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ABSTRACT

When geosynthetic clay liners (GCLs) are applied as bottom liners at waste containment facilities, they are naturally
prehydrated by absorbing moisture in the underlying base layers. In order to evaluate the eŠects of cations contained in
waste leachates, this study investigated the eŠects of the water content distribution of the GCLs prehydrated with ac-
tual soils on their hydraulic conductivities against CaCl2 solutions. The ``prehydration tests'', which were conducted
prior to the hydraulic conductivity tests, showed that the water content distribution of the prehydrated GCLs depends
on the properties of the GCLs and the base layers. In particular, drastic diŠerences between GCLs with powdered ben-
tonite and GCLs with granular bentonite were observed in the prehydration water content and its distribution. Pre-
hydrated GCLs with powdered bentonite had a higher water content and a more homogenous distribution than those
with granular bentonite. The hydraulic conductivity tests showed that most of the prehydrated GCLs exhibit a low
hydraulic conductivity of k§1.0×10－8 cm/s against CaCl2 solutions with 0.1–0.5 M. However, GCLs with granular
bentonite may be di‹cult to homogeneously prehydrate and exhibit an unstable hydraulic conductivity, which varies
from k＝2.9×10－9 cm/s to k＝1.5×10－6 cm/s. The homogeneity of the water content distribution has been consi-
dered an important factor to obtain a required barrier performance under prehydration conditions, which are natural-
ly generated in actual sites.
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INTRODUCTION

Geosynthetic clay liners (GCLs) are manufactured clay
liners, which consist of a thin layer of bentonite glued to a
geomembrane or encased by geotextiles. Due to their rela-
tively low cost, easy installation, long-term stability,
deformability, and excellent barrier performance to
water, GCLs are eŠective barrier materials that can be
used as alternatives or combined with previous barrier
materials. Thus, GCLs have been used all over the world
for various applications such as to seal ponds, lagoons,
and landˆlls.

GCLs are increasingly being used as a component of
present bottom liner systems in waste containment facili-
ties. However, basic performance and fundamental fac-
tors in addition to estimating the performance in the
peculiar conditions of a waste containment facility must
be considered when designing a bottom liner system.
Many researchers have studied the performance of GCLs
in a laboratory setting; for example, the hydraulic and

mechanical behavior involved in overlapping and partial
deformation (Barroso et al., 2006; Daniel et al., 1997;
Dickinson and Brachman, 2006; Giroud et al., 2002;
LaGatta et al., 1997; Rowe and Orsini, 2003; Touze-Foltz
et al., 2006; Viswanadham et al., 1999), the transport
properties of chemical solutions (Lake and Rowe, 2000,
2004), the hydraulic conductivity against chemical solu-
tions and long-term stability (Jo et al., 2001; Katsumi et
al., 2005, 2007; Kolstad et al., 2004a; Petrov and Rowe,
1997; Ruhl and Daniel, 1997; Shackelford et al., 2000;
Shan and Lai, 2002), and so on. Although most of these
reports focus on the performance evaluation of the GCLs
themselves, few reports investigate the eŠects of geologi-
cal and hydrological conditions in actual sites on the per-
formance of the GCLs.

Prehydration is one factor that aŠects the barrier per-
formance of GCLs in actual sites. Prehydration hydrates
the bentonites in the GCLs before exposing to chemical
solutions such as waste leachates. Because chemical solu-
tions seriously deteriorate the swelling capacity and barri-
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er performance of bentonites (Laird, 2006; Norrish,
1954; Norrish and Quirk, 1954; Posner and Quirk, 1964;
Rowe, 1998, 2005; Rowe et al., 2004; Slade and Quirk,
1990; Slade et al., 1991), prehydration has been consi-
dered an eŠective measure for improving barrier perfor-
mance and chemical resistance of bentonites (Daniel et
al., 1993; Lee and Shackelford, 2005; Shackelford, 1994;
Vasko et al., 2001). When GCLs are applied to bottom
liners at waste containment facilities, the GCLs are natur-
ally prehydrated because the bentonites in the GCLs ab-
sorb moisture in the underlying base layer on which the
GCLs are installed.

It is important to clarify the prehydration eŠects on the
hydraulic conductivity of the entire prehydrated GCL in
order to improve the design of bottom liner systems in
waste containment facilities. However, limited data on
the barrier performance of GCLs naturally prehydrated
on an unsaturated base layer soil has been reported. This
study aims to investigate (1) the heterogeneity of the
water content distribution of prehydrated GCLs, (2) the
hydraulic conductivity of the prehydrated GCLs against
CaCl2 chemical solutions, and (3) the relationship be-
tween the water content distribution and the hydraulic
conductivity of the prehydrated GCLs.

