axialistcdnange was checked by the displace-
ment transducer. The corresponding dry densityvemd ratio were therefore calculated
according to the recorded displacement values duoiading/unloading procedures.

For the tests E05 and E06, the soil sample was acteg directly tqoy = 2.0 Mg/ni
without any loading/unloading cycles, and was fleddollowing the same procedures that
were applied to the tests EO1-E04.

For the tests EO7 and E08, a procedure similahab of swell-consolidation test de-
scribed by Basmat al. (1995) was applied: the initially compacted sanvpdes wetted and
allowed to fully swell under a low sitting load. t&f that a standard consolidation test was
conducted by applying incremental loads. The leaglired to revert the specimen to its
initial void ration (or height) is defined as theedling pressure. The high-pressure load
frames described by Marciat al. (2002) was used in these two tests. The soil wst f
compacted tgy = 2.0 Mg/n? using the equipment described in Fig. 2. Afteoading, the
oedometer cell with the compacted specimen wasvedhto the load frame allowing ap-
plication of constanty, and monitoring the soil vertical strain. A lowy of 0.1 MPa was
firstly applied and then water flooding was carraed. After stabilization of the soil strain,
oy was increased in steps to 0.2, 0.4, 0.9, 1.7,63%,13.8, 27.7 and 55.3 MPa, each load-
ing step having been maintained for 24 h. The sataps were adopted for unloading.
Note that this duration is recommendedtbg French Standard (Afnor, 2005) for strain
stabilization.



3.4 Microstructural observation

Soil properties at the microscopic level are disertlated to its macroscopic engineering
behaviour and physical properties. Basically, mesments and observations at the micro-
structural level involving clay units and their aggations and pore size distribution char-
acteristics are very important, since they helgdoainderstand the behaviour of the soil
under various hydro-mechanical stress state comditi

In order to analyse the soil microstructure chardigsg these hydro-mechanical load-
ings, MIP tests were performed on soil compacteg atjual to 1.8 and 2.0 Mg#tollow-
ing the static compaction procedure (including tidoading steps) described previously.
These tests were also performed on soil compadteg equal to 2.0 Mg/rhand flooded
under constant volume conditions, where the ingglied vertical stresg, was equal to 7
or 0.5 MPa. For the purpose of comparison, an ihdit test was equally performed on in-
tact COx argillite at an initial water contemt= 7.0 %. In addition, SEM tests were per-
formed on soil samples having equal to 2.0 Mg/rhbefore and after flooding under an
initial vertical stresgx, equal to 7 or 0.5 MPa at constant volume condstion

For each MIP and SEM test, two parallel soil samplere prepared by repeating the
hydro-mechanical loading in the oedometer cell, dugth were rapidly frozen using liquid
nitrogen previously vacuum-cooled below its boilitggnperature (— 196 °C) in order to
avoid any boiling during immersion of the sampleedzing was also accelerated by using
small sticks of soil (1-2 g in weight). Finally,etlirozen samples were subjected to subli-
mation in a true vacuum (f0mm Hg) so as to eliminate the water without thenfation
of air-water capillary menisci, which cause volusieinkage on drying.

During MIP test, the sample is placed in a dilatanéhat is put under vacuum. Mer-
cury intrusion was then performed by progressivalyreasing mercury pressure up to
200 MPa. Due to the pressure increase, mercurygssiyely penetrates into the voids of
sample, starting, at lower pressures, with theelstrgpores and ending up at highest pres-
sures by penetration into the smallest pores thatbe reached. The volume of the pores
penetrated during the increase in pressure israomiisly monitored by a system that fol-
lows the decrease of the mercury level in the ditater. In this case, blank tests are
needed to correct errors associated with the systanpressibility and temperature effects
(see Delage et al., 2006 for more detail). Priothi® SEM test, the freeze-dried samples
were coated with aurum to increase the electriclgotivity.

