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Abstract: An experimental characterisation on Ypresian clhgs are considered as one of the
potential geological host formations for the radibge waste disposal in Belgium has been
carried out. Physical, microstructural, hydrauliclanechanical properties were investigated on
the samples taken from a cored borehole at KaltbhenNorthern Belgium at 290 - 400 m depth.
Identification tests, scanning electron microsc@p¥M), mercury intrusion porosimetry (MIP)
and cedometer tests were performed. The resultgetitahowed that Ypresian clays are highly
plastic and their physical and mineralogical préipsrpresent significant variations over depth.
Compared to Boom Clay, the other potential hosnhadion for the radioactive waste disposal in
Belgium, Ypresian clays show (i) clearly higherulidy limit and specific surface, especially for
its basal part ; (ii) lower density despite its pleelocation; and (iii) lower degree of saturatain
samples. These features were related to a bi-npadelsize distribution which is quite particular
for a sediment at such depth. Furthermore, it heenlobserved that the compressibility and
swelling capacity of Ypresian clays increase wigptth while the permeability decreases despite
the increase in void ratio. The normalized compeoessurves confirm the soil compressibility

variations over depth and the slightly over-corgaied state of Ypresian clays.

Keywords Ypresian clays; physical properties; microstruetinydro-mechanical behaviour.
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1. Introduction
Ypresian clays, situated between 290 - 400 m dapKallo (Northern Belgium), are considered

as a potential host formation in the Belgian highel and/or long-lived (HL/LL) radioactive
waste disposal program. As opposed to the situatfoBoom Clay, another potential host
formation which has been extensively investigaiadesthe seventies in the laboratory and also
in situ in the “High Activity Disposal Experimental SitdJnderground Research Laboratory
(HADES URL), the characterisation of Ypresian cldyss been quite limited: before 1997,
geotechnical data on Ypresian clays were scarceseattered as only few boreholes reaching the
bottom of the formation had been drilled by the IBgizal Survey of Belgium and other bodies
for different purposes. The first investigation gagn on Ypresian clays in the framework of
the research & development programme of radioagtaste disposal was started in 1997 - 1998
with several cored boreholes at the Doel siteas#a in the North of the Antwerp city. This
campaign focused on the mineralogy, geochemistygrdiogy and physical properties (Van
Marcke and Laenen, 2005). Several boreholes wdteddat Kallo in 2008 - 2009 (Cammaer et
al., 2009), about 10 km to the south of Doel, eingbithe geomechanical characterisation of the

Ypresian clays.

In the present work, four cores of Ypresian clakseh at different depths from the ON-Kallo-1
borehole were characterised in terms of physicapgnties, microstructure features, hydraulic
and mechanical behaviours. Moreover, by analysiyiategrating the data of Ypresian clays
gathered at Doel (see Van Marcke and Laenen, 2@0®mplete description of the variations of
Ypresian clays’ physical and microstructural praigsrin the horizontal and vertical directions is

given, the impact of these variations on the hydexzhanical behaviour was also analysed.
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2. Materials and experimental methods

2.1.Geological description

The leper Group was deposited during the Ypresaiog (55 - 49.6 million years ago) in the
northwestern half of Belgium. It outcrops in theueern part of the depositional area, gently
dips and thickens toward the Northeast (FigureThe group comprises three marine sediment
formations, Kortrijk, Tielt and Gent, and corresdenroughly to London clay in Southeast
London, the “argile des Flandres” and the “argilaskque” in Northern France (Van Marcke

and Laenen, 2005).

The term “Ypresian clays” refers to the sedimempasited during Early and Middle Ypresian
times including the Kortrijk Formation (Members ©fchies, Roubaix and Aalbeke) and a part
of the overlying Tielt Formation (Kortemark Membdtigure 2). At the Kallo site, Ypresian

clays were found between 289 and 400 m below seirthe Kortemark Member between 289 -
303 m depth, Aalbeke Member 303 - 311 m, Roubaixnblr 311 - 380 m and between 380 -

400 m depth the Orchies Member.

As Ypresian clays were deposited in a neritic emiment in the southern border of the North
Sea, their properties are significantly influendsdthe transgressive - regressive cycles during
their sedimentation: (i) the grading trend is fopapward for transgression while coarsening-
upward for regression; and (ii) the clay-size mathegy is composed of more kaolinite, illite and

chlorite (non-expansive clay minerals) for transgien due to a distant detrital population

source, but higher smectite for regression (Van diarand Laenen, 2005). The main

transgressive - regressive cycles correspondintpdoYpresian clays’ sedimentology at Kallo

were estimated as shown in Figure 2 (Cammaer eR@0D9; Van Marcke and Laenen, 2005).

Note that these main cycles can be further dividemseveral sub-cycles of higher resolution.

4
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The burial history of Ypresian clays at Doel shaeseral deposition - erosion cycles, resulting
in a c.a. 50 m difference between the present dapththe maximum one in the history (Van
Marcke and Laenen, 2005). Considering the vicibéjween the Doel site and the Kallo site, we

can consider that the two sites have a similarekegf over-consolidation.

It is noteworthy to distinguish the yield stress from the pre-consolidation stregs, (and thus,
correspondingly, the yield stress rai®&R =¢'y/0' o from the over-consolidation or@CR =
0o/ d'\v0): (i) the latter results solely from mechanicalaadings, such as erosion or arising of
water table (geological over-consolidation). lesimated based on the maximal burial depth in
the geological history; while (ii) the former inwvals, in addition, others geological phenomena,
for example creep, digenesis, weathering, cambenigvalley bulging.... It can be determined
from cedometer test in the laboratory (Burland, 1%@andler, 2000). Naturallyfy > ¢, and

YSR> OCR(see Figure 16).

