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Abstract:

Compacted bentonite-based materials are often considered as sealing/backfill
materials in deep geological repository for high level radioactive waste. A good
understanding of their hydration process is essential as this process is directly related
to over-pack corrosion and nuclide migration. In this study, the unsaturated hydraulic
properties of MX80 bentonite/sand mixture were characterized by carrying out a
series of experiments including water retention test, infiltration test as well as
microstructure observation. It was found that with suction decrease under constant
volume condition, the hydraulic conductivity decreased followed by an increase after
a suction threshold. At suctions higher than 12.6 MPa, hydration led to progressive
large-pores clogging by exfoliation of clay particles. On the contrary, when saturation
was approached (suction lower than 4.2 MPa), the large-pores quantity increased due
to the creation of two-dimensional pores. It was also observed that the soil hydraulic
conductivity changed following the same tendency as the large-pores quantity during
hydration. In other words, water transfer was primarily governed by the network of

large-pores.

Keywords: bentonite/sand mixture; suction; constant-volume condition; hydraulic

conductivity; microstructure
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1 INTRODUCTION

Most concepts of deep geological repository for high level radioactive waste are based
on the multi-barrier system consisting of the natural barrier (host rock) and engineered
barriers (waste container, buffer and sealing elements). One of the most important
functions of the engineered barrier is to create a zone of low permeability for
separating the high-level radioactive waste from the surrounding environment
(Komine, 2010). Bentonite-based materials are often chosen as sealing/backfill
materials in this multi-barrier system due to their low permeability, high swelling and
high radionuclide retardation capacities (Pusch, 1979; Yong et al., 1986; Villar et al.,

2008).

Once emplaced in the repository, the bentonite-based materials start to be hydrated by
the pore water infiltrating from the host-rock. These materials absorb water and swell.
Firstly, the technological voids are filled up, with a decrease in dry density. Then, the
subsequent swelling is restrained by the host rock and swelling pressure develops
under constant volume conditions. The hydration under this constant volume
condition corresponds to a coupled hydro-mechanical process with involvement of
microstructure changes. A proper understanding of this process is essential for well
controlling the water transfer-related phenomena as over-pack corrosion, nuclide

migration, etc.

A number of studies have been performed to study the water transfer in

bentonite-based materials in both saturated state (Kenney et al., 1992; Dixon et al.,
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1999; Komine, 2004, etc) and unsaturated state (Bérgesson, 2001; Loiseau et al., 2002;
Krohn, 2003a, 2003b; Lemaire et al., 2004; Cui et al., 2008). The saturated hydraulic
conductivity has been found to be strongly dependent on the initial dry density (Dixon,
1999; Karnland et al., 2008, etc.). Under unsaturated conditions with
suction-dependent water flow, the hydraulic conductivity was often determined using
the instantaneous profile method (Daniel, 1982). Following this method, Cui et al.
(2008) investigated the unsaturated hydraulic conductivity of the Kunigel
bentonite/sand mixture and observed that with suction decrease under constant
volume conditions, the hydraulic conductivity decreases followed by an increase after
certain suction threshold. Ye et al. (2009) obtained similar results on GMZ bentonite.
Thomas et al. (2003) and Villar et al. (2005) also pointed out that, in expansive
materials, hydraulic conductivity decreases with the increase in degree of saturation,
due to microstructural modifications. This is different from the common results
showing that the hydraulic conductivity of unsaturated soils increases with suction
decrease (van Genuchten, 1980; Fredlund and Rahardjo, 1993). The particular trend
observed for bentonite-based materials adds a degree of complexity when dealing
with the long term behaviour of these materials. Without considering this
phenomenon, the water transfer in bentonite-based materials will be over-estimated.
Thus, it is of great importance to go in depth of this phenomenon by considering the

coupled hydro-mechanic changes during the hydration process.

