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Abstract

The Callovo-Oxfordian (COx) argillite is a possililest rock for radioactive waste disposal
in which the ANDRA underground laboratory of BuEaét of France) has been excavated. In
this paper some aspects of the volume change lmhransi the COx argillite are investigated.
To do so, high pressure oedometers with a maximaymaaty of 113 MPa have been used. In
a first stage, swelling tests were carried outames initially compressed at constant initial
water content (unsaturated) that were afterwar@dkesb under vertical loads, respectively,
smaller and higher than the in-situ vertical stre8§$ samples exhibited swelling, even at
stress higher than the in-situ one. In a secomgeststandard step loading compression tests
were carried out on samples previously saturatetkeuthe in-situ vertical load, so as to
investigate the volume change behaviour under dyates. The strain-stress curves obtained
appear to be different to what is currently obserire overconsolidated or cemented clays
with no clear appearance of yield and pre-yieldersible behaviour. The volumetric
behaviour during both compaction and swelling tenpreted in terms of damage created by
the collapse of pores within a fragile matrix. Tdmaount of swelling observed is related to the
extent of damage.

Keywords: Argillite, saturation, high pressure oedaneter compression, swelling
behaviour.
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1. Introduction

The ANDRA underground research laboratory of Meldsete-Marne, located near the
village of Bure in the North-east of France [1,8],composed of galleries excavated at the
depths of 445 m and 490 m in a 200 m thick subbaoted (1°-1.5° tilting) layer of the
Callovo-Oxfordian (COx) argillite, an indurated glaock dated 155 million years (limit
upper-middle Jurassic). This layer is located itwieen two several hundred meters thick
layers of Dogger (bottom) and Oxfordian (top) linoe®es. The main characteristics of the
COx argillite are a very low hydraulic conductivitigat restricts water transfer and a low
diffusion coefficient that significantly delays st# transport. The COx argillite also has a
low compressibility and its high sorption capadity radionuclide makes it a proper potential
site to store high activity radioactive wastes raiag)depth [3-5]. The in-situ stress state of the
COx argillite formation has been investigated itaden [1]. At the depth of 490 m where the
cores tested in this paper were taken from, theoviahg total stress values have been
obtained:g, = 12.7MPa,g, = 12.4MPa anayy = 12.7-14.8MPa, indicating a nearly isotropic
stress state.

Excavation of an underground repository inducesushad tensile cracks and creates an
excavation damage zone (EDZ) around the gallefieg. hydraulic conductivity of these
cracks may be significantly higher than that of tibleleformed host rock and this can affect
the safety performance of the system. Howeveradugl reconsolidation and sealing of the
EDZ is expected after backfilling and repositorpstire, due to the creep and swelling
capacity of the COx argillite. Hence, in the loegab view, the self-sealing capacity of clay
rocks during the resaturation phase of the EDZ wmakem particularly suitable for waste
confinement.

Indeed, interesting self sealing behaviour of csaejpparently due to the expansion of the
hydrated clay fraction mobilised in the cracksTphas been experimentally evidenced. As a
consequence, it appeared interesting to investitfadeeffect of damage on the swelling
behaviour of argillite. In this context, a recerample of tunnelling in swelling ground has
been reported by Carter et al. [8]. From field obatons and laboratory tests, they [8]
observed that swelling was highly enhanced in glttaones and showed that either natural
mechanical disturbance (fault, shear band) or mduaded disturbance (excavating-trimming)
could break down the bonds that in normal rock ntasdgine the swelling clays from freely
expanding, thus promoting swelling. Aversa et 8|, [n their study on the mechanical
behaviour of Italian tectonised shales, performedometric tests and observed that samples
compressed under higher stresses had a greatdingwetliex, a feature that they related to
the presence of discontinuities.

Oedometers were also used to determine the poticetmsameters of the COx argillite.
Vincké et al. [10] performed a series of testsudolg loading-unloading cycles in axial
stress (with constant pore pressure) and loadimgading cycles in pore pressure (under
constant axial stress). They obtained values ®Biot coefficient ) ranging from 0.4 to 0.8
with vertical stress between 9 and 35MPa. Bemait.gfi1] found values ranging from 0.45
to 0.65 and an oedometric modulus ranging from b 6Pa under values of Terzaghi’'s
effective axial stress between 5 and 25MPa. Honediradl [12] obtained values bfbetween
0.55 and 0.99 with an axial stress between 8 aliP24 and a drained oedometric modulus
between 1.4 to 6GPa with an axial stress betweand224MPa. All these parameters have
been measured under axial stresses below 25MPaalie Mower than the uniaxial
compressive strength of the COx argillite (25-30MP& 13]. This rather wide range of
measured poromechanic parameters is likely to leetawvarious factors including the natural
variability of the deposit (there are some sigmifit changes in clay and carbonate contents
with depth), the effects of anisotropy, the differénitial state of the tested samples with
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respect to damage (due to extraction, stress eslelnging, storage, transport and specimen
trimming), to the initial water content and satwatdegrees and to the saturation method
applied prior to testing (when performed).