2.2.Physical properties

The four soil cores investigated in this study &mem the borehole ON-Kallo-1 drilled by
ONDRAF/NIRAS in 2008 - 2009 (Cammaer et al., 20G8)¢d they are indicated in Figure 2:
YK43 and YK64 are in the middle of the Roubaix MenbYK73 is in the lower part of the
Roubaix Member and YK95 is taken in the upper pathe Orchies Member. Note that the soll
cores were named by the initials of the formatiod #he site followed by its number in the
borehole. For instance, YK43 means core numberf48peoesian clays from the borehole at
Kallo. These cores were contained in PVC tubes6@fr®n in inner diameter and of 1 m in

length, and wrapped in vacuumed aluminium foil. T/ ends of each PVC tube were not
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sealed by wax; thus water loss would occur by erstjpm before laboratory testing (2010 -

2011).

Figure 3 shows the particle-size distribution csreéthe four adjacent cores (YK44, 63, 74 and
96) by laser technique (Vandenberghe, 2011). leappthat the clay-size (< 2 um) fractions of
all cores are higher than 55 %. The Roubaix Menmdémown to be siltier (coarser) than the
Orchies (YK96) and Aalbeke Members, and this istjereflected in the granulometer curves.
The three Roubaix Member samples have a relatsiglitar granulometer distribution. It should

be noted that for a given soil, significant difiece may exist between particle-size distribution
curves obtained by laser technique and by sievimtgheydrometer, particularly for clayey soils

(Nguyen, 2013).

The mineralogical composition of the four previgusientionned cores by X-ray diffractometry
and cation exchange capacity (CEC) measurementhéamine technique) is presented in

Table 1 for the bulk mass and in

Table 2 for the clay-size fraction (Vandenbergh@l1). It appears that the non-clay minerals
represent less than half in bulk mass, and the wignerals are dominated by expansive ones
(smectite and interstratified illite - smectitepthrepresent more than 80 % in clay-size (> 2 pm)
fraction and about two thirds in bulk mass. Moreovke total clay minerals and the expansive

ones are quite similar for these four cores.

The physical and index properties of YK 43, 64,an8 95 are presented in Table 3. The values
of Atterberg’s limits of the Kallo samples (thisidy) together with those of Doel (Van Marcke
and Laenen, 2005) were used for establishing th&siication of the Ypresian clays according

to ASTM (2006) (see Figure 4). It can be obsenyed the Ypresian clays are highly plastic at
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both the Kallo site and the Doel site. In particubaliquid limit higher than 130 is identified on
YK73 and YK95. A large variability over depth ofilsois also observed for both sites: YK73
(lower part of the Roubaix Member) and YK95 (uppart of the Orchies Member) have clearly
higher values of liquid limit and plasticity indakan YK43 and YK64 (middle part of the
Roubaix Member). This is in agreement with the bhaethylene valueMBS determined
according to AFNOR (1998) and the specific surf@cdeduced fronVBS(Tran, 1980). A clear
distinction between these two groups of sample&4@/ 64) and (YK73, 95), can also be
observed through other parameters presented ire Bablich as unit mags, dry unit masgo,
void ratio ey, porosityno and water contentio: the two upper cores (YK43, 64) show higlwer
and oo (lower ey, no andwo) than the two lower ones (YK73, 95). The carboraistents of
Ypresian clays are low, except for YK43 that hgsadticularly high value of 10.2 g/100g. The
degree of saturatioo is lower than 100% for all samples, mainly owimgthe water loss

during the sample conservation as stated above.

2.3.Microstructural properties

Figure 5 shows the Scanning Electron MicroscopeMSihotos of YK 43, 64, 73 and 95 on the
section perpendicular to the bedding plane. A damie of silt grains with size up to 10 um are
identified for the two upper cores, especially Y&t43. On the contrary, for the two lower cores,
a clay particle matrix is observed with dispersidgsains. This is more or less consistent with
the grain-size distribution curves as shown in Féga the fraction of particles larger than 10 pum
in (YK44, 63) is about 20 %, against only 15 % d&n@b6 in YK74 and YK96, respectively.

However, the important difference between YK74 aP6 in grain-size distribution is not

observed in this SEM results.
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Figure 6 shows the pore-size distribution (PSDyesrof YK43, 73 and 95 by mercury intrusion
porosimetry (MIP) in terms of intruded mercury vaatio en, defined as the ratio of mercury
intrusion volumeéVm to soil solid volumeé/s, versus the entrance diameeas well asden/ dogD
versus lo®. It should be noted that the MIP technique usedardy cover a range of pore sizes
from D = 300 to 0.005 um, corresponding to a range eciign pressure from 0.1 to 200 MPa,
and that the MIP tests on YK95 and YK43 were premedy stopped due to a technical problem.
It is observed that YK73 (lower part of the Roub®ember) and perhaps YK95 (upper part of
the Orchies Member) present bi-modal porosity Wit density of the micro-pore familip (=
0.06 pum for YK73) clearly higher than that of treeend family D = 0.25 um). The pore-size
family aroundD = 100 pum can be explained by the technical peatioh during the preparation
of samples. By contrast, YK43 (middle part of theuRaix Member) shows a mono-modal
porosity with a sole dominant pore family Bf= 0.8 um. A macro-pore family & =5 pum is
identified for YK43 but its density is negligibl&@his mono-modal porosity is typical for deep
sediments such as Boom Clay at Mol (Coll, 2005; dhelschutter et al., 2004; Lima, 2011) and

at Essen (Nguyen, 2013).

