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Abstract

The Essen site has been chosen as an alternaéversnuclear waste disposal in Belgium. The
soil formation involved at this site is the sameaMol site: Boom clay. However, owing to its
geographical situation closer to the sea, Boom atagssen presents a pore water salinity 4-5
times higher than Boom clay at Mol. This study aiatsstudying the effects of pore water
salinity on the hydro-mechanical behaviour of Bociay. Specific oedometer cells were used
allowing "flushing" the pore water in soil specimley synthetic pore water or distilled water.
The synthetic pore water used was prepared withcttemistry as that for the site water:
5.037 g/L for core Ess83 and 5.578 g/L for core9Bsdlechanical loading was then carried
out on the soil specimen after flushing. The ressktow that water salinity effect on the liquid
limit is negligible. The saturation or pore wateplacement under the in situ stress of 2.4 MPa
does not induce significant volume change. For &sk#dro-mechanical behaviour was found
to be slightly influenced by the water salinity; the contrary, no obvious effect was identified
on the hydro-mechanical behaviour of Ess96. This lba attributed to the higher smectite
content in Ess83 than in Ess96.

Keywords. Boom clay; pore water salinity; volume change veraoedometer tests.



1. Introduction

In the Belgian program for nuclear waste dispoda, Essen site has been considered as an
alternative site to the relatively well-known Males(Bernier et al., 2007; Cui et al., 2009). The
Essen site is located in the north-east of Belgiabgut 60 km far from Mol (Figure 1, De
Craen et al., 2006). As it is closer to the sea thea Mol site, the Boom clay involved presents
a pore water salinity 4-5 times higher than thatlat (De Craen et al., 2006). To the authors’
knowledge, the effect of this high pore water sglion the hydro-mechanical behaviour of
Boom clay has not been investigated yet. Neversselr other clays, numerous studies have
been reported in the literature about the effeqgiare-water chemistry on the hydromechanical
behaviour (Bowders and Daniel, 1986; Waddah and aviohed, 1997; Di Maio, 1996, Di
Miao et al.,2004; Chen and Anandarajah, 1998; Sridharan azkbBn, 1999; Kaya and Fang,
2000; Sridhararet al, 2002; Oren and Kaya, 2003; Wakim, 2005; Gajo Bfaines, 2007;
Yukselen-Aksoyet al, 2008; Simile, 2008). These studies showed tlagamnic salt solutions
have a strong impact on the hydro-mechanical bebawf clays, especially on swelling clays.
Examination of the test conditions applied in thegealied shows that it is difficult to extend
the results to Boom clay. Indeed, most tests wargetl out on either soil slurries or remould
soils. The salinity was applied to the soil eitbefore the sample preparation by mixing soils
powder with the studied solution or after the sammieparation by putting the sample in the
salinity environment (Wakim, 2005). Obviously, whetudying the pore-water chemistry
effect on Boom clay, the salinity methods for sksrand remould clays are not applicable as it
is not allowed to destroy the initial microstruausf the soil. On the other hand, the method
used by Wakim (2005) is believed to not be effitleecause the fully saturation of soil sample
by the desired pore water of different salinity ¢@nsuspected when simply putting the sample
in the pore water.

In the present work, to ensure the full replacen@npore water with the soil sample, a
"flushing" method was applied that allows the desimwater to percolate the soil sample.
Synthetic pore water that has the same chemistityeasite water was used. Distilled water was
also used to make a comparison. Note that the rahgeter chemistry considered was not
large since the total salinity of pore water atdfssite is between 5.037 and 5.578 g/L. The
liquid limit w_ of Boom clay at Essen was were first analysed With synthetic pore water
and distilled water. Afterwards, a special oedomei@s set up to replace soil pore water with
either synthetic pore water or distilled water. dimg and unloading paths were then applied to
study the hydro-mechanical behaviour under diffesafinity conditions.