In this paper, the compressive/swelling behaviduhe COx argillite in relation with the
effects of damage was investigated by means ofroeti tests. A first series of tests was
carried out by soaking specimens that were prelyoosmpressed, at their initial water
content, under stresses conditions smaller, clas@igher than the in-situ one. In well
preserved samples, swelling should only appearruadéress lower than the in-situ one and
any swelling under higher stress could indicateetkistence of pre-induced cracks. A second
series of high pressure compression tests wasedaout on carefully saturated samples,
providing information on the compressive/swellinghhviour along various loading-
unloading paths. The 1D configuration of the telsb aallowed to estimate the sample
permeability by using the analytical solution gaveg the pore fluid dissipation in samples
submitted to a constant vertical stress.

2. Material studied and samples preparation

2.1 Callovo-Oxfordian Argillite

The Callovo-Oxfordian (COx) argillite is an induedt clay of low porosity, low
permeability and with a relatively high strengtts iineralogical composition varies with
depth. At a 490 m it contains 45% clay with 30-3Blite, 0-5% kaolinite and chlorite and
60-65% interstratified illite\smectite. COx claysal contains 28% carbonate (calcite), 23%
guartz and 5% feldspars, pyrite, iron oxides [T4le smectite percentage in the clay fraction
is responsible for the observed swelling capacithe total porosity measured by Esteban
[15] lies between 13% at levels that contain tlghest carbonate fraction and 19.5% at levels
having the highest clay content. Robinet [16] namgithat porosities as high as 27.5% can be
found in layers containing a significant quantifypgrite. The porosity of the samples tested
here that come from the lower layers of the COxllaegdeposit was generally found around
22% (Table 1).

Porosity Macroporosity Mesoporosity Macroporosity
class™ - - >

50 nm 2nm 23 A
20 nm

Relative pores volume (%)

Voids size

100 pm 10 pm 1 pm 100nm 10nm 1 nm 1A

Figure 1: Pore size distribution of the COx argité (mercury intrusion), after [17].

The clay minerals have a lamellar structure witistals composed of 10-100 stacked
elementary layers of different silicates. Figureresents the pore size distribution curve
obtained by using mercury intrusion porosimetry][i¥at shows a well represented pore
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population at 20 nm with a second one at aroundn8 The 20 nm pore population is
related to the average entrance porosity withinctag fraction [17]. As quoted by Montes et
al. [18], the hydration and/or dehydration of theeBing clay minerals could generate
changes in the clay structure of the rock, withepashdency of the water sensitivity on the
pore structure, on the particle size and on tred firosity. By using digital image correlation
(DIC), Bornert et al. [19] recently provided intstiag results showing, within the same
specimen, significant changes in local stiffnessoeding to the clay percentage of the zone

considered.
Sample EST27396°1 | EST27396°2 | EST27396 n°3 EST28522 n°1r EST28522 n
Depth (m) 483 481
Water content (%) 5.9 6.6 6.3 7.1 6.1
Degree of saturation (%) 54.2 60.6 57.8 68 56
Porosity(%) 22 22 22 22 22
Measured relative humidity 78 81 80 87 79
(%)
Suction (MPa) 34 28 30 17 32
Sample diameter (mm) 50 38
Sample height (mm) 15 10
Type of test Compression followed by swelling undmrious | High pressure compression witf

constant stresses (8, 10 and 12 MPa) loading cycles

N

Table 1. Initial characteristics of the tested salegp.

2.2 Sample preparation and setting

The process of saturation of argillite samples rpte testing is of utmost importance
given the sensitivity of argillite to changes interacontent. Indeed, the results of Pham et al.
[13] showed that decrease in water content (obdaimg submitting samples to different
values of controlled relative humidity RH) leads dignificantly increase the unconfined
compressive stress of COx samples (from 27 MP&8%t BH to 57 MPa at 32% RH). The
saturation of low permeability argillite samplesittwhydraulic conductivityk around 13
10%* m?) that have been desaturated during the processiessitu coring, sample storage,
transport to the lab and finally sample trimmingdifficult and can be significantly long.
Also, saturation under zero stress condition carse€dydraulic damage evidenced by the
appearance of cracks resulting from hydration amdllsig, as shown by Vales [20] and
Bornert et al. [19] by using Digital Image Corréat The quality of the saturation prior to
testing is indeed fundamental to investigate themechanical behaviour [11] with respect to
microstructure effects and induced cracks [18]. $atration method used by Bemer et al.
[11] consisted in exposing the samples to an atimergpclose to 100% RH by putting them
into a dessiccator containing pore water put atsba equilibrium with crushed COx
argillite from the same initial plug. Resaturatioccurred through the vapour phase until the
sample weight stabilised, which required 1 or 2 thenA 3% swelling was observed during
this phase in which no stress was applied on timpkea In other tests [3?12] resaturation was
performed close to in situ stress conditions ura@MPa confining pressure and a 1MPa
back pressure with a chemical composition of thee peater close to the one of the in situ
pore water. Since swelling was observed under thesaditions, these authors [3, 12] also
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carried out tests under a confining pressure of 8MiRd a back pressure of 1MPa to prevent
swelling.