2.4.Experimental methods for investigating the hydreimaaical behaviour

Both high- and low-pressure cedometers (HPO and MR used. The LPO had only one lever
arm multiplying the load by 10 on the sample, allayvapplying a vertical stress; up to 3.2
MPa on a sample of 50 mm diameter. The HPO hadubledever arm with one lever arm
multiplying the load by 5 and the other by 10, ailog applying a vertical stress;, up to 64

MPa on a sample of 50 mm diameter.
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The soil samples were hand-trimmed to reach thewsmons of 50 mm in diameter and 20 mm
in height. The initial states of the tested samples shown in Table 4 with soil initial water
contentwo, void ratioep, porosityno, degree of saturatioBo and densityxn as well as the void
ratio under than situ vertical effective stres®svwo. The HPO tests are numbered 1 while the
LPO tests are numbered 2. In order to accounti®deformability of the loading system in the
HPO tests, calibration was carried out without danip the cedometer cell following the same

loading path as shown in Figure 7.

Typical test procedures for HPO and LPO tests aesemted in Figure 7 and Figure 8,
respectively. After installing the soil sample hetcedometer cell, step loading (A - B) up to the
in situ vertical effective stressr'vo, rounded for practical convenience to 3.2 MPa, was
undertaken without putting the sample in conta¢hwiater in order to avoid soil swelling which
would modify the soil microstructure (AFNOR, 199Fe¢lage et al., 2007; Deng et al., 2011a,
2011b, 2011c, 2012). Afterwards, the bottom porstesie and the drainage system were then
filled with synthetic Ypresian clays water (SYCW)nsisting of 8.896 g NaCl and 0.896 g
NaSOQy in 1 L solution (Van Marcke, 2009). For HPO test®) stepwise unloading - reloading
loops betweery, = d'vo (C) - 0.2 (D) - 16 (E) - 0.2 (F) - 32 (G) MPa aadinal unloading from

o =32 MPa (G) to 0.2 MPa (H) were then undertakkéguie 7). For LPO tests, unloading from
O'voto 0.05 MPa (C-D), reloading from 0.05 MPa to BIRa (D-E) and unloading again to 0.05
MPa (E-F) were conducted (Figure 8). The Frenchdsted (AFNOR, 1997) was applied for the
volume change criterion: the volume change wasideresd as steady when the vertical strain

rate was lower than 5x (8B h.
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3. Experimental results

3.1.Compressibility and swelling capacity

Low- and high-pressure cedometer compression cafv¥&43, 64, 73 and 95 are presented in
Figure 9, 10, 11 and 12, respectively. The valuedegree of saturatiof during the initial
loading (AB), before soaking (putting in contactiwSYCW), were determined by assuming a
constant water conten = wo and indicated on the curves. It appears that all samples
reached full saturation at the end of this procesdera, = ¢'vo = 3.2 MPa, except the YK6401
sample with a final value of 98 % (Figure 10b). &kthe curves are clearly non-linear, the
compression indeX’: and swelling indexC's are adopted that correspond respectively to the
slopes of each (re)loading and unloading (Dengl.et2@11a). An increase of’c when S
approaches 100 % is observed, especially for YKiB. Le et al. (2011) conducted cedometer
tests on unsaturated Boom Clay samples with suati@asurement and observed that this
increase irC’c corresponds to the suction becoming zero when\pater started to be squeezed

out.

Upon soaking, slight compressions are observedlfdhe tests. For YK64, 73 and 95, the void
ratiosesvo under thein situ vertical effective stresey = ¢'vo = 3.2 MPa (point C) in LPO and
HPO tests are almost the same (Table 4). On theacgnfor YK43, the value oésvo in LPO
test (0.64) is smaller than that in HPO test (Q.R@®te that the YK43 sample in LPO test has a
smaller initial void ratice than that in HPO test (0.78 against 0.81), b diifiference is smaller

than that under tha situ stress (0.03 against 0.06).

Upon the first unloading after soaking (C-D), tweedling fashions are identified: for YK43 and
64, the void ratio at the end of this unloadingdems, = 0.21 MPa in HPO test and 0.05 MPa in

LPO test (point D), is smaller than its initial ualey, while for YK73 and 95 the inverse is
10



224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

observed, showing a higher swelling capacity thentivo samples taken at upper depths. Note
that the densities of YK73 and 95 samples at thyggnbéng of this unloading undex, = 3.2 MPa

(point C) are lower than those of YK43 and 64 sa&awntee Table 4).

For all the four samples at different depths, thmgression curves upon this unloading (C-D)
are clearly non-linear as the swelling ind&% increases with the decrease of vertical stmgss
A roughly bi-linear shape was adopted by Cui et(2aD13) with a small slop&se; that
corresponds to a mechanical rebounding under higtical stress and a larger slofe that
corresponds to a physico-chemical swelling underetovertical stress, the two parts being

separated by a swelling stress (Figure 13).

During the first reloading (D-E), the non-linearity the curve was considered by Cui et al.
(2013) as tri-linear: (i) whem < d'vo = 3.2 MPa, the compression curve is bi-lineannfed by a
small compressionCcer) under low vertical stresses and a significant ma@ssion Ccpy) under
higher vertical stresses; (ii) when > ¢'vo = 3.2 MPa, the compression curve progressivehsjoi

the virgin compression line defined by the commompression inde&. (see Figure 13).

For each unloading - reloading loop, two swellitig@ssesss and four characteristic indic€se,
Csp, Cee, Cep Ccan be identified as illustrated in Figure 13. Hedd stresso’y can be determined
according to the French standard (AFNOR, 1997)has dtress value corresponding to the
intersection between the virgin compression lind #re line passing by point @n(situ state)

with the slopeCsez.

Figure 14 shows that the swelling stresgor each unloading/reloading path, in HPO and LPO
tests, is well correlated with the correspondingiahvoid ratioe (the value before the unloading

or reloading).

