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Abstract

The hydraulic conductivity is a key parameter irotgehnical engineering practice for the
seepage and consolidation analysis. Experimergaltseshow that the hydraulic conductivity
is mainly governed by the soil porosity, and therelations with void ratio are usually
proposed. The validity of these correlations hasnbeerified for soft clays and sands.
However, few studies were involved in stiff clays.this work, the hydraulic conductivity of
Boom clay, a stiff clay taken from the Essen siteBelgium, was determined from both
consolidation and constant-head percolation t&dis. data obtained was then analyzed to
evaluate the existing correlations to predict tigdraulic conductivity. In addition, as these
correlations usually require a referred hydrautioductivity at a known void ratio, it is often
difficult to be used in practice. Thus, a new metinas developed allowing the prediction of
hydraulic conductivity without the referred valuathich was based on two existing
correlations and involved the void ratio and thguid limit. The proposed correlation was
verified using the experimental results obtainedmfrBoom clay samples which were
collected from various locations in Belgium.

Keywords: Boom clay; consolidation; constant-head percatatioydraulic conductivity;

void ratio; correlation.
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1 Introduction

Boom clay is a thick deposit of over-consolidatedrime clay, of Oligocene age. It can be
found in the north-east region of Belgium (Bouaetal. 1996). Its hydraulic conductivity
has been investigated for its performance assessioerthe deep geological disposal of
high-level radioactive waste. Recently, Wemaadral. (2008) has worked on Boom clay cores
taken from four distant boreholes at various depfif®e results showed a variability of
hydraulic conductivity ranging fromxa0*% to 10<10*? m/s.

In the laboratory, hydraulic conductivity is usyatletermined using Darcy’s law. The
constant-head method is usually applied for higimgeability soils (sandy soils for example)
and the variable-head method is usually used far permeability soils (clayey soils for
example). For stiff clays or rocks with extremebwl hydraulic conductivity (sometimes
lower than 132 m/s), pulse tests are usually used (Zhahgl, 2000). In addition to these
direct methods, Terzaghi's consolidation theory also be used to determine the hydraulic
conductivity by back analyzing the consolidatiosulés (Delagest al, 2000).

Experimental results usually show that hydraulindectivity (k) mainly depends on soil
porosity and various correlations are proposed éetwhydraulic conductivityk] and void
ratio (€). Some of these correlations are presented ireThbl'he correlation byaylor (1948)
(equation No. 1) was modified by Samarasinghal (1982) for sandy soils whef@ andm
are two constants (after Indraratna and Rujikiajkam 2004). Aubertiret al. (1996) and
Sridharan and Nagaraj (2005) analyzed the effdatsand proposedh = 5 for clays. Kozeny
(1927) and Carman (1938, 1956) proposed anotheelation {.e. KC function) for porous

materials between void ratio and hydraulic conditgtias equation No. 2, wherg is the
unit weight of the fluid involved; ¢ is the viscosity of the fluid,C,_. is the

Kozeny-Carman empirical coefficient anfl, is the specific surface area per unit volume of
particles (after David, 2003). Note that if the ualof m in equation No. 1 is set as 3, the
relation between hydraulic conductivity and voitiads the same as k €*/(1+e). Aubertin

et al. (1996), Sridharan and Nagaraj (2005) found thatvillee ofmis generally close to 5
for clays; hence, KC function would over-evaludte hydraulic conductivity when the void
ratio is less than 1.0.

For clayey soils, Taylor (1948plso proposed equation No. 3 wher€, is a

permeability change indexs, and e, are referred values (usually, the in-situ valuefs) o

hydraulic conductivity and void ratio respectivelgfter Indraratna and Rujikiatkamjorn,
2004). Tavenast al.(1983) and Lerouedt al. (199, 199() applied equation No. 3 to soft

3
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clays with a wide range of void ratios, and progb®t C, is a function of the in-situ void

ratio e,: C, = 05¢,. Mesri et al. (1994) analyzed the data of soft clays and prapose

equation No. 4 wher€F is clay fraction and\; is soil activity. Although there are various
correlations proposed, equation No. 3 is usualbdu® describe the variation of hydraulic
conductivity of clays versus void ratio changesteNthat these equations have been only
validated for soft clays whose in-situ void rateg) (is larger than 1.0. The validation of these
equations for stiff clays with a void ratio ofteswler than 1.0, remains to be verified.