In this paper, particular care was taken to avoi @welling prior to testing. To do so, the
samples were placed in the oedometer cell withalhjitdry porous disks that were afterwards
water saturated so as to infiltrate the sampleentidintaining the vertical strain close to zero
by appropriate manually controlled loading. The enatogical composition of the water
injected in clay samples is known to be of utmagpartance with respect to the clay-water
interactions and to swelling behaviour. Since thecanens to be tested have been somewhat
desaturated due to the evaporation of pure watiéhn galts remaining within the sample), the
only way to bring back their pore water to its i@itnatural chemical composition is to
infiltrate pure water at constant volume. This ibalvhas been done here. To conserve
afterwards the correct salt concentration, sweltests should be conducted by infiltrating
water with the same salt concentration as thahefpore water. This has not been done here
in a purpose of simplicity and pure water was alsed in swelling tests (note however that
the situation is improved when swelling tests avaducted after compression tests, since
some of the natural pore water has been expelledeimporous disk). Compared to natural
pore water, the absence of salt in the water wssdstto enhance the swelling behaviour

Two kinds of oedometer cells were used. The theststEST27396 n°1, EST27396 n°2,
EST27396 n°3 were performed in oedometer ringHaird in diameter whereas the two tests
EST28522 n°l, EST28522 n°2 were carried out in mrB8diameter rings. Samples were
cored to the desired diameter by using a diamoneba

The cored specimen was afterwards inserted initigeand its top and bottom faces were
carefully polished by using a sand paper sheetedlam a small plane wooden board. The
polishing of the upper and down faces of the sarnm@s completed once the wood piece
came in contact with the cylindrical section of thetallic ring, thus achieving exactly the
required sample thickness with two flat, regulad parallel faces. The loading direction was
taken perpendicular to the stratification of saraple

The initial degree of saturation was determineadmgfully measuring the sample volume
(by using a precision calliper). The water conigas determined by measuring the initial and
final weights of a rock piece before and after dgyin the oven at 105°C for one day. The
initial suction of the samples was determined bpgis chilled mirror dew-point hygrometer
[21] fabricated by General Eastern. This devicbased on the precise measurement of the
relative humidity of the sample. It provides théatasuction value within a period of time of
about 15 min according to Kelvin's law [22, 23]:

s:ua—uwzﬂmh (1)
gM

whereu, and u,, are respectively the air and water presssrns, the total suctionR is the
universal (molar) gas constaR=8.3143J.mol*.K™), T is the absolute temperature (i§)is
the gravity acceleratiorg€9.81 m.s%), M is the water molecular massl£18.016 g.mot)

andh is the relative humidity. At 20°C% =137.837MPx
g

As any technique based on vapour exchanges, th@divhygrometer is suitable at high
suctions, preferably higher than 3MPa [22, 24}his device, the sample is placed in a sealed
chamber containing a mirror that can be chillechvaitvery precise temperature control. Once
the relative humidity of the air in the chambererpuilibrated with that of the sample, the
mirror is chilled down to the dew point temperatacgresponding to the relative humidity in
the chamber (the drier the atmosphere, the lowerddw point temperature). The accurate
determination of the dew point is made by detectirggcondensation of micro water bubbles
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on the surface of the mirror by an optical syst@ime suction is deduced from the relative
humidity that corresponds to the dew point tempeeat

The parameters characterising the initial statehetamples are presented in Table 1. As
expected, with initial suctions as high as 17 tdMB4, the samples were significantly
desaturated just after trimming. According to cltions by using Jurin’s law [25] based on
the pore size distribution curve presented in Fegiir[17] and adopting the hypothesis of
cylindrical pores, one can estimate the air entidye of the COx argillite. Jurin’s law [25] is
written as follows:

-y, = 40, cosd @)
D
in which ¢g is the surface tension at the air-water interfand 6 is the contact fluid-solid
angle (for watercosd = 1 andg; = 72.75x10N/m at 20°C).D is the diameter of the
cylinder. WithD = 20nm (see Figure 1), the air-entry value of @@x sample can be
estimated around 14MPa, indicating probable airtinaity within the argillite at higher
suction.

In this study, a high pressure oedometer developeGERMES was used [26]. The
apparatus has a double lever arm (with one lever rultiplying the load by 5 and the
second one by 10) able to apply a maximum axiasstiof 113MPa on a 38mm diameter
specimen. The specimen is placed on a metallicysodisk inserted in the cell base and
connected to two lateral valves that allow satisfigc saturation of the porous disk as
described later in more details. Another metalbegus disk is placed on top of the sample to
allow vertical drainage through the top and bottémees. Vertical displacements are
monitored by using an electronic LVDT transduceanrcected to a data acquisition system.