11
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In addition, a series of swelling tests with “zeswell” method (Sridharan et al., 1986) was
carried out by UCLouvain (1998) on Ypresian clafs@veral depths at the Doel site. Since the
positions of Ypresian formation at Kallo (Cammaerak, 2009) and Doel (Van Marcke &
Laenen, 2005) are different, “equivalent depth” wasd to compare data of the two sites. Given
Dk a depth in Ypresian formation at Kallo, belongioga member delimited by depthk on the
top and depthH2k at the bottom, and the corresponding limit deththis member at Doel are

Hip andHzp, the “equivalent depth” ddk at Doel Dkp) can be determined as follows:

DK _HlK x

D .=
“® H2K _HlK

(HZD_HID)+H1D 1)

The swelling stressis determined by “zero swell” method for the Ypres@ays at Doel at the
equivalent depths, noted as YK43, 64, 73, 95-Dtheffour studied cores are also presented in

Figure 14 with the corresponding initial void ratio

Linear relations between swelling stressand corresponding initial void ratep are obtained in

a semi-logarithmic plane for all the depths as olkesk by Cui et al. (2013). Moreover, good
agreements between (i) Doel and Kallo sites (YKdsus YK43-D and so on for YK64, 73 and
95), and (ii) common swelling tests and LPO and H@@pression tests are observed for each
depth. For a given initial void rat®, YK73 and YK95 (lower part of the Roubaix Membeda
upper part of the Orchies Member) show a signifigamgher swelling stresss as compared to

YK43 and 64 (the upper part of the Roubaix Member).

The variations ofCse and Cee, Csp and C¢p with the preconsolidation stresg, for each
unloading/reloading path are presented in Figueedd b, respectively. For the first unloading

and reloading loop, as the soil is only slightlyeoeonsolidated (see paragraph belo#, was

12
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rounded toc'vo = 3.2 MPa for simplicity. For the second and thirdoading-reloading loops,
based on the stress path in HPO testswas taken equal to 16 and 32 MPa, respectively. It
appears tha€se and Cce are independent of the pre-consolidation steggFigure 15a) while
Csp andCgp increase with the increase @f,. It is observed that these four indices are sinfida
YK43 and YK64. It is also the case for those of BKahd YK95.Cse Csp andCep of YK43 and
YK64 are much smaller than those of YK73 and YKB&, being the same for the four samples.
Furthermore, for YK43 and YK64, the differencesviEtnCse andCce and betweelCsp andCep

are not obvious. On the contrary, for YK73 and YK&S a givend'p, Cse > Cee andCsp < Cep.

The variation over depth of compression in@xand yield stresg'y of Ypresian clays at Kallo,
determined according to Figure 13, are presenté&iigure 16. The yield stress ratfRand the
over-consolidation ratioOCR are also reported in this figure. It is observdthttthe
compressibility of Ypresian clays increases witpttevithin the Roubaix Member (Figure 16a).
The yield stressg'y profile with indication of YSRand OCR (Figure 16b) shows a good
correspondence between the geological study urkdertay Van Marcke & Laenen (2005) and
this mechanical characterisation: the Ypresiansckag slightly over-consolidated and &R
for each depth is a little higher than the corresjiog OCR It also suggests that diagenesis as

well as other geological events after depositienadmminor importance for the Ypresian clays.

In addition, the long-term behaviour of the Ypres@ays was also investigated in this study
through the secondary compression/swelling coefficiC.e = -Ae/Alogt. Considering the
important role of the swelling stresses on the compression curve e-lmg a correlation
betweenCge with the ratio of vertical stress and swellingess for the corresponding patti os

(c.f. Figure 13) is analysed and presented in [eiglir for both HPO and LPO tests. By

13
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definition, Cge is positive upon (re)loading and negative duringoading (see Deng et al.,
2012). It appears that for each depth a uniquetioakhip Ce, &/0s) can be adopted for
different reloading (or unloading) paths of both®Bnd LPO tests as sketch in the Figure 17.
Similarity in (Cee, &/ 0s) between YK73 and 95 and between YK43 and 64 eanbiserved so as
only one trend line is adopted for t8ge - &/ s relation of each couple of cores in reloading (or
unloading). It is clearly observed tHae increases with the increaseafcs. Furthermore, for a
given &/ os ratio, YK73 and YK95 show higheZe, in absolute value, than YK43 and YK64.
Taking into account the large lifespan of a radivacwaste disposal as well as significant
delayed convergence monitored in URL galleries (@moh et al.,, 2013), these simple and
efficient correlations would be of considerablesmest for further investigation and modelling of

the long-term behaviour of the geological barriarthe performance assessment framework.

3.2.Permeability

Based on the consolidation curves, the hydrauliodootivity k and permeabilityK were

determined based on the Casagrande’s method:

Cvpf g

k=—V"= K:k'uf
E

oed pfg

()

whereC, = 0.19H%tso is the consolidation coefficient is the drainage length arsgh is the
time corresponding to 50% consolidation deggeés the unit mass of fluidj is the acceleration

due to gravityEedis the cedometric modulus; apds the fluid dynamic viscosity.

The variations of hydraulic conductivityand permeabilityk with void ratio are presented in

Figure 18. It appears that for a given void rate, soil permeability decreases with depth within

14



309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

the range considered. In particular, the permeaglafiYK73 and 95 at their highest void ratie (

~ 1) is still lower than that of YK43 at its lowestid ratio €~ 0.5).