4 EXPERIMENTAL RESULTS

4.1 Compression behaviour

The variations oy with o, during the compression of the crushed materi@shown in
Fig. 3. The compression curves are similar for eswh curves EO1, EO2 and EO5 for the
coarser soil A and curves E03, EO4 and EO6 fofittex soil B. A significant difference is
however observed between the two soils. The prepoession stress that corresponds to
the pressure required to obtain the iniigbf 1.5 Mg/n? is lower than 0.4 MPa for soil A
while that of soil B is close to 2 MPa; required to reacjsy equal to 2.0 Mg/fhfor soil A



is 27 MPa in test EO1, 24 MPa in test EO2 and 3'AaMRest EO05, significantly lower than
that of soil B: 47 MPa in test E03, 39 MPa in €684 and 47 MPa in test EO6.

In Fig. 4, the results of these tests are preseinte¢de plane of void ratio (e) versus
logoy. During loading, whero, exceeded the pre-compression stress, e decreessd d
cally and a clear linear relationship can be ob=#rvetween e and log The slope -
de/dlogy, corresponds to the compression index at the limitzier content, €. For soil
A, Ccvi is equal to 0.238 for EO1, 0.240 for EO2 and 0.R2F05. Larger values were ob-
tained for soil B: G, is equal to 0.316 for E03, 0.317 for EO4 and 0.f88406.

In a similar fashion, the swelling index at theiadiwater contentCs,;, was determined
that corresponds to the slope/dloga;, on the unloading paths. This operation was done
for differentgy values: 1.7, 1.8, 1.9 and 2.0 MdInn Fig. 5, the variations s, versus
Pq are plotted for tests EO1, E02, EO3 and EO04. €bkalts show thaks,; increases almost
linearly with pq. The difference between the two soils is not cl€mpared t&.yi, Cswi
seems to be of one order of magnitude smaller.

4.2 Hydro-mechanicabehaviour

After compaction tqoy equal to 2.0 Mg/rh the soil was unloaded tg, equal to 0.5 or

7 MPa, and the final dry density was in the ranfj@.88-1.99 Mg/m. The displacement
shaft was then blocked and distilled water was egisntly injected at a pressure of 100
kPa from the bottom of the oedometer cell. Figré&spnts the changes af ande versus
time () during water flooding. Note that even though thenstant-volume” conditions
were imposed by fixing the displacement shaft, htlighanges in soil volume were re-
corded by the displacement transducer because afetormability of the system (connec-
tion between the load cell and the piston, the sméicimen, the base of the oedometer cell,
etc., see Fig. 2).

For test EOL, flooding the soil A decreased theticar stressg, from 7.4 MPa to
5.3 MPa after 120 h (Fig.ap. A slight decrease & was equally observed, from 0.364 to
0.360, which corresponds to a volumetric strail®.86. In tests E0O3 and EO06, soil B was
equally flooded at higlay, (7.6 MPa for EO3, Fig.l§ and 8.0 MPa for E06, Figch The
results obtained from the two tests were simitgrdecreased, then increased and finally
decreased to reach a stabilization value of 7.2;Ntigachanges @& were in the same fash-
ion asag, changes. The final volumetric strain was smadis ldhan 0.15%. Compared to soil
A, soil B had a higher finadr, after water flooding.

For tests E02, E04, and EO5, the soil specimens fl@yded under lowed. In the test
EO02, due to the failure of volume control, the fsswere not presented. A similar proce-
dure was then applied in test EO5, the results wesented in Fig.€5 It can be seen that
flooding soil A resulted in a quick increase @ffrom the initial value of 0.69 MPa to an
equilibrium value of 4.23 MPa after 20 h. A sliglatriation ofe was also observed and the
corresponding volumetric strain is lower than 0.13&utest EO4, water flooding was per-
formed on soil B. The results show a quick increafseg; in the beginning (Fig.d; e in-
creased from 0.369 to 0.371 after 6 h. A manualsidjent was done at this moment to
bring the void ratice back to its initial value. After 50 lgwas equal to 0.367 ang, was



equal to 5.08 MPa. Compared to soil A flooded at $tress, soil B showed a higher final
stress: 5.08 MPa against 4.23 MPa (E05).