An initial calibration of the system was carried by running a test with no sample in the
ring so as to account for the effects of the cosgiom of the top and bottom metallic porous
disks, of the cell and of the piston. A reversildsponse of the system was observed after
applying various loading cycles between 0 and 118MbBuring all tests, the compression
displacement of the sample was obtained by subirathe calibrated elastic compression of
the system from the total measured compressiomadsment.

3. Swelling tests

One of the standard techniques used to estimatewieding stress of soils consists in
running in parallel several oedometric tests inaluhthe samples (at given initial water
content) are first loaded under various verticadssgtes that are chosen smaller and larger than
the estimated swelling stress. The samples are soaked under these stresses while
measuring the volume changes. The swelling steesgdrpolated by drawing a curve passing
through all the experimental points (either afteeing or compaction) at the intersection of
the curve with the no volume change line.

This approach has been applied to the COx argilkleowing the in-situ condition
(approximated by a total vertical stregs 12MPa and a pore presswre 4MPa, [1]), three
samples were loaded (at given initial water contee¢ Table 1) to vertical stresses equal to 8,
10 and 12 MPa under which they were subsequendlyesb

Based on the values of the Biot coefficient presém the Introduction (between 0.4 and
1), the estimated effective stress could be betweemd 10.4MPa. Hence, the first load
(8MPa) corresponds to the lower bound of the in-sirtical effective stress, the second
value (10MPa) to the upper bound whereas the tbhind (12MPa) is larger. In such
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conditions, one should theoretically observe somalsg under 8MPa, little volume change
under 10MPa and some compression under 12MPa.

The initial characteristics of the three samples@esented in Table 1. As expected, the
water saturation is far from being complete in #anples. The initial compression was
conducted at constant initial water content aro6ftl (see exact values in Table 1) by
following a standard step loading procedure withlttad doubled at each step.

147 —O— EST27396 n°1

1 — B— EST27396n°2 S:i_ki”i
12— a— EST27396n°3

- Soaking /
10 5

i Soaking v
—

Axial stress (M Pa)

il I T |
0 -0005 -0.01 -0.015 -0.02 -0.025 -0.03
Axial strain

Figure 2: Oedometric compression curves and hydoatitest under various vertical loads
(EST27396 n°1, 2 and 3).

Results are presented in Figure 2 in an axial stressus vertical strain diagram. One can
observe that the three compression curves aremnablgosimilar, probably due to comparable
initial unsaturated states (Table 1). Once soaswd]ling is observed under the three stresses
applied, including under the higher one (12MPa)t tisalarger than the in-situ vertical
effective stress. The swelling strains are equa0.&8, 0.26 and 0.35% under 8, 10 and
12MPa respectively. They are not ordered with reisfzethe stress applied as expected, since
a higher strain is observed under 12MPa comparéiPa.

It is well known that a sample should not swell @nd vertical effective stress higher than
the in-situ effective stress in the case of ‘parampling’ [27]. However, the quality of the
COx samples has been affected by the excavatioessstelease, drying, transport and
trimming procedures and all samples hence contamesinduced cracks that result in an
enhanced swelling behaviour.

During the loading phase, some crack closure camirognder low stress level but at
higher stress, new cracks can form and propagate.tthus expected that after loading the
swelling properties during hydration would be entexh

4. High pressure oedometric compression tests

Two oedometric compression tests were carried autwv@ samples EST28522 n°1 and
EST28522 n°2 (see Table 1). The sample was placedthe oedometer ring that was
previously coated with grease to reduce frictianglthe lateral surface of the specimen. The
porous disks were kept dry so as to ensure a wetkalled saturation procedure under in-situ
stress conditions close to the natural ones. Tarengood contact between the sample, the
porous disks and the piston, a previous low st@sding-unloading cycle was applied prior
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to injecting pore water up to 1MPa (a value deesmdll enough to preserve the sample from
any change). During this cycle, all pore water galwere closed to avoid any drying of
sample. For the same reason, this preliminary stegsle was run rapidly, in less than 5
minutes.

The saturation of the bottom porous disk was carow by infiltrating water under small
pressure into the disk. To do so, one of the dggnalves of the cell base was connected to
the pore water reservoir whereas the other onekegisopen so as to allow the evacuation of
the air from the dry porous disk during water in&ition. This valve was closed once water
started to flow out.

Compression

Axial stress_ g

-0.01

-0.02+

-0.03—

-0.04

-0.05—

(ed N) SSB431S [RIXY

-0.06— —

Axial compression (mm)

-0.07+

-0.08
0.01 0.1 1
EST 28522111 Time (Day)

Figure 3: Saturation phase (EST28522 n°1).

