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ABSTRACT: Geosynthetic clay liners (GCLs) are effective barrier materials for liner and cover systems in waste containment applications. 
Exposure to non-standard chemical solutions can alter the chemical and mechanical properties of both the bentonite and geotextiles comprising 
a GCL. Considerable advances in laboratory testing and analysis of GCLs have occurred recently in regard to hydraulic conductivity, the 
existence and persistence of membrane behavior, and long-term shear strength of GCLs evaluated under stress-controlled conditions.  The 
objective of this paper is to present a synopsis of advances in research related to GCLs that is focused on enhancing knowledge of GCLs used 
as hydraulic and chemical contaminant barriers. 
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1. INTRODUCTION 

Geosynthetic clay liners (GCLs) are thin (10±5 mm), factory 
manufactured (prefabricated), hydraulic barriers (liners) that 
comprise primarily a processed clay, typically either natural sodium 
bentonite (Na-bentonite) or sodium-activated calcium bentonite (Na-
activated Ca-bentonite), encased or "sandwiched" between two 
geotextiles or attached to a single polymer membrane (e.g., 
polyethylene geomembrane or geofilm) and held together by needle-
punching, stitching, and/or gluing with an adhesive. The hydraulic 
resistance of GCLs that do not include a polymer membrane is 
attributed entirely to the bentonite component of the GCL, which 
swells in the presence of water to form a tight sealing layer (e.g., 
Daniel et al. 1997, Rowe 1998, 2005, 2006, 2007, Bouazza 2002, 
Koerner 2005, Shackelford et al. 2010, Shackelford and Sample-Lord 
2014).  The manufactured GCL panels, typically on the order of 4.2 
to 5.3 m wide and 30 to 61 m long (U.S. EPA 2001), are transported 
to the site in rolls and installed simply by unrolling and overlapping 
adjacent GCL panels (~ 0.15 to 0.3 m) to provide a continuous barrier 
for hydraulic and/or chemical containment. In some cases, a thin bead 
of dry bentonite (~ 0.4 kg/m) may be required between the overlapped 
GCL panels to insure a tight seal. The GCL panels also can be readily 
cut with a sharp blade (e.g., knife) to adapt placement of the GCL 
panels to irregular patterns or geometries. 

Daniel and Gilbert (1996) report that GCLs were first used for 
waste containment at a hazardous waste landfill in 1986. Since then, 
GCLs have been used in a wide variety of hydraulic and chemical 
containment applications, including landfill liners and covers (Du 
Preez et al. 2012, Ng and Ramsey 2012), surface impoundments (e.g., 
ponds and lakes, aeration lagoons, fly ash lagoons, and other surface 
impoundments), canals, mining applications such as tailings 
impoundments and heap leach pads (Naka et al. 2012), and secondary 
containment of above-grade fuel storage tanks.  

The preference for GCLs relative to other barriers or barrier 
components, such as compacted clay liners (CCLs) and 
geomembrane liners (GMLs), has occurred primarily for two reasons 
(e.g., Koerner and Daniel 1995, Shackelford 2008). First, GCLs 
generally offer a savings in cost due to easier installation relative to 
either CCLs or GMLs and an increase in storage capacity relative to 
that associated with thicker CCLs. Second, GCLs offer several 
technical advantages relative to CCLs and/or GMLs. The primary 
technical advantage typically has been the extremely low hydraulic 
conductivity, k, of GCLs when permeated with water or dilute 
aqueous solutions, which typically is less than about 3.0 x 10-11 m/s 
(e.g., Daniel et al. 1997, Shackelford et al. 2000, Scalia et al. 2014). 
Other technical factors favoring the use of GCLs are the greater self-
healing capability of the bentonite in GCLs relative to CCLs 
constructed with typically lower plasticity natural clay soils, and a 
generally greater ability to withstand relatively large differential 

settlements compared with CCLs (Shackelford 2008, Scalia et al. 
2017). The greater self-healing capability of GCLs allows GCLs to 
overcome small defects (e.g., puncture holes up to 75 mm in 
diameter) upon hydration (EPA 2001).  