A series of permeability tests under isochore doorlion Ypresian clays at Doel was conducted
by Aertsens et al. (2005). The results are repartdelgure 19 for different depths. The values
obtained in this study for the Kallo site are apgesented in Figure 19 using the “equivalent
depths”Dkp (see Eq. (1)). It can be observed that the restiltse two studies are comparable
for the lower and the middle parts of the Roubaigniber. However, for YK43 the hydraulic

conductivity found in this study is significantlygher than that from Aertsens et al. (2005). This

shows some limitation of the comparison based emttion of equivalent depth.

3.3. Microstructure effect

According to Mitchell & Soga (2005), the soil mistaucture is defined by particle arrangement
and inter-particle bonding. Burland (1990) propoaetbrmalization method for the compression
curvee - logo'v which allows eliminating the effect of mineraloggd thus evidencing the effect
of microstructure. As reconstituted clays have kinmicrostructure (Burland, 1990; Leroueil et
al., 1985; Hong et al., 2010, 2012), their compoessurves depend only on their mineralogy

characterised by their plasticity. These curvestmmormalized using the void indexdefined

by:
|, = *e_ q*go _ & *@00 (3)
€00 ~ Gooo Q

where €, and e ,,are the void ratios a& = 100 and 1000 kPa, respectivelyj;, = €,,— €44, IS

the compression index. These parameters can beieatigidetermined using the void ratp at

liquid limit wy (Burland, 1990; Chandler, 2000). The asterisk tEn@roperties of soils at
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reconstituted state, considered as “intrinsic” emtbe distinguished from the properties of soils

at natural state that are affected not only byntireeralogy but also by microstructure.

By definition, all normalized compression curvies- loga, of reconstituted clays become a
unique line passing by two points (0; 100 kPa) géhd1000 kPa), namely intrinsic compression
line - ICL (Figure 20). For natural clays, due tweit microstructure developed along their
geological history, their normalized compressionves lie on the right of ICL. Their positions
depend on their sensitivi§ ranging generally from 1 for reconstituted sodslO (Cotecchia &
Chandler, 2000). An average lineSst= 5 was defined as sedimentation compression8Q4.)

by Burland (1990) and regarded as a typical ratatigp for marine sediments. Note that the
sedimentation compression curve (SCC) of a natwiglwhich can only be determined from the
natural water content of undisturbed sample and tannot be reproduced in the laboratory, is

not necessarily the SCL, neither the normalizedpression curve determined by cedometer test.

The normalized compression curves of Ypresian ckags presented in Figure 20. The star
symbols represent tha situ states. It appeared that differently from thesitu void ratio egsvo,
thein situ void indexl\o decreases with depth, and thus better repredentdeposition process -
the deeper the soil, the lower its situ void index. Similar remark was made by Skempton
(1970): the liquidity index.l = (w - PL)/(LL - PL) is more representative of soil deposition

process than water contemt

A significant difference between the situ states of YK43 and the three lower depths (YK64,
73, 95) can be observed: whileo d'vo) for YK43 is situated between the SCL and ICL wath
estimated SCC as indicated in Figure 20, the pdinés o'vo) for (YK64, 73, 95) lie slightly

below the ICL. Their SCCs must then coincide with tCL because all the SCC of natural soils
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must be on the right of the ICL or at least coiecrdth it. Due to these positions, the normalized
compression curve of YK43 crosses its SCC beforeling downward in parallel to the SCL
and ICL, while the curves of (YK64, 73, 95) approdlbe ICL and then followed it. According
to Baudet & Stallebrass (2004), the parallelismween the virgin compression curves and the
SCL and ICL suggests that Ypresian clays haveeststblicture, as opposed to the soils of meta-

stable structure which have virgin compressionesagteeper than those of SCL and ICL.

3.4.Microstructure after test

MIP test was conducted on the sample after test3(Xl] corresponding to the state at point H
in Figure 11b. The pore size distribution (PSD)veufor this sample is presented in Figure 21.
The PSD curve of intact YK73 sample is also rembitethis figure for reference. It appears that
after the HPO test, the nearly bi-modal PSD curgeomes almost a mono-modal one with a
dominant pore diameter aroutd= 0.3 um. It is observed that the infra-pores (Rmn1999)
with D < 0.02 pm were not affected by the test, whileovrgsres (0.2 D < 1 um) increased in
detriment of the micro-pores (0.02B3<< 0.2 um) and the macro-pord3 ¥ 1 pm). The pore-
size family around = 100 um can also be explained by the technicaugmation during the

preparation of samples as for the intact sample.

The SEM photos on the sample after test YK4302gesponding to the state at point F in Figure
9a, are presented in Figure 22, together with tloosthe intact sample YK43. On the whole, the
bonded structure of the intact sample becomestesaded after the mechanical loading in

saturated condition with well distinguished silaigrs.
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4. Discussion

4.1.Physical and microstructural properties

The particle-size distribution (Figure 3) and malegical analyses (Table 1 and 2) by
Vandenberghe (2011) showed that Ypresian clayveng fine-grained and highly plastic with
significant amount of expansive minerals. Thesdufes are represented by their particularly
high positions in the plasticity chart (Figure #iddarge values of initial void ratien, specific
surfaceS and VBS (Table 3) identified in this study and by Van Mexc& Laenen (2005).
However there is a discrepancy between the resblimined by Vandenberghe (2011) and the
results in the present study and Van Marcke & Laef@05) in terms of variability of these
properties. Indeed, according to Vandenberghe (R01He differences in particle-size
distribution and especially in mineralogical comigosa for the Ypresian clays at Kallo are not
significant between the four depths. On the cowgfrelear distinctions in terms of physical and
index properties between the two groups of deptiodp 1: the middle of the Roubaix Member
(YK43 and YK64) and group 2: the lower part of fReubaix Member (YK73) and the upper
part of the Orchies Member (YK95) (Figure 2) — wedentified in the two latter studies: the
upper group (group 1) shows higher density but tograin densityos, consistence indicesL
andPl, specific surfacé&;, blue methylene valuéBSand water contemp than the lower group

( group 2). Furthermore, these variationsogfLL, Pl, VBS S andwp are better in line with the
geological history of Ypresian clays that is chégdsed by several transgressive - regressive
cycles (see section 2.1). Further studies on thécleasize distribution and mineralogy of

Ypresian clays at Kallo are needed to clarify fomt.