Two different saturation procedures with minimisseelling were followed prior to carry
out the compression test. In test EST28522 n°1 pcession was carried out up to 7.09MPa
at constant water content. Under this stress, wader infiltrated which resulted in a slight
swelling as shown in Figure 3. Once a 2 um sweluag reached, the load was doubled and
compression started with no more swelling. Theraaittn procedure was improved in test
EST28522 n°2 as follows. Water was infiltrated undelower stress of 3.5MPa (a value
lower than the interval proposed for the in sitfeetive stress between 8 and 10.4). As soon
as the monitored vertical displacement reached xmen value of 2 um, the applied load
was doubled. This procedure was carried out ueditihing a load with no further swelling.

As shown in Figure 4 (sample EST28522 n°2), swgli;mobserved up to 1.75MPa with
compression starting at 3.5MPa. Further inspectbrFigure 4 shows that the constant
volume condition is in fact approximate. Whereagelbng above the initial sample volume
Is indeed maintained below 2 um as planned.
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Figure 4: Saturation phase (EST28522 n°2).
Test 1: Test EST28522 n°1 with one load cycle

A loading-unloading cycle was carried out up to mh@ximum vertical stress of 113MPa
on sample EST28522 n°1. The cycle was conductestdps with the load doubled at each
step. The unloading sequence was performed inaime svay. Each loading step lasted up to
2-3 days so as to reach vertical strain stabibratiStrain/time curves under constant load
were monitored at each step. The total test durdést was about one month (The saturation
procedure adopted is the same as that of Figuiih®)results of test EST28522 n°1 are
presented Figure 5 where the changes of the viedicEn and the load are plotted versus
time. One can see that a vertical compressionnstfail0% is attained under the maximum
stress of 113MPa. The behaviour during the unl@agihase is also remarkable with a
significant swelling observed at each step andhal fstrain bringing back the sample very
close to the initial state.

Axial strain
Axial stress 120

]
0.02 - 100
| w0
< 0.04 - 80 >
s 8
0.06- - 60 @
® )
X - = ~—~~
<
< 0.08+ -40 O
&
-0.1 LJ - 20
-0.12 T T T T T T T T T T T I 0
0 5 10 15 20 25 30 35
EST 28522 il Time (Day)

Figure 5: Axial compression and axial stress vergirae (EST28522 n°1).
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This trend is also observed in Figure 6 in whick tthanges in vertical load versus
vertical strain are plotted in linear scale. Underapplied axial stress as high as 113MPa, the
sample is very likely beyond the elastic limit. diaximum axial load the compressive strain
Is 9.6%, a value comparable with that obtained bitAHand Hicher [28] who obtained an 8%
strain under 100MPa in an oedometer test perforoneal COx sample.

The unloading curve is strongly non linear and kinto that of swelling plastic soils with
a significant swelling mobilised at the end of thrdoading phase. Actually, the progressive
mobilisation of swelling is observed in the diagrtdmat clearly shows that the swelling brings
back the sample volume very close to the initiduree, with more than 60% of the swelling
mobilised between 10 and OMPa.

120
—6— EST28522 n°

100

®
o
|

Loading

Axial stress (M Pa)
3
|

20 Unloading

O " r\‘ T I ‘ T ‘ T ‘ T ‘
0 -002  -004 -006  -0.08 -0.1
Axial Strain
Figure 6: Oedometric compression curve (EST28524n°

Test 2: Test EST28522 n°2 with two loading cycles

To confirm the results of the previous compresdiest and to further investigate the
significant swelling observed upon unloading, acselcoedometric test was carried out on
sample (EST28522 n°2) in which an intermediate ilggadcycle was performed before
reaching the maximum load of 113MPa (the saturgtimtedure adopted is the same as that
of Figure 4).
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Figure 7: Compression strain and axial stress vessime (EST28522 n°1).

As seen in Figure 7, the sample was first loadetblgB8MPa and subsequently unloaded.
It was preferred not to unload the sample beloww®4d so as to avoid reaching a void ratio
larger than the initial one. The sample was subeeityire-loaded to 113MPa and unloaded
down to zero. The test data are presented as aidonof time in Figure 7 and the
compression curve is presented in a diagram githegaxial stress versus the axial strain in
Figure 8.

120 —O— EST28522 n°2

100

Loading2

Axial stress(MPa)

0 002 -004 -006 -0.08 0.1
Axial strain

Figure 8: Compression curves (EST28522 n°2).
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At the end of the first cycle, the second loadingve between 0.4 and 28MPa passes
below the first compression curve to join it at thaximum stress applied (28MPa). At higher
stresses, the curve is in the prolongation of d#he first loading sequence.

The second unloading sequence is carried out fr@mtaximum load of 113MPa. The
subsequent swelling under unloading is again sgant and comparable to that observed in
Figure 6. The shape of the plot is similar to thevpus one.

In order to compare the compression curves obtdieeel with the data already published
by Aversa et al. [9] on Italian tectonised shaled By Heitz and Hicher [28] on various clay
shales including the COx argillite, the strain-ssreurves of tests 1 and 2 are now presented
like these authors by plotting the changes in asti@in with respect to the decimal logarithm
of the vertical stress (the standard presentati@edometric curves in clays) in Figure 9. One
can observe that the compression curves are rdalgauailar.