BACKGROUND

When GCLs are used as hydraulic barrier materials to
contain chemical substances, barrier performance de-
terioration must be closely monitored. The barrier per-
formance of GCLs directly exposed to leachates at waste
containment facilities deteriorates because the bentonite
in GCLs has insu‹cient swelling against electrolytic
chemical solutions. It has been reported that the hydrau-
lic conductivity value increases as the concentration
and/or ionic valence of the electrolytic solution increases
(Jo et al., 2001; Katsumi et al., 2007; Kolstad et al.,
2004a; Shan and Lai, 2002). Because deterioration is due
to such chemical attacks, many researchers have devel-
oped and proposed methods to improve the chemical
resistance of GCLs. Some methods include (1) to use
chemical resistance bentonites (Katsumi et al., 2006,
2008; Kolstad et al., 2004b, 2006; Lo et al., 1994, 1997;
Onikata et al., 1996, 1999a, 1999b; Trauger and Darlin-
gton, 2000; Lo and Yang, 2001; Gates, 2004; Gates et al.,
2004; Yang and Lo, 2004), (2) to hydrate bentonites be-
fore exposing to chemical solutions (Daniel et al., 1993;
Lee and Shackelford, 2005; Shackelford, 1994; Vasko et
al., 2001), and (3) to conˆne bentonites with a higher
eŠective pressure (Katsumi et al., 2005; Petrov and Rowe,
1997).

Hydrating bentonites before exposing to chemical solu-
tions is called ``prehydration''. Bentonites prehydrated
with pure water have been considered to have a lower
hydraulic conductivity to chemical solutions than non-
prehydrated bentonites (Daniel et al., 1993; Lee and
Shackelford, 2005; Vasko et al., 2001). These reports
represent the necessary water contents to satisfy the re-
quired barrier performance. For example, Bonaparte et

al. (1996) have considered that the prehydration water
content of GCLs exhibits 40–100z in actual sites, but
they did not show the hydraulic conductivity values of the
prehydrated GCLs. Moreover, Vasko et al. (2001) have
investigated the water content and its distribution of the
prehydrated GCLs, and then evaluated the hydraulic con-
ductivity values. However, their GCL prehydration
method diŠers from the actual process that GCLs absorb
moisture from the unsaturated base layers; they used
ˆlter papers instead of the base layers. Hence, it should
be clariˆed how prehydration eŠects induced in actual
sites in‰uence the water content distribution, its
homogeneity, and the hydraulic conductivity of GCLs.
Although Lee and Shackelford (2005) showed the
hydraulic conductivity of prehydrated GCLs against
chemical solutions, the prehydrated GCLs were prepared
by permeating the fresh water into them in the apparatus
for the hydraulic conductivity tests before permeating the
chemical solutions.

These reports are not applicable when bentonite
materials are heterogeneously prehydrated. Even if the
su‹ciently swelled parts included in the heterogeneously
prehydrated bentonite material can exhibit the low
hydraulic conductivity, the insu‹ciently swelled parts ex-
hibit the high hydraulic conductivity so that the hydraulic
conductivity of the entire bentonite material with the
heterogeneous water content distribution becomes high.
In the base layer at real sites, GCLs are rarely prehydrat-
ed without heterogeneity of the water content distribu-
tion. Thus, it is necessary to investigate the barrier per-
formance of GCLs prehydrated on a base layer soil con-
sidering the real prehydration process.

EXPERIMENTAL METHODS

To investigate the prehydration eŠects on barrier per-
formance of GCLs, a prehydration test was initially con-
ducted to prepare the prehydrated GCLs before the
hydraulic conductivity test. Forty-nine GCL specimens
were prehydrated under the various testing conditions.
Among the 49 GCL specimens, 25 specimens were used
for the hydraulic conductivity test to evaluate the
hydraulic conductivity, while others were used to evalu-
ate the water content distribution (in particular, the
average and the heterogeneity of its distribution) of the
GCLs. Finally, the prehydration eŠects on the barrier
performance of GCLs were discussed by relating the
water content distribution of a GCL to its hydraulic con-
ductivity. Detailed experimental conditions and methods
are described below.