2. Materials and methods

The solil cores studied were taken from the boreddleed in Essen at the depth of 226.65-
227.65 m (Ess83) within the Putte member, andeatiépth of 239.62-240.62 m (Ess96) within
the Terhagen member. The cores have a dimensib® @h in length and 100 mm in diameter.
They were sealed in plastic tubes with ends clésedater loss prevention, and transported to
the laboratory for testing.

Table 1 shows the chemical composition of pore-water o€sdEss83 and Ess96 (De Craen et
al., 2006) and that of Boom clay at Mol (Gtial. 2009). The results show that the pore-water
at Essen contains NaHGMN&SOy, KCI, CaC}.2H,0, MgCh.H,O and NaCl, and NaCl being
the main salt. The pore-water taken from Mol cardaNaHCQ, N&SQ,, KCI, MgCl,.2H,0,



NaCl, HBO3, NaF and CaC¢) and NaHC® being the main salt. Comparison between the
values for Ess83 and Ess96 shows that there igliiésvence between the two cores. The total
salinity of the pore-water at Essen site is 5.05/78 g/L, while that at Mol site is only 1.286
g/L. The results also showed that the main cattooo¢h sites is Na with a concentration of
0.072 — 0.080 Mol/L at Essen and 0.014 Mol/L at Md@., 5 — 6 times lower. Note that the
salinity of seawater usually ranges from 3.3 t&@in weight; indicating that the salinity of
pore water at Essen is about 1.5 times higher asofhseawater, while that at Mol is about 2
times lower than that of seawater.

The geotechnical properties of these two coreswleae determined using distilled water are
shown in Table 2. It can be observed that Ess8Fa8686 present similar properties: a specific
gravity Gs = 2.64 against 2.68; a liquid limi, = 67.2 against 67.1 %; a plastic limit = 33%

for both; a plastic indek = 37 against 36; a soil water content 27.2 against 26.5 %; a void
ratio e = 0.730 against 0.715; a blue methylene value ¥B&67 against 6.20; a carbonate
content of 7.6 against 2.4 g/kg. The liquid limélwes were also determined using Essen
synthetic water (prepared with the same chemisdryoa the site water) and slightly higher
values were obtainedyv, = 69.6 for Ess83 andy = 68.9 for Ess96. The difference wm
between the case of distilled water and the casymthetic water is rather related to the test
accuracy, and can be neglected. Yukselen-Aletogl (2008) analysed the results from the
literature on several clays and observed also keciegl effect of high salinity water (seawater)
when w is lower than 110%. For high plasticity clay, lowar values have been obtained with
high salinity water (Cajo and Maines, 2007; Yukeefksoyet al. 2008).

The particle size distribution curves of the twoesoare shown in Figure 2. It is observed that
the two curves are quite close, especially in tharge particles part (> 10 um) where they
overlap. The clay content (< 2 um) of Ess96 is aléduds, slightly higher than that of Ess83:
57%.

Table 3 shows the mineralogical composition oft®le soils and the composition of the clay
fractions (< 2 um), obtained by X-ray diffractionadysis. It is observed that the main minerals
of Ess83 are quartz (60 %), illite/mica (10 %) &adlinite (30 %). Ess96 has a higher quartz
content (70 %) and a lower kaolinite content (2Q %gr the clay fractions, the contents of
chlorite, kaolinite and illite are similar for thevo soils, but the smectite content of Ess83 is
higher than that of Ess96: 20% against 10%.

In order to investigate the salinity effect on thglro-mechanical behaviour of Boom clay, in
this study, oedometer tests were conducted onssoilples (50 mm in diameter and 20 mm
high) prepared by trimming with both synthetic watand distilled water. A controller of
pressure/volume (CPV) was used for water injectiime hydraulic conductivity, oedometer
modulus, primary consolidation coefficient and setary consolidation coefficient were
determined from the tests and then compared. Hd, tidur tests were performed, two with
synthetic water (Ess830do3, Ess960do04) and twd wiistiled water (Ess830do4,
Ess960do05).