Whereas the curved shape of the curve in the segrpibt would allow the determination
of a yield stress, as usually done in Soil mechsrtire linear plots of Figure 6 (test 1) and
Figure 8 (test 2) did not show any evidence ofdyieehaviour. The curves have a slight
curvature (much less than what is currently obskmnaeclays) with no significant change of
slope that could allow separate an elastic regim fa plastic one. It seems then difficult to
define any yield stress for the COx argillite byngsthe standard interpretation of oedometric
tests.

0 — @ EST28522 n°2
¢ — EST28522 n°1
0.02
[
‘T -0.04-
17} |
c
X -0.06
<
0.08-
'Ol T \\\HH\ T \\\HH\ T \\\HH\ T \\\HH\
0.1 1 10 100 1000

Axial stress
Figure 9: Oedometric strain-stress curves in seraglplot (EST28522 n°1 and EST28522 n°2).

In Figure 9, one can observe that the average sibfiee intermediate unloading curve is
less than that of the final one, in accordance whi data obtained by Aversa et al. [9].
Accordingly, the swelling strain under the samesdrdecrement along the unloading path
(between 28 and 14MPa for instance) is much highéne sample compressed at 113MPa
compared to that compressed at 28MPa (Figure 10).

This higher swelling potential at higher densitytypical of swelling clays. This trend is
illustrated in Figure 10 in which the swelling mdaki (the slope of the swelling curve in an
axial strain/axial stress diagram) is representeith wespect to the axial stress. A clear
distinction is observed between the first cyclansérmediate stress and the second one at
maximum stress.
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Figure 10: Variation of swelling modulus with axiastresses for two consecutive cycles (EST28522
n°2)

5. Discussion

The main conclusion drawn from the oedometric tesisied out here is that the COx
argillite exhibits significant swelling behaviour hen hydrated along various hydro-
mechanical paths. Some previous works (e.g. [6yeHanked this swelling capacity to the
presence of cracks in the argillite, showing, isamnple with an artificial crack, that the
swelling of the hydrated clay fraction (interstfigdl illite-smectite particles) was mobilised
along the faces of the crack. The same phenomdsoresplains the good sealing capacity of
the argillite, made possible by the filling of tpere volume of the cracks by the swollen
hydrated clay particles. In this regard, the swgllicapacity can be related to the crack
density, i.e. to the damage induced in the argilli@onversely, significant swelling behaviour
reflects significant damage.

Argillite is a fragile material and cracks can beated by various phenomena. Besides the
cracks induced by shearing that result in a degi@daf the elastic modulus as described in
standard damage theory, the appearance of crackslba been visually observed during
drying and wetting phases (as an extreme case, xa $p@cimen placed in pure water
progressively disaggregates due to the generafticen @ack network along the bedding).
Hydration cracks have also been locally observed/algs [20] and Bornert et al. [19] by
using digital image correlation (DIC) techniquefie$e observations confirmed the necessity
of performing preliminary sample saturation undersitu stresses to minimise any
perturbations due to swelling, as observed in stiélling clays like Boom clay [29].

Swelling was observed in the first series of oedbimeompression tests at constant water
content (around 6%) and initial degrees of satomattlose to 60% when wetting the
specimens under a vertical stress higher thamtiséu one. This swelling is related to sample
disturbance and drying induced damage during cprangraction, storage, transport and
sample trimming.

A further process of crack generation is susped®doccur during oedometric
compression. Based on previous results obtainesemsitive soft clays [30-32] in which it
appeared that compression occurred by the ordel&pse of pores, starting from the largest

13
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and progressively affecting smaller and smallerepoiThis mechanism was confirmed by
scanning electron microscope (SEM) observationsatsa showed that the elastic unloading
rebound was due to the local swelling of the caléapzones.

Although no SEM analysis has been performed inGfe argillite, it is proposed to also
consider it as a fragile porous matrix that exkilpiore collapse during compression. Cracks
are supposed to be formed due to local pore cal|agsulting in local disturbed zones with
enhanced swelling capacity once hydrated. Sincepoession at higher stress induces the
collapse of more pores, the swelling capacity ef tompressed argillite is enhanced by the
creation of additional cracks. For this reasonam@e compressed under a higher stress
exhibits, under the same vertical load, a highesllavg potential (Figures 9 and 10).

The two oedometric compression curves obtained hezenow compared to those of
Bemer et al. [11] in Figure 11. The data of tesTE&22 n°1 with no loading cycle are quite
comparable with one of the curves of Bemer etXHl] [vhereas those of the test EST28522
n°2 with an intermediate loading cycle exhibit ahar compressibility. Drained elastic
oedometric moduli Meego) Of the COx argillite are the slopes of stresshstimear curve
calculated from the unloading sequence close tondwamum applied stress, in an area where
swelling appears to be impeded by the appliedstreith reasonably low swelling strain.