The SEM observations (Figure 5) also confirms Hrged difference between these two groups:

the microstructure of the lower group is domindbgdlay particles with matrix type, while that
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of the upper group shows the dominance of siltngravith aggregate type. A progressive
transition from the upper group to the lower one lba observed: the presence of clay fraction in
YK64 is more obvious than in YK43 but still lesathin YK73. Note that the carbonate content
in YK43 (10 g/100g) is particularly higher than seoin the three other depths. On the other
hand, the PSDs of YK73 and probably YK95 (the loweoup), show bi-modality with a
dominant micro-pore familylY = 0.06 um) at the intra-particle level and anotleminant
meso-pore familyd = 0.25 um) at the inter-particle level; the PSDY#43 is mono-modal
with a sole dominant family of inter-particle poreaving diameters as large Bs= 0.8 pum.
These microstructural differences are in good agess with the macroscopic observations: the
initial void ratio ey of the upper group are lower than those of theetowne that has higher

plasticity.

4.2.Hydro-mechanical behaviour

The results of odometer tests of Ypresian claysh winhloading - reloading cycles are
characterised by clear hysteresis. According to €ual. (2013) and Nguyen (2013), these
hysteretic loops can be explained by the compatitetween physico-chemical and mechanical
effects that are separated by a threshold stressrresponding to the swelling stress. Note that
the term “mechanical” refers to the particle int#iens through their direct contact, while the
term “physico-chemical” denotes the interaction$wieen adsorbed water and clay particles.
Upon unloading, when the applied external stressgker than the swelling stress; ¢ os), or

at the microscopic level the effect of the appbé@ss is stronger than that of the repulsive force
between clay particles/sheets, the particles com@cle would be rather of face-to-face. As a
result, the volumetric behaviour is rather conagdlby the mechanical effect and small elastic

rebound occurs. On the contrary, whan< o, the physico-chemical effect prevails as particles
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contact turns progressively into face-to-edge maieng rise to soil swelling with significant
volume change. Upon reloading, when the appliezsstis lower than the swelling stress for this
path & < ¢, the face-to-edge particles contact microstrucisinmore or less preserved due to
the matrix suction caused by the physico-chemitfate and small volume change occurs. By
contrast, whena, > o5, the mechanical effect prevails and larger volurhange occurs by
collapse of large-pores, re-orienting particlestaonto be more and more face-to-face mode.
Beyond the preconsolidation stregs> ¢'p, the plastic volume change makes the particle re-
orientation more significant. Therefore, unloadiligm a higher preconsolidation stress,

induces higher swelling slofg&, (see Figure 15b).
4.2.1.Swelling capacity

The higher positions of the log- @ curves of YK73 and YK95 with respect to those ¢{48
and YK64 in Figure 14 clearly distinguish the twmgps in terms of swelling stregs. In
addition, a unique correlation between and s may be expected with normalization by
mineralogy, like the normalisation by dry densifybentonite in the case of bentonite mixtures
(Agus, 2005; Dixon et al., 1996; Lee et al.,, 1998%ang et al., 2012). Unfortunately, the
discrepancy in mineralogical composition (Vandegher 2011) and physical properties

mentioned above does not allow this normalisatiothe present study.

The increase of the swelling slop&sp, with the preconsolidation stresso'p
(see Figure 15) confirms the enhanced physico-atamffect by mechanical loading (Le et al.,
2011): the larger the virgin compression, the ntbe=orientation of clay particles (face-to-face

particles contact mode) and thus the stronger thesipo-chemical interaction between clay
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particles and adsorbed water. The following equati&n be proposed to describe the increase of

Cspwith o'p:

— Cc
Csp( a,) - (4)

—[?Ina%p
1+(CC - 1} xexp
Cen

wherefis a parameter which controls the increase ra@ofith ¢'p. For YK43, 64, 73 and 95,

£ =0.22, 0.42, 0.35 and 0.35, respectively; (= 3.25 MPa in this study) is a reference stress
corresponding t&sp = Csp1. The Eq. (4)-based correlations are shown by ddites in Figure
15b. It is observed that the valuesGaf andCsp as well as the slop&sCsy/Ao'p of the two lower
depths (YK73 and 95) are larger than those of weeupper depths (YK43 and 64), despite the
lower densities of YK73 and 95. This again confirting higher swelling capacity of YK73 and

95.

The independence @se with respect too'p confirms that the soil behaviour during unloading
underay > s is not significantly affected by the physico-cheatiswelling, but characterised by
the mechanical rebounding. This justifies the yiglilesso'y determination method adopted in
this study, avoiding inappropriate low values @f for deep sediments such as Boom Clay
(Baldi et al., 1991; Deng et al., 2011b; Sultaralet 2010) and London clay (Gasparre, 2005).
Indeed, the values afy obtained in this study are in good agreement thighgeological history
characterised by the values@CR The slightly higher values of SRwith respect tdOCR can
reasonably be related to the creep effect develapeohg the geological history of several
millions of years. The larger difference betweéS8Rand OCR for YK73 (1.6/1.1) and 95

(1.4/1.1) compared to those for YK43 (1.2/1.1) 84d1.5/1.2) (Figure 16b) indicates that creep
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effect is more significant for the two lower coré®mn for the two upper ones. This is also

consistent with the higher swelling clay fractidnyd&K73 and YK95.
4.2.2.Compressibility

It is observed in Figure 15a th@te is independent o&'p and the mineralogy as the values are
quite similar for the four depths. This suggest the microstructure characterised by the face-
to-edge particles contact mode that developed dutire previous unloading was almost
preserved whewr, < ¢s. This suggests also that the macroscopic voluraegd resulted mainly
from the compression of clay particles. Due to ¢hepetition between the increasing external
applied stresgx which tends to expel water from the clay partickes! the physico-chemical
interaction between clay sheet and pore water wheherates matrix suction retaining pore

water. The volume change in this stress rangeauis tlegligible withCce = 0.02.