Materials Used
Two types of GCLs where sodium bentonite was en-

capsulated between a polypropylene woven geotextile and
a polypropylene nonwoven geotextile by needlepunching
ˆbers were used. One had powdered bentonite (Bentoˆx
NPS 4900–1), while the other had granular bentonite
(Bentoˆx NPS 4900–2). The mass per unit area of each
GCL was 4.73 kg/m2 (the data provided by the manufac-
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Table 1. Properties of bentonites in GCLs used

Property Unit Standard Powdered
bentonite GCL

Granular
bentonite GCL

Soil particle density [g/cm3] JIS A 1202 2.839 2.803
Natural water content [z] JIS A 1203 10.02 8.50
Plastic limit [z] JIS A 1205 51.0 52.2
Liquid limit [z] JIS A 1205 619.5 630.0
Hydraulic conductivity [cm/s] ASTM D 5084 2.24×10－9 6.71×10－9

Swell index [mL/2 g-solid] ASTM D 5890 33.0 28.0
Methylene blue consumption [mmol/100 g] JBAS 107 91 104.0 —
Chemical composition JIS M 8853

SiO2 [z] 59.65 62.53
Al2O3 [z] 18.29 20.52
Fe2O3 [z] 7.15 4.55
TiO2 [z] 0.41 0.16
CaO [z] 2.02 1.20
MgO [z] 3.14 2.43
K2O [z] 0.46 0.52
Na2O [z] 2.60 2.38
P2O5 [z] 0.13 0.05
MnO [z] 0.01 0.00
Ignition loss [z] 6.15 5.66

Fig. 1. Apparatus for prehydration test
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turer), and the initial thickness was 6.0–7.0 mm. Table 1
summarizes the basic properties.

Prehydration Test
Prehydration tests were conducted (1) to prepare the

prehydrated GCLs before the hydraulic conductivity test
and (2) to evaluate the eŠects of the prehydration condi-
tion on the water content distribution. Figure 1 shows the
apparatus for the prehydration test. In order to focus on
the prehydration process generated at an actual site, this
test simulated a process where an installed GCL was
hydrated by absorbing moisture from base layer soil.

The following procedure was used. According to JIS A
1210, Toyoura sand or decomposed granite soil was
compacted at a water content (15z or 20z) using a com-
paction test mold, which measured 10 cm in diameter,
12.7 cm in height, and 1,000 cm3 in volume. Table 2 and
Fig. 2 show the basic properties of Toyoura sand and
decomposed granite soil. The water retention curves were
evaluated according to JGS 0151–2000, ``Test Method
for Water Retentivity of Soils''. The compacted soil was
removed to an acrylic mold, which had a 10 cm diameter
and 15 cm height, and was used as the base layer of the
prehydration test. Next, the GCL was trimmed to a 10 cm
diameter and then it was placed on the base layer with a
conˆning pressure of 5 kPa. The acrylic mold with the
base layer was placed in a water tank, which was 60 cm in
width ×30 cm in depth ×35 cm in height, with or
without a water level of 1 cm as water supply source, and
the tank was closed. Following this, the tank was placed
in a constant temperature room controlled at 209C. The
prehydrated GCL was prepared by removing from the
acrylic mold after the GCL was hydrated for a curing
period of Æ7 days. Total number of the GCLs subjected
to various conditions of prehydration was 49 as listed in
Table 3.

After the prehydration test, 25 specimens of the pre-

hydrated GCLs were used for the hydraulic conductivity
test as shown in the following subsection, while others
were used to investigate the water content distribution.
The water content distribution was evaluated by measur-
ing the water content values of 16 species of a prehydrat-
ed GCL, which is divided as shown in Fig. 3. From their
water content values, the average, wave, and the standard
deviation, wstd, the coe‹cient of variation, dcov, were eval-
uated as follows:

wave＝
1
n

n

S
i＝1

wi (1)

wstd＝
1
n

n

S
i＝1

(wi－wave)2 (2)

dcov＝
wstd

wave
(3)

where n is the number of the sampling species (n＝16 in
this study). The average water content distribution, wave,
indicates the prehydration water content, and the
coe‹cient of variation in the water content distribution,
dcov, indicates the heterogeneity of the distribution.
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Table 2. Properties of base layer soils used

Property Unit Standard Toyoura sand Decomposed
granite soil

Soil particle density [g/cm3] JIS A 1202 2.630 2.677
Natural water content [z] JIS A 1203 0.05 0.45
Optimum water content [z] JIS A 1210 17.00 10.90
Hydraulic conductivity [cm/s] JIS A 1218 1.42×10－2 3.73×10－5

Soil pH [—] JGS 0211 8.04 7.93
Electric conductivity [S/m] JGS 0212 0.02 0.02
Soil particle size distribution JIS A 1204