The results of oedometer tests EO7 (soil A) and 508 B) are presented in Fig. 7. The
soil was firstly compacted a; equal to 2.0 Mg/rhfollowing the same procedure of tests
EO5 and EO6. After compaction, the cell was puannoedometer frame to perform swell-
consolidation tests. Fig.a/presents changes in void ragoversus time. An initialy;, of
0.1 MPa was first applied prior to water floodif8yvelling was observed in the two tess:
increased from 0.350 to 0.442 for test EO7 (soibfier 100 h) and to 0.503 for test EO8
(soil B, after 300 h). When the swelling stabilizedibsequent loading/unloading steps
were applied, each step having been maintaine@4dr (this duration appeared to be suf-
ficient for the stabilisation). In Fig.b/ the values oé at equilibrium are plotted versus the
logarithm of ;. The compressibility parameters were determinechfthese curves: for
soil A, the compression indéX. and the swelling inde&s are respectively equal to 0.172
and 0.082; for soil BC. andC; are respectively equal to 0.164 and 0.075. AftesrBaet
al. (1995), this test can be also used to determiaesdil swelling pressure that is consid-
ered as the vertical stress required to bring tie ratio back to its initial value. As shown
in Fig. M, a swelling pressure of 2.5 MPa was obtained ddrAs (E07), and 5.0 MPa for
soil B (E08).

4.3 Mercury intrusion porosimetry

Before presenting the results from the mercuryusitm porosimetry investigations, the
different clay microstructural levels and the cepending terminologies considered in this
study are first introduced. The description is blage that given by Delage et al. (2006),
where various clay microstructural levels were swarped in detail. In a compacted un-
saturated soil, clay particles (made up of staaklagl layers) are aggregated together to
form a typical aggregate structure (also termedasble structure). In this structure, vari-
ous levels of porosity can be indentified:

(i) planar interlayer spaces between the clay Byeside the clay particles, interpreted as
inter-layer or intra-particle pores;

(i) small voids between clay particles inside #ggregates, interpreted as inter-particle
or intra-aggregate pores;

(i) large voids between the aggregates made uplaf particles, interpreted as inter-
aggregate pores.

Fig. 8 presents the results of MIP tests obtaimedail A and on the intact COx argillite .
The intruded mercury void rati@{) was defined as the ratio of mercury intrusion vatum
Vm to soil solid volume/s:

_Vi
€ =V 1)

The pore entrance diametel) (vas determined from the intrusion presgut® assuming
a cylindrical pore shape:
d= 40 cost

p

(2)



where 0=0.484 N/m is the mercury-solid interfacial tensiamd 8= 141.3° is the mer-
cury-solid contact angle (see Delage et al., 2@d6rfore detail). It can be noted from the
er-logd plot (Fig. &) that the final values &, are slightly lower than the values®fThis
can be mainly explained by the limited range that MIP technique can cover, i.e. from
0.008 to 15um (corresponding to the range mfrom 200 MPa to 0.1 MPa); the value of
en does not include the pores larger tharnuéd(which may exist in the sample compacted
at oy equals 1.8 Mg/rh e equals 0.50) and the pores smaller than OB08

The pore size distribution curvesg,¢tlog(d) versus log, allow the analysis of the soill
microstructure. For the intact argillite sample]yoa population of intra-aggregate pores
having a diameted close to 0.0um was observed-(g. &). On the contrary, for the sam-
ples of soil A, two populations of pores were obedr intra-aggregate pores that are
smaller than 0.Jum and inter-aggregates pores lager than 0.1 pumtHeosoil sample
compacted apy equal to 1.8 Mg/rh(e equal to 0.50), the population of inter-aggregat
pores was close to}8n while that of intra-aggregate pores was close @8 um (Fig. &).
For the sample compactedatequal to 2.0 Mg/rh(e equal to 0.35), the population of in-
ter-aggregates pores moved leftwards to 1.5 pmewhdt of intra-aggregate pores did not
change (Fig. . Subsequent flooding under constant-volume candit(Fig. &l,e) de-
creased the modal size of inter-aggregates por&s3te- 0.4um, the changes in intra-
aggregate pores size having been not significagt.88 shows that flooding under high
stresses (initiab, equal to 7 MPa) created larger intra-aggregatespotese size reached
0.05um.