However, for applications where liquids other than water or dilute 
aqueous solutions are to be contained, such as concentrated brines, 
organic solvents, and concentrated aqueous solutions of inorganic 
chemicals, there is concern for incompatibility between the bentonite 
component of the GCL and the liquid resulting in significant increases 
in the hydraulic conductivity, k, of the GCL. Also, for GCLs placed 
on sloping surfaces, the inherently low internal and interface shear 
strength of GCLs remains a concern affecting the use of GCLs in 
some applications, such as for heap leach pads where several tens of 
meters of ore are stacked or heaped upon a liner inclined at slope 
angles as low as a few degrees for the purpose of draining and 
collecting the pregnant leachate. In addition, several relatively recent 
advances have been made with respect to the GCL technology, 
including the use of polymerized bentonites that are able to better 
resist chemical incompatibility, and the recognition that the bentonite 
in GCLs can behave as a semipermeable membrane that acts to 
selectively restrict the migration of dissolved chemical constituents 
from passage through the GCL.  

Accordingly, the purpose of this paper is to present the results of 
research conducted to advance the use of GCLs as hydraulic and 
chemical containment barriers. In this regard, the presentation focuses 
on three key areas, viz., hydraulic conductivity and compatibility of 
GCLs, the existence and persistence of membrane behavior in GCLs, 
and long-term shear strength of GCLs under different conditions (e.g., 
temperature and hydration solution). Behaviors under saturated 
conditions are described, since saturated conditions generally yield 
the most conservative (worst case) condition for GCLs, i.e., highest 
hydraulic conductivity (Shackelford et al. 2000), lowest membrane 
efficiency (Sample-Lord and Shackelford 2017a), and lowest shear 
strength (Fox and Stark 2015), and generally are far easier to evaluate. 
 
2. BACKGROUND 

2.1 Hydraulic Behaviour 

Use of GCLs as hydraulic and chemical containment barriers 
typically is based on the low k (typically < 2-3 x 10-11 m/s) of GCLs 
to water or dilute aqueous solutions (Daniel et al. 1997, Shackelford 
et al. 2000, Bouazza 2002, Jo et al. 2004, Kolstad et al. 2004). GCLs 
that do not include a polymer membrane derive low k from the 
swelling of the bentonite component, which in the presence of water 
or dilute aqueous solutions swells to form a tight sealing layer. A 
cross-section of a dry (new) GCL containing sand-sized granules of 
bentonite is shown in Figure 1a. Upon introduction of water or dilute 
aqueous solutions, bentonite swells as water is drawn into and around 
the montmorillonite (clay mineral) platelets that principally comprise 
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bentonite. The swelling of bentonite granules results in the tight 
sealing layer and low k of GCLs used in hydraulic and chemical 
containment barriers, and is shown in Figure 1b for a GCL hydrated 
with deionized water. 
 

 
 

Figure 1  Cross-section photographs of (a) a new needle-punched 
GCL containing granular bentonite, and (b) the same GCL hydrated 

with deionized water. Scale in mm 
 

For a GCL to provide low k, the bentonite component must form 
a tight sealing layer. Conditions that reduce bentonite swelling 
diminish or eliminate the formation of a tight sealing layer, resulting 
in increases in k that reduce or eliminate the functionality of a GCL 
as a barrier layer. Two conditions reduce the swelling of hydrated 
bentonite: (i) exchange of multivalent cations (e.g., calcium) for 
native, monovalent sodium initially occupying the exchanges sites of 
the clay particles McBride 1994) reduces, but does not eliminate, the 
sealing layer (Shackelford et al. 2000, Jo et al. 2005, 2006), and (ii) 
mass action, whereby concentrated aqueous solutions reduce or 
eliminate the sealing layer (Shackelford et al. 2000, Jo et al. 2004, 
Lee and Shackelford 2005, Katsumi et al. 2007). Furthermore, two 
conditions can preclude the formation of a hydrated bentonite sealing 
layer: (i) hydration with a concentrated aqueous solution (Jo et al. 
2001), and (ii) cation exchange followed by desiccation and 
subsequent rehydration of the exchanged bentonite, since multivalent 
bentonite such as calcium-bentonite swells substantially less than 
sodium bentonite (Meer and Benson 2007, Benson and Meer 2009, 
Scalia and Benson 2011). Thus, GCL k is a function of the 
concentration and composition of permeant solution, bentonite 
characteristics, and also stress conditions under which permeation 
occurs (Petrov et al. 1997, Bradshaw and Benson 2014). The effect of 
the concentration and composition of the hydrating and permeant 
solutions on GCL k are described subsequently, with the goal of 
understanding general conditions under which GCLs will, or will not, 
function as effective barriers. Finally, the emerging use of enhanced 
bentonites engineered to maintain low k in concentrated aqueous 
solutions is described. 
 