In the present work, the hydraulic conductivityBdom clay cores of low in-situ void
ratio (e < 0.79) taken from a borehole drilled in Essen ¢igeh) was determined from
oedometer and isotropic consolidation tests as agltonstant-head percolation tests. Four
depths in the range of 220 — 250 m were investijaide obtained results were used to
evaluate the existing correlations listed in TableA new method was developed allowing
prediction of the hydraulic conductivity of stiffays using the void ratio and the liquid limit.
This method was verified using the experimentallissrom Boom clay samples taken from
various locations.

2 Soils studied

The soil cores studied were taken from the borekoiked in Essen (Belgium). The
Essen site situates in the north east of Belgiubnki® far from the underground research
laboratory (URL) at the Mol site (Figure 1). Theddo clay formation ranged from 153 to
280-m in depth. It can be sub-divided into four emnTransition zone (153 — 200 m); Putte
member (200 — 238 m); Terhagen Member (238 — 26Gng Belsele-Waas Member (260 —
280 m).

Four cores with 1 m in length and 100 mm in diametere studied. After being taken
from the borehole, the cores were sealed in plashties with ends closed and transported to
the laboratory for testing. The details of theseesare shown in Table 2. Two cores were
taken from the Putte member (Ess75 and Ess83)vemathers from the Terhagen members
(Ess96 and Ess104). The geotechnical identificapiarameters of these cores are similar:
specific gravity,Gs = 2.64 — 2.68; liquid limity,. = 68 — 78%; plastic limitwp = 29 — 33%;
plastic index,lp = 36 — 45. The water contew)(ranges between 26.5 and 29.7 %, and the
void ratio €) between 0.700 and 0.785. The values of degrsatafation §) determined in
the laboratory on the cores are equal or close0@%d The Blue Methylene value (VBS) is
equally similar, VBS = 6.20 — 6.67. According te ttelationship between the specific surface
area (SSA) and VBS (Yukselen and Kaya, 2008), tBa & Boom clay ranges from 152 to
163 nf/g. Nevertheless, the carbonate content of cord®s$43.6 g/kg) is significantly
higher than that of other cores (lower than 10 g/Kbe particle size distribution determined
is shown in Figure 2. The curves obtained for the epths are similar and the clay content
(< 2 um) is quite high (more than 40%). Note tlat particle size distribution of Boom clay

4
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at Essen is very similar to that presented by Weeeteal. (2008) for Boom clay taken from
other regions in Belgium (Mol, Doel, Zoersel andalde).

3 Experimental techniques

Three methods were used to study the hydraulic wdnadty of the soil cores: (1)
constant-head method using an oedometer cell;g@-analysis of consolidation tests in an
oedometer cell; (3) Back-analysis of consolidatiests in an isotropic cell. A synthetic
solution having a similar chemical composition lae in-situ pore-water was used to perform
the tests. In Table 3, the composition of saltsduse preparing the synthetic solution is
presented for all depths. A high concentration aCN(15 — 20 g/L) can be observed. More
details on the pore-water chemistry of Boom clagssen can be found in De Crasnal.
(2006).

For the tests in the oedometer cell, a 40 mm l@ogian was cut from the soil core using
a metal saw. The confining ring of the oedometdrwving a sharp edge was then pushed
into the soil sample. The surfaces of the soil spen were finished using a steel knife with
sharp edge. The final dimension of the soil spenime20 mm high and 50 mm in diameter.
Note that special attention was paid to samplingeation: the axis of specimens is
perpendicular to the bedding plan. The confiningyrhaving the soil specimen inside was
then installed in the oedometer cell. For testagisgihe isotropic cell, the soil specimen was
carefully hand-trimmed to have a final dimensior88fmm in diameter and 76 mm high. The
axis of the specimen is also perpendicular to tuing plane.

When applying the constant-head test in the oedemoel|, a vertical stress equal to the
in-situ vertical stress estimated from the soil sites and depths was applied after
installation of the soil specimen in the cell. T§gecimen was fully saturated and this was
checked by considering the initial degree of sainma(see Table 2) and the volume changes
due to the in-situ stress application. After siabtion of the soil deformation under this
initial load, the porous stone in the base of te# was fully saturated by the synthetic
solution flushing. It was observed that this opgeratlid not induce any volume change of the
soil. A water pressure of 1.0 MPa was then applisthg a controller of pressure/volume
(CPV) from the lower base of the cell; the uppesebaas kept at atmospheric pressure. The
hydraulic conductivity of the soil was calculatedrh the water volume change recorded by
the CPV with Darcy’s law. Two tests were perfornusihg this method on core Ess83 (227 m
depth) and Ess96 (239 m depth). The in-situ vdrgt@ss was estimated to be 2.27 MPa,
based on a mean value of the unit weight estimatezD kN/nf and a ground water level
considered at the ground surface. In the oedontesgr a value of 2.40 MPa was chosen to
represent the in-situ vertical stress.

