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a b s t r a c t

Semipermeable membrane behavior in clays refers to the ability of clays to restrict the migration of
solutes. Thus, membrane behavior represents a potential benefit to the containment function of clay
barriers used for hydraulic containment applications. In this regard, the potential influence of consoli-
dation effective stress, s0 , on the membrane behavior of a geosynthetic clay liner (GCL) containing
sodium bentonite was evaluated in the laboratory by establishing differences in salt (KCl) concentrations
ranging from 3.9 to 47 mM across specimens of the GCL in a flexible-wall cell under closed-system
boundary conditions. The membrane behavior exhibited by the GCL was enhanced via consolidation
such that an increase in s0 from 34.5 kPa (5 psi) to 241 kPa (35 psi) correlated with an increase in
membrane efficiency from 0.015 (1.5%) to 0.784 (78.4%), respectively. The membrane efficiencies
measured in this study at s0 of 172 kPa (25 psi) and 241 kPa (35 psi) were similar to those previously
reported for the same GCL using a rigid-wall cell but at unknown states of stress. The practical signifi-
cance of the results is illustrated in the form of an analysis showing a reduction in liquid flux across the
GCL with increasing membrane efficiency.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Geosynthetic clay liners (GCLs) are manufactured hydraulic
barriers typically consisting of a thin layer (w5e15 mm) of natural
or treated bentonite (sodium or calcium) sandwiched between two
geotextiles and/or glued to a geomembrane (Daniel et al., 1993;
Koerner and Daniel, 1995; Bouazza, 2002; Koerner, 2005). The
primary differences among GCLs are the mineralogy (e.g., content
of montmorillonite) and form (e.g., powdery versus granular) of
bentonite used in the GCL, the type of geotextile (e.g., woven versus
non-woven), the hydration condition (e.g., non-prehydrated versus
prehydrated), and the method of bonding the component materials
together (e.g., Daniel et al., 1993; Koerner and Daniel, 1995;
Shackelford et al., 2000; Lee and Shackelford, 2005).

Prefabricated GCLs are used extensively as barriers or compo-
nents of barriers designed and constructed for a wide variety of
hydraulic containment applications, including landfill liners and
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covers, surface impoundments (e.g., ponds and lakes, aeration
lagoons, fly ash lagoons, and other surface impoundments), canals,
storage tanks, and secondary containment of above-grade fuel
storage tanks (e.g., Koerner, 2005; Benson et al., 2007, 2010;
Bouazza and Vangpaisal, 2007a,b; Lake et al., 2007; Abduel-Naga
and Bouazza, 2009, 2010; Guyonnet et al., 2009; Dickinson and
Brachman, 2010; Dickinson et al., 2010; Hornsey et al., 2010; Kang
and Shackelford, 2010; Lange et al., 2007, 2009, 2010; Mendes et al.,
2010a,b; Rossin-Poumier et al., 2010, 2011; Scalia and Benson 2010,
2011; Shackelford et al., 2010). The use of GCLs for hydraulic
containment applications has increased over the past decade due to
several advantages, including relatively easy installation, resistance
to freezing/thawing and wetting/drying cycles (i.e., in the absence
of multivalent for monovalent cation exchange), low cost, and low
hydraulic conductivity to water (i.e., <10�10 m/s) (Estornell and
Daniel, 1992; Daniel et al., 1993; Koerner and Daniel, 1995;
Boardman and Daniel, 1996; Hewitt and Daniel, 1997; Lee and
Shackelford, 2005; Meer and Benson, 2007; Benson and Meer,
2009). In addition, GCLs also have been found to behave as semi-
permeable membranes, thereby restricting the migration of solutes
(Malusis and Shackelford, 2002a,b). Since one purpose of clay
barriers used in hydraulic containment applications is to restrict
the migration of aqueous miscible contaminants (i.e., solutes), the
existence of membrane behavior in GCLs represents a potentially
significant beneficial aspect in the use of GCLs for such applications.
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Membrane behavior in clays is characterized by restricted
passage of solutes, as well as by chemico-osmosis, or themovement
of water from lower solute concentration (higher water activity) to
higher solute concentration (lower water activity) (Shackelford
et al., 2003). Restricted passage of electrolytes (anions and
cations) occurs when the pore sizes of the clay are sufficiently small
such that electrostatic repulsion of the ions results from the
interaction of electric fields associated with adjacent clay particles
(e.g., Fritz, 1986). In this case, the overlapping negative electrical
potentials resulting from the predominantly negative charges of
the particle surfaces prevent anions from entering the pore, and the
cations within the electrolyte solution are similarly restricted from
migration due to the requirement for electroneutrality in solution
(Shackelford, 2011).

Membrane behavior is quantified in terms of an efficiency
coefficient representing the relative degree of solute restriction. In
the science literature, this efficiency coefficient commonly is
designated by the symbol, s, and referred to as the “reflection
coefficient”. However, the symbol s in the engineering literature
typically is used to represent stress or electrical conductance (e.g.,
Mitchel and Soga, 2005). As a result, the symbol u typically is
preferred in the engineering literature to represent the “membrane
efficiency coefficient”. Because membrane behavior also results in
chemico-osmosis, u often is referred to as the “osmotic efficiency
coefficient” or the “chemico-osmotic efficiency coefficient”,
although the latter term is preferred to distinguish chemico-
osmosis from other osmotic phenomena, such as electro-osmosis
and thermo-osmosis (Shackelford, 2011). The term “membrane
efficiency” is a general term referring to the relative extent of solute
restriction as given by the value of u expressed in percent.

In general, the value of u ranges from zero (u ¼ 0) in the case
where no membrane behavior exists, to unity (u ¼ 1) in the case
where all migrating solutes are restricted. An “ideal” or “perfect”
membrane is a membrane that exhibits 100 percent efficiency
(u ¼ 1). In naturally occurring clays that exhibit membrane
behavior, a distribution in pore sizes typically exists, such that some
of the pores are restrictive but others are not. As a result, the
membrane efficiencies of natural clays that exhibit membrane
behavior generally range between zero and 100 percent (i.e.,
0 < u < 1), and such clays are referred to as “nonideal” or
“imperfect” membranes.

The terms “semipermeable”, “selectively permeable”, “partially
permeable”, and “differentially permeable” often are used in
connectionwith the existence of membrane behavior (Shackelford,
2011). These terms generally are derived from two possible occur-
rences. First, the existence of some larger pores in nonideal
membranes allows some solutes to migrate through the membrane
along with the solvent water molecules (i.e., H2O). Second, ideal
membranes that are 100 percent efficient in terms of restricting
solute migration generally are still permeable to the solvent water
molecules.