2000Àmm [z] 0.00 15.64
2000–75 mm [z] 100.00 69.06
75–5 mm [z] 0.00 12.69
º5 mm [z] 0.00 2.62

Chemical composition JIS M 8853
SiO2 [z] 94.04 —
Al2O3 [z] 2.78 —
Fe2O3 [z] 0.58 —
TiO2 [z] 0.24 —
CaO [z] 0.16 —
MgO [z] 0.11 —
K2O [z] 1.42 —
Na2O [z] 0.32 —
P2O5 [z] 0.01 —
MnO [z] 0.01 —
Ignition loss [z] 0.33 1.00

Fig. 2 Water retention curves of base layer soils
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Hydraulic Conductivity Test
Twenty-ˆve specimens of the GCLs prepared in the

above prehydration tests were used for the hydraulic con-
ductivity test in order to discuss the prehydration eŠect
on the barrier performance of GCLs against the permea-
tion of chemical solutions. Calcium chloride solutions
with a molar concentration of 0.1–0.5 M were used as the
permeant liquids to clarify the prehydration eŠects on the
hydraulic conductivity of GCLs: this concentration level
has an in‰uence to deteriorate nonprehydrated GCLs
(Katsumi et al., 2007). The hydraulic conductivity test
was conducted according to ASTM D 5084, ``Standard
Test Methods for Measurement Hydraulic Conductivity
of Saturated Porous Materials Using a Flexible Wall Per-
meameter''. Figure 4 shows the apparatus. The hydraulic

conductivity test was performed using a ‰exible-wall per-
meameter with a cell pressure between 20–30 kPa and an
average hydraulic gradient of 90 in a constant tempera-
ture room controlled at 209C.

To prepare the specimen, the prehydrated GCL was cut
into a diameter of 6 cm. Here the average and variance of
the water content of the GCLs were indirectly estimated
from the water content values of the remaining bentonite
pieces after this trimming. The prepared specimen was
sandwiched between two ˆlter papers attached with the
woven geotextiles, and placed in the apparatus. The sides
of the specimen were restrained with a rubber membrane,
which received a hydraulic pressure of 20–30 kPa by ˆll-
ing an outside cell with water so that the solution could
permeate through the specimen without leaking out of
the specimen. The hydraulic conductivity tests were con-
tinuously performed, and lasted at least a year to inves-
tigate the long-term change in the hydraulic conductivity.

RESULTS AND DISCUSSION

Water Content Distribution after Prehydration
The prehydration tests focused on evaluating the fol-

lowing eŠects: (1) the type of soil material used as the
base layer, (2) the initial water content of the soil, (3) the
water supply from the water table like groundwater, (4)
the type of bentonite contained in the GCL, (5) the con-
tact face, woven side or nonwoven side of the GCL, on
the base layer, and (6) the curing period during prehydra-
tion. Although the base layer is compacted under the
same condition according to JIS A 1210 in all the pre-
hydration tests, the physical heterogeneity in the base lay-
er also aŠects the prehydration eŠects. But, this study
does not evaluate the eŠects of the heterogeneity in the
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Table 3. Results of prehydration tests

Prehydration condition Result Note

Test No.

Base layer type GCL type and curing conditions End of testing
Continues to

hydraulic
conducitivty test?Soil type and

its water content
Supply from
water table?

Bentonite
form

Contact
face with
base layer

Curing
period
[day]

Prehydration water content1

wave [z] wstd [z] dcov [—]