2.2 Shear Strength 

Geosynthetic clay liners used in barrier applications often are 
deployed on slopes and, thus, GCLs must have sufficient interface 
shear strength with respect to adjacent materials and internal shear 
strength to provide sufficient slope stability (Bouazza 2002, Zornberg 
et al. 2005, Chen et al. 2011, Fox and Stark 2015).  Geosynthetic clay 
liners deployed on slopes are subjected to long-term states of induced 
normal and shear stresses (Müller et al. 2008, Zanzinger and Saathoff 
2012, Breitenbach and Athanassopoulos 2013) that must be resisted 
at both the interfaces and internally within the GCL, such that the 
designed hydraulic and mechanical performance is maintained 
throughout the lifespan of the GCL.  

Fox and Stark (2015) present a detailed summary on the interface 
and internal shear strength of GCLs.  Their summary highlights the 
development and application of novel displacement-controlled direct 
shear tests on unreinforced and reinforced GCLs.  In addition, Fox 

and Stark (2015) note that the long-term shear strength of GCLs under 
sustained stress conditions remains relatively unknown.  Long-term 
shear strength of GCLs is dependent on GCL material characteristics 
(e.g., geotextiles, bentonite, internal reinforcement, thermal bonding) 
and site-specific factors (e.g., induced stress, bentonite hydration, 
hydration fluid chemistry, temperature).  Geosynthetic clay liners 
deployed in barrier applications typically contain dry, granulated 
bentonite that hydrates when in contact with a hydrated subgrade or 
infiltrating fluid (e.g., Bradshaw et al. 2013).  The initial, internal 
shear strength of a GCL is dependent of the internal, effective stress 
friction angle, ', of the dry, granulated bentonite with additional 
strength reinforcement provided by the needle-punched geosynthetic 
fibers (Fox and Stark 2015).  As the bentonite in the GCL hydrates, 
there is a reduction in shear strength. 

The value of ' for sodium montmorillonite, the predominant clay 
mineral in bentonite, can be insufficiently low for consideration of the 
long-term (drained) strength. For example, Mesri and Olson (1970) 
reported ' ≤ 4° for sodium bentonite at a confining stress of 70 kPa. 
However, the exchange of Ca2+ for Na+ in montmorillonite can 
increase ' to approximately 10-15°, due to a reduced amount of 
hydrated water associated with the Ca2+ in the diffuse double layers 
(DDLs) surrounding individual bentonite particles (Mesri and Olson 
1970).  Although an increase in shear strength due to cation exchange 
is beneficial for slope stability, the exchange of divalent-for-
monovalent cations can increase k as previously noted.  Thus, cation 
exchange in bentonite within the GCL has mechanical advantages but 
hydraulic disadvantages for long-term performance as a barrier 
material.   

Relevant research on stress-controlled direct shear testing of 
GCLs has included evaluations of test methods (e.g., stress 
application method), temperature, GCL characteristics, hydration 
time, applied normal stress, and creep stress ratio. The creep stress 
ratio (c/p) is defined herein as the applied shear stress during creep 
(c) divided by the peak shear strength (p) obtained from a 
displacement-controlled test. A considerable number of these studies 
(e.g., Siebken et al. 1997, Trauger et al. 1997, Koerner et al. 2001, 
Zanzinger and Alexiew 2000, 2002) reported no internal GCL failure 
for a broad range of experimental variables.  For example, Müller et 
al. (2008) performed creep tests under constant shear stress to normal 
stress ratio on heat-treated (HT) and non-heat-treated (NHT) needle-
punched GCLs. Specimens were hydrated in de-ionized water (DW) 
or tap water (TW) and subjected to temperatures of 20 °C, 50 °C, and 
80 °C. Failure was not observed for specimens hydrated in TW; 
however, failure did occur for some specimens hydrated in DW and 
tested at an elevated temperature. Also, Zanzinger and Saathoff 
(2012) and Zanzinger (2016) conducted stress-controlled tests on 
stitch-bonded and needle-punched GCLs at 80 °C and reported failure 
for specimens at c/p ≥ 0.4 within a few days to months. They also 
observed an increase in the time to reach failure with a decrease in the 
applied shear stress. 