In general, semipermeable membrane behavior in compressible
clays is known to increase with decrease in the void ratio of the
clays (Shackelford et al., 2003). For example, Olsen (1969) showed
that the membrane behavior of kaolin clay could be enhanced by
consolidation, with increases in consolidation effective stress cor-
responding to increases in solute restriction as reflected by
increases in membrane efficiency. However, the effect of consoli-
dation on the membrane behavior of GCLs has not been studied. As
a result, the purpose of this study was to evaluate the influence of
consolidation effective stress, s0, on the membrane efficiency of
a commercially available GCL containing sodium bentonite. The
GCL evaluated in this study previously has been shown to possess
semipermeable membrane behavior (Malusis and Shackelford,
2002a,b), but the influence of consolidation effective stress was
not evaluated, primarily because the rigid-wall apparatus used in
that study was not capable of allowing such an evaluation.
Accordingly, the membrane behavior of the GCL evaluated in this
study was based on the use of a flexible-wall membrane cell that
allowed for control of the state of stress in the GCL specimens,
thereby permitting the evaluation of the effect of s0 on u. Thus, the
results of this study represent the first attempt to quantify the
potential effect of consolidation effective stress on the membrane
behavior of a GCL.

2. Materials and experimental methods

2.1. Materials

The GCL tested in this study is the same as that used by Malusis
and Shackelford (2002a,b) and is marketed commercially under the
trade name Bentomat� (Colloid Environmental Technologies
Company (CETCO), Hoffman Estates, Illinois, USA). The physical and
chemical properties as well as the mineralogical composition of the
bentonite portion of the GCL were reported by Malusis and
Shackelford (2002a,b). In terms of mineralogy, the bentonite
component of the GCL contained 71% smectite (montmorillonite),
7% mixed layer illite/smectite, 15% quartz, and 7% other minerals.
The liquid limit (LL) and plastic limit (PL) measured in accordance
with ASTM D4318were reported as 478% and 39%, respectively, and
the bentonite classified as a high plasticity clay (CH) based on the
Unified Soil Classification System (ASTM D2487). The measured
cation exchange capacity, CEC, was reported as 47.7 meq/100 g
(¼ 47.7 cmolc/kg), andw53% of the exchange complexwas reported
as being comprised of exchangeable sodium (i.e., sodium
bentonite). Further details regarding the physical and chemical
properties of the bentonite in the GCL are provided by Malusis and
Shackelford (2002a,b)

2.2. Flexible-wall membrane cell

The flexible-wall membrane cell and associated hydraulic
control system described in detail by Kang and Shackelford (2009)
were used in this study to measure the stress dependency of the
membrane behavior of the GCL. A schematic of the flexible-wall cell
is illustrated in Fig. 1. In brief, after assembling a specimen into the
cell and applying the appropriate confining and back pressures to
establish an initial effective stress, s0, source electrolyte solutions
are circulated at the same, constant rate across the top and bottom
of the specimen under closed-system conditions such that volume
change within the system is prevented. In the case where the
concentration of the source electrolyte solution circulated across
the top of the specimen, Cot, is greater than that being circulated
across the bottom of the specimen, Cob (i.e., Cot > Cob), and the
specimen behaves as a semipermeable membrane, there is
a tendency for establishment of a chemico-osmotic liquid flux, qp,
from the bottom to the top of the specimen (i.e., in the direction of
increasing salt concentration). However, because the system is
closed and stainless steel tubing is used for all connecting lines such
that volume change is prevented, a chemico-osmotic pressure
difference, DP, is established across the specimen to counteract this
tendency for chemico-osmotic liquid flux. The magnitude of DP is
measured using a differential transducer, and the measured value
of DP is used to determine the membrane efficiency of the spec-
imen. Further details of the flexible-wall cell are provided in Kang
and Shackelford (2009), and the hydraulic control system is
described in detail by Malusis et al. (2001).

The closed-system boundary conditions imposed in the
measurement of the membrane efficiency in this study are not
likely to be the same as those encountered in field applications,



Fig. 1. Schematic diagram of flexible-wall cell used to measure membrane behavior (after Kang and Shackelford, 2009).
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where open-system conditions are probable. However, the impo-
sition of closed-system boundary conditions facilitates the labora-
tory measurement of the membrane behavior, as open-system
conditions would require the measurement of the qp resulting from
establishing the concentration difference across the specimen. In
this regard, closed-system conditions are more commonly used to
measure membrane behavior than open-system conditions,
because of the relative ease and greater accuracy in measuring DP
under closed-system conditions relative to measuring qp under
open-system conditions, as the magnitudes of qp can be small
(Kang and Shackelford, 2009).

2.3. Specimen assembly and preparation

Specimen assembly and disassembly consisted of three stages:
a flushing stage, a consolidation stage, and a membrane testing
stage. The purpose of the flushing stage was to flush (leach) soluble
salts from the pores of the bentonite in the GCL to enhance the
likelihood that membrane behavior would be observed in the test
specimens prior to consolidation and membrane testing. This
flushing stage also was performed by Malusis and Shackelford
(2002a,b) in their evaluation of the membrane behavior for the
same GCL as used in this study, as well as in several other studies
evaluating the membrane behavior of various clay soil barrier
materials (e.g., see Malusis et al., 2001; Shackelford and Lee, 2003;
Yeo et al., 2005; Henning et al., 2006; Kang and Shackelford, 2009).

For the flushing stage, circular specimens of the GCL with
nominal diameters of 102 mmwere cut from a larger GCL sheet and
placed on the base pedestal in a flexible-wall permeameter (Daniel,
1994). Each GCL specimenwas subjected to an effective stress, s0, of
34.5 kPa (5 psi) under 172 kPa (25 psi) back pressure before
permeation with de-ionized water (DIW) to saturate the specimen,
remove the excess soluble salts, and measure the initial hydraulic
conductivity, k.

After completion of the flushing stage, the GCL specimen was
transferred to the flexible-wall membrane cell shown schemati-
cally in Fig. 1, and the final stress conditions imposed during the
flushing stage were re-established such that s0 was 34.5 kPa (5 psi)
under a back pressure of 172 kPa (25 psi). Following re-
establishment of the initial value of s0 of 34.5 kPa (5 psi), three of
the four GCL specimens were consolidated further to final values of
s0 of 103 kPa (15 psi), 172 kPa (25 psi), 241 kPa (35 psi) by increasing
only the cell pressure in a single loading step (i.e., while main-
taining the back pressure of 172 kPa (25 psi)). During this consol-
idation procedure, volume changes were monitored versus time by
measuring changes in the airewater interface within the cell-water
accumulator attached to the flexible-wall cell (Fig. 1), and changes
in the specimen height were determined using a telescope sighted
to markings located on the specimen membrane located within the
flexible-wall cell. These measured changes in volume and height
were used to evaluate the consolidation behavior of the specimens
in the traditional manner via timeestrain curves (Kang, 2008; Kang
and Shackelford, 2010). Thus, four GCL specimens representing four
different initial values of s0 (i.e., 34.5 kPa (5 psi), 103 kPa (15 psi),
172 kPa (25 psi), 241 kPa (35 psi)) were prepared for membrane
testing.