If the phenomenon of the particular hydraulic conductivity changes with suction

decrease for bentonite-based materials was evidenced experimentally (Cui et al., 2008;
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Ye et al.; 2009), the explanation has been not yet confirmed by microstructure
analysis. The present study aims at completing this lack by investigating the hydraulic
properties of a compacted bentonite-sand mixture and the microstructure changes
during the hydration process. Infiltration test and water retention test were first carried
out under constant volume conditions allowing the determination of hydraulic
conductivity by the instantaneous profile method. The study was then completed with
the microstructure observation allowing analysing the effect of microstructure change
on the variations of hydraulic conductivity. All tests were carried out at constant
ambient temperature (20£1°C), and the effect of temperature was not considered in

this study.

2 MATERIALS AND METHODS
2.1 Materials and samples preparation

The soil studied is a mixture of MX80 bentonite and quartz sand with a proportion of
70/30 in dry mass. The bentonite is from Wyoming, USA, with a high content of
montmorillonite (80%). It has a liquid limit of 575%, a plastic limit of 53% and a unit
mass of 2.77 Mg/m>. The cation exchange capacity (CEC) is 76 meqg/100g (83 % of
Na"). The grain size distribution (Figure 1) determined by hydrometer (French
standard AFNOR NF P94-057) on deflocculated clay shows that the fraction of

clay-size particles (< 2 um) is 84%.

The sand used in the mixture was from Eure and Loire (France), with a unit mass of

sand grains of 2.65 Mg/m®. It was sieved at 2 mm prior to being mixed with the
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bentonite. Figure 1 shows the grains size distribution curve determined by the dry
sieving method (AFNOR NF P94-056). The curve for sand is characterized by a
uniformity coefficient C, of 1.60 and a Ds, close to 0.6 mm. This curve is close to that

of bentonite powder obtained by “dry” sieving (see in Figure 1).

Synthetic water having similar chemical composition to that of the pore water of the
Callovo-Oxfordian claystone (TDS = 5.7 g¢g/L) from the ANDRA Underground
Research Laboratory (URL) in Bure (France) was used for the infiltration test (Table
1). For the preparation of the synthetic water, the chemical components in powder

were mixed with distilled water using a magnetic stirrer until full dissolution.

For the samples preparation, the bentontie powder has a hydroscopic water content of
12.2% was carefully mixed with dry sand (70% bentonite - 30% sand in mass) giving
a mixture at a water content of 8.5%. The mixture powder was then put into a
hermetic container connected to a vapor circulation system containing free water
(100% relative humidity), so as to reach a target water content of 11.0%. The grain
size distribution curve of the mixture powder is presented in Figure 1. It shows a well

graded distribution around a mean diameter of 0.9 mm.

The soil specimens for both the infiltration and water retention tests were obtained by
compaction of the bentonite/sand mixture powder at its water content of 11.0%. A
given quantity of the mixture was placed in a metallic mould and statically compacted
to a dry density of 1.67 Mg/m®. The initial suction of the compacted samples was
about 65 MPa (measured using a relative humidity sensor after compaction). For the

infiltration test, the specimen (250-mm long and 50 mm in diameter) was compacted

6
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in 5 layers of 50-mm thickness each.

2.2 Experimental method

The hydraulic conductivity of the unsaturated bentonite/sand mixture was determined
using the instantaneous profile method, which requires both suction and volumetric
water content profiles (Daniel, 1982; Cui et al., 2008; Ye et al., 2009). The suction
profile (corresponding to the total suction) was obtained by monitoring the relative
humidity (RH) changes in an infiltration test, whereas the volumetric water content

profile was deduced from the water retention curve determined separately.

2.2.1 Infiltration test

The hydration cell used for the infiltration test is presented in Figure 2. After
compaction, the soil specimen (50 mm in diameter and 250-mm long) was carefully
introduced into the cylindrical cell (50 mm in inner diameter) with the ends of the two
cells jointed together. The hydration cell is made of stainless steel, which hindered
any lateral volume changes. Four relative humidity (RH) sensors were installed every
50 mm along the sample (h = 50, 100, 150, 200 mm from the wetting end) through the
ports in the wall of the cell. The RH sensor consists of a unique capacitive sensor
element for RH measurement and a stainless steel shell (12 mm in external diameter)
for protecting the sensors from deformation and corrosions. Two ends of the cell were
tightly closed by metallic discs of 40 mm thickness each. Water supply was done at
the atmospheric pressure through the water inlets in the bottom base, which was

connected to burettes. The top cover has an outlet for air expulsion. To avoid water
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evaporation, a deflated balloon-shaped membrane was used to cover the air outlet.
The air in the membrane was released regularly in order to keep an air pressure close
to the atmospheric one. The water volume injected into the sample was also measured

during the test by monitoring the water level in the burettes.