When the external applied stress is beyond thelisgedtressa, > os, the mechanical effect
prevails causing macro-pore collapse, giving riskatger volume change witb,. Note that the
clay particle re-orientation in this stress range< & < ¢'p is less marked than in the virgin
compression domain whem > ¢'p. Obviously,Ccp also increases witlr, and clay fraction as
observed in Figure 15. Moreover, the variatiorCgf must be limited byCc on the upper side
and byCse on the lower side because for a givi@p the higher the vertical stress from which

the reloading is initiated, the lower the corresfiog Cep.

The increases d@. (Figure 16a) an€.e (Figure 17) with depth confirm the vertical vaioat of
the plasticity of Ypresian clays: the larger thensistence indices the larger the virgin and
secondary compression indices. This is in agreenvatit several correlations between

compression index and Atterberg limits in the &tere for remoulded soils (Carrier, 1985;
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Leroueil et al., 1984; Skempton, 1944; Terzaghie&le 1967; Wroth & Wood, 1978) and also

natural clayey soils (Johnson & Moston, 1970).
4.2.3.Permeability

The permeability evolution of Ypresian clays at Kello site with depth is also in agreement
with the variations of soil mineralogy, grain-sidestribution and microstructure: despite their
higher void ratios, YK73 and 95 show significantiyver permeability than YK43 and 64. This
can be explained by two reasons. From a microstreiqgioint of view, the aggregate type fabric
and the dominance of macro-pores in YK43 and 6dftarger flow channel than the matrix
type fabric and the dominance of micro-pores in $Kand 95 (Figure 6). From a mineralogical
point of view, water molecules in clay particle® associated with the exchangeable cations
adsorbed on the clay sheets forming the diffusélgolayer. This affects the mobility of water
molecules and thus the permeability. Indeed, YKA®@ &4 have similar void ratio (Table 4) and
microstructure type (Figure 5), but YK64 clearlyosls lower permeability (Figure 18) because

of its higher plasticity index (Figure 4).

4.3. Microstructure effect on volumetric behaviour

The significantly higher positions of thie situ state [y, 0vo) and the normalized compression
curve of YK43 with respect to those of YK64, 73 &@flin thely - logoy plane can be related to

its lower clay fraction as observed on the SEM pldfFigure 5) and in the plasticity chart
(Figure 4), and its higher carbonate content (T&bpMhich plays a decisive role in inter-particle
bonding. With the highest plasticity index and ibevest carbonate content, the normalized

compression curve of YK73 is logically the lowesteo The curve of YK95 is close to that of
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YK73 albeit its higher carbonate content (3.8 aglath9 g/100 g). This suggests that the effect

of carbonates in the microstructure can be compeddssy that of expansive clay minerals.

According to Burland (1990), the stable microstauetof Ypresian clays (virgin compression
curves have the same slope as the SCL and ICLyateli a quick deposition from a dense
suspension and/or under strong current. These digpas conditions would give rise to a more

oriented fabric thus more compact with a low vaidexly (not necessarily low void rati).

Particularly high expansive mineral content codtbde the reason for the evolution of the PSD
curve, from nearly bi-modal for intact YK73 samptenearly mono-modal for the sample after
the HPO test (Figure 21). Indeed, under compresaidmnigh pressures, clay particles were re-
oriented and fill the meso- and macro-pores. Thegty under high pressures became more and
more homogeneous with a sole dominant micro-pddgmn unloading, due to the effect of
expansive minerals, the uniformity of the porositgs preserved as the dominant micro-pore
family swelled homogeneously to reach the size ebkwonpores. On the contrary, due to the
limited amount of clay minerals, after the LPO télke aggregate type microstructure of YK43
became even clearer as clay particles were onky @btoat the silt grains, but not enough to
form a matrix. Therefore, the swelling upon unleadirom & = ¢'\o consisted mainly in the
rebounding of the “frame structure” built by clagated silt grains, which is different from the
volume change mode of YK73. Thus, the void ratiotha end of the first unloading (point D) in
both LPO and HPO tests are much lower than thalnialueep < e for YK43 (Figure 9), but

higher than the initial value> > e for YK73 (Figure 11).

5. Conclusion
The physical and geotechnical identifications, wstructure analysis and cedometer tests with

unloading-reloading loops have been performed erséimples of Ypresian clays cored at Kallo
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(N-Belgium) in order to assess the Ypresian clag/s gotential host formation for geological
disposal of radioactive wastes. Ypresian clays Haeen identified as fine-grained soil, highly
plastic, particularly porous with respect to thdapths, and slightly carbonated except core

YK43.