To apply the second method, one oedometer consolidist was carried out on each of
the four cores of Table 2. A vertical stress edwathe in-situ stress was applied to the
specimen after its installation inside the cellteAfstabilization of the volume change, the
subsequent saturation of the drainage system wdsrmped without inducing any volume

5
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change of soil. The soil was then subjected to re¢wmloading/loading paths in steps with
vertical stresses ranging from 0.05 to 32 MPa. Hlgdraulic conductivity was finally
determined following the Casagrande’s method (AFN@IRS).

To apply the third method, one isotropic consolmatest was carried out on each of the
four cores of Table 2. The high-pressure isotrapit described by Cuwet al. (2009) was used
for this purpose. After installation of the soihgale on the pedestal with dry porous stones, a
confining pressure equal to the in-situ stress wapglied. After stabilization of the soll
volume change, the drainage system was fully si&ifay the synthetic solution. As in the
case of oedometer tests, no volume change waswvedsduring this operation. Later, the
confining pressure and the back pressure were ittgrased at the same time by a same
pressure increment. The final back pressure waaléqul.0 MPa and the effective pressure
of the soil was still equal to the in situ stre&fer Delageet al. (2007), this procedure allows
a satisfactory saturation of the soil sample withdisturbing its initial state (in terms of
microstructure and stress state). Finally, the ioomd pressure was incrementally increased,
allowing the determination of the hydraulic condwity at various void ratios following
Casagrande’s method (AFNOR, 2@D5

4 Experimental results

In Figure 3, the results obtained from the teshgishe constant-head method are shown.
The volume of solution passing through the soilcgspen (20 mm high) under a pressure

gradient of 1.0 MPa is plotted versus time. For8Bss seepage velocity af23x10° m/s
can be determined and the hydraulic gradienbeing 5000 (water head divided by sample

height), hence the hydraulic conductivityis 246x10™“m/s (at a void ratio of 0.640); For
Ess96, the seepage velocity 00x10®° m/s and the hydraulic conductiviky is

2.00x 10"”m/s (at a void ratio of 0.586. Note that duringstistep, no obvious vertical

deformation was observed for both samples.

Using the results from the oedometer test on Es#&3, relationship between the
calculated void ratio and the corresponding vertgteess can be obtained as shown in
Erreur ! Source du renvoi introuvable.. The initial loading to the in-situ stress decezhthe
void ratio from 0.730 to 0.651 (poi). The saturation of the drainage system did ndace
significant change in void ratio. The subsequenbaniing in steps to 0.125 MPa increased
the void ratio up to 0.774 (poimg). After the loading in steps to 16 MPa, the vaadia
decreased to 0.361 (poi@). For the subsequent paths, the void ratios waualdo 0.620 for
o, = 0.125 MPa (poinD), 0.270 forg, = 30 MPa (poinE), and 0.569 foiy, = 0.125 MPa
(point F). Note that the volume change was consideredasliged when the deformation

6
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rate was less than 0.00125 mm/h following the Hrestandard (AFNOR, 1995). It can be
observed that the time needed for the stabilizadionng the unloading steps was generally
longer than during the loading steps. A total 0bw@b80 days was needed to finish the
oedometer test.

The hydraulic conductivity using the second metlloaick analysis from consolidation
tests using the oedometer cell) is presented iar€i§ versus the corresponding void ratio. It
can be observed that the relationship between raiid and hydraulic conductivity can be
described with a linear correlation in the semiaitgpmic coordinate. Furthermore, this
relationship seems to be independent of the loadistpry; a unique function can be

proposed for all the loading and unloading stepkas0.015x10%* (L0**m/s).

The results of the isotropic consolidation testEss83 are also shown in Figure 4, in
terms of variations of void ratio as a functionedfective pressure. It can be observed that
from the in-situ stress of 2.40 MPa (initial voatio of 0.725), loading in steps up to 20 MPa
effective pressure decreased the void ratio to.¥breover, the relationship between void
ratio and the logarithm opfp,) can be described with a linear correlation. Tdugesponds
to the compression curve of a normally consolidateitl with a compression inde®; equal
to 0.31. It should be noted that in this test daekling step was maintained until stabilization
of the volumetric strain according to the Frendindard (AFNOR, 2005b): the volumetric
strain rate should be less than 6%/tD The time needed for each step varied from 160 h
250 h. A total of 40 days was needed to finishtése.