30
—@— EST28522 n°2-Mohajerani
257 —+ EST1587 n°1-Bemer
— 7 —A— EST1587 n°5-Bemer
£ 50 —B— EST28522 n°1-Mohajerni
<
A
L 154
12
©
‘<X 10—
<
5 |
0 e B S B E
0 -0.01 -0.02 -0.03 -0.04 -0.05
Axial strain
Figure 11: Comparison of the data obtained here lwthe oedometric compression tests of Bemer
et al. [11].

In Figure 12, the calculated drained oedometriduidVi,g are plotted and compared to
that obtained by Bemer. A reasonably good agreematiserved between 28.4 and 14.2MPa
axial stress with a value Moo = 3.34GPa. This study extends the data with gy
values of 8.25 (EST28522 n°2) and 7.64GPa (EST28B22 obtained between 113.4 and
56.7MPa. It also confirms the non linear stresseddpncy of the oedometric modulus.
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Figure 12: Stress dependency of the oedometric mosucomparison of the data obtained here
with that of Bemer et al. [11]

6. Permeability estimation from oedometric tests

Oedometric tests are currently used in Soil medsatd indirectly determine changes in
permeability during compression by back analysimg transient response obtained once the
sample has been loaded under a constant totak.st@gen the difficulty of measuring
permeability in low porosity claystones, this methis now examined based on the data
obtained here.

The diffusion boundary value problem correspondmthe changes in excess water pore
pressure of saturated geomaterials during transeaming or unloading phases has been
considered in detail within the Biot poroelastieany framework by various authors [33— 36].
The two transient unloading phases that have beevigusly used to compute the elastic
oedometric moduli are interpreted on the basishef dnalytical solution obtained for one
dimensional diffusive flow [33]. The first transtgphase studied is the unloading phase from
28.35to 14.17MPa in test 2 and the second orteigrnloading phase from 113.4 to 56.7MPa
in test 1. The well known general form of the cdisstion equation is as follows:

du, _ 0%,
a oz )

The following expression for the coefficient of sotidation(c,) was proposed by Coussy

[33]:

ko1
CV B ,7w (1+ bzl\/lcoedo) (4)
in which:
L =(b-gcC, +4C )G
M S w
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b=1-—5 (6)

Cq is the drained isotropic compressibility of thengde, Cs is the compressibility of the solid
grains (0.02GP&[37]), Cu is the water compressibility (0.447 GP438]), ¢ is the sample
porosity at the beginning of each transient phase 18.7% in the first unloading phase of
test 2 from 28.35 to 14.17MPa ang= 13.7% in the second unloading phase of testrh fro
113.4 to 56.7MPa).

One can observe in Eg.6 that the equivalent ismtropmpressibilityCy is needed to
compute the Biot coefficient. To rela@ to the oedometric compressibilit€dedo =1/Moedo),
the stress—strain elastic relationship is written lhoth isotropic loading and oedometric
conditions for a transverse isotropic material {39]

i Vi, TV
| E B OE |,
1 1
-V 1 -V
“E E E |~ )
2 2 2
&3 O
VYV Vs i
E, E, E,

whereE, V3 are the Young modulus and Poisson ratio in theapat plane X, , X3 ) (the
bedding plane) an#&; ,v,, are the Young modulus and Poisson ratio in #ie & ) plane
(perpendicular to bedding plane), respectively. fidlewing relationship holds:
Vi JVan 8
e e (8)
Under oedometric conditions {4 =¢,=¢3=0, orag=02=03 , &1=€ax@Ndo1=04x), the strain-
stress relationship becomes:

£ =tl1-pdal, ©)
E1 1_V23
1 v,V
Congo = —|1- 2122 10
oedo E1|: 1—V23:| ( )

Under isotropic loadingsg=0>=03=0)

& :‘91+‘92+‘93:{é(1_ 4V12)+E22(1_V23)}0' (11)
-1l V1o -
Co = E, {(1 4‘/12) + 2V21 (-vy )} (12)

Comparing Eq.7 and Eq.9, the relationship betwegg &d G is written as:

{(1_ ;) + 2::12 A=V, )} (-v,,)

21

(1_ st) - 2/12/ 21 (13)

Cd = Coedo
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According to [12], the Poisson coefficients of h@x argillite are:

v,,=0.35,v,,=0.37,v,,= 0.2.