These previous studies imply that internal shear failure of GCLs 
can be achieved in stress-controlled shear tests. However, 
experimental conditions such as temperature and chemistry of the 
hydration solution need to be taken into account. Conditions that 
couple elevated temperature and non-standard hydration solution are 
relevant to a broad range of waste containment barrier systems. For 
example, Hornsey et al. (2010) report that the combination of strongly 
acidic or alkaline mine process waters with elevated temperature 
represents a critical condition to long-term geosynthetic performance 
in mining applications.  Geosynthetic clay liners used in liner systems 
for heap-leach facilities can be exposed to a broad range of inorganic 
chemical solutions that can influence polymer degradation (e.g., 
Bouazza 2002, Hornsey et al. 2010). Hsuan (2002) reports that the 
type and abundance of antioxidants in polymer-based geosynthetics 
are the primary factors controlling resistance against long-term 
oxidative degradation.  Antioxidants in all polymeric geosynthetics 
are reduced during the lifespan of the geosynthetics, and the rate of 
antioxidant depletion increases with increasing temperature and/or 
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increasing oxygen concentration (Hsuan 2002). Thus, the potential 
for enhanced geosynthetic degradation combined with decreasing ' 
of montmorillonite with increasing confining stress renders the long-
term strength performance of GCLs used in mining applications 
questionable and, therefore, of critical concern. To this extent, 
innovative experimental methods for conducting stress-controlled 
direct shear tests on GCLs have been developed to advance the state-
of-art and state-of-practice related to mechanical properties of GCLs 
exposed to elevated temperatures and non-standard hydration 
solutions. 

 
2.3 Semipermeable Membrane Behaviour 

2.3.1 Background 

Membrane behavior refers to the ability of porous media to restrict 
the migration of dissolved chemical species (i.e., solutes) from 
passage through the medium. For example, manufactured polymer 
films or membranes are used in desalination plants to sieve dissolved 
salts (e.g., NaCl) from salt water for the purpose of generating 
purified water via a process known as reverse osmosis. In this case, 
the polymer membranes contain numerous holes that are sufficiently 
small so as to restrict hydrated ions from migrating through the 
membrane but also sufficiently large to readily allow the passage of 
the water molecules (H2O). In the absence of any applied pressure, 
the water will migrate through the membrane from the lower salt 
concentration (higher water activity) side of the membrane to higher 
salt concentration (lower water activity) side of the membrane via a 
process known as chemico-osmosis (e.g., Mitchell and Soga 2005). 
Thus, by superimposing an applied pressure to the water on the higher 
salt concentration side, water is forced to move from the higher salt 
concentration to the lower salt concentration side via a process known 
as reverse chemico-osmosis, thereby sieving the hydrated ions from 
the salt water resulting in purified water on the lower salt 
concentration side. This mechanism by which solutes are restricted 
from migrating through a porous membrane in this manner is known 
as steric hindrance. 

Some clays, especially those with particles comprising high 
swelling clay minerals, such as the sodium smectites (e.g., sodium 
montmorillonite), also have been shown to exhibit membrane 
behavior (e.g., Kemper and Rollins 1966, Kemper and Quirk 1972). 
In this case, solute restriction results when adjacent particles are 
sufficiently close such that the negative potentials or DDLs associated 
with the particles overlap, thereby restricting the migration of 
negatively charged ions, i.e., anions (e.g., Cl-), within the pore water 
through the pore space between the particles due to electrostatic 
repulsion. Because of the requirement for electroneutrality in 
solution, any associated positively charged ions, i.e., cations (e.g., 
Na+), also are restricted from migrating through the pore space.  

Unlike the situation with polymer membranes, where the sizes of 
the openings in the membrane are fixed, the pore spaces between 
adjacent clay particles can change as a function of both mechanical 
and physico-chemical processes. For example, mechanical 
compression of the clay via compaction or consolidation results in a 
decrease in the void ratio, e, of the clay that correlates with a decrease 
in pore size and a concomitant decrease in k. Also, for a given pore 
size, a decrease in the solute concentration of the pore water between 
adjacent clay particles results in an increase in the extent of influence 
of the negative surface potentials of the clay particles which, 
therefore, decreases the solute accessible or free pore space available 
for solute migration. Thus, both of these factors tend to favor the 
possibility of membrane behavior. In contrast, an increase in e and/or 
an increase in the pore-water concentration of solutes results in larger 
pore openings and a decreased tendency for solute restriction (e.g., 
Shackelford et al. 2003). 