The hydraulic conductivity using the third methdih¢k analysis from the consolidation
tests using the high-pressure isotropic cell) was presented in Figure 5, versus void ratio.
As observed in the case of the consolidation teshé oedometer cell, a linear function can
be proposed to correlate the relationship betwesd ratio and the logarithm of hydraulic

conductivity:k =0.09x 13" (10*m /s'. This expression is similar to that obtained frtra

oedometer test.

In order to evaluate the three methods used fohyleaulic conductivity determination,
the result of Ess83 obtained by the first methodls presented in Figure 5. It can be
observed that similar results were obtained bythihee methods: the hydraulic conductivity at
a void ratio of 0.64 is between 1.5 x*fén/s and 5 x 16 m/s, with a value of 2.5 x T8m/s
obtained by the constant-head method. Note thateE®96 the three methods gave also
similar results: the hydraulic conductivity at @d/eatio of 0.59 is between 0.9 x 1m/s and
2.1x 10" mi/s, with a value of 2.0 x 8m/s obtained by the constant-head method. The
difference between the results by the three metiwmdse to both the experimental error and
the heterogeneity of natural Boom clay.

All the results obtained from Ess83 core are gathém Figure 6b. As mentioned before, for
Ess96, all the three methods (constant-head metlm$olidation using the oedometer and
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the isotropic cell, respectively) were applied. Yihle second and third methods were applied
for Ess75 Ess104. The results are plotted in Figarr Ess96, in Figure 6a for Ess75 and in
Figure 6d for Ess104. It can be observed that,henvthole, the relationship between void
ratio and the logarithm of hydraulic conductivitgncbe satisfactorily correlated with a linear
function. Furthermore, the functions obtained fes B, Ess83, Ess96 and Ess104 are similar
(see Table 4 for all fitting equations).

5 Prediction of hydraulic conductivity

The existing correlations allowing the predictiohhydraulic conductivity (in Table 1)

can be generally rewritten as = Cf(e , Where C is a parameter. In some cas€s;an be

correlated with the initial void raticg,, and the corresponding hydraulic conductivity,

such as equation No. 1 and No. 3 in Table 1. IrrotasesC is correlated with other soil

basic parameters (equation No. 2 and No. 4). ImaguNo. 1 mis a parameter related to the
curve shape. As mentioned before, the results dfeiin et al. (1996) and Sridharan and
Nagaraj (2005) showed thattis equal to 5 for clays.

In the following sections, the experimental datéaoted on Boom clay from Essen and
that from Mol (Delageet al, 2000; Aertsenst al, 2004; Coll, 2005; Le, 2008; Wemaexieal.
2008) are used to assess the various models peeserifable 1. The models requiring the

initial hydraulic conductivity k,) and the initial void ratio€; ) are firstly evaluated. The two

models that do not requir&, and g, are considered afterwards. Finally, a new corigrat

is proposed for Boom clay.

5.1 Evaluation of existing modelsrequiring kg and &

To further evaluate the correlation between hydcacdnductivity and void ratidf, (e ,)

e3

1+e€

the equations of other forms in Table 1 are tramséol to k =C (from equation No. 2)

and k =C¢' (from equation No. 4), wher€ can be calculated using, and e, as

C=k,/f(g).

In order to evaluate the predicting models, the twllmwing parameters were calculated:
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(1) a is the mean value oR (a:%ZR ); (2) b is the root mean square error Rf
i=1

N
(b= /%Z(R -1?); whereR is defined as the ratio of the predicted vakig,;.., to the
i=1

calculated experiment valuk_,.,..s @ndN is the statistical number (Taegal.2008) .

In Figure 7, the hydraulic conductivity values poteld by the above equations are
plotted versus the calculated values for the faurres from Essera( b, ¢, § and Boom
clay from Mol €). In Figure 7f,all the data are put together for the analysis. fiean value
of R and the root mean square erroRare shown in Table.5

It can be observed that equation No. 1 underestentite hydraulic conductivity for
almost all cores (except Ess83) with a relativgdascatter { = 0.5). On the contrary,
equation No. 2 overestimates the hydraulic conditgtfor all cores with a large scattdy €
0.8). Equation No. 3 and No. 4 can predict the aytic conductivity satisfactorily for all
cores.