The results obtained from soil B and from the in@®©x argillite are presented in Fig.
9. As observed previously on soil A, the valuespfor soil B were slightly lower than the
values ofe. The pore size distribution curveg,ddlog(d) versus lod, of soil B compacted
at py equal to 1.8 Mg/ (e equal to 0.50) shows a clear population of intagragates
pores of 0.7um (Fig. 9). The population of intra-aggregate pores obseprediously on
soil A was no longer observed on soil B. Fig. $hows that compaction @ equal to
2.0 g/n (e equal to 0.35) decreased the size of the populafigmer-aggregates pores to
0.4 um. Subsequent flooding under constant-volume camditat high stresses (initial,
equal to 7 MPa, Fig.d) slightly decreased the size of the inter-aggegabres popula-
tion to 0.3um. At low stresses (initiab, equals 0.5 MPa, Fig.e9 this decrease of the
population size of inter-aggregates pores wherdffapwas found to be not significant.

4.4 Scanning electron microscope

SEM tests were performed on the soil samples coregatg; equal to 2.0 Mg/rbefore
and after flooding at 0.5 and 7 MPa vertical sess3he pictures were taken on two scales
and presented in Fig. 10 (125 x 100 um) and Fig251x 20 pum), respectively.

Fig. 1@ shows that the compacted sample of soil A wastitatesd of several clay ag-
gregates. The size of the aggregates varies framtdlum to larger than 1QAm. Note that
the aggregates larger than 1@® could not be observed with this magnificatiore(thze
of picture taken is 128.00 um). Inter-aggregates pores larger thgun2 were obvious in
this figure. The aggregate circled in Fig.al® enlarged in Fig. Hl showing that it is
made up of clay particles of aboufuth in diameter.



The microstructure of soil A changed completelyerftooding under constant-volume
conditions (Fig. 16€): clay aggregates and large inter-aggregate posge no longer
clearly observed; only small inter-aggregate pdsesaller than Jum) were observed in
Fig. 1. The enlargement of these soil samples (Fig, &1shows that the clay particles
were relatively more separate than before.

In case of soil B (Fig. 1f), several clay aggregates smaller thanudOwere observed.
The sizes of inter-aggregates pores were not apjpar¢his magnification (size of picture:
125<100 um). At a higher magnification (Fig. blsize of picture 2520 um), several in-
ter-aggregates pores smaller thapnl can be observed. The structure of clay aggregates
formed by clay particles is also clear in FigblAfter flooding, Fig. 1@ and Fig. 10
show that the clay particles of soil B are moreasafe than before. Inter-aggregates pores
smaller than 1um can be observed at a higher magnification (Fid, d4ize of picture
25%x20 um).

5 DISCUSSION

Two crushed materials, A and B, crushed from tmees@€Ox argillite were studied in the
present work. The grain size distribution curvetedrined by dry sieving show that soil A
was coarser than soil B (Fig. 1). The results prieskin Fig. 3 evidence that the compres-
sion behaviour of the crushed material was stroafigcted by the grain size distribution.
For instance, the vertical stregsrequired to reach the initial dry densjtyof 1.5 Mg/nt
was higher for the finer soity, = 2 MPa for soil B against, = 0.4 MPa for soil A. Fur-
thermore, the vertical stress required to reach the final dry densityof 2.0 Mg/n? was
also higher for the finer soity, = 39 — 47 MPa for soil B agains{ = 24 — 37 MPa for soill
A. These results are in agreement with the obsensaby Attomet al.(2001), Omaet al.
(2003) and Ferbeet al. (2008), showing that the dry density of a finerl si standard
Proctor optimum is lower. Moreover, Tietal.(2004) studied the static compaction prop-
erties of various bentonite-sand mixtures and dgjdalind that the compaction stress re-
quired to reach to same dry density was higher tigher bentonite weight ratios. This ef-
fect of grain size distribution on the compactioeh@viour can be explained by the
interactions between the soil grains at contaattgdin terms of friction and cohesion: the
number of contact points being larger for the fiseit, a higher energy is needed to reach a
considered density.