3. Experimental results

The results of one typical test (Ess830do3 withtlsgtic water) are shown in Figure 3. After
installation of the soil sample in the oedometdl, eeloading cycle (0.05 MPa to 2.4 MPa,
2.4 MPa to 0.05 MPa, and 0.05 MPa to 2.4 MPa) wasied in order to ensure the good
contact between the sample, porous stone andNeté that this cycle would eliminate the
effects of possible soil disturbance due to thagpart, conservation and sample preparation.
The French standard (AFNOR, 1995, 2005) was usetthéodeformation stability criterion: the
deformation was considered as stabilised when st lwaer than 0.01mm/h. Note also that the
value of 2.4 MPa corresponds to the in situ stra@stually, by considering a mean unit weight
of 20 kN/n? for the soils above the depth considered (De Creal, 2006) and a ground
water level assumed to be at the ground surfaeeinttsitu effective stress was estimated at
2.27 MPa for Ess83 and 2.4 MPa for Ess96. For soreaf experimental convenience, the
initial vertical effective stresy’y was set at 2.40 MPa for both Ess83 and Ess96. The
application of this in situ stress was performedrmto saturating the sample, in order to
prevent the soil swelling which may modify the smiicrostructure and as a consequence the
soil mechanical properties (Delageal, 2007).

For the sample saturation or pore water replacenaeptessure &8y of 1.0 MPa was applied
through the lower base, injecting the desired wadethe soil sample. When the volume of
water injected was more than 4 times of the saibpity (see d¥py in Figure 3), the sample
was considered as fully saturated with the watggcted. Afterwards, the pressure was then
decreased to 10 kPa prior to the further loadingading steps. It was observed that the
saturation phase did not induce significant changil volume (see the displacement Disp in
Figure 3), indicating that i) the vertical streds204 MPa is indeed quite close to the in situ
stress, and ii) the chemistry of synthetic waterveédl representative of the chemistry of the in
situ pore water. Note that the volume of water fltvough the soil specimen allowed
determination of the hydraulic conductivity follavg the Darcy’s law.

In order to study the compressibility behavioueathe water saturation phase, the sample was
unloaded from 2.4 MPa (1) to 0.05 MPa (ll), loaded.2 MPa (lll), re-unloaded 0.05 MPa (IV)
(Figure 3). Again, the French standard (AFNOR, 199605) was applied to judge the
deformation stabilisation under each load: the ldsformation should be lower than
0.01mm/8h. The displacement determined at the ehdeaxh loading step allowed
determination of the corresponding void ratio. Figure 4 the void ratio is plotted versus the
vertical effective stress for test Ess830do3. Ibiserved that the first loading step'\(
increases from 0.1 to 2.4 MPa) induced only a smadinge in void ratio. The subsequent
unloading and reloading paths did not result inligdgde volume change. As mentioned above,
the saturation under the in situ stress, € 2.4 MPa) did not induce any change in void ratio
After the saturation phase, unloading frazh, = 2.4 MPa (I) to 0.05 MPa (ll) induced
significant swelling; the void ratio increased fréh62 to 0.88. During the loading path from
o’y = 0.05 MPa (Il) to 3.2 MPa (lll), a non linear cprassion behaviour was observed. The
unloading path frono’, = 3.2 MPa (lll) to 0.05 MPa (1V) is similar to tHiest unloading path
(from | to II).

For further analysis on the soil behaviour, onlg ttompression curves obtained after the
saturation phase was used (Figuaddr test Ess830do3). These curves allow determoimantf

the compressibility parameters such as the compregsdex C* ), the swelling index@* o),
and the oedometer modullsy, that is defined as:

Eoso = (00, /) &



Whereh; is the initial height of the soil sampleh @ the height change induced by a vertical
stress incrementay . Because the compression indéx and the swelling index {change
significantly from one step to another, in thisdstua compression inde*; and a swelling
index C* is adopted that corresponds to the value€.adnd G at each loading or unloading
step.