2.4. Membrane testing procedures and program

The same membrane testing procedures as described in detail
by Kang and Shackelford (2009) were used in this study. At the end
of consolidation, the drainage lines were closed, and themembrane
stage of the test started by circulating DIW through the top and
bottom boundaries of the specimen at a circulation rate of
4.2�10�10m3/s for approximately 7 d to establish a steady baseline
pressure difference. This circulation rate has been proven to be
sufficiently fast to maintain reasonably constant concentration
boundaries (Malusis et al., 2001). The membrane efficiency
measurements then were initiated by circulating solutions of
potassium chloride (KCl) with different initial source concentra-
tions through the top piston (i.e., Cot > 0), while continuing circu-
lation of DIW in the base pedestal (i.e., Cob ¼ 0).

Membrane testing consisted of multiple-stage (MS) membrane
tests, with each MS test including five sequential stages in which
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chemico-osmotic pressure differences corresponding to five
different source KCl solutions, (i.e., Cot ¼ 3.9, 6.0, 8.7, 20, and
47 mM) were measured across the same GCL specimen. These five
different source KCl solutions were the same as those previously
used by Malusis and Shackelford (2002a,b) for the same GCL and
circulation control system, but with a rigid-wall membrane cell
instead of the flexible-wall membrane cell used in this study. Each
stage lasted seven days, which was sufficient in all cases to achieve
a steady chemico-osmotic pressure difference, �DP (>0, since the
positive x-direction is assumed downward from the top of the
specimen), across the specimen, as well as steady values for the
electrical conductivity, EC, in samples recovered from the circula-
tions outflows across the top (ECtop) and bottom (ECbottom). Thus, the
time required to complete a single MS test with five such circula-
tion stages was 35 d (i.e., excluding the durations for the flushing
and consolidation stages).

As described by Kang and Shackelford (2009), �DP was
measured both directly and indirectly for comparison, i.e., to ensure
precision in results. The direct measurement of �DP was obtained
using a differential pressure transducer (Model DP15, Validyne
Engineering Sales Corp., Northridge, California, USA) connected to
the top and bottomboundaries of the specimen (Fig.1). The indirect
measurement of �DP was obtained as the difference between the
boundary pressures at the top (utop) and the bottom (ubottom) of the
specimen (i.e.,�Du¼ utop� ubottom) measured independently using
two in-line pressure transducers (Model PX181-100G5V, OMEGA,
Stamford, Connecticut, USA) denoted as T1 and T2, respectively, in
Fig. 1.

The concentrations of KCl in samples of the circulation outflows
from the top and bottom boundaries of the specimens, Ct and Cb,
respectively, were estimated based on a calibration curve estab-
lished between KCl concentration and the measured values for EC
(i.e., ECtop and ECbottom). Such estimated concentrations are based
implicitly on the assumption that the only contributions to the EC in
the circulation outflows from the specimen boundaries were due
solely to the chloride (Cl�) and potassium (Kþ). This assumption
was expected to have been reasonably accurate since the GCL
specimens were permeated with DIW during the flushing stage
prior to membrane testing to remove excess soluble salts from the
porewater of the specimens. Because KCl is expected to diffuse into
the specimen from the top boundary during circulation, Ct should
be less than Cot, whereas Cb should be greater than Cob due to
diffusion of salts from the specimen into the circulation boundary
at the bottom of the specimen (Malusis et al., 2001; Kang and
Shackelford, 2009).

Although the membrane testing stage was performed under
closed-system (undrained) boundary conditions, Kang and
Shackelford (2009) noted relatively small, daily volume changes
(��0.6%) in their specimens during the membrane testing stage.
These small volumes changes were attributed to drainage of pore
liquid from the specimens during brief periods (�2 min) when the
drainage lines were momentarily left open for daily refilling of
inflow solutions and sampling of outflow solutions. After the
completion of these brief refilling/sampling periods, the drainage
lines were closed during the subsequent, membrane measurement
periods which lasted w24 h. Thus, although some changes in
specimen volume were anticipated during the membrane testing
stage, the assumption of undrained conditions existing during the
actual periods of measurement of membrane behavior were still
valid.

Since the cell and back pressures were constant during
the membrane stage of testing, the drainage during the refilling/
sampling periods was attributed to an increase in effective stress
resulting from a decrease in the repulsive electrical forces relative
to the adsorptive forces between individual soil particles (i.e.,
so-called ReA effect), due to an increase in salt (KCl) concentration
in the pore water of the GCL specimens (Kang and Shackelford,
2009). Such an increase in KCl concentration in the specimen
pores results from diffusion of KCl from the top boundary into the
specimen in the case of imperfect semipermeable membrane
behavior (e.g., see Malusis et al., 2001; Shackelford and Lee, 2003).
This phenomenon has been referred to as osmotic consolidation
(e.g., Mitchell et al., 1973; Barbour and Fredlund, 1989; Di Maio,
1996). As a result of these considerations, volume changes also
were recorded during the membrane testing stage via the cell-
water accumulator (Fig. 1).

2.5. Calculation of membrane efficiency

Under closed-system boundary conditions such as those
imposed in this study, the membrane efficiency coefficient, u, is
defined as follows (Groenevelt and Elrick, 1976; Malusis et al.,
2001):

u ¼ DP
Dp

(1)

where DP (<0) is the measured chemico-osmotic pressure differ-
ence induced across the specimen as a result of prohibiting
chemico-osmotic flux of solution, and Dp (<0) is the theoretical
chemico-osmotic pressure difference across an “ideal” semi-
permeable membrane (i.e., u ¼ 1) subjected to an applied differ-
ence in solute (electrolyte) concentration (e.g., Olsen et al., 1990).
The value of Dp in Eq. (1) can be calculated in accordance with the
van’t Hoff expression in terms of either the source concentrations of
KCl in the circulation inflows across the bottom and top of the
specimens, or the average of the boundary salt concentrations
across the top and bottom of the specimens, as follows (Kang and
Shackelford, 2009):