At the end of the infiltration test, the sample was extruded by pushing the top side,
about 12 MPa pressure was applied for this purpose. Several small specimens at
different positions along the column were taken for the water content and dry density
determinations. The water content of the sample was measured by oven drying, while
the dry density was determined based on the fluid displacement technique (see Head,
1980, Geiser, 1999) using an immiscible oil Kerdane (with a density of 0.791 at

20°C).

2.2.2 \Water retention curve

The water retention curve of the bentonite/sand mixture under constant volume
condition was determined by controlling the suction using both the wvapour
equilibrium technique (for suctions higher than 4.2 MPa) and osmotic technique (for
suctions of 1 and 0.1 MPa). It is worth noting that the vapour equilibrium technique
controls total suction whereas the osmotic technique controls matric suction (see
Delage 1998a; Delage and Cui, 2008; Blatz et al.; 2008 for more detailed). The zero

suction was imposed by injecting the synthetic water (Table 1) into the sample.

The compacted sample (50 mm in diameter and 5 mm in height) was placed in a

stainless steel cell. Two porous disks were put at both sides of the sample allowing
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vapour or water flow. To apply the osmotic technique, a semi-permeable membrane
was placed between the porous stone and the soil sample (Figure 3a), the whole was
then sandwiched between two perforated discs and immerged in a PEG 20 000
(Polyethylene Glycol) solution at a concentration corresponding to the required
suction (see Table 2). Several drops of penicillin were added in the solution to prevent
from attack of bacteria. To apply suction with the vapour equilibrium technique, the
sample sandwiched between two porous stones was installed between two external
plates with valves (Figure 3b) that were connected to a device containing a saturated
salt solution for relative humidity control (see Wang et al., 2012 for more details).
Following this technique, 2-4 weeks was required to reach the equilibrium (Marcial,
2003; Tang & Cui, 2005). However, the equilibrium time was much shorter for the
osmotic technique as it allows liquid water exchanges between the soil sample and the
PEG solution (Blatz et al., 2008). In this study, the equilibration time was extended to
2 months for both the vapour equilibrium technique and osmotic technique and the

water content of all samples was determined by weighing at the end.

All water retention tests performed and the solutions used for suction control are
presented in Table 2. As shrinkage may occur upon drying, it was not possible to
control sample volumes along drying paths. Thus, only the wetting curve was
determined under restrained-swell conditions. This was enough for the purpose of
hydraulic conductivity determination based on the infiltration test under constant

volume conditions.
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2.2.3 Microstructure observation

Mercury Intrusion Porosity (MIP) and Scanning Electron Microscope (SEM) tests
were carried out on freeze-dried samples, which had been equilibrated at different
suctions under constant volume conditions. The suction values considered ranged
from 65 MPa (as-compacted state) to zero (saturated state). For as-compacted samples,
it was cut to small slices and freeze-dried (see Delage & Lefevbre, 1984; Cui et al.,
2002., Delage et al., 2006; Tang et al., 2011 for more details). Samples for other
suctions were taken from the water retention test under constant volume conditions
(Table 2 for details). Each sample was cut to two parts, one for the preparation of
samples for the microstructure observation and another for water content

determination by weighing (for water retention curve).

3 EXPERIMENTAL RESULTS

Figure 4 depicts the water retention curve (suction versus the gravimetric water
content) obtained along the wetting path under constant-volume conditions. In the
plane of gravimetric water content versus suction (Figure 4), a bi-linear water
retention curve was obtained: water content increases linearly with suction decrease
when this latter is higher than 1 MPa; at lower suctions the water content remains
constant and the water retention curve is almost horizontal. The inflexion of the WRC

(1 MPa) can be considered as the air-entry value of the sample.

At the end of the infiltration test, the sample was removed by pushing it from the top.