Significant variability in terms of physical andajechnical properties and microstructure have
been identified: i) the middle of the Roubaix Memkeores YK43 and YK64) presents lower
plasticity indices, void rati@, water contentvo and higher densitgy than the lower part of the
Roubaix Member (core YK73) and the upper part ef @rchies Member (core YK95); ii) the
microstructure of core YK43 (middle of the Roubdember) is characterized by the aggregate
type with dominance of the silty grains and a steninant meso-pore family & = 0.8 um.
The microstructure of core YK73 (lower part of fReubaix Member) shows presence of a clay
matrix in which are dispersed silty grains, formiadgi-modal porosity with dominant micro-

pore O = 0.06 um) and meso-por@ € 0.25 pm) families.

The cedometer compression curves of Ypresian cleyslaaracterised by typical unloading -
reloading hysteretic loops, commonly observed foe-fjrained soils in the literature. This
feature have been interpreted, according to Cuil.e2013), by the competition between the
mechanical and physico-chemical effects which epagated by a swelling stress. This approach
allowed (i) properly determining the yield stregs of Ypresian clays at Kallo, which are in
good agreement with their geological history; itter identifying the swelling capacity as well
as its dependence on their loading history. A degarithmic linear relationship between the
swelling stress and initial void ratio, determinbg common swelling tests and cedometer

compression tests were obtained. This confirmedwaling stress concept proposed by Cui et

25



547

548

549

550

551

552

553

554

555

556

557

558
559

560

561

562

563

564

565

566

567

568

al. (2013) and showed the consistency betweenitfezaht tests performed in this study as well

as the tests reported by Van Marcke & Laenen (2005)

The mechanical and hydraulic parameters deduced fredometer tests showed significant
variation over depth: the compressibility and simgllcapacity increases while the hydraulic
conductivity decreases over depth despite the asong porosity. The normalised compression
curves in thdy - logoy plane properly described the deposition procdssdeeper the soil, the
lower its in situ void index lvo. In addition, the Ypresian clays are characteribgdstable
microstructure. The high carbonate content andesggde type microstructure of YK43 were also
well identified by the distinct position of its - logay curve from those of the three other samples

in the ICL-SCL framework.
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Table 1: Mineralogical composition of Ypresian clag in bulk mass (after Vandenberghe, 2011)

Core Depth Non-clay minerals (wt %) Clay minerals (wt %)

(m) Qtz Feld. Car. Others 3Iyc | Kaol. Chl. Sm. Eq.lll. Eq. =c
YK44 | 331.48 32 12 2 0.4 46 2 3 337 153 54
YK63 | 350.41 36 13 1.7 1.7 52 5 3 308 92 48
YK74 | 361.29 31 11 0.8 0.4 43 3 4 288 212 57
YK96 | 383.01 27 10 4 0.8 42 3 3 304 226 59

Table 2: Mineralogical composition of Ypresian clag in clay-size fraction (after Vandenberghe, 2011)
Relative taal mass (wt %)

Relative to clay-size fraction (wt %)

Core (M'(';)')‘?’;:'Sm.) . Sm. Kaol. Chl. 3Sm. $2:1| 52:1 1l-Sm. 1. Sm. ISm.
YKaa| 24 38 9 63 2 2 72 94 49 12 5 32 37
vkea| 24 33 9 62 1 4 70 9o 40 10 4 26 29
vk74| 22 38 10 63 2 3 71 o 50 12 5 33 38
vKoe| 23 37 10 59 3 5 68 9 53 13 6 34 39

Qtz: Quartz; Feld.: Feldspar; Car.: Carbonates; @tis: Plagioclase, dolomite, Pyrite, Anatase, Opdl é&nd
Zeolite; 2ne: Total non-clay minerals; Kaol.: Kaolinite; ChlChlorite; Sm. Eqg. = equivalent of smectite in thekb
rock based on the CEC results assuming an avenagetite with a charge of 100meq/100g; Ill. Eq. zieglent of
illite(/muscovite) in the bulk rock calculated a%:1 - sm. Eq;22:1: di-octahedral clays (illite, smectite, illite-
smectite, glauconite) and micasC: Total clay mineralsZSm. = Sm. + Ill.-Sm.x%Sm., is the total smectiteteot
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Table 3: Physical properties of Ypresian clays
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Core YK43 YK64 YK73 YK95
Gs (-) 2.776 2.785 2.802 2.802
po (Mg/m?) 1.97 £0.03 1.97 +£0.01 1.9+0.01 1.91 +0.05
pdo (Mg/m?3) 1.57 1.55 1.43 1.47
e (-) 0.77 £0.03 0.79+0.03 0.95 +0.06 0.90 #0.0
no (%) 44+1.1 44 +1.1 49+1.6 47 +1.5
LL (-) 75.07 113.84 136.61 132.22
PL (-) 33.50 33.75 36.08 43.75
Pl (-) 41.57 80.09 100.53 88.47
Wo (%) 25.78 +0.73 26.74 +1.86 32.01 +1.56 29.78 £1.94
So (%) 93+3 95+4 9% +4 93+5
Ss (m?/g) 83 149 275 267
VBS (0/100 g) 3.95 7.09 13.12 12.72
% CaCQ (g/100 g) 10.2 1.4 0.9 3.8
Table 4: Test program
Coe  Tet  oh O oh o0 gm0
43 YK4301 26.04 0.81 45 89 1.94 0.70
YK4302 25.05 0.78 44 89 1.95 0.64
64 YK6401 26.22 0.79 44 92 1.96 0.74
YK6402 27.65 0.80 44 97 1.98 0.73
23 YK7301 31.09 0.94 48 93 1.89 0.82
YK7302 31.36 0.93 48 95 191 0.80
95 YK9501 29.72 0.95 49 87 1.86 0.80
YK9502 31.73 0.94 49 94 1.90 0.80
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Figure 1: Thickness and depth of the top of Kortrik formation (After ONDRAF, 2001)
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Figure 5: SEM photos of Ypresian clays at Kallo
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