Dp ¼ nRTDC ¼ nRTðC2 � C1Þ (2)

where n is the number of ions per molecule of the salt, R is the
universal gas constant [8.314 J mol�1 K�1], T is the absolute
temperature (K), C is the salt concentration (M), and subscripts 1
and 2 represent the individual compartments on either side of the
soil specimen. For example, for 1:1 electrolyte solutions (e.g., NaCl,
KCl), n ¼ 2 in Eq. (2), whereas for 2:1 electrolyte solutions (e.g.,
CaCl2), n ¼ 3 in Eq. (2). The resulting membrane efficiency coeffi-
cient in terms of the source KCl concentrations, designated as uo, is
given as follows:

uo ¼ DP
Dp

���
o
¼ DP

Dpo
¼ DP

nRTDCo
¼ DP

nRTðCob�CotÞ ¼
DP

�nRTCot
(3)

where T is 293 K in this study corresponding to 20 �C, and Cot (>0)
and Cob (¼0) are the initial concentrations of KCl (M) in the source
solutions introduced across the top and bottom specimen bound-
aries, respectively. In terms of average KCl concentrations, the
membrane efficiency coefficient, uave, is given as follows:

uave ¼ DP
Dp

���
ave

¼ DP
Dpave

¼ DP
nRTDCave

¼ DP
nRT

�
Cb;ave�Ct;ave

� (4)

where Ct,ave and Cb,ave are the average KCl concentrations across the
top and bottom of the specimen boundaries defined as follows:

Ct;ave ¼ Cot þ Ct
2

; Cb;ave ¼ Cob þ Cb
2

(5)

and Cb and Ct are the measured KCl concentrations (i.e., via cali-
bration with EC) in the circulation outflows from the bottom and
top of the specimen boundaries, respectively (see Fig. 1). Since
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Ct,ave < Cot and Cb,ave � Cob, the magnitude of Dpo will be greater
than that of Dpave such that, for the same measured value of DP,
uo < uave. Thus, membrane efficiencies based on source salt
concentrations typically are more conservative (lower) than those
based on average salt concentrations (Malusis et al., 2001).
However, in the limit as the membrane efficiency approaches 100
percent, solutes cannot enter or exit the specimen, such that Ct,ave
approaches Cot, Cb,ave approaches Cob, and uave approaches uo (Kang
and Shackelford, 2009).

3. Results

3.1. Specimen flushing and consolidation

The results of the flushing stage of the tests are shown in Fig. 2.
As indicated in Fig. 2a, the four GCL specimens, designated as GCL1,
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Fig. 2. Electrical conductivity (a) and hydraulic conductivity (b) versus elapsed time of
permeation for specimens of a geosynthetic clay liner permeated with de-ionized
water during flushing stage of test prior to consolidation.
GCL2, GCL3, GCL4, were permeated with DIW under an average
effective stress of 34.5 kPa (5 psi) for periods ranging from 105 d to
209 d resulting in final EC values ranging from 16.9% to 41.7% of the
source solution EC, or ECo, of 56.1 mS/m for the 3.9 mM KCl source
solution. The ECo values for the other source solutions used in the
study also are provided in Fig. 2a for comparison.

As shown in Fig. 2b, despite somewhat initially erratic behavior,
permeationwith DIWeventually resulted in measured steady-state
k values for specimens GCL1, GCL2, GCL3 and GCL4 of
3.06 � 10�11 m/s, 2.63 � 10�11 m/s, 2.41 � 10�11 m/s, and
3.34 � 10�11 m/s, respectively. These k values are representative of
those typically measured for GCLs permeated with DIW in flexible-
wall permeameters and similar effective stresses (e.g., see Daniel
et al., 1997).

3.2. Electrical conductivity

The values for EC measured in the circulation outflows from the
top (ECtop) and bottom (ECbottom) boundaries during the membrane
testing stage are shown in Fig. 3. These measured EC values reflect
the boundary conditions imposed in the tests (Shackelford and Lee,
2003; Kang and Shackelford, 2009). For example, the increasing
magnitude of ECtop upon replacing the DIW with the KCl solutions
directly reflects the progressively greater increase in ionic strength
of the KCl solutions resulting from the circulation of solutions with
progressively higher KCl concentrations. The lower values for ECtop
relative to the ECo values for the source solutions (i.e., ECtop < ECo),
are consistent with the loss of solutemass from the source solutions
due to solute diffusion into the specimens, whereas the eventual
increase in the values of ECbottom with time is consistent with the
gain of solute mass in the bottom circulation outflow due to solute
diffusion through the specimen. Finally, the leveling off of the values
for both ECtop and ECbottom during the 7-d periods applied for each
stage of the test reflects the establishment of steady-state condi-
tions with respect to EC in both the top and bottom boundaries.

3.3. Chemico-osmotic pressure difference

The temporal values in �DP (>0) measured by the differential
pressure transducer (Fig. 1) as well as the differences between the
pressures measured at the top and bottom boundaries of the
specimen by the in-line transducers (T1 and T2 in Fig. 1), �Du
(¼ utop � ubottom), are shown in Fig. 4. As expected, differences
between �Du and �DP are virtually indistinguishable for all GCL
specimens (i.e., �Du z �DP). The results shown in Fig. 4 also
indicate that, whereas virtually no membrane behavior
(i.e., �DP z 0) was observed during circulation of DIW through
both the top and bottom boundaries of the specimens, significant
and sustained membrane behavior (i.e., �DP > 0) occurred in both
specimens virtually immediately upon replacing the DIW circu-
lating through the top boundary with KCl solutions.

3.4. Membrane efficiencies

The temporal variations in the effective chemico-osmotic pres-
sure differences, �DPe, for all four GCL specimens as well as the
calculated membrane efficiencies based on both the initial source
KCl concentrations and the average of the boundary KCl concen-
trations in accordance with Eqs. (3) and (4), respectively, are shown
in Fig. 5. As described by Malusis et al. (2001), the values for �DPe
shown in Fig. 5a represent the net pressure differences equal to the
measured values of�DP based on circulationwith the KCl solutions
minus the measured value of �DP based on circulation with DIW
through both top and bottom boundaries at the beginning of the
membrane testing stage, or �DPe ¼ �DPKCl � (�DPDIW). In
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Fig. 3. Electrical conductivity values in circulation outflows from top and bottom boundaries of specimens of a geosynthetic clay liner consolidated to initial effective stresses of
(a) 34.5 kPa (5 psi), (b) 103 kPa (15 psi), (c) 172 kPa (25 psi), and (d) 241 kPa (35 psi) as a function of elapsed time after salt (KCl) circulation.

J.-B. Kang, C.D. Shackelford / Geotextiles and Geomembranes 29 (2011) 544e556 549
calculating �DPe, the maximum value of �DPDIW occurring during
DIW circulation was used to provide conservative (low) estimates
for �DPe and, therefore, low estimates of u.