10
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The water content and dry density along the column were determined and shown in
Figure 5. As expected, the water content decreased with increasing distance from the
wetting end. Regarding the dry density distribution, a lower dry density than at the
initial state (1.62-1.65 Mg/m® against 1.67 Mg/m®) was obtained in the near wetting
end zone (h = 0-40 mm); a dry density close to the initial one (1.67-1.68 Mg/m®
against 1.67 Mg/m®) was obtained in the middle zone (h = 50-150 mm); in the upper
zone (h = 200 - 250 mm), a significant dry density increase up to 1.73 Mg/m® was

identified.

During the infiltration test, RH changes over time were monitored and plotted in
Figure 6 for all measurement positions (h = 50, 100, 150 and 200 mm). The initial RH
was 62 = 1% corresponding to a suction of 64.5 + 1.5 MPa. Once the infiltration
started, the value of the RH at h = 50 mm increased rapidly and reached 90% after
500 h, then increased gradually to 98.30% after 1900 h. The value of the sensors at h
= 100, 150 and 200 mm started to increase after about 200 h, 500 h and 1900 h
respectively. The larger the distance from the wetting end the lower the increasing rate

of RH.

The total suction (s) was then calculated from RH value using Kelvin’s law:
s=—(p,RT/M,)In(RH/100 Eq. (1)

where p,, is the water unit mass (1 Mg/m®); R is the universal (molar) gas constant
(8.31432 J/mol K); T is the absolute temperature (K), equal to (273.15+20) °C in this

study; M,, is the molecular mass of water vapour (18.016 kg/kmol).

11
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Figure 7 depicts the suction isochrones for every 400 h. Note that the suction value at
h =250 mm was not monitored and it was estimated by linearly extending the curves
between h = 150 mm and h = 200 mm. At t = 0, the initial suction of the sample was
quite homogeneous, with a mean value of 64.5 + 1.5 MPa. It was supposed that after
starting the infiltration, the suction at the wetting face h = 0 mm decreased rapidly to
zero. The total suction at h = 50 mm decreased to 2.37 MPa at t = 2200 h while the
total suction at h = 200 mm started to decrease at t = 1900 h, and remained high (s =

33.84 MPa) at t = 6000 h.

Based on the suction profiles (Figure 7), the hydraulic gradients (i) and water fluxes
(g) at each measurement section (h) and time (t) were deduced following the methods
shown in Figure 8. The hydraulic gradients were calculated as the tangent of suction
profiles (s and h are expressed in m) as indicated in Figure 8a and the water fluxes
were determined by integrating the difference in the volumetric water content profiles

at a time interval (4t) as indicated in Figure 8b.

To calculate the water flux, the volumetric water content of the mixture was deduced
from the total suction using the water retention curve obtained at constant-volume
conditions (Figure 4). As the suction measured by RH sensors in the infiltration test
ranges from 2.37 MPa to 65 MPa, Eq. 2 (see also Figure 4) was used to calculate the
gravimetric water content from suction, and the volumetric water content (¢) can be
then calculated using Eq.3:
w=—7.2610g(s) +24.102 (Eq. 2)
0=wp, ! p, (Eq. 3)

12
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where, pqis assumed to be constant (1.67 Mg/m®) during infiltration under constant

volume conditions.

In order to verify the validity of these calculations, the total volume of water passing
through each section was calculated from the volumetric water content profiles. The
sum of these volumes from h = 0 mm to h = 250 mm corresponds to the volume of
water absorbed by the soil specimen during infiltration. Figure 9 shows the
comparison between the injected volume of water and that estimated from the water
content profiles. It can be observed that there is a good agreement between the

measured and calculated values, confirming the validity of the analyses performed.

Using the suction profiles presented in Figure 7, the hydraulic gradient (i) and water
fluxes (q) at the four measurement sections h = 50 mm, 100 mm, 150 mm and 200
mm for each 100 h were obtained, and used to calculate the hydraulic conductivity by
applying Darcy’s law (Eq.4). The hydraulic conductivity determined is plotted versus
suction in Figure 10. It can be seen that at different measurement sections different

relationships were obtained.

Kk :—l-l# (Eq. 4)
E(it +it+At)

where, ky, is the hydraulic conductivity; i; and i are the hydraulic gradients at

instant t and t+At, respectively.