The results shown in Fig. 4 evidence that the cesgon index at initial water content
Ccwi Of the finer soil (soil B) is larger than thatsdil A. Similar effect of the soil structure
on C.yi was equally observed by Sméhal.(1997) and Imhofgt al.(2004). In the present
work, at low stresses, the finer soil B had highad ratio; for instance, afy, of 2 MPa,e
is equal to 0.8 for soil B and 0.6 for soil A. Thigference is closely related to the original
structures of the two soils: assuming that the gians kept similar structure to that of in-
tact COx argillite whose dry density is estimateé®.25 Mg/n?, as soil B was crushed to
smaller grain size (<0.03%m) than soil A, when the same mass of soil wasmpaedome-
ter cell for compaction, the finer soil B must beder with a larger initial void ratio, thus a
higher compressibility. Under loading, the effetthe soil initial structure is progressively
suppressed and the two compression curves teneérgemNote that Tang et al. (2009) in-
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vestigated the compression behaviour of soil Ah@ same manner, and found that the
compression index decreased when the sample wasteat

Unloading/reloading cycles applied at varigggsshowed that the swelling index at con-
stant water contenC{, increased withpy. As this parameter depends mainly on the com-
pressibility of soil aggregates (Taergal, 2008), this increase @, can be explained by
the creation of micro-cracks by compression stiessethe soil aggregates which results
in a decrease in rigidity (Wrighgt al, 2001). That explains equally wiGg,; was almost
independent of the grain size distribution.

It is commonly accepted that hydration initiallycacred in the hydrophilic zone of the
clay, i.e. on the mineral surface and around thehamxgeable cations in the interlayer
spaces inside the clay aggregates. After Saiydual.2000), the clay particles with a
number of stacked clay layers are divided, wherrditgd, into thinner ones that are made
up of a smaller number of stacked layers. This iagreement with the results presented in
Fig. 1, which clearly show the decrease of the sizelay aggregates after soaking with
water. The pictures obtained from SEM tests (F@yahd Fig. 11) confirm that flooding
separated the clay particles from the clay aggesgat

It has been observed that flooding compacted sailsonstant-volume conditions in-
duced a decrease of when the initialg; was high (7 MPa) and an increasegpfvhen the
initial o, was low (0.5 MPa). The changes in swelling pressircompacted expansive
soils upon wetting under constant-volume conditioveye also studied by Komine &
Ogata (1999) and Lloret et al. (2003), and similaservations were made. The observed
phenomenon can be explained based on the douhtstst model described by Gens &
Alonso (1992), Alonset al. (1999) and Sanchezt al. (2005), Tang and Cui (2009). On
the one hand, wetting increases the interlayeanitst (between clay particles) resulting in
swelling of clay aggregates. On the other hand, diecreases the mechanical resistance of
the structure. As a consequence, swelling of thg elggregates induces an increase of
confining stresses when the soil is wetted undestamt-volume conditions at low initial
stresses. On the contrary, when the soil is wetteter constant-volume conditions but at
high initial stresses, wetting induces collapsentdr-aggregates pores and thus decrease of
the confining stresses. The flooding-induced calapf inter-aggregates pores was also
evidenced by the MIP tests: the results in Fign@ Big.9 show a decrease in size of the
inter-aggregates pores population after floodinge BEM pictures in Figs. 10 and 11 also
illustrate these mechanisms.

Microstructural investigations show that the ifitrartical stress has a negligible effect
on the microstructure of the soil after floodingctéally, flooding the sample at low initial
stresses (under constant-volume conditions) inesetise vertical stress on one hand and
decreases the yield stress (mechanical weakenmtf)eoother hand. The collapse of inter-
aggregates pores takes place when the verticalssteaches the yield stress. As a result,
event though flooding the sample under 0.5 or 7 MBdo different responses in terms of
vertical stresses, the consequences from the ngobsral point of view are the same:
collapse of inter-aggregates pores.

Imbert and Villar (2006) also performed floodingtein the oedometer cell under con-
stant-volume conditions in order to monitor the Kiwg pressure of a bentonite pel-
lets/powder mixture. Tests showed a common swelirggsure development pattern: an
initial peak followed by a decrease of swellinggs@re that eventually increased again.
Maugis and Imbert (2007) performed a numerical ymslof these tests by using of the
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Barcelona basic model (BBM, see in Alonso et &9Q) in order to interpret these results.
The authors explained the swelling pressure vanatispecially its decrease, by the yield
stress decrease. This can be also used to expkiresults obtained in tests EO3 and E06
where the vertical stress (initially high) subsetlyedecreased, increased, and then de-
creased to reach stabilization (Fig. 6).