As shown in Fig. 5a, three observations are apparent in the
temporal trends in �DPe with increasing source KCl concentration,
Cot, being circulated across the top boundary of a specimen. First,
there was a tendency for a post-peak degradation in the magnitude
of �DPe within a given stage of a test. Second, the buildup in �DPe
between subsequent stages of a test tended to diminish with
increasing Cot such that the magnitude of �DPe at the higher KCl
concentrations was actually lower than that at the lower KCl
concentrations. Third, the tendency for a post-peak degradation
in �DPe within a given stage of testing and the extent to
which �DPe diminished with increasing Cot also tended to be
greater with decreasing consolidation effective stress. Both the
decrease in magnitude of �DPe with increasing Cot and the
tendency for post-peak degradation in �DPe previously have been
observed inmembrane tests involving the same GCL, and have been
attributed to collapse of the diffuse-double layers (DDLs) associated
with individual particles of the bentonite due to an increase in the
concentration of KCl in the pores resulting from diffusion (e.g., see
Malusis et al., 2001; Malusis and Shackelford, 2002a; Shackelford
and Lee, 2003). However, unlike previous studies, the results
shown in Fig. 5a indicate that the adverse impact of increasing Cot
on the magnitude of �DPe can be assuaged to some extent by
increasing the effective stress in the specimen.
As shown in Fig. 5b and c, the values of u tended to decrease
with increasing KCl concentration, which again is consistent with
previous results based on rigid-wall cells that attributed decreasing
u with increasing salt concentration to a progressively greater
collapse of the DDLs surrounding individual clay particles, resulting
in larger pores and correspondingly less restriction of solutes (e.g.,
Malusis et al., 2001; Malusis and Shackelford, 2002a; Shackelford
et al., 2003). Also, the values of u were relatively constant over
any interval of time corresponding to a given KCl concentration,
implying that steady-state conditions were achieved during the 7-
d circulation periods. Finally, for a given stage of testing (i.e., given
Cot), the values of u tended to decrease with decreasing consoli-
dation effective stress, as expected.

3.5. Volume changes

As previously noted, volume changes were recorded during the
membrane testing stage via the cell-wall accumulator (Fig. 1) as
a check on the assumption of undrained conditions. Incremental
volume changes, DV, of �0.36 mL, �0.33 mL, �0.24 mL, �0.47 mL
were recorded during the membrane testing stage for the GCL
specimens consolidated to effective stresses of 34.5 kPa (5 psi),
103 kPa (15 psi), 172 kPa (25 psi), and 241 kPa (35 psi), respectively,
resulting in respective cumulative volume changes, S(DV),
of�5.98,�2.33,�1.95, and�5.12mL. As previously described, even
though volume change was prevented from occurring during the



Fig. 4. Measured chemico-osmotic pressure differences across specimens of a geo-
synthetic clay liner consolidated to different initial effective stresses, s0 , as a function of
elapsed time after circulation of salt (KCl) solutions (sc ¼ cell pressure, ubp ¼ back
pressure).

Fig. 5. Temporal variations in (a) induced effective (net) pressure differences and in
measured membrane efficiencies based on (b) initial salt (KCl) concentration differ-
ences (uo) and (c) average salt concentration differences (uave) across specimens of
a geosynthetic clay liner as a function of consolidation effective stress, s0 .
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periods of actual measurement of the membrane efficiency of the
GCL specimens (i.e., during KCl circulation between sampling/
refilling periods), some volume change did occur as a result of the
sampling/refilling procedure and the desire to re-establish the
reference (back) pressure before each daily circulation event. The
resulting volume changes that did occur tended to be relatively low
(��7.9%), and the resulting changes in the bulk specimen porosities
resulting from these volumes changes tended to be relativelyminor
(see Table 2). Although the magnitude of the impact of these
volume changes on the measured membrane efficiencies cannot be
quantified, a decreasing specimen volume results in decreasing
pore (void) space, which would be expected to increase solute
restriction and, therefore, increase membrane efficiency.

4. Discussion

4.1. Effect of consolidation effective stress on steady-state
membrane efficiency

The final, or steady-state, membrane efficiencies,uo,ss anduave,ss,
based on Eqs. 3 and 4 along with the values of �DPe, �Dpo,
and �Dpave used to calculate uo,ss and uave,ss, are summarized in



Table 1
Results of multi-stagemembrane testing for specimens of the geosynthetic clay liner
at each consolidation effective stress.

Effective
stress,
s0

[kPa (psi)]

KCl source
concentration,
Cot (mM)

Differences in
chemico-osmotic
pressuresa (kPa)

Membrane efficiency
coefficients
at steady state

�DPe �Dpo �Dpave uo,ss

(¼DPe/Dpo)
uave,ss

(¼DPe/Dpave)

34.5 (5) 3.9 8.117 19.011 14.472 0.427 0.561
6.0 9.007 29.247 21.556 0.308 0.418
8.7 8.572 42.408 29.978 0.202 0.286

20.0 4.903 97.490 64.776 0.050 0.076
47.0 2.290 229.101 151.017 0.010 0.015

103 (15) 3.9 9.476 19.011 16.214 0.498 0.584
6.0 10.966 29.247 23.787 0.375 0.461
8.7 11.034 42.408 33.678 0.260 0.328

20.0 11.028 97.490 72.520 0.113 0.152
47.0 11.159 229.101 164.448 0.049 0.068

172 (25) 3.9 12.062 19.011 16.781 0.634 0.719
6.0 15.241 29.247 24.287 0.521 0.628
8.7 16.552 42.408 34.202 0.390 0.484

20.0 16.634 97.490 73.531 0.171 0.226
47.0 16.131 229.101 164.990 0.070 0.098

241 (35) 3.9 12.931 19.011 16.492 0.680 0.784
6.0 15.952 29.247 25.112 0.545 0.635
8.7 16.234 42.408 35.375 0.383 0.459

20.0 17.593 97.490 76.384 0.180 0.230
47.0 18.200 229.101 172.085 0.079 0.106

a �DPe ¼ effective or net chemico-osmotic pressure difference measured across
specimen at steady state; �Dpo ¼ theoretical chemico-osmotic maximum pressure
difference based ondifference in initial (source) concentrations;�Dpave¼ theoretical
maximum chemico-osmotic pressure difference based on difference in average
boundary concentrations at steady state.

a

b

Fig. 6. Effect of consolidation effective stress on steady-state membrane efficiency
coefficients based on (a) initial (source) boundary concentrations and (b) average
boundary concentrations for specimens of a geosynthetic clay liner subjected to
different source concentrations of potassium chloride (KCl).
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Table 1. The measured values of uo,ss and uave,ss also are plotted as
a function of s0 for different values of Cot in Fig. 6a andb, respectively.
As previously indicated, both uo,ss and uave,ss based on a given Cot
tend to increase with increasing s0 and a given Cot. However, the
increase inuo,ss anduave,ss tends to diminishwith increasing s0, such
that the trend in uo,ss or uave,ss with increasing s0 appears to be
asymptotic. A similar asymptotic behavior in the hydraulic
conductivity of GCLs to water with increasing static (effective)
confining stress was observed by Petrov et al. (1997). Also, the value
of s0 at which such an asymptotic value of uo,ss or uave,ss would be
achieved appears to decrease with increasing Cot. For example, the
differences in uo,ss between s0 of 241 kPa (35 psi) and s0 of 172 kPa
(25psi), orDuo,ss, are0.046, 0.024,�0.007, 0.009and0.009 for values
of Cot of 3.9, 6.0, 8.7, 20, and 47 mM KCl, respectively. However, the
decrease in both uo,ss and uave,ss with increase in s0 from 172 kPa
(25 psi) to 241 kPa (35 psi) suggests some uncertainty in the trend.
Also, this trend indifference inDuo,sswith increasings0 is not as clear
in the case of uave,ss (Fig. 6b). Finally, the fact that neither uo,ss nor
uave,ss achieves a constant value (i.e.,Duo,ss¼ 0 orDuave,ss¼ 0)within
the ranges of s0 values evaluated in this study suggests that any such
Table 2
Bulk porosities of GCL specimens during membrane testing.