As a conclusion, wheky andey are available, equation No. 3 and No. 4 are Slaitbdy
predicting the hydraulic conductivity of Boom cldyy modifying these equations as

e-g
k =k, *x10%* and k = Ko e*, respectively.

4

5.2 Modelswithout kg and g,

For Boom clay in particular or stiff clays in geakrthe hydraulic conductivity is low and
thus difficult to be determined. Hence, from a ficat point of view, it is essential to predict

the hydraulic conductivity without measurikg For this purpose, equation No. 2 can be
developed as follows (after David, 2003; at a terafjee of 20 °C):

3 3
[1] k=cf(=—2r 1 € -20000¢e
HC(c S 1te S, l+e

(m/s)

where S, is the specific surface area.

The correlation by Mbonimpet al. (2002) was applied to estimatg, from the liquid
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20x10°

limit wi_ of Boom clay: S, = w**(m*/m?®) .While the data of the specific surface

S

area §, of Boom clay calculated using VBS (in Table 2)@ding to Yukselen and Kaya

(2008) and liquid limitw,. were used to verify the correlation by Mboningtal. (2002).
With this correlation, the hydraulic conductivitypression can be rewritten as

_5.0x10° ¢€°
T 1re
[2] sTL (m/s)

where y; is the unit weight of soil particles.

The above expression [2] and equation No. 4 (inlefd) were used to predict the
hydraulic conductivity of Boom clay from Essen aMi@l without usingk,. The predicted
values are plotted versus the calculated (or med}walues in Figure 8a (equation No. 2)
and Figure 8b (equation No. 4). The parameteasidb are also presented to evaluate these
models.

From Figure 8a, it can be observed that the mehre @ k 1k 4) ranges from

predicted” "“calculate

1.9 to 2.8 and the errdrranges from 1.1 to 2.2. When the void ratio issel®o the in-situ
value, the predicted hydraulic conductivity fitsllm@ith the calculated one; but if the soils
are compressed and the void ratio is decreased, hylaeaulic conductivity will be
over-evaluated. For equation No. 4 (Figure, 8¢ mean valua ranges from 5.6 to 11.2 and
the errorb ranges from 5.2 to 11.1. That means this equat@nestimates by about 10 times
the hydraulic conductivity of Boom clay.

As a conclusion, when the measuremeria$ not available, equation No. 2 can be used
by combining the correlation betwe&y andw_. (Mbonimpaet al, 2002). A satisfactory
agreement between prediction and calculation cabt&ned, especially when the void ratio
is close to the in-situ value.

5.3A correlation for Boom clay

The above evaluation shows that equation No. 3ableTl is suitable for describing the
relationship betweek ande and has been used in various works (Leroatial, 199,
199(; Nagaraj and Miura, 2001), while equation No. 8gants the advantage of estimating

parameterC without measuring. As Ck.c in equation No. 2 is a function of*°, the

following equation can be then proposed:
A

29
L

3] k=—"x10°%(m/s)

10
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Where A andB are two constants. In the case of Boom clay, thek kanalysis gives:

A=32x10"° (m/s)and B = 3.56.

In Figure 9, the hydraulic conductivity calculatém the proposed correlation is
presented versus the measured values. As the parameere fitted using the data by back
analysis, the value @ is equal to 1.0; the errtrobtained is equally smalb,= 0.4. Note that
there are more data available for higher hydracdiocductivity than for lower conductivity,
and therefore the proposed correlation is moreaBlgt for the range of high hydraulic
conductivity.

With the proposed correlation and the valueswo{59% - 83% ) andy (0.56 - 0.68)
reported by Francoist al. (2009), the predicted hydraulic conductivity usexpression [3]
(0.9x10" - 4.4x10" m/s) covers the range of the hydraulic condugtivift Boom clay
(1.2x10" - 4.2x10* m/s) measured by Aertsen al. (2004) at Mol and by Wemaege al.
(2008) at Mol, Doel, Zoerel and Weedle.

6 Discussion

From the correlation between hydraulic conductiahd void ratio in Figure 6, it can be

seen that all the correlations in the coordinkigk - e show a linear relationship. Hence,

equation No. 3 is suitable for Boom clay. Ti&g parameter €, =Ae/Alogk) of Boom

clay at Essen and Mol (collected from the presesrkvand others) and Singapore clay (after
Arulrajah and Bo, 2008) are calculated and ploiteBligure 10, versusy. According to the

analysis on the data presented by Tavestaal. (1983), the correlatiorC, = 05¢, is also

plotted. The results of Singapore clay are ploftedts low value ofey (< 1.0), comparable
with the initial void ratio of Boom clay. Figure Xhows that the values €k for Boom clay

and Singapore clay lie generally below the line@f = 0.5¢,. Moreover, C, of Boom clay is

not correlated withe, .