The pore size distribution curves for suctions ranging from 65 MPa (initial state) to

12.6 MPa are presented in Figure 11a and Figure 11b. It was observed in Figure 11a

13
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that the final values of the intruded mercury void ratio (e,; ) were lower than the
global soil void ratio (e = 0.63). Moreover, the amount of non-intruded porosity (e,,;=
0.47 in the initial state) decreased with suction decrease. From the derivative curves
(Figure 11b), a typical bimodal porosity was identified in the initial state (pq = 1.67
Mg/m?®, s = 65 MPa), and two pore groups can be defined: small-pores having a mean
size of 0.02 um and large-pores having a mean size of 50 um. Following the
classification detailed in Stepkowska (1990) and Villar et al. (2012), these two pore
families correspond to the categories of mesopores (0.002-0.05 um) and macropores
(> 0.05 um), respectively. The application of 38 MPa suction resulted in significant
decrease of large-pores quantity (about 10%), and little changes in small-pores
(Figure 11b). However, no obvious further changes in both the large-pores and
small-pores can be observed for the subsequent decrease of suction (38 - 24.8 - 12.6

MPa).

Figures 11c and 11d show the curve for 4.2, 1 and 0 MPa suction, lower values of
non-intruded void ratio ey; were also obtained compared to the global void ratio of the
soil (Figure 11c). However, it was found that the intruded porosity at these suctions
was slightly higher than that in the initial state (s = 65 MPa, eni = 0.47). From the
derivative curves (Figure 11d), it was clearly seen that this increased intruded porosity
corresponded to the difference in large-pores volume, as the small-pores volume
decreased with decreasing suction. Moreover, a third pore family (with pore size of

0.1-2 um) appeared for the saturated sample.

14
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The pore size distribution analyse was completed using the SEM technique (Figure
12). The photos were taken at two scales which focused on the behaviour of mixture
(1250 x 1000 um) and bentonite aggregates (25 x 20 um), respectively. The sand
grains cannot be identified in the photos at lower magnification (picture size of 1250 x
1000 um). The photograph taken at the initial state (s = 65 MPa) clearly shows the
large-pores with a maximum diameter of about 100 um (Figure 12a), which is in
agreement with the MIP results from Figure 1la. Figure 12b shows that the
aggregates were densely assembled. The small-pores observed in the MIP test (0.02
pum) cannot be detected by the SEM technique. Comparison of the photographs of 38
MPa suction (Figure 12d) and 65 MPa suction (Figure 12b) shows that the clay
particles exfoliation occurred when suction decreased. The photographs at saturated
state (Figure 12e and 12f) show that the large-pores observed at higher suctions
(Figure 12a and 12c) were filled by the swollen bentonite; however, there are
fissure-like (with very large aspects ratio) 2-dimensional pores (2-D pores) which
correspond to the pore group with a mean diameter of 50 um and 1 um observed in
Figure 11d. Audiguier et al. (2008) observed similar 2-D pores of a diameter between

0.1 and 1 um in a natural clay after free swelling.

4 INTERPRETATION AND DISCUSSION

After the infiltration test, a decrease of dry density was observed in the lower part (h =
0-40 mm), a dry density close to the initial was obtained in the middle zone (h =

50-150 mm). Several authors (Lemaire et al., 2004; Kréhn, 2003b, 2004; Villar et al.,

15
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2008) reported that swelling leads to a displacement of clay particles in the near
wetting end zone, and thus to a significant decrease of dry density. This in turn causes
compaction of the bentonite in the still dry parts. This was obviously not the case in
this study because the resulting compaction in the middle zone was not noticeable: the
value of dry density remained the same after the test. Thereby, the decrease of dry
density in the near wetting end zone may probably due to the soil rebounding due to
the release of swelling pressure. The limited compaction by soil swelling pressure can
be also explained by the fact that the compaction pressure applied for sample
preparation was about 12 MPa, much higher that the soil swelling pressure estimated
at 3 MPa at 1.67 Mg/m?® dry density (see Wang et al. 2013). As far as the upper part
(200-250 mm) is concerned, the significant increase of dry density is rather related to
the sample removal. As described previously, the sample was extruded by pushing the
top side with a pressure as high as 12 MPa. This pressure was almost the same as the
pressure applied for the sample compaction. If we consider a yield stress of 12 MPa
for the sample at its initial state, the value must decrease upon hydration. Therefore,
significant compaction can be expected during sample extrusion. However, this
compaction was limited to the upper part because of the contribution of the friction
between the sample and the metallic column. Kréhn (2003b, 2004) performed a
laboratory infiltration test on MX80 bentonite with an initial dry density of 1.50
Mg/m® and observed similar phenomenon: significant decrease of dry density
occurred in the area near the wetting end (20 mm for a sample of 100 mm long);