The extent to which a porous medium exhibits semipermeable 
membrane behavior is quantified in terms of a reflection coefficient 
designated as  or a membrane (chemico-osmotic) efficiency 
coefficient designated as . The  notation and terminology are 

typical in the science disciplines (e.g., soil science, geological 
sciences), whereas the  notation is preferred in the engineering 
disciplines, because  commonly is used to designate mechanical 
stress or electrical conductivity (e.g., Mitchell and Soga 2005). In 
general,  (or ) varies from zero for porous media that exhibit no 
solute restriction or membrane behavior (e.g., clean sands and 
gravels) to unity for porous media that restrict all solutes, which is 
referred to as ideal or perfect membrane behavior (i.e., 0 ≤  ≤ 1). 
However, the pore sizes in clays that exhibit membrane behavior 
vary, such that some pores generally are solute restrictive whereas 
others are solute conductive. Thus, for clays that exhibit some 
membrane behavior,  tends to vary between zero and 100 % (i.e., 0 
<  < 1) and, therefore, these clays are referred to as nonideal or 
imperfect membranes. 

Because bentonites are known to comprise variable percentages 
of high swelling sodium smectite, bentonite-based engineered 
barriers such as GCLs also are known to behave as semipermeable 
membranes (Shackelford 2011, 2012, 2013; Meier and Shackelford 
2017).  Since membrane behavior results in solute restriction, the 
existence of membrane behavior in GCLs and other bentonite-based 
barriers represents a benefit to the use of these barriers for chemical 
containment, i.e., not only does the bentonite aid in terms of hydraulic 
containment via a reduction in k, but also the bentonite works to 
restrict chemical migration through the barrier. For this reason, 
significant interest in determining the extent and magnitude of 
membrane behavior in bentonite-based barriers such as GCLs has 
occurred over the past few decades. Accordingly, some of the more 
significant findings pertaining to the membrane behavior of GCLs are 
described subsequently, with the goal of advancing the use of GCLs 
for chemical containment applications. 
 
2.3.2 Measurement 

A method to measure  for clays based on the use of a rigid-wall cell 
was developed by Malusis et al. (2001), and this method subsequently 
was extended for use with a flexible-wall cell (e.g., triaxial cell) by 
Kang and Shackelford (2009). Both approaches are based on a closed 
system, whereby expansion of the specimen is prevented from 
occurring during measurement of . However,  the possibility of 
specimen shrinkage during testing exists in the case of the rigid-wall 
system, resulting in short-circuiting or destruction of membrane 
behavior, whereas the application of a constant, total confining stress, 
c, in the case of the flexible-wall cell prevents short circuiting (e.g., 
Bohnhoff et al. 2014). More recently, a modified rigid-wall cell that 
included the use of a flexible (polymer) membrane placed between 
the rigid sidewalls of the cell and the specimen was used to 
accommodate the potential for specimen shrinkage during testing 
(Sample-Lord and Shackelford 2014, 2017a,b).  

A schematic of the general testing apparatus developed by 
Malusis et al. (2001) is shown in Figure 2 (also see Kang and 
Shackelford 2009, and Shackelford 2017). In this system, electrolyte 
(inorganic) chemical solutions are circulated simultaneously at the 
same rate across both the top and bottom boundaries of a specimen 
enclosed within a rigid-wall cell via displacement of the plungers 
within two syringes (actuators) that are driven by a mechanical (flow-
pump) apparatus (not shown). The source concentrations of the salt(s) 
in top and bottom circulating liquids, Cot and Cob, respectively, are 
maintained constant and different so as to establish a concentration 
difference, C (= Cob – Cot) across the specimen. Generally, a simple 
salt solution, typically either KCl or CaCl2, is used for the top 
circulating liquid (i.e., Cot > 0) and DW is used for the bottom 
circulating liquid (i.e., Cob = 0), such that C < 0. Note that C is 
negative only on the basis of sign convention, because the positive 
sign convention is from top to bottom of the specimen, or in the 
direction of diffusion. The plunger displacement rate is sufficiently 
fast so as to consider the boundary salt concentrations essentially 
constant, but sufficiently slow so as to not result in the need for too 
frequent refilling of the syringes with fresh circulating liquids and 
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measurable solute concentrations in the top and bottom circulation 
outflows (i.e., Ct and Cb in Figure 2). Typically, the plunger 
displacement rate has corresponded to either a one-day or a two-day 
circulation cycle. The specimen is saturated (e.g., by permeation with 
water prior to membrane testing) and contained within a rigid-wall 
cell, such that volume change (expansion) of the specimen is 
prevented. Also, the top and bottom circulating systems are 
maintained within a closed loop, such that volume change within the 
circulating systems also is prevented. Thus, volume change of the 
entire system is prevented. However, diffusion of salt ions through 
the specimen can still occur in response to the established C, i.e., 
provided there are pores within the specimen that are sufficiently 
large to accommodate solute migration. In the case where Cot > Cob, 
salt ions in the top circulating liquid will diffuse into and eventually 
through the specimen, such that the concentrations of these ions in the 
circulation outflow from top, Ct, will be lower than Cot (i.e., Ct < Cot), 
whereas the concentrations of these ions in the circulation outflow 
from bottom, Cb, will be higher than Cob (i.e., Cb > Cob). 
Simultaneously, if some of the pores within the specimen are solute 
restricting such that diffusion through these pores is prevented, then 
there will be a tendency for chemico-osmotic flow of liquid from the 
bottom of the specimen to the top of the specimen. However, because 
there is no space available in the top circulating system for liquid to 
migrate through the specimen and accumulate, a chemico-osmotic 
pressure difference, P, will develop across the specimen to 
counteract the tendency for chemico-osmotic liquid flow. The 
magnitude of P is measured with a differential pressure transducer, 
and used to calculate  based on the following expression (Malusis 
et al. 2001): 