'2‘_9 x10°¢(m/s) has been proposed for Boom clay

L

In this study, the correlatiork =

with A=32x10° and B = 3.56. Actually, from equation No. 3 (Tab)eif C, is taken as

the mean value ofC, for Boom clay C,= 0.3), theB value is equal to 3.33. This value is

similar to that obtained for the proposed correlatiOn the other hand, the valuefo€an be

also calculated from equation No. 2. Indeed, takimegunit weight y, of Boom clay equal to

11
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—7 2 3
5'0X1209 s € ) allows parameteA to be deducedA
wy l+e

2.68 kN/mi, this equation K =

=70x10°. This value is 2200 times larger than that obtifi®m the correlation [3].
However, when the void ratio is equal to 0.77, predicted hydraulic conductivity by both
equation No. 2 and correlation [3] is close toneasured one.

7 Conclusions

There have been various works in the literaturesisimg on the measurement and the
prediction of hydraulic conductivity of soft claySatisfactory agreement is often obtained.
For stiff clays as Boom clay, the existing corrglas are however not verified. In the present
work, the hydraulic conductivity of Boom clay takiom the Essen site in Belgium was first
measured using various techniques (constant-headhotheor back-analysis from
consolidation tests). The results show a strongetairon between the hydraulic conductivity
and the void ratio. Secondly, the obtained resntsthe results collected from other works on
Boom clay were used to evaluate some existing lediwaes. The following conclusions can
be drawn:

(1) When the in-situ hydraulic conductivityand the in situ void ratiog, are available,

the two following equations can give satisfactorgdictions:

e-€y ko
k=k,*x10%* and k =—2¢*

4

(2) When the in-situ hydraulic conductivity is not dahie, the following equation can
be used for stiff clay especially when the voida @ close to the in-situ value:

= 0% 10° €
yews® 1+e

This equation was verified using the experimenédhdn Boom clay.

(3) In the case of Boom clay, the following equatiorsypaoposed:

This equation was developed based on the linearelation observed on the
experimental data between the logarithm of hydcaatinductivity and void ratio. The
liquid limit wi_ is introduced to take into account the variablarahterization of Boom
clay at various locations.

12



g b~ WN

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Acknowledgements

ONDRAF/NIRAS (The Belgian Agency for Radioactive $#&aand Enriched Fissile Materials)
is gratefully acknowledged for its financial suppdrhe first author is grateful to the National
Science Foundation of China for its supports (N8(&D49).

References

AFNOR, 1995. Sols : reconnaissance et essais: aisagonflement a l'oedométre,
détermination des déformations par chargementuiseulrs éprouvettes. XP P 94-091

AFNOR, 2005a. Geotechnical investigating and tgstimboratory testing of soils, Part 5:
Incremental loading odometer test. XP CEN ISO/T89P75.

AFNOR, 2005b. Laboratory testing of soils: ParC®nsolidated triaxial compression tests on
water saturated soils. XP CEN ISO/TS 17892-9.

Aertsens, M., Wemaere, |., and Wouters, L. 2004ti8pvariability of transport parameters in
the Boom Clay. Applied Clay Science, 26(1): 37- 45.

Arulrajah, A., Bo, M.W. 2008. Characteristics oh§apore marine clay at Changi.
Geotechnical and Geological Engineering, 26(4):431-

Aubertin, M., Bussiere, B., and Chapuis, R.P. 199draulic conductivity of homogenized
tailings from hard rock mines. Canadian Geotechdicarnal, 33(3): 470-482.

Bouazza, A., Van Impe, W.F., and Haegeman W. 1%afine mechanical properties of
reconstituted Boom. Geotechnical and Geologicalt&eging, 14(4): 341-352.

Carman, P.C. 1938. The determination of the spesifrface of powders. J. Soc. Chem. Ind.
Trans., 57: 225.

Carman, P.C. 1956. Flow of gases through porousanBdtterworths Scientific Publications,
London.

Coll, C. 2005. Endommagement des roches argileztggsrméabilité induite au voisinage
d’ouvrage souterrains. Ph.D. thesis, Universit&pgbd-ourier-Grenoble 1, Grenoble.

Cui, Y.J., Le, T.T., Tang, A.M., Delage, P., andd.L. 2009. Investigating the time dependent
behavior of Boom clay under thermomechanical logd@®éotechnique, 59(4):
319-329.