It has been observed that flooding the finer snder constant-volume conditions at the
initial oy of 0.5 MPa induced a higher final value af (for soil B, ¢, equal to 5.08 MPa,
test EO04; for soil A, it equals 4.23 MPa for tefbEsee Fig. 6). On the other hand, flood-
ing the finer soil under constant-volume conditi@ighe initialg, of 7 MPa equally in-
duced a higher final value @, (for soil B, ¢, equals 7.2 MPa, tests E03 and EO06; for soil
A, it equals 5.3 MPa, test EO1). Furthermore, thelling pressure determined by the
swell-consolidation method was equally higher for finer soil (Fig. B, 5.0 MPa for saoill
B, EO8; 2.5 MPa for soil A, EQ7). It can be themdaoded that the finer soil has a higher
swelling potential than the coarser one. This ¢fié¢he grain size distribution may be ex-
plained by the following mechanisms: when crushimg argillite to a finer material, the
initial structure of illite—smectite interstratifleclay minerals may be more destructured
and hence give more spaces for water penetratioreasing the swelling potential.

However, it should be noted that, for a given stifferent methods represent different
boundary conditions and can lead to different anglpressures. For example, the swell-
consolidation method can give higher swelling puesghan other methods in which the
material is kept in a constant volume cell (Al-Sham and Dhowian, 2003). From a
practical point of view, the boundary conditions thfe backfilling material in the
repository are highly complicated (Siemens and Bl&009), choosing an appropriate
swelling testing technique to simulate the fielshditions is essential for the design. In the
present study, only two typical boundary conditievere considered, and further system-
atic investigation on the swelling pressure andcigpled hydro-mechanical behaviour of
COx argillite will be carried in the next stagetbé study.

MIP tests are usually performed to analyse the astancture changes upon mechanical
loading (Delage & Lefebvre, 1984; Lloret al, 2003; Romeret al, 2003; Hoffmanret
al., 2007; Tarantino & De Col, 2008). But this methwmiially results in underestimation of
porosity due to the bottle neck effect (Romero &imdms, 2008). It has been observed that
the decrease of soil porosity during compactiomasnly attributed to the decrease in the
size of inter-aggregates pores. This is in agreémvéh the results obtained in the present
work (Fig. 8 and Fig. 9). As far as the microstunetchanges upon wetting, few works
have been carried out. Ceili al. (2002) analysed the microstructure changes of cotaga
expansive soil during wetting under constant-volwuoeditions. The results clearly show
the decrease in inter-aggregates pores size wittease in soil suction. Ferbetral. (2008)
performed MIP tests on a compacted silty clay amtbrapacted high-plasticity clay sub-
jected to flooding under a constant vertical stegsef 3 and 200 kPa. The results show
that, for the silty clay, wetting induced collapsfeinter-aggregates pores but did not affect
the intra-aggregate pores. Nevertheless, for thh-plasticity clay, wetting induced not
only the collapse of inter-aggregates pores buat this swelling of intra-aggregate pores.

Flooding resulted in inter-aggregates pores sizeedse for both soil A and soil B. On
the other hand, intra-aggregate pores were onlgrgbd on soil A; for the finer soil B, this
population of intra-aggregate pores would be hidbgninter-aggregates pores having
similar size because of the large amount of firengr created during crushing. For soil A,
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the intra-aggregate pores was not influenced byctimepaction; its size changed slightly
after flooding. As explained previously, the sidantra-aggregate pores is closely related
to the distance between the clay particles andtintise clay water content;. For the in-
tact soil sample having equal to 7 %, the intra-aggregate pores populatias close to
0.05um (Fig. § and Fig. 9. Fouché et al. (2004) also obtained an intra-eggpe pore
population at 0.0%m on an intact COx argillite sample freeze-driezhfran initial water
contentw equal to 7.2%. For the compacted soil sample belooding, it was air-dried
and the water content was lower (2.4 % for soil 8l 2.8% for soil A). The intra-
aggregate pores size observed was close top®Q3vhich is little smaller than that of the
intact sample (0.Qfm). These results are similar to that observed thyeroauthors on
oven-dried COx argillite: Sammartinet al. (2003) identified a population of intra-
aggregate pores at 0.2n on samples oven-dried at 105°C; Boulin et al08also ob-
served an intra-aggregate pore population at Ar@2n samples oven-dried at 70 °C for
one week. It indicates that the decrease of wateteat can result in volume shrinkage and
decreasing of intra-aggregate pores size. Note Yemtbat the water content of the com-
pacted sample ay equal to 2.0 Mg/rhafter water flooding was 13%, much higher than
that of the intact COx argillite, showing likelyahwater content is not a direct indicator of
the intra-aggregate pore population. This sligfectfof water flooding on the size of intra-
aggregate pores can be explained by the followimgrhechanisms:

(i) the swelling of the soil particles was confingalder constant-volume conditions, the
increase of the intra-aggregate pore sizes mayibenmed. As suggested by Saiyoeti
al. (1998), the constant volume condition does natathe clay layer to absorb more than
two layers of water. However, it should be notedt ttifferent results were obtained by
Devineau et al. (2006) and Villar (2007). In thettef Devineau et al. (2006), they found
that the confined bentonite reached a three-layerate under high relative humidity
(RH=98%). The results of Villar (2007) indicated tliae interlayer swelling is not hin-
dered by external confinement. Differences of firgdi on the effect of confinement on soil
hydration may derive from different test conditipngethods and materials.

(ii) the flooding duration (50-120 hours) was prblyanot long enough for the water en-
tering inside the clay particles, since the perriliggbf COXx argillite is quite low: 18" m?
after Homanckt al, (2004). Delaget al. (2006) observed that the microstructure of com-
pacted expansive clay was still changing after &sdinder constant-volume conditions.

The microstructure changes of compacted soils duniatting have been observed on
SEM by Cuiet al.(2002) and Komine & Ogata (1999): wetting inducegdaration of clay
particles from the aggregates and as a resulhdilbf inter-aggregates pores. This inter-
aggregates pores clogging can lead to a decreasd permeability (Cui et al. 2008, Ye et
al. 2009). This is consistent with the observatiwade in the present work (see Fig. 10 and
Fig. 11). Using the Environmental Scanning Electkéisroscope (ESEM), Montes et al.
(2004) evidenced the swelling and the disaggregaifaclay aggregates when wetting the
COx argillite. The SEM pictures presented by Boweli al. (2008), Fouchét al. (2004)
and Wrightet al. (2001) on intact COx argillite show a intra-aggregpores size com-
prised between 0.02 and Qufh; that is in agreement with the MIP results ol#dim this
study (see Fig.fand Fig. 9).

The comparison between the SEM pictures after whteding for the two soils (A and
B) show that there is no significant differencevietn them (see Fig. 10 and Fig.cld, e,
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f). MIP tests also show similar soil structures (B&g 8 and Fig. @, €). The compression
indexes (G and G) at saturated state are also similar for the taits gFig. 7), showing
that the effect of grain size distribution of cradhsoils was minimized after water flooding
because of the disaggregation of clay aggregates.igin agreement with the observation
of complete disaggregation of clay aggregates afiaking shown in Fig. 1. Note also that
the results in Fig. 1 were obtained after soakimg goil in water using dispersing agent
while the results in Fig. 7 were obtained by sogkire soil in the oedometer cell. This can
explain why the results in Fig. 1 of the two sarmspdee similar while those in Fig. 7 are
different.

6 CONCLUSIONS

Compacted crushed COx argillite has been considesedpossible sealing/backfilling ma-
terial in deep radioactive waste disposal in Fraiite hydro-mechanical behaviour of the
samples compacted from two crushed materials o€Cg argillite has been investigated
by performing uniaxial compression tests. The twesked materials have different grain
size distributions. The microstructure changeshef samples under different test condi-
tions were characterized through MIP and SEM olz&ms.

Uniaxial compression tests to a dry density of @@/m® showed that the compression
curves were strongly dependent on the grain siggildition: (i) higher stresses were
needed for the finer crushed material to reachsttrae dry density; (ii) the compression
index at the initial water contefll,,; of the finer soil was larger. In addition, the Hing
index at the initial water contef,i increased with the dry density and seemed to be in
dependent of the grain size distribution.