In Figure B, the void ratio change versus time is plotted folyomne loading step. This
consolidation curve allows determination of the smidation coefficientc, following the
Casagrande’s method, (= 0.19H?/tso, whereH is the drainage length equal to the half of the
sample height antdo is the time required to reach 50% consolidatitiging the expressiok

= ¢yon0/Eodo, the hydraulic conductivitik was then calculated; whesg is the density of water
and g is the gravitational acceleration.

Moreover, the curve shown in Figure Ban be used to determine the secondary deformation
coefficient C,, that corresponds to the slope -de/dlogt of the kfter the part of primary
deformation. Hence this definition implies tha} is positive for loading stages as II->lll in
tests Ess830do3, and negative for unloading sagés|l and 111->1V in tests Ess830do3.

In Figure 6, the compression curves of all 4 tésitsained after application of the in situ stress)
are shown. Examination of the effect of the por@aewaeplacement shows that quite slight
swelling was induced by this process, no matteth vaynthetic water (Ess830do3 and
Ess960do4) or distilled water (Ess830do4 and Esd66P This observation suggests that the
swelling behaviour or the swelling pressure of Boday is not sensitive to changes in pore
water salinity.

As far as the unloading/loading/unloading curves eoncerned, all tests show almost a
reversible behaviour with a significant hysteredlghen comparing test Ess830do3 with

synthetic water and test Ess830do4 with distillextawn, it is observed that the compression
curves are quite similar. The same conclusion aambde when comparing test Ess960do4
with synthetic water and test Ess960do5 with diggtilater. This suggests a negligible effect
of the pore water chemistry on the compression\aebaof Boom clay.

Figure 7 shows the hydraulic conductivity k of E3sd Ess96 versus void ratio. For each
core, the results obtained with different waternf{egtic water or distilled water) and by
different methods (the direct method based on thtemwolume injected by the CPV and the
indirect Casagrande’s method) are gathered in & $eure for comparison. For Ess83, it can
be observed that the measurements of k by the tethads gave similar results. On the other
hand, the water chemistry did not affect the hylitaconductivity since similar values were
obtained with two different pore water saliniti€n the whole, a linear relationship is observed
between k and e. For Ess96, a small differencebeadentified between test Ess960do4 with
synthetic water and test Ess960do5 with distilleden In addition, a relatively higher value
was also obtained in Ess960do5 based on the CP\sumsaents. These differences are
believed to not be significant and can be includedhe range of the experimental results
scattering. As for Ess83, a linear relationshipveein k and e was also obtained for ess96.

Figure 8 presents the oedometer modilgs versus the void ratio e during both loading and
unloading paths for Ess83 and Ess96 in a semiilbgaic coordinates. For Ess83, it is
observed that for a given stress path, the pomots test Ess830do4 with distilled water lies
slightly below the points from test Ess830do3 wsinthetic water, suggesting weakening
effect of distilled water. However, for Ess96,a@d agreement is observed between the points



from test Ess960do5 with distilled water and thénfsofrom test Ess960do4 with synthetic
water.

The results of consolidation coefficient, @re shown in Figure 9. As for the oedometer
modulusEqq,, the values o€, from test Ess830do4 with distilled water are gliglower than
that from test Ess830do3 with synthetic water; biytast, test Ess960do5 with distilled water
gave quite consistent results when compared toHes960do4 with synthetic water. The
correspondence betwe&ig, andC, can be easily explained by their determinationdeéd,

C, can be also expressedkd®q/(0.0), Wwhen k is constant for a given void ratio (segufe 7),
Eodo andC, are directly correlated.

Changes in the secondary deformation coefficigntvith the void ratice is depicted in Figure
10. For Ess83, the absolute value€gfirom test Ess830do4 with distilled water are foined

to larger than that from test Ess830do3 with sytitheater, especially for the unloading paths
(I->II and 1lI->IV). By contrast, for Ess96, thishpnomenon is not obvious and the curves
corresponding to two water chemistries almost ayerl

Figure 11 shows the relationship between the sergncbnsolidation coefficient, and the
compression inde€*; or the swelling indexC*s. A good linear correlation is obtained between
C,andC¢* for both Ess83 and Ess96;= 0.024C:* for Ess83 an®,= 0.023C.* for Ess96.
Moreover, no water chemistry effect is observedsTdbservation shows that the secondary
consolidation behaviour of Boom clay is similathat of shake or mudstone reported by Mesri
et al. (1994).