David, W.C. 2003. Goodbye, Hazen; Hello, Kozenys@am. Journal of Geotechnical and
Geoenvironmental Engineering, 129(11): 1054-1056.

De Craen, M., Wemaere, |., Labat, S., and Van Ge&006. Geochemical analyses of Boom
Clay pore water and underlying aquifers in the Bsk&orehole. External report,
SCK.CEN-ER-19, 06/MDC/P-47.

Delage, P., Sultan, N., and Cui, Y.J. 2000. Orthleemal consolidation of Boom clay.
Canadian Geotechnical Journal, 37(2): 343-354.

Delage, P., Le, T.T., Tang, A.M., Cui, Y.J., andXdL. 2007. Suction effects in deep Boom
clay samples. Géotechnique, 57(2): 239-244.

Francois, B., Laloui, L., and Laurent, C. 2009. ithe-hydro-mechanical simulation of
ATLAS in situ large scale test in Boom Clay. Congratand Geotechnics, 36(4):

13



© 00 NO Ol WDN P

e T o el =
N~ o oM wWNPRPR O

18

19
20
21
22
23
24

25

26
27
28
29
30
31
32
33
34
35
36
37
38
39

626-640.

Indraratna, B., and Rujikiatkamjorn, C. 2004. Laiory Determination of Efficiency of
Prefabricated Vertical Drains Incorporating VacuBreloading. Proceedings of the
15th Southeast Asian Geotechnical Conference, Bandgk 453-456.

Kozeny, J. 1927. Ueber kapillare Leitung des WasseBoden. Wien, Akad. Wiss., 136(2a):
271.

Leroueil, S., Bouclin, G., Tavenas, F., Bergeron,dnd Rochelle, L.R. 1980 Permeability
anisotropy of natural clays as a function of strddanadian Geotechnical Journal,
27(5): 568-579.

Leroueil, S., Magnan, J.P., and Tavenas, F. h9Bfhbankments on soft clays. Ellis Horwood
Ltd., England, 360 pp.

Le, T. T. 2008, Comportement thermo-hydro-mécanigiéargile de Boom, Ph.D. thesis,
Ecole Nationale des ponts et chaussées, Paris.

Mesri, G.., Kwan, L.D.O., and Feng, W.T. 1994. leetent of embankment on soft clays.
Proc. Of settlement 94, ASCE Geotechnical Spedaiali€ation, 40: 8-56.

Mbonimpa, M., Aubertin,M., Chapuis, R.P. and Bussig. 2002. Practical pedotransfer
functions for estimating the saturated hydrauliodiectivity. Geotechnical and

Geological Engineering, 20: 23859.

Nagaraj, T.S. and Miura, N. 2001. Soft clay beharicanalysis and assessment. A.A.
Balkema, Rotterdam, 315 pp.

Samarasinghe, A.M., Huang, Y.M., and Drnecich, ¥#82. Permeability and consolidation
of normally consolidated soils. Journal of the @ebtnical Engineering, ASCE,
108(6):835-850.

Shridharan, A.,and Nagaraj, H.B. 2005. Hydraulindwurctivity of remolded fine-grained soils

versus index properties. Geotechnical and Geolbgiegineering, 23(1): 480.

Tang, A.M., Cui, Y.J., and Le T.T. 2008. A studythe thermal conductivity of compacted
bentonites. Applied Clay Science, 41(3-4): 181-189.

Taylor, D.W., 1948. Fundamentals of soil mechaniofin Wiley and Sons Inc.

Tavenas, F., Jean, P., Leblond, J., and Lerouell983. The permeability of natural soft clays
Part Il: permeability characteristics. Canadian &elonical Journal, 20(4): 645-660.

Wemaere, |., Marivoet, J.,and Labat, S. 2008. Hyliraonductivity variability of the Boom
Clay in north-east Belgium based on four core efilboreholes. Physics and
Chemistry of the Earth, 33(S1): 24-36.

Yukselen, Y., and Kaya, A. 2008. Suitability of timethylene blue test for surface area, cation
exchange capacity and swell potential determinatfariayey soils. Engineering
Geology, 102(7): 38-45

Zhang, M., Takahashi, M., Morin, R.H., and Esaki2000. Evaluation and application of the
transient-pulse technique for determining the hyticgproperties of low permeability
rocks-Part 1: Theoretical evaluation. Geotechriieating Journal, 23(1): 83-90.