Stage of test Initial effective stress of specimen

34.5 kPa
(5 psi)

103 kPa
(15 psi)

172 kPa
(25 psi)

241 kPa
(35 psi)

After consolidation 0.81 0.80 0.77 0.71
After DIW circulation 0.81 0.80 0.77 0.70
After 3.9 mM KCl circulation 0.80 0.80 0.77 0.69
After 6.0 mM KCl circulation 0.80 0.80 0.77 0.68
After 8.7 mM KCl circulation 0.79 0.80 0.76 0.67
After 20 mM KCl circulation 0.79 0.80 0.76 0.66
After 47 mM KCl circulation 0.79 0.79 0.76 0.66
asymptotic value ofuo,ss oruave,sswould not be achieved until s0 was
greater than 241 kPa (35 psi).

The overall effect of s0 on the measured membrane efficiencies
of the GCL is illustrated in Fig. 7, where the ratio of steady-state
membrane efficiency coefficient at any value for s0, relative to
that at s0 of 34.5 kPa (5 psi) is plotted as a function of s0. As indi-
cated in Fig. 7, the effect of increasing s0 on the measured
membrane efficiency diminishes with decreasing Cot. For example,
as s0 increases from 34.5 kPa (5 psi) to 241 kPa (35 psi), the
measured membrane efficiency increases by a factor ranging from
7.1 to 7.9 for Cot of 47 mM KCl, from 3.0 to 3.6 for Cot of 20 mM KCl,
and from 1.4 to 1.9 for Cot ranging from 8.7 to 3.9 mM KCl. In
addition, the effect of increasing s0 is greater in terms of uo,ss versus
uave,ss, primarily because the value of uo,ss at s0 of 34.5 kPa (5 psi) is
lower than the value of uave,ss at s0 of 34.5 kPa (5 psi). Thus,
although higher values of Cot generally result in lower measured
membrane efficiencies, increasing s0 increases these lower
membrane efficiencies at higher Cot.



a

b

Fig. 7. Ratio of steady-state membrane efficiency coefficients at any consolidation
effective stress, s0 , to that at s0 of 34.5 kPa (5 psi) versus s0 for specimens of a geo-
synthetic clay liner subjected to different source concentrations of potassium chloride
(KCl): (a) coefficients based on initial (source) boundary concentrations and (b) coef-
ficients based on average boundary concentrations.

a

b

Fig. 8. Comparison of steady-state membrane efficiency coefficients based on (a)
initial (source) boundary concentrations and (b) average boundary concentrations for
specimens of a geosynthetic clay liner measured in this study using a flexible-wall
(FW) cell versus those from Malusis and Shackelford (2002a) using a rigid-wall (RW)
cell with different specimen bulk porosities, n.
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In general, the effect of increasing s0 in terms of mitigating the
detrimental effect of increasing Cot on the membrane efficiency of
the GCL is consistent with the different mechanisms associated
with the two factors. In the case of Cot, the thickness of the diffuse-
double layers decreases as Cot increases, resulting in an increasingly
greater portion of the pore space that is accessible for solute
migration and an associated decrease in membrane efficiency. In
contrast, the porosity of the soil decreases as s0 increases, such that
the overall sizes of the individual pores within the soil decrease,
thereby increasing the membrane efficiency. As illustrated by
Shackelford et al. (2000), the effect of Cot can occur at constant
porosity (i.e., constant s0), whereas the effect of s0 can occur at
constant Cot. Thus, decreasing the sizes of the pores via an increase
in s0 can offset the detrimental effect of an increase in Cot on the
membrane efficiency of the GCL.

4.2. Effect of type of membrane cell on steady-state membrane
efficiency

Values of the membrane efficiency measured in this study using
the flexible-wall cell under closed-system boundary conditions are
compared in Fig. 8 with values of the membrane efficiency
previously reported by Malusis and Shackelford (2002a) for the
same GCL and same source KCl concentrations measured using
a rigid-wall cell under the same closed-system boundary condi-
tions. Values of uo,ss and uave,ss are plotted versus the average of the
difference in initial (source) concentrations, or �DCo,ave, which is
equivalent to half the source concentration, Cot/2, to be consistent
with the traditional approach for reporting such values (e.g.,
Kemper and Rollins, 1966; Malusis and Shackelford, 2002a).

As expected and previously discussed, the membrane efficien-
cies decrease with increasing KCl concentration regardless of
whether the flexible-wall or rigid-wall cell is used in the measure-
ment. However, at least two distinct differences in the membrane
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efficiencies based on the flexible-wall cell versus those based on the
rigid-wall cell are apparent. First, with some exceptions, the
membrane efficiencies based on the flexible-wall cell generally are
lower than those based on the rigid-wall cell at any given value
of �DCo,ave. Second, whereas the membrane efficiency of the GCL
based on the rigid-wall cell decreases essentially semi-log linearly
with increasing�DCo,ave, the decrease in themembrane efficiency of
the GCL based on the flexible-wall cell with increasing logarithm
of �DCo,ave is non-linear. The exact reasons for these differences in
results based on the flexible-wall cell versus the rigid-wall cell are
unknown, but likely can be attributed, in part, to differences in the
stress conditions induced in the specimens, as well as the differ-
ences in the specimenpreparationprocedures, as discussed in detail
by Kang and Shackelford (2009).