The effect of the grain size distribution on thellofmechanical behaviour was also ob-
served; the finer soil exhibited higher swellingtgrdgial when water flooded: (i) water
flooding under constant-volume conditions undeow Initial vertical stress of 0.5 MPa
induced a final vertical stress of 4 MPa for tharser soil (soil A) and 5 MPa for the finer
soil (soil B); (ii) water flooding under constantlume conditions under a high initial ver-
tical stress of 7 MPa induced either swelling dtagse. The final vertical stress was equal
to 5 MPa for the coarser soil and 7 MPa for thefrfisoil. (iii) the swelling pressure deter-
mined following the swell-consolidation proceduretbe finer soil is equal to 5 MPa, i.e.
twice that of the coarser soil (2.5 MPa). From acpical point of view, the swelling pres-
sures of the finer crushed material (soil B) aghhénough to ensure the backfill and seal
function and low enough (< 7 MPa) to avoid any dgento the host-rock.

The MIP tests performed show that the soil volurhanges during compaction was
mainly due to the decrease of the sizes of intgregate pores. Water flooding under con-
stant-volume conditions also induced decreasedrsites of inter-aggregates pores. SEM
observations performed on the samples before aed w&hter flooding show that water
flooding separated the clay particles from the aggtes. The decrease in inter-aggregates
pores size can be related to both the collapskecagigregated-structure under mechanical
stresses and the filling of clay particles separatem hydrated aggregates.
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Table 1. Test program

Test Soil Procedure

EO1 A  Compacted at constant rate of 0.05 mm/mirpdequal to 2.0 Mg/rhwith
unloading/reloading cycles at lowgg of 1.7, 1.8, 1.9 Mg/fh then flooded at
oy equal to 7 MPa

EO2 A  Compacted at constant rate of 0.05 mm/mimpdequal to 2.0 Mg/rhwith
unloading/reloading cycles at lowgg of 1.7, 1.8, 1.9 Mg/fh then flooded at
oy equal to 0.5 MPa

EO3 B  Compacted at constant rate of 0.05 mm/mimpdaequal to 2.0 Mg/rhwith
unloading/reloading cycles at lowgg of 1.7, 1.8, 1.9 Mg/ then flooded at
oy equal to 7 MPa

EO4 B  Compacted at constant rate of 0.05 mm/mimpdequal to 2.0 Mg/rhwith
unloading/reloading cycles at lowgg of 1.7, 1.8, 1.9 Mg/t then flooded at
oy equal to 0.5 MPa

EO5 A  Compacted at constant rate of 0.05 mm/mipgtequal to 2.0 Mg/rhand then
flooded atg, equal to 0.5 MPa

EO6 B  Compacted at constant rate of 0.05 mm/mipgtequal to 2.0 Mg/rhand then
flooded atg; equal to 7 MPa

EO7 A  Flooded at constamt, equal to 0.1 MPa then loading/unloading step-lep-st

EO8 B  Flooded at constamt, equal to 0.1 MPa then loading/unloading step-lep-st
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Fig. 2. Schematic view of the 1-D compression test.
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Fig. 3. Compression behaviour: dry density versusvertical stress.

22



....... EO01 Soil A
- - - EO02 Soil A
— EO03 Soil B
e EO4 SOOIl B
——— EO05 Soil A
_____ E06 Soil B

0.3 1

o, (MPa)

Fig. 4. Compression behaviour: void ratio versusvertical stress.
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Fig. 5. Compression behaviour: swelling index at initial water content versus dry density.
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Fig. 6. Vertical stressand void ratio changes during flooding under constant-volume conditions.
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Fig. 7. Oedometers tests on resaturated samples. (a) Void ratio versus time and (b) logarithm of
vertical stress.
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Fig. 8. Resultsof MIP testson soil A and intact COx argillite.
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Fig. 9. Results of MIP testson soil B and intact COx argillite.
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Fig. 10. SEM pictures of soil samples having py = 2.0 Mg/m® (Dimension of pictures: 125x100 pm).
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Fig. 11. SEM pictures of soil samples having pg = 2.0 Mg/m? (Dimension of pictures: 25x20 pum).
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