#01 Toyoura sand (15z) No Powdered W 7 89.7 10.7 0.12
#02 No Powdered NW 7 110.8 4.8 0.04
#03 Yes Granular W 7 82.2 33.0 0.40
#04 Yes Granular W 7 82.9 31.3 0.38 Yes
#05 Yes Granular W 7 106.5 21.2 0.20 Yes
#06 Yes Granular W 31 136.2 18.8 0.14 Yes
#07 Yes Granular W 31 141.3 18.7 0.13
#08 Yes Granular W 31 147.8 19.3 0.13 Yes
#09 Yes Granular NW 7 43.5 11.5 0.26
#10 Yes Granular NW 7 83.2 30.6 0.37 Yes
#11 Yes Granular NW 31 80.1 10.4 0.13 Yes
#12 Yes Granular NW 31 119.5 29.1 0.24 Yes
#13 Yes Powdered W 7 109.7 11.0 0.10 Yes
#14 Yes Powdered W 7 134.1 11.9 0.09
#15 Yes Powdered W 7 144.6 17.3 0.12
#16 Yes Powdered W 31 177.1 9.4 0.05 Yes
#17 Yes Powdered W 31 192.1 22.6 0.12 Yes
#18 Yes Powdered NW 7 134.1 9.0 0.07
#19 Yes Powdered NW 7 155.8 15.8 0.10 Yes
#20 Yes Powdered NW 7 162.9 11.4 0.07 Yes
#21 Yes Powdered NW 31 188.8 19.9 0.11 Yes
#22 Toyoura sand (20z) No Powdered W 7 100.1 10.5 0.10
#23 No Powdered NW 7 89.5 11.0 0.12
#24 Yes Powdered W 7 118.4 8.5 0.07
#25 Yes Powdered NW 7 120.7 9.7 0.08
#26 Decomp. granite soil (15z) No Granular W 7 48.7 6.3 0.13
#27 No Powdered W 7 52.3 5.3 0.10 Yes
#28 No Powdered W 7 80.5 7.2 0.09
#29 No Powdered W 31 89.6 1.6 0.02
#30 Yes Granular W 7 78.7 14.4 0.18
#31 Yes Granular W 31 145.2 5.8 0.04
#32 Yes Powdered W 7 126.5 6.2 0.05 Yes
#33 Yes Powdered W 7 138.5 13.9 0.10 Yes
#34 Yes Powdered W 31 177.1 7.4 0.04
#35 Yes Powdered W 31 189.7 18.3 0.10
#36 Yes Powdered W 31 200.6 13.9 0.07 Yes
#37 Yes Powdered W 93 177.5 8.8 0.05
#38 Decomp. granite soil (20z) No Granular W 7 76.1 11.7 0.15
#39 No Powdered W 7 98.8 3.7 0.04 Yes
#40 No Powdered W 31 110.2 0.5 0.00
#41 Yes Granular W 7 103.4 18.4 0.18
#42 Yes Granular W 31 144.9 5.4 0.04
#43 Yes Granular W 31 160.4 4.3 0.03
#44 Yes Powdered W 7 120.5 4.4 0.04 Yes
#45 Yes Powdered W 7 138.4 8.8 0.06 Yes
#46 Yes Powdered W 7 146.4 17.1 0.12
#47 Yes Powdered W 31 175.4 2.5 0.01
#48 Yes Powdered W 31 266.1 43.8 0.16 Yes
#49 Yes Powdered W 93 192.6 6.9 0.04

1 The values of the GCLs used for the hydraulic conductivity tests are evaluated from the water contents of bentonite pieces left when GCL is
trimmed to 6 cm in the diameter for the test.
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base layer. Table 3 summarizes the results of the pre-
hydration tests. Heterogeneity of bentonite mass per area
in GCL might also aŠect the prehydration eŠect. In this
study, however, the eŠect of this heterogeneity on the
prehydration was not investigated, because the GCL can-
not be accurately divided into small species to measure
the distribution of mass per unit area.

Figures 5(a) and (b) show the water content distribu-
tion of the GCL after prehydration when Toyoura sand
and decomposed granite soil with an initial water content
of 15z were used as the base layer, respectively. The
water content distribution of each soil is almost the same.

Figures 5(b) and (c) show the eŠects of the water supply
from the water table like groundwater on the water con-
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Fig. 3. Division of prehydrated GCL

Fig. 4. Apparatus for hydraulic conductivity test
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tent distribution after prehydration. A diŠerence in the
prehydration water content, which is the average water
content distribution, is observed. The base layer with the
water table increased the prehydration water content to
144.6z. However, the base layer without the water table
also increased although the increased prehydration water
content reached only 89.7z. Hence, in actual sites, the
presence of a groundwater table and the depth from the
ground surface to the groundwater table are important
factors, which aŠect the prehydration eŠect.

Figures 5(c) and (d) show the water content distribu-
tion of GCLs that contains powdered bentonite and
granular bentonite, respectively. The bentonite form sig-
niˆcantly aŠects the average and the coe‹cient of varia-
tion of the prehydration water content distribution. The
powdered bentonite increases the prehydration water
content more than granular bentonite. In addition, pow-

dered bentonite homogenizes the water content distribu-
tion after prehydration more than granular bentonite. It
is probably because, even when one bentonite granular
gets wet, it may not be easy for the pore water in the
granular to freely disperse to another neighboring granu-
lar beyond the space between these granules. Therefore,
using a GCL containing powdered bentonite eŠectively
improves both the prehydration water content and the
heterogeneity of its distribution in a short curing period.