4.3. Effect of boundary salt concentrations on calculated membrane
efficiencies

Values of the ratio of uave,ss to uo,ss, or uave,ss/uo,ss, are shown as
a function of Cot in Fig. 9a and as a function of s0 in Fig. 9b. With
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Fig. 9. Ratio of steady-state membrane efficiency based on average boundary
concentrations (uave,ss) to that based on initial (source) boundary concentrations (uo,ss)
as a function of: (a) source KCl concentration, (b) consolidation effective stress.
respect to Fig. 9a, three observations are readily apparent. First, all
of the values for uave,ss/uo,ss are greater than unity, as expected
based on previous discussion, regardless of the value of s0 or Cot.
Second, for a given value of s0, uave,ss/uo,ss tends to increase
approximately semi-log linearly with increasing Cot. This trend is
similar to that reported by Malusis and Shackelford (2002a) based
on their membrane testing of the same GCL using a rigid-wall cell.
Third, for a given Cot, the value of uave,ss/uo,ss tends to increase with
decreasing s0, although at Cot of 3.9mMKCl, the value foruave,ss/uo,ss

at s0 of 241 kPa (35 psi) of 1.15 is slightly greater than the value for
uave,ss/uo,ss at s0 of 172 kPa (25 psi) of 1.13. Overall,uave,ss/uo,ss ranges
from 1.13 for Cot of 3.9 mMKCl at s0 of 172 kPa (25 psi) to 1.52 for Cot
of 47mMKCl at s0 of 34.5 kP as (5 psi). Thus, the difference between
uo,ss based on Eq. (3) versus uave,ss based on Eq. (4) tends to increase
with increasing Cot.

As indicated in Fig. 9b, for a given Cot, the difference between
uo,ss based on Eq. (3) versusuave,ss based on Eq. (4) tends to decrease
with increasing s0. Thus, increasing the consolidation effective
stress can diminish the effect of the boundary salt concentrations
used in determining the membrane efficiency.
4.4. Practical significance of results

The results of this study not only support the results of previous
studies indicating that GCLs can behave as semipermeable
membranes, but also indicate that the existence of such membrane
behavior in GCLs can be enhanced by consolidation. The practical
significance of these findings can be illustrated with the aid of
a simplified example analysis showing the influence of chemico-
osmosis due to membrane behavior on the total liquid flux
through a GCL used as a containment barrier, as illustrated sche-
matically in Fig. 10a. The scenario depicted in Fig. 10a may be
representative of surface impoundment where the porous
confining layer is assumed to offer negligible hydraulic resistance
and the underlying subgrade soil maintains a zero concentration
boundary, for example, via drainage.

In general, the total liquid flux through a soil that behaves as
a semipermeable membrane, q, at steady state is the sum of
a hydraulic component of liquid flux, qh, in response to the differ-
ence in total hydraulic head in accordance with Darcy’s law, and
a chemico-osmotic component of liquid flux, qp, in response to
a difference in solute concentration, or q ¼ qh þ qp. (e.g., Barbour
and Fredlund, 1989; Shackelford et al., 2001; Malusis et al., 2003).
As a result, the contribution of the chemico-osmotic component of
liquid flux to the total liquid flux can be ascertained by normalizing
the total liquid flux, q, with respect to the hydraulic component of
liquid flux, qh, or q/qh, as follows (e.g., Yeo et al., 2005; Henning
et al., 2006):

q
qh

¼ qh þ qp
qh

¼ 1þ qp
qh

¼ 1�
�
uDp
gwDh

�
(6)

where gw ¼ the unit weight of water (i.e., 9.81 kN/m3 assuming
dilute solutions), Dh ¼ the total hydraulic head loss across the
barrier, and all other parameters are as previously defined. Note
that qh is assumed to be in the positive x-direction as indicated in
Fig. 10a, the value of Dh in Eq. (6) will be negative, since the final
hydraulic head at the bottom of the GCL (hf) will be less than the
initial hydraulic head at the top of the GCL (hi), or Dh ¼ hf � hi < 0.
Typically, for convenience, the pressure head between the barrier
(GCL) and the underlying soil (subgrade) is assumed to be zero,
such that Dh¼�(Lþ hp), where L is the thickness of the barrier and
hp is the pressure head on containment side of the barrier resulting
from the height of containment liquid, hl, on the barrier (i.e.,
hp ¼ hl).



Fig. 10. Effect of chemico-osmotic counter flow through a geosynthetic clay liner (GCL)
used as a containment barrier as a function of consolidation effective stress and KCl
concentration in containment liquid: (a) simplified scenario; (b) hl ¼ 0.3 m; (c)
hl ¼ 3.0 m.
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In accordance with Eq. (1), the numerator in the second term in
Eq. (6) represents the chemico-osmotic pressure difference, DP,
such that Eq. (6) can be re-written as follows:

q
qh

¼ 1�
�

DP
gwDh

�
¼ 1�

�
Dhp
Dh

�
(7)

where Dhp (¼ DP/gw)¼ the difference in chemico-osmotic pressure
head across the barrier. The containment scenario considered
herein is similar to that associated with the membrane testing
conducted in this study (e.g., compare Figs. 1 and 10a), since the
concentration of chemical constituents in the liquid on the
containment side of the GCL (i.e., top) is greater than that on the
outside of the barrier (i.e., bottom). As a result, DP in Eq. (7) also is
negative, such that qp is directed inward toward the containment
liquid, thereby reducing the total liquid flux emanating from the
containment side, q, via chemico-osmotic counter flow.

The results of the example analysis in the form of q/qh based on
Eq. (7) versus the consolidation effective stress, s0, are shown in
Fig. 10b and c for heights of containment liquid, hl, of 0.3 m and
3.0 m, respectively. The results of this study were included in the
analysis by using the measured values for the effective chemico-
osmotic pressure differences, DPe (Table 1) for DP in Eq. (7). Also,
because the values of hl assumed in the analysis are much greater
than the typical thicknesses of GCLs (i.e., L� 10 mm), or hl [ L, the
magnitude of the head loss, Dh, in Eq. (7) was assumed to be equal
to hl, (i.e., Dh ¼ �(L þ hp) z �hl).

The results of the analysis shown in Fig. 10b,c indicate that the
presence of membrane behavior in the GCL can significantly reduce
the total liquid flux, q, emanating from the containment facility, and
that themagnitude in the reduction of q due to qp for a given hl tends
to increase with increasing s0, due to the general increase in GCL
membrane efficiency with increasing s0. For example, for the lower
height of containment liquid of 0.3 m (Fig. 10b), qp is greater in
magnitude than qh for all values of Cot and s0 except Cot¼ 47mMKCl
and s0 ¼ 34.5 kPa (5 psi), such that no liquid flux emanates from the
containment facility (i.e., q/qh < 0). In the case where Cot ¼ 47 mM
KCl and s0 ¼ 34.5 kPa (5 psi) for hl ¼ 0.3 m, the combination of the
highest source KCl concentration and lowest consolidation effective
stress results in the lowest membrane efficiency for the GCL, such
that some liquid flux emanates from the containment facility, but
the amount emanatingwould be only 22.2% of that emanating in the
absence of GCL membrane behavior (i.e., q/qh ¼ 0.222). However, as
the height of containment liquid increases, the magnitude of qh
increases, such that the reduction in total liquidfluxdue to chemico-
osmotic counter flow decreases. For example, for Cot ¼ 3.9 mM KCl
and s0 ¼ 172 kPa (25 psi), q/qh increases from �3.099 to 0.590 as hl
increases from 0.3 m to 3.0 m, respectively.