no-noticeable changes occurred in the remaining part. In addition, all density changes

16
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took place within the first four days, with no time dependence (over 189 days).
Thereby, they considered that the assumption of no migration of bentonite particles in
the specimen is a good approximation except for the first few millimeters (Kréhn,
2004). Therefore, in the test conditions adopted in the present work, it is believed that
the error was very limited when determining the hydraulic conductivity by taking the

mean value of dry density (1.67 Mg/m®).

From the shape of the suction isochrones shown in Figure 7, it can be observed that
suction changes mainly occurred in the lower part of the sample below 100 mm, and
in the upper part limited changes were identified. This is in agreement with the water
content distribution curve (Figure 5a), where much more change near the wetting end
was observed. As noted by Delage et al. (1998a, b) and Ye et al. (2009), this
phenomenon could be explained by separating the liquid water transfer from the water
vapour diffusion: in the zone near the wetting face, the water transfer involves mainly
the liquid water; by contrast, water vapour diffusion prevails in the zone far from the
wetting face. In fact, infiltration tests performed by Delage et al. (1998a, b) showed
almost vertical suction profiles in all time within the part beyond 50 mm from the
wetting face. As the suction was deduced from the measured relative humidity, they
concluded that at the upper part beyond 50 mm, the water transfer was mainly
governed by vapour diffusion. The less vertical suction profiles in the present work
suggest a relatively less prevailing vapour transfer than that in the case of Delage et al

(19983, b).
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By applying Darcy’s law, different relationships between hydraulic conductivity and
suction were obtained at different measurement sections (Figure 10). As reported by
Loiseau et al. (2002), Cui et al., (2008) on the Kunigel/sand mixture and Marcial
(2003) on the pure MX80 bentonite, this phenomenon is related to the effect of
hydraulic gradient. In general, when experimentally determining the hydraulic
conductivity based on Darcy’s law, a linear relationship between water flow rate (q)
and hydraulic gradient (i) is obtained. However, non-linear relationships are often
observed for clayey soils (Lutz & Kemper, 1959; Miller & Low, 1963; Zou, 1996),
and there is a “critical gradient” below which flow occurs in non-Darcian mode (Yong
and Warkentin, 1975; Dixon et al., 1987). This can be explained by the high energy of
the water adsorbed in clays, which increases with the clay fraction and activity (Dixon
et al., 1987). When the hydraulic gradient increases, this energy is overcome locally
and the adsorbed water can be mobilised. For soils containing highly active clay
minerals such as smectite in this study, this critical gradient effect can be significant

leading to different k - s relationships obtained at different measurement sections.

For clarifying this effect, the water fluxes (q) and hydraulic gradient (i) for each
suction level (suction from 62 to 32 MPa) are plotted in Figure 13. Bi-linear
relationships can be observed for each suction value, indicating existence of “critical
gradients”, their values ranging from 8000 to 38000. To apply Darcy’s law, the water
flow was considered only when the linear segment at higher water flux was reached