However, a long-term curing period improves the pre-
hydration water content and the heterogeneity of its dis-
tribution, even if a GCL containing granular bentonite is
used. Figures 5(e) and (f) show the water content distri-
bution when the curing period is 31 days; in contrast,
Figs. 5(c) and (d) show the water content distribution
when the curing period is 7 days. Increasing the curing
period from 7 to 31 days homogenize the water content
distribution of both GCLs. In particular, a signiˆcant
change appears in the water content distribution of the
GCL with granular bentonite. The prehydration water
content increased from 82.9z to 141.3z, while the
coe‹cient of variation decreased from 0.38 to 0.13.
Figures 6 and 7 show the eŠects of the curing period on
the prehydration water content and the heterogeneity of
its distribution, respectively. These ˆgures include all the
experiment results shown in Table 3. Increasing of the
curing period improves the prehydration water content
and the heterogeneity of its distribution in all the pre-
hydration conditions tested. However, a curing period
greater than certain days did not cause a signiˆcant
change in either the prehydration water content or heter-
ogeneity. The curing period is dependent on the soil prop-
erties of the base layer, the GCL properties, and the ac-
tual depth from the ground surface where the GCL is in-
stalled to the water table; In this experiment, a curing
period longer than 31 days did not cause a signiˆcant
change in either the prehydration water content or
heterogeneity.

Hence, it is concluded that prolonging the curing
period and employing GCLs with the powder bentonite
are eŠective measures for enhancing the prehydration
water content and for homogenizing the water content
distribution. However, as for the contact face (nonwoven
side or woven side) of GCLs with the base layer, there
was no clear eŠect on the water content distribution after
prehydration.

Hydraulic Conductivity of Prehydrated GCLs
The purpose of the hydraulic conductivity tests was to

evaluate the hydraulic conductivity of the prehydrated
GCLs against aggressive chemical solutions, and to dis-
cuss the prehydration eŠect by comparing the prehydrat-
ed GCLs to nonprehydrated GCLs in the hydraulic con-
ductivity. Table 4 summarizes the results of the hydraulic
conductivity tests. This table shows the relations between
the water content distribution of the GCLs and their
hydraulic conductivity values. The water content distri-
bution of the GCLs, which were used in the hydraulic
conductivity test, was indirectly estimated from the water
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Fig. 5. Distribution of prehydration water content of GCLs; where Powd.B＝powdered bentonite GCL, Gran.B＝granular bentonite GCL,
DGS＝decomposed granite soil, TS＝Toyoura sand, and WL＝water level

Fig. 6. EŠect of curing period on prehydration water content
Fig. 7. EŠect of curing period on heterogeneity of prehydration water

content distribution
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content values of the bentonite pieces that remained when
the prehydrated GCLs were trimmed from a diameter of
10 cm to 6 cm. Trimming was necessary in order for the
samples to work in the hydraulic conductivity test. The
hydraulic conductivity value was determined by conduct-
ing a long-term test, which lasted at least a year, and the

chemical equilibrium state was checked before the test
was terminated.

Figure 8 shows examples of data obtained in the long-
term hydraulic conductivity tests. The thickness of GCLs
was observed by the cathetometer once a day, and then
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Table 4. Results of hydraulic conductivity tests using CaCl2 solutions

Test No.

Permeant solution
(CaCl2 solution) Testing material (GCL) End of testing (Hydraulic conductivity test)

Prehydration water contentMolar conc.
[M]

pH
[—]

EC
[S/m] Bentonite form Prehydration

wave [z] wstd [z] dcov [—]

Time
[year]

PVF
[—]

pH
[—]

EC
[S/m]

k
[cm/s]