14



[

g b~ WN

~

10
11
12
13
14
15
16
17
18
19
20
21

22

23

24

List of Tables

Table 1. Correlations between hydraulic condugtigitd void ratio
Table 2. Details of soil cores studied

Table 3. Salts used to prepare the synthetic patersconcentration g/l)
Table 4 . Mean value of R (a) and the root meausgerror of R (b)

List of Figures

Figure 1. Location of the Essen site and Mol dite Craen et al., 2006)

Figure 2. Particle size distribution of Boom clayeasen

Figure 3. Relationship between water volume chagkelapsed time by the constant-head method
for Ess83 and Ess96

Figure 4.

Void ratio versus effective vertical stress for oegter and isotropic consolidation tests onEss83

Figure 5. Hydraulic conductivity versus void ratibtained with three methods for Ess83

Figure 6. Relationships between hydraulic condugtand void ratio; (a) Ess75, (b) Ess83, (c) Ess96
(d) Ess104

Figure 7. Predicted hydraulic conductivity versypeimental one — models with knowg) ka) Ess75,
(b) Ess83, (c) Ess96, (d) Ess104, (e) Mol, (fdatia

Figure 8. Predicted hydraulic conductivity versupeximental one — models withou; Ka) Equation
No. 2, (b) Equation No. 4

Figure 9. Hydraulic conductivity predicted by th@posed correlation versus the experimental one

Figure 10. Relationship betwee@, and initial void ratio &,

15



2 Table 1. Correlations between hydraulic condugiand void ratio
Eq. No. Proponent Correlations Soil type References
m Sand and Indraratna and
1 Taylor (1948) k=C © o .
1+e clay Rujikiatkamjorn
(2004)
Kozeny (1927 ;
y (1927) oy @ Porous David (2003)
2 and Carman (1939, k= —21+ . aterials
1956) HoxcS
3 Taylor (1948) % Soft Cla Indraratna and
y k=kx10™ ,C, = 05g, y Rujikiatkamjorn
(2004)
1.,e/CF
4 Mesri et al. (1994) k= 654x10 ll(mf Soft Clay | Mesriet al.(1994)
3
4 Table 2. Details of soil cores studied
WL [ wp S, carbonate
Core No. Depth (m) Member | Gg lp w € VBS
(%) | (%) (%) content (g/kg)
Ess75 | 218.91-219.91 Putte 265 78 | 33 | 45(29.7 (0.785 | 100 | 6.47 9.1
Ess83 | 226.65-227.65 Putte 264 | 70 | 33 |37 (27.2(0.730 | 98 | 6.67 7.6
Ess96 | 239.62-240.62 | Terhagen | 2.68 | 69 | 33 [36 | 26.5|0.715| 99 | 6.20 24
Ess104 | 247.90-248.91 | Terhagen | 2.68 | 68 | 29 |39 | 27.7 | 0.700 | 100 | 6.67 43.6
5
6 Table 3. Salts used to prepare the synthetic paem{concentration g/L)
Salt Ess75 Ess83 Ess96 Ess104
NaHCG; 3.009 3.009 3.009 3.009
NaSO, 3.460 3.712 4.126 4.392
KCI 0.229 0.229 0.229 0.229
CaCb.2H,0 0.367 0.385 0.422 0.459
MgCl,.6H,0O 1.381 1.464 1.632 1.757
NaCl 14.542 15.976 18.002 19.287
7
8

16



Table 4 Fitting expressions from test results

No. Core Fitting expressions
1 Ess75 k=0.015¢<10%%¢ (102 m/s)
2 Ess83 k=0.013«10%3¢ (10" m/s)
3 Ess96 k=0.020< 10°%¢ (102 m/s)
4 Ess104 k=0.038<10%% (10" m/s)

Table 5 . Mean value of R (a) and the root mearasgjarror of R (b)

Equation No.1 Equation No.2 Equation No/3 Equabio
Ess75 0.6 1.8 1.3 1.1
Ess83 1.1 1.7 1.3 1.1
Ess96 0.8 1.4 11 1.0
Ess104 0.7 1.3 1.0 0.8
Mol 0.7 11 0.9 0.8
All data 0.8 14 1.1 0.9
Ess75 0.5 1.2 0.7 0.4
Ess83 0.4 0.9 0.6 0.4
Ess96 0.5 0.8 0.4 0.4
Ess104 0.5 0.5 0.3 0.4
Mol 0.5 0.4 0.3 0.5
All data 0.5 0.8 0.4 0.4
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