(details about this method can be found in Dixon et al., 1992).
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Considering the critical gradient effect (Figure 13), the hydraulic conductivity was
corrected and shown in Figure 14. A unique relationship was obtained between
hydraulic conductivity and suction, independent of the measurement sections. In
Figure 14, the hydraulic conductivity determined by Karnland et al. (2008) for the
same material at the same dry density (1.67 Mg/m®) under saturated state is also
presented: a much higher value of 10™® m/s was observed. Unlike the non swelling
soils for which the hydraulic conductivity is increasing upon wetting, a “U-shape”
relationship was observed: the hydraulic conductivity decreased when suction
decreased from 65 to about 15 MPa, then increased for further suction decrease.
Similar observations were made on the Kunigel-V1/sand mixture (JNC, 2000; Cui et
al., 2008) and GMZ bentonite (Ye et al., 2009). As explained by Cui et al. (2008) and
Ye et al. (2009), in the beginning water transfer was primarily governed by the
network of large-pores, which were progressively clogged by the expanding hydrated
aggregates, leading to the hydraulic conductivity decrease. When the large-pores
clogging ended and water transfer was controlled by the suction gradient, the common

hydraulic conductivity increase with suction decrease was observed.

It was observed in Figure 1la that the intruded mercury void ratio (e,; ) were lower
than the global soil void ratio (e = 0.63). This can be explained by the limited pressure
range of the MIP technique: for the high-plasticity soils, there is a significant pore
volume (entrance diameter smaller than 6 nm) that the mercury could not penetrate to
(Lloret et al., 2003; Delage et al., 2006). Comparison of the curves at different

suctions shows that with decreasing suction (65-38-24.9-12.6 MPa), the amount of
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intruded porosity decreases. Pusch (1999) and Cui et al. (2002) observed the same
phenomenon and explained by the interaction between large- and small-pores: during
suction decrease under constant-volume conditions the size of non-intruded pores
increased with increasing interlayer space, while the large-pores were filled by small

clay particles.

Figure 11b showed that suction decrease did not change the small-pores family,
whereas a decrease of large-pores quantity was observed - it was significant when
suction decreased from 65 MPa to 38 MPa (10%) and much less (3%) for the
subsequent suction decrease (38-24.8-12.6 MPa). This confirms the previous
conclusion that during suction decrease the large-pores were clogged (although at
different rate) by the invasion of exfoliated clay particles whose interlaminar distance
increases upon saturation. This phenomenon could also be identified in the SEM

photograph with high magnification for 38 MPa suction (Figure 12d).

For suction lower than 4.2 MPa (Figure 11c), a lower value of e,; was also obtained
compared to the global void ratio (e = 0.63). However, the intruded porosity at these
suctions (4.2, 1 and 0 MPa) was slightly higher than that in the initial state (s = 65
MPa, eni = 0.47). This phenomenon can be attributed to the larger pore quantity of the
pore group having a mean size of 50 um (for 4.2 and 1 MPa suction) and 1 um (for
zero suction) compared with the initial state (Figure 11d). These two pores groups
were identified as 2-D pores of about 50 and 1 um diameter for the saturated sample

in Figure 12e and 12f, respectively. Audiguier et al. (2008) explained the formation of
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the 2-D pores by the division of clay particles within the aggregates due to swelling.
Moreover, the small deformation induced by the release of swelling pressure before
freeze-drying may also play a role in the large-pores quantity increase. However, this
slight effect could not be identified by the current technique of samples preparation,
and new methods without stress state changes are needed to obtain more accurate

microstructure observations.

It appeared that the small-pores changed only when the saturation was approached (1
MPa and 0 MPa in Figure 11 and Figure 12). This phenomenon is in agreement with
the conclusion by Cui et al. (2002) for the Kunigel clay/sand mixture: when water
infiltrated into the soil, the hydration of clay aggregates hydration started first on the
surface giving rise to the clay particles exfoliation and resulting in the clogging of
large-pores, whereas the small-pores remained almost un-affected; the small-pores
started to change only when the water saturation was approached (suction lower than
9 MPa). When saturation was reached, the clay aggregates disappeared (Figure 12f)
and a new pore family of about 1 um diameter was formed, visible from both MIP and
SEM tests. The small-pores seemed to be compressed by the swelling pressure,
whereas 2-D pores of 1 um in diameter appeared due to the division of clay particles

within the aggregates (Saiyouri et al., 2000).