The results shown in Fig. 10 are limited by the assumptions
inherent in the analysis. Aside from those assumptions already
noted, the assumption of a simple salt (KCl) as the sole constituents
in the containment liquid, and the fact that the membrane effi-
ciencies measured in this study were based on GCL specimens that
were flushed by permeation with DIW prior to membrane testing
probably are the most restrictive. In general, higher concentrations
of ions in the containment liquid and/or in the pore water of the
bentonite in the GCL likely would result not only in an increase in
hydraulic conductivity of the GCL (Shackelford et al., 2000), but also
in a reduced membrane efficiency (Shackelford and Lee, 2003;
Mazzieri et al., 2010). However, an increase in the consolidation
effective stress within the GCL not only can enhance the membrane
behavior of the GCL as shown herein, but also can assist in resisting
increases in the hydraulic conductivity of the GCL (Fernandez and
Quigley, 1991; Petrov and Rowe, 1997; Shackelford et al., 2000).
Nonetheless, the ability of the GCL to sustain any semipermeable
membrane behavior in the long term is unknown at this time.

In contrast, the analysis upon which the results shown in Fig. 10
are based also does not include some additional advantages
resulting from the potential existence of membrane behavior in the
GCLs. For example, aside from potentially reducing the liquid flux
emanating from a containment facility, solute restriction resulting
from membrane behavior also can reduce the effective diffusion
coefficient of solutes (e.g., Malusis and Shackelford, 2002b) and,
therefore, the overall solute mass flux migrating through the GCL
(e.g., Malusis and Shackelford, 2002b, 2004a,b; Manassero and
Dominijanni, 2003; Malusis et al., 2003). Also, solute sieving or
hyperfiltration can result in an increase in solute concentration on
the inward side of containment barrier (e.g., Whitworth and
Ghazifard, 2009), which would result in an increase in chemico-
osmotic pressure head loss, Dhp, and chemico-osmotic counter
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flow, qp with time. Nonetheless, the results of the simplified anal-
ysis conducted herein provide an indication that the existence of
membrane behavior in GCLs can offer a potentially significant
benefit to the containment function of the GCLs, and that this
benefit can be enhanced with increasing consolidation effective
stress, s0.

Finally, as shown by Shackelford et al. (2003) and Shackelford
(2011), the concentrations over which membrane behavior is
evident, although seemingly dilute, can still range from four to six
orders of magnitude greater than the regulated maximum
contaminant levels (MCLs) of many of the primary inorganic
contaminants of interest (e.g., As, Cd, Hg, Ni, Pb) and, therefore, are
relevant for many practical applications. However, for some appli-
cations such as landfills involving leachates with significantly
higher concentrations of multiple chemical constituents, the
potential for any significant benefit resulting from membrane
behavior in GCLs is likely to be problematic.

5. Summary and conclusions

The potential influence of consolidation effective stress, s0, on
the membrane behavior of a GCL containing sodium bentonite was
evaluated using a newly developed flexible-wall cell under closed-
system boundary conditions. The GCL specimens were consolidated
to final values for s0 of 34.5 kPa (5 psi), 103 kPa (15 psi), 172 kPa
(25 psi), and 241 kPa (35 psi) prior to the start of membrane testing.
Membrane testing consisted of multi-stage (MS) tests, whereby de-
ionizedwater (DIW)was first circulated across both the bottom and
the top of the specimens to establish a baseline pressure differ-
ence, �DP (>0), of the specimen, followed by circulation of source
KCl solutions across the top of the specimen (while maintaining
DIW circulation across the bottom of the specimen) with sequen-
tially higher source concentrations, Cot, of KCl to establish the salt
concentration differences, �DC (¼ Cot), required to evaluate the
potential for membrane behavior.

The results indicated that the GCL behaved as a semipermeable
membrane, with measured membrane efficiencies at steady state,
uss, based on the difference in initial (source) concentrations, uo,ss,
ranging from 0.01 (s0 ¼ 34.5 kPa (5 psi)) at Cot of 47 mM KCl to 0.68
(s0 ¼ 241 kPa (35 psi)) at Cot of 3.9 mM KCl, whereas uss values
based on the average of the difference in boundary concentrations,
uave,ss, ranged from 0.02 (s0 ¼ 34.5 kPa (5 psi)) at Cot of 47mMKCl to
0.78 (s0 ¼ 241 kPa (35 psi)) at Cot of 3.9 mM KCl. Also, for a given s0,
both uo,ss and uave,ss decreased with increasing Cot, which is
consistent with previous findings based on the use of a rigid-wall
cell and attributable to progressively greater collapse of the elec-
trostatic diffuse-double layers surrounding individual clay particles
with increasing salt concentration in the pore water. In contrast, for
a given Cot, both uo,ss and uave,ss increased with increasing s0, with
the effect of increasing s0 on either uo,ss or uave,ss increasing with
increasing Cot. The increase in uo,ss or uave,ss with increasing s0 is
consistent with lower porosities and more restrictive pores with
increasing s0.

Finally, uave,ss was always greater than uo,ss, with values for the
ratio of uave,ss to uo,ss, or uave,ss/uo,ss, increasing approximately semi-
log linearly with increasing initial source concentration of KCl, Cot,
for a given s0, but decreasing non-linearly with increasing s0 for
a given Cot. Overall, uave,ss/uo,ss ranged from 1.13 for Cot of 3.9 mM
KCl at s0 of 172 kPa (25 psi) to 1.52 for Cot of 47 mM KCl at s0 of
34.5 kP as (5 psi). Thus, the effect of the boundary salt concentra-
tions used to determine themembrane efficiency of the GCL tended
to increase with increasing Cot, but decrease with increasing s0.

Values of uss measured in this study using a flexible-wall cell
under closed-system boundary conditions were compared with
values of uss for the same GCL previously measured using a rigid-
wall cell under the same closed-system boundary conditions. As
expected, the membrane efficiencies decreased with increasing KCl
concentration regardless of whether the flexible-wall or rigid-wall
cell was used in the measurement.

The results of a simplified analysis based on the use of the GCL as
a containment barrier illustrated significant reduction in the liquid
flux emanating from the containment barrier due to the existence
of membrane behavior in the GCL. The results indicated that the
existence of chemico-osmotic counter flow not only could reduce
the total liquid flux relative to that which would exist in the
absence of membrane behavior, but also could prevent any liquid
flux from emanating from the containment barrier in the case
where the height of containment liquid was low (i.e., hl ¼ 0.3 m).
Although restricted by the simplifying assumptions inherent in the
analysis, including uncertainty in ability of the GCL to sustain the
membrane behavior over the long term, the results indicate that
the existence of membrane behavior in GCLs can offer a significant
benefit to the containment function of the GCLs, and that this
benefit can be enhanced with increasing consolidation effective
stress, s0.
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