Giving, for the COx argillite:
Cd :1'&0&!0 (14)

According to these relations, the estimated valoieshe equivalent drained isotropic
compressibility C4) and of the Biot coefficientoj are hence respectively equal to 0.45GPa
and 0.96 for the unloading phase from 28.35 to AIMHRa (test 2) and 0.195GPand0.96
for the unloading phase from 113.4 to 56.7MPa (st

To solve the diffusion equation (EQ.3), the bougdand initial conditions must be
prescribed. In one dimension compression, the samplrained from top and bottom with a
drainage lengthHg) equal to half of the sample thickness (5 mm)rgiw,, = 0 atz=0 and
2 Hy at any time. At = 0, the instantaneous response in pore pressggeig undrained and
defined by the relation:

U,o = BAP (15)

whereB is the Skempton coefficient [40] andp) is the mean stress increment. In oedometric
conditions, this relation becomes:

u,, =B(Aog, +2A0,,,)/3 (16)

Orad 1S Calculated from the elastic relationships (E@SSuming;a4=0;
The Skempton coefficient is defined as:
Cd _Cs

= (17)
Cd - Cs + (dcw _Cs)

The Skempton coefficier® is equal to 0.84 for the unloading phase from 28a3%54.17
MPa (test 2) and equal to 0.75 for the unloadingspHfrom 113.4 to 56.7MPa (test 1).

The analytical solution of the consolidation egomatthat provides the pore pressure as a
function of time {) and altitude %) is as follows [41]:

u,(zt)= i[zu—n“]”osin(l_lﬂﬂe‘mﬁ (18)

dr

Gt
2
dr

Knowing the pore pressure changes, the changstsaim can be computed. To do so
the sample is subdivided into different elementagpers with thicknesslz at the altitudez.

The displacement of this layer at tim(adis‘m(z)) is estimated from the constitutive equation

is the time factor.

in whichi is an integer anm:g(Zi +1) andT, =

as follows:
dis =-bC,_,(u,(zt)-u,)dz (19)

eem(z)

The total displacement of the sample at tinethe integral ofdis;m(z) from the bottom to the
top of the sample:
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Z=
Z=

. z=2Hy 2H
AiSlys = DCouo | (Uy(21) ~Uy0)02 = 2H bCou Ul ~bCoo [ U, (zt)z  (20)

Assuming homogeneous deformation inside the sample,

J'FZH‘” u, (z,t)dz

1 _ wls

2H = u ) (21)
dr wO

g;x = bCoedo qu (1 -

where RHq) is the sample height.
Using the expression of, (eq. 18), we get:

£, =bCoullo(1- Y. 2 &™) (22)
=0 MP
The observed strain/time data from the unloadirguerces have been fitted with the

analytical solution by adjusting the permeabiligfue.

& Experimental values
Calculated values

-0.036—

B 00000

Axial strain

0 0.5 1 1.5 2 25 3
Time (hours)

Figure 13: Experimental (EST28522 n°2) and calcu&t strain changes with time during
generated pore pressure diffusion, vertical loacduagito 14.17MPa.

The fitting presented in Figure 13 and Figure 1dehbeen obtained with permeability
values of 2x18'm? and 0.6x1G’m? under loads of 14.17 and 56.7MPa, respectivelgs&h

values are reasonable for highly compressed CQbitar{#2].
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Figure 14: Experimental (EST28522 n°1) and calcu&t strain changes with time during
generated pore pressure diffusion, vertical loaduafito 56.7 MPa.

In Figure 15 one can observe that the permealnlityhe sample decreases at higher

applied stress. The sample at higher applied str@ssilso the smaller porosity.

Permeability (m2)

3.7E-21+
2.8E-21+
Under 14.7 MPa, EST28522 n°2

1.9E-21- o

1E-21- Under 56.8 MPa, EST28522 n

A
1E'22 T T T T T 1
13% 15% 16% 18% 19% 21% 22%

Porosity (%)

Figure 15: Estimated permeability of COx argilliteersus porosity.

7. Conclusion

Clay shales often exhibit swelling properties, ateriesting property regarding the long
term safety of radioactive waste disposal. In tterdture, swelling behaviour in rocks has
often been linked with the development of crackd damage, either of a natural or of a man-
made origin. An experimental investigation of tlenpression and swelling behaviour of the
Callovo-Oxfordian argillite was conducted to funthevestigate these aspects. To do so, two
series of oedometric tests were carried out. Irfitheseries, the argillite appeared to exhibit a
swelling behaviour even when soaked under strelsggeer than the in-situ stress. In the
second series of tests, the swelling capacity appe@® increase with compression. In both
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cases, swelling was related either to pre-existiagks due to sample coring, storage, drying,
wetting and trimming or to cracks induced duringngoession. In this regard, compression
was suspected to occur by local pore collapse ¢hedited micro-cracks that afterwards

swelled when hydrated. Indeed, sample compresskiglatr stress exhibited higher swelling

potential.

Oedometer tests also provided some informationhencompression behaviour of the
argillite, showing that the determination of a giatress in a graph giving the volumetric
changes with respect to the logarithm of the stnessnot as straightforward as in clays. As a
consequence, the similarity somewhat consideredidset argillites and overconsolidated
clays is not confirmed. Finally, the transient wdog sequences of the oedometer tests were
used to estimate the argillite hydraulic condutyiviThis parameter which is essential to
assess the long-term safety of radioactive wasseslfficult to measure and this simple
approach provides new useful data.
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