In order to quantify the suction effect on the large-pores, a large-pores radius larger
than 2 um was considered based on the curves in Figure 11where it can be observed

that the proportion of pores larger than 2 um changed with decreasing suction. Using
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this limit value that separates large-pores from small-pores, the void ratio
corresponding to the large-pores was derived from the cumulative curves (Figure 11).
The relationship between the calculated large-pore void ratio (e.) and applied suction
are presented in Figure 15. It can be seen that the large-pores quantity was
progressively reduced with decreasing suction in the range of 65 to 12.6 MPa (zone ).
However, the subsequently decrease of suction to 4.2 MPa led to an increase of
large-pores quantity. This can be explained by the creation of the 2-D pores described
above; a significant decrease followed when suction decreased from 1 MPa to zero

(zone 11).

It is interesting to note that if we relate the large-pore changes (Figure 15) to the
hydraulic conductivity changes (Figure 14), it seems that the hydraulic conductivity
changed following the same trend as the large-pores quantity during hydration. In
other words, water transfer was primarily governed by the network of large-pores in
the full suction range, but not controlled by the suction gradient in the lower suction
range as mentioned above. The large-pores decreased progressively in quantity due to
the clay particles exfoliation occurred on the aggregates surface in the suction range
from 65 to 12.6 MPa, leading to a decrease of hydraulic conductivity. When saturation
was approached (4.2 - 1 MPa), water transfers through the 2-D pores appeared,
leading to an increase in hydraulic conductivity; in saturated state the value can reach
as high as 10™ m/s as reported by Karnland et al. (2008). It should be noted that after
saturation, the hydraulic conductivity has been found to be time dependent (Loiseau et

al., 2002; Cui et al., 2008). It decreased with time due to the re-organization of
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microstructure over time in the soil sample. After saturation, water in the
inter-aggregate pores is not necessarily in equilibrium with the water inside the
aggregates in terms of water potential. Thus the water re-distribution occurred inside
the soil, leading to a uniform microstructure in long term (Stroes-Gascoyne et al.,

2010).

5 CONCLUSION

The hydraulic properties of a compacted bentonite-sand mixture were investigated in
the laboratory by carrying out water retention test and infiltration test as well as the
microstructure observation. The results obtained allowed relating the variation of

hydraulic conductivity to the microstructure changes.

During suction decrease (suction higher than 12.6 MPa) the large-pores were clogged
progressively by the exfoliated clay particles (although at different rates); however,
when saturation was approached (suction lower than 4.2 MPa) large-pores quantity
increased again due to the appearance of 2-D pores. The small-pores changed only

when saturation was approached.

With suction decrease under constant volume condition, the hydraulic conductivity
decreased followed by an increase after certain suction threshold. This change
followed the same tendency as the large-pores quantity. In other words, water transfer
was primarily governed by the network of large-pores. Over time, the hydraulic

conductivity is expected to decrease due to the water re-distribution among different
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pore families that leads to a uniform microstructure in long term.
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667  Table 1. Chemical composition of the synthetic water

Components NaHCO; Na,SO, NaCl KCI CaCl,.2H,0 MgCl,.6H,0 SrCl,.6H,0

Mass (g) per litre of
i 0.28 2216  0.615 0.075 1.082 1.356 0.053
solution

668

669  Table 2. Tests performed for water retention property and microstructure observation

Suction Suction control Microstructure
(MPa)  method and duration MIP  SEM
38 \ \
24.9 v \
126 apour \
(2 months)
9.0
4.2 \ \
1 Osmotic N
0.1 (2 months)
Distilled water
0 v v
(2 months)
65 Initial suction N x/
670
671
672
673
674
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705  during infiltration: (a) hydraulic gradient; (b) rate of water flow
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708  Figure 9. Calculated and measured water volume into the sample
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710  Figure 10. Hydraulic conductivity versus suction for different measurement sections (“h”
711 represents the distance from hydration surface
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symbols in each curve are plotted for distinction.

Figure 11. Pore size distributions of the bentonite-sand mixture wetted with different suctions
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724 Figure 12. SEM photographs of bentonite/sand mixture samples equilibrated at different
725  suctions
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727  Figure 13. Water flux versus hydraulic gradient for different suctions
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729  Figure 14. Hydraulic conductivity versus suction
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731 Figure 15. Changes of large-pores void ratio (diameter larger than 2 pm) with suction