4. Discussion

In the low range of pore water salinity conside(eétween 5.037 and 5.578 g/L), it has been
observed that for Ess96 there isn't significaneetffof the pore water salinity on the hydraulic
conductivity, oedometer modulus, primary consolaat coefficient and secondary
consolidation coefficient. By contrast, for Ess83pw effect was identified on the oedometer
modulus, the primary and secondary deformationfiefts: Eoqo andC, are larger an; is
lower in case of synthetic water as compared tacse of distilled water. But for both Ess83
and Ess96, the salinity of pore water does notcttftfiee relationship between the hydraulic
conductivity and the void ratio. These observati@asl to conclude that for Ess83, increasing
the pore water salinity accelerates the soil codabbn but reduces its deformation and
secondary consolidation.

Comparison of the mineralogical composition betwEss83 and Ess96 (see Table 3) shows
that the contents of quartz and clay smectite nainef Ess83 are 10 % higher than that of
Ess96, while the contents of kaolinite and intetgied illite/smectite of Ess83 are 10 % lower
than that of Ess96. Note that kaolinite, quartz dig are relative stable minerals, while
smectite and to a certain extent interstratifi@teismectite are swelling minerals. Furthermore,
FromTable 1, it is observed that sodium ion (Navas the main cation in pore water, and its
concentration is 0.072 M in Ess83 and 0.080 M is9Bs The concentrations in both cores are
low and in addition the difference between two sdasesmall.

From the mineralogical analysis above, it can becktmed that in the condition of low Na
concentration, the content of smectite mineralkisly the main factor to be considered when
investigating the pore water chemistry effects loa hydro-mechanical behaviour of Boom
clay. This is in agreement with the analysis ofevaalinity effect on the values of liquid limit.



Indeed, as mentioned beforkselen-Aksoy et al. (2008) showed that when tgeid limit
of clays was less than about 110 %, the salt effeciiquid limit was not obvious; but
significant effect was identified for higher liquiithit values.

Yukselen-Aksoy et al. (2008) also showed that Himiy effect on the compression index and
swelling index of clays was quite low when the lgjimit with distilled water was lower than
110%. On the contrary, Di Miaet al. (2004), Cajo and Maines (2007) showed that theemwat
salinity had significant effect on the hydro-medieahbehavior of bentonite. Di Miao et al.
(2004) also showed that the hydro-mechanical behafikaolinite was not influenced by the
pore water salinity. These results confirm the tasion thatthe content of smectite mineral is
likely the main factor to be considered in investigg the pore water chemistry effects on the
hydro-mechanical behaviour. Thus it is normal thatow effect of water chemistry was
observedfor Ess83 and no effect was identified for Ess96abse the former contains more
smectite (10%).

5. Conclusion

Essen site has been chosen as an alternativensitee iBelgian program for nuclear waste
disposal. As the host Boom clay at this site prissarpore water salinity 4-5 times higher as
Boom clay at Mol, it is necessary to have an insigtihe effect of water salinity on the hydro-
mechanical behaviour of Boom clay. In the preseotkwthe swelling behaviour, the volume
change behaviour and the hydraulic conductivityenstudied on intact Boom clay from Essen
site with both distilled water and synthetic walerorder to be representative, the range of the
total salinity considered for the synthetic wateaswimited to the total salinity of site water
(between 5.037 and 5.578 g/L). The results obtamlémlv the following conclusions to be
drawn:

(1) The liquid limit values were determined using begnthetic water and distilled water;
slightly higher values were obtained in the cassyothetic water. The difference observed
is believed to be negligible, in agreement with theservation of Yukselen-Aksoy et al.
(2008) for low plasticity clays.

(2) The saturation or pore water replacement undemtléu stress of 2.4 MPa did not induce
significant change in soil volume for both Ess88 &$s96.