— 0.10 8.56 16.85 Powdered NP — — — º1 12.22 8.19 17.81 1.83×10－8

#27 Powdered P 52.3 5.3 0.10 º2 53.09 7.06 18.00 6.16×10－9

#44 Powdered P 120.5 4.4 0.04 º2 43.44 7.31 16.60 1.19×10－9

#36 Powdered P 200.6 13.9 0.07 º1 78.65 6.53 16.98 2.06×10－8

— 0.25 8.88 36.70 Granular NP — — — º1 9.45 — — 3.37×10－5

#11 Granular P 80.1 10.4 0.13 º2 30.81 — — 3.41×10－9

#04 Granular P 82.9 31.3 0.38 º2 82.69 — — 1.78×10－8

#10 Granular P 83.2 30.6 0.37 º2 18.92 6.69 38.80 1.48×10－6

#05 Granular P 106.5 21.2 0.20 º2 25.01 — — 2.91×10－9

#12 Granular P 119.5 29.1 0.24 º2 57.30 — — 1.12×10－8

#06 Granular P 136.2 18.8 0.14 º2 14.31 — — 1.13×10－8

#08 Granular P 147.8 19.3 0.13 º2 83.86 — — 1.60×10－8

— Powdered NP — — — º1 10.60 — — 9.29×10－6

#39 Powdered P 98.8 3.7 0.04 º2 93.69 6.89 39.60 1.21×10－8

#13 Powdered P 109.7 11.0 0.10 º2 43.96 — — 1.45×10－8

#32 Powdered P 126.5 6.2 0.05 º2 39.85 6.80 38.70 6.63×10－9

#19 Powdered P 155.8 15.8 0.10 º2 123.88 — — 3.20×10－8

#20 Powdered P 162.9 11.4 0.07 º 2 92.74 6.68 39.70 2.07×10－8

#16 Powdered P 177.1 9.4 0.05 º2 91.25 6.55 40.90 3.92×10－9

#21 Powdered P 188.8 19.9 0.11 º2 79.18 6.56 38.00 5.55×10－9

#17 Powdered P 192.1 22.6 0.12 º2 24.80 — — 7.74×10－9

— 0.50 9.24 62.40 Powdered NP — — — º1 23.72 6.57 66.00 2.80×10－5

#45 Powdered P 138.4 8.8 0.06 º1 32.41 6.78 76.50 2.92×10－8

#33 Powdered P 138.5 13.9 0.10 º1 19.26 6.81 65.70 4.64×10－8

#48 Powdered P 266.1 43.8 0.16 º1 19.69 6.72 73.50 4.11×10－8

Fig. 8. Changes in the hydraulic conductivity, the thickness, and the
volumetric ‰ow rate of GCLs containing granular bentonite with
time
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the hydraulic conductivity was evaluated using the latest
thickness. The hydraulic conductivity of prehydrated
GCLs to CaCl2 solutions was ˆrst as low as that of GCL
to water, but gradually increased with time. When the
concentration of the permeant liquids was low, the
hydraulic conductivity of the prehydrated GCLs settled
down in k§1.0×10－8 cm/s. The eŒuent liquid was used
to measure its pH and electric conductivity. In order to
reach the chemical equilibrium state before the test is ter-
minated, the electric conductivity ratio of the in‰uent and
eŒuent should fall within 0.9–1.1 according to ASTM D
6766 ``Standard Test Method for Evaluation of Hydraul-
ic Properties of Geosynthetic Clay Liners Permeated with
Potentially Incompatible Liquids''.

Figure 9 shows the eŠects of the prehydration water
content on the hydraulic conductivity of prehydrated
GCLs against 0.1–0.5 M CaCl2 solutions. When the water
content was À50z, the prehydration water content bare-
ly in‰uenced the hydraulic conductivity of the prehydrat-
ed GCL. The hydraulic conductivity of the prehydrated
GCLs was approximately 1.0×10－8 cm/s even when the
molar concentration of the permeant CaCl2 solution was
more than 0.25 M, which signiˆcantly aŠects the decrease
in the hydraulic conductivity of nonprehydrated GCLs.
All the prehydrated GCLs with powdered bentonite indi-
cated the low hydraulic conductivity of §1.0×10－8

cm/s. In contrast, one of prehydrated GCLs with granu-
lar bentonite indicated the high hydraulic conductivity of
1.5×10－6 cm/s, although the others indicated the low
hydraulic conductivity. Thus, it might be concluded that
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Fig. 9. EŠects of the prehydration water content on the hydraulic conductivity of GCLs

Fig. 10. EŠects of the heterogeneity of the water content distribution
on the hydraulic conductivity of GCLs
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GCLs with granular bentonite do not necessarily obtain
the low hydraulic conductivity by the prehydration. It
may be because the water content distribution of the pre-
hydrated GCLs with granular bentonite became easily
heterogeneous as shown in Fig. 5. Even if the su‹ciently
swelled parts included in the heterogeneously prehydrat-
ed GCL can exhibit the low hydraulic conductivity, the
insu‹ciently swelled parts exhibit the high hydraulic con-
ductivity so that the hydraulic conductivity of the entire
GCL with the heterogeneous water content distribution
becomes high.