(3) For Ess83, the oedometer modulbsq, consolidation coefficientC, and secondary
deformation coefficienC, are slightly different when using synthetic waserd distilled
water: Eogo and C, are relatively larger an@, is lower in the case of synthetic water.
However, the pore water salinity doesn’t show afigot on the relationship between the
hydraulic conductivity and void ratio, as well d&e trelationship between the secondary
consolidation coefficien€, and the compression ind€X..

(4) For Ess96, no obvious influence of pore water #gliwas identified on the hydraulic
conductivity, oedometer modulus, consolidation fioeit and secondary deformation
coefficient.

(5) Examination of the mineralogical composition of &snd Ess96 showed that the smectite
content is likely the main factor to be consideredvestigating the pore water chemistry
effects on the hydro-mechanical behaviour of Bodany.cAs Ess83 contains more smectite
(10%), it appears normal the Ess83 shows moretsftdqore water chemistry. But on the
whole, these effects are quite limited
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Table 1. Pore water salinity of Boom clay

Salt Ess83 | Ess96 | Mol
10° Mol/L

NaHCO3 7.16 7.16 13.93
Na2S04 5.23 5.81 0.002
KCl 0.61 0.61 0.34
CaCl2.2H20 | 0.52 0.57
MgCI2.6H20 | 1.44 1.60 0.11
NaCl 54.7 61.6 0.17
H3BO3 0.70
NaF 0.26
CacO3 0.05
Na+ 72.32 80.38 14.104
(Tg‘;lt_a;' salinity | g 37 5.578 1.286
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Table 2. Geotechnical properties the two soil cetadied

W W, | 1Ip Carbonate
Core | Depth (m) | Member | G @) | @) | @) w € VBS content (g/kg)
Ess83 P26.65-227.6] Putte 264 |67.2* 33 |37 [27.2]|0.730 | 6.67 | 7.6
Ess96 P39.6:-240.6] Terhagen| 2.68 | 67.1* [ 33 |36 | 26.5[0.715]6.20 | 2.4

* Testing with distilled water

Table 3. Mineralogical composition obtained by X-thffraction

Soil studied (% ) Clay fraction( % )
Core lllite / .- . o : ;
Quartz Mica Kaolinite | Chlorite | Kaolinite| lllite Smectite| [ll/Sett
Ess83 60 10 30 5 35 20 20 20
Ess96 70 10 20 5 35 20 10 30
kean
Bergen.gp.Zoom Essen-1
™) . on
e
\/ Okm S5km 10km15km20km
O
Q < Lommel
Antyerpex o
° JMol-1
St»Ngdaas Doel
- SCK-CEN/IWe/06/18 ¢

Figure 1. Locations of Mol site and Essen site (daen et al., 2006)
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9

0.02

0.01

-0.01

-0.02

0O 00

Ess960do4 I->I1
Ess960do4 I1->1lI
Ess960do4 I1I->IV
Ess960do5 I->I1
Ess960do5 I1->1Il —
Ess960dos II->IV

goodoo

[0]®

0.5

0.6

0.7

0.8

0.
e()

9

22



0.02 T 0.02 T

<& Ess830do3 I->Il < Ess960do4 I->II
@  Ess830do3 II->Ill O Ess960do4 II->lll
T g E“iigj"i :I:Iv 7 [ Esse60do4 llI->Iv
$5830d04 |- 2
O Ess830do4 II->lll 8 Ezzgzgggz :::H
0.01 —— [ Ess830dod lli->IV 0.01 =~ [ Ess960dos lli>Iv
-©
] 0 o ] ®
-7 C,=0.024 C* =
00 - a < o @ |- O cmo0macy -
o 0 — < y (OF el c
O OT==m

Cs* - ‘%%Q} C.*

-0.02 T T T T

-0.02 T T T T
0 0.1 0.2 0.3 0.4 0 o1 02 03 04
C*, and € . . . .

C*.and C*,
Figure 11. Secondary consolidation coefficient usersompression index for Ess83 and Ess96

23