Figure 10 shows the eŠects of the heterogeneity of the
water content distribution on the hydraulic conductivity
of prehydrated GCLs. In this study, it was not clearly
recognized that the hydraulic conductivity of prehydrated
GCLs was increased with the heterogeneity (the

coe‹cient of variation) of the water content distribution.
It may be because the way to evaluate the heterogeneity
of the water content distribution of GCLs used for the
hydraulic conductivity tests was not applicable. The
water content distribution was indirectly estimated from
the water contents of bentonite pieces left when GCL is
trimmed to 6 cm in the diameter for the hydraulic con-
ductivity test. The water content distribution estimated
by this way may not be the exact water content distribu-
tion of the GCL used for the hydraulic conductivity test.
Although the eŠects of the heterogeneity of the water
content distribution on the hydraulic conductivity cannot
be clearly shown by this evaluation, GCLs with granular
bentonite would be prehydrated more heterogeneously
than those with powdered bentonite. One of the pre-
hydrated GCLs with granular bentonite would indicate
the higher hydraulic conductivity than the others due to
uncertainty of their prehydration. The homogeneity of
the water content distribution of the prehydrated GCL
has been considered an important factor for improving
the chemical resistance.

Figure 11 shows the hydraulic conductivity values of
nonprehydrated and prehydrated GCLs. The prehydra-
tion treatment maintains an extremely low hydraulic con-
ductivity even to the permeation of the aggressive chemi-
cal solutions such as CaCl2 solutions. In particular, the
eŠect of the prehydration treatment greatly appears in the
hydraulic conductivity when the CaCl2 solution with a
high concentration permeates into the GCL. The nonpre-
hydrated GCL is deteriorated by the permeation of a
CaCl2 solution with a molar concentration of 0.5 M so
that the hydraulic conductivity increases up to k＝2.8×
10－5 cm/s, while the prehydrated GCLs against the 0.5 M
CaCl2 solution showed k§1.0×10－8 cm/s. The three
orders of magnitude diŠerence appears in the hydraulic
conductivity between the nonprehydrated GCL and the
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Fig. 11. Comparison between non-prehydrated GCLs and prehydrat-
ed GCLs in the hydraulic conductivity
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prehydrated GCL. It is concluded that prehydration
eŠectively improves the chemical resistance of GCLs.

CONCLUSIONS

When GCLs are applied as bottom liners at waste con-
tainment facilities, the GCLs are naturally prehydrated
by absorbing moisture from unsaturated base layers. In
consideration of the prehydration process at actual sites,
this study investigated the eŠects of the water content dis-
tribution of prehydrated GCLs on their barrier perfor-
mance against CaCl2 solutions, which were used to simu-
late waste leachates. From the prehydration test and the
hydraulic conductivity test, the following conclusions
were obtained.

(1) Prehydrated GCLs with powdered bentonite have
the higher water content as the average and more
homogeneous water content distribution than those with
granular bentonite. Hence, GCLs with powdered ben-
tonite can be highly and homogenously prehydrated. Fur-
thermore, employing GCLs with powdered bentonite is
an eŠective method for improving barrier performance
against chemical attack.

(2) The curing period for prehydration in‰uences the
water content and the homogeneity of prehydrated
GCLs. In this experimental condition, when the curing
period is prolonged from 7 to 31 days, the water content
increases and its coe‹cient of variation, which is a
parameter that indicates the heterogeneity of the water
content distribution, decreases. However, the change in
the water content and its coe‹cient of variation is negligi-
ble when the curing period was prolonged from 31 to 93
days.

(3) Although GCLs with granular bentonite are lowly
and heterogeneously prehydrated, prolonging the curing
period improves their water content distribution.

(4) Most of the prehydrated GCLs exhibit a low
hydraulic conductivity of k§1.0×10－8 cm/s against
CaCl2 solutions with concentrations between 0.1 and 0.5

M. This hydraulic conductivity value is about 1,000 times
lower at the maximum than that of the nonprehydrated
GCLs.

(5) However, prehydrated GCLs have been consi-
dered not to exhibit such a low hydraulic conductivity
when the water content distribution of the prehydrated
GCLs was strongly heterogeneous. Heterogeneous pre-
hydration permits the parts, which are insu‹ciently
swelled with a low water content, to pass the permeant so-
lutions. The hydraulic conductivity values of such hetero-
geneously prehydrated GCLs will widely vary. It was easy
for GCLs with granular bentonite to be heterogeneously
prehydrated.

To maintain the required barrier performance for
GCLs installed as large-scale bottom liners at waste con-
tainment facilities, it is important to consider the eŠects
of geological and hydrological conditions such as not
only retention characteristics, groundwater level but also
physical heterogeneity of base layer soils (the physical
heterogeneity eŠects are not investigated in this paper)
when designing the GCL and the curing period.
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