   

 





P
   (1) 

   

where  is the maximum possible chemico-osmotic pressure 
difference corresponding to ideal membrane behavior ( = 1) for the 
imposed C. Thus,  as given by Eq. 1 represents the extent of solute 
restriction as represented by P relative to the maximum value of P 
expected on the basis of complete solute restriction corresponding to 
ideal membrane behavior as represented by .  Thus, when there is 
no solute restriction, P = 0 such that  = 0, whereas when there is 
complete solute restriction, P =  such that  = 1. As previously 
noted, the variability in pore sizes in clays typically results in 0 < P 
< , such that 0 <  < 1. Since  is a function of C, the values of 
Cot and Cob can be varied to establish different values of C and, 
therefore, evaluate the effect of concentration on the measured  of 
the specimen. Further details on this method of measuring  can be 
found in the aforementioned references. 
 
3. HYDRAULIC CONDUCTIVITY 

3.1 Hydraulic Compatibility 

The relationship between GCL k and concentration of the permeant 
solution (in terms of ionic strength) is presented in Figure 3 for tests 
conducted at low effective stress, ' (16-24 kPa), medium ' (70-100 
kPa), and high ' (250-520 kPa). All data plotted in Figure 3 are for 
tests conducted until both hydraulic and chemical equilibrium were 
achieved based on the following criteria: (1) no systematic trend in k 
over time (per ASTM D5084), (2) at least four consecutive hydraulic 
conductivity readings within ± 25% of the mean (per ASTM D5084), 
(3) at least four consecutive outflow-to-inflow ratios within 1.0 ± 0.25 
(per ASTM D5084), and (4) establishment of chemical equilibrium 
[defined as the ratio of electrical conductivity, EC, of the effluent 
solution relative to that of the influent solution being within 1.0 ± 0.1 
(per ASTM D6766)]. Termination criteria 1-3 are typical of k tests 
(Daniel 1994). Termination criteria 4 is critical to assess potential 
incompatibility of a GCL with a permeant solution (Jo et al. 2005, 
2006).  
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Figure 2  Schematic of closed-system testing approach for 
measuring semipermeable membrane behavior of clays (modified 

after Malusis et al. 2001) 
 

 
 

Figure 3  Hydraulic conductivity as a function of the ionic strength 
of the permeant solution for GCLs permeated at effective stresses 

between 16-24 kPa (Low '), effective stresses between                   
70-100 kPa (Mid '), and effective stresses between 250-520 kPa 

(High '). Data from Jo et al. (2004), Kolstad et al. (2004), Jo et al. 
(2005), Lee and Shackelford (2005a, 2005b), Lee et al. (2005), 

Benson et al. (2014), Bradshaw and Benson (2014), Bradshaw et al. 
(2016). Tests with deionized water are plotted at an ionic                         

strength = 1 mM. 
 

Data are for both prehydrated GCLs, i.e., GCLs initially 
permeated with water or a dilute aqueous solution prior to permeation 
with a more concentrated solution, and non-prehydrated GCLs. Tests 
with DW (plotted at an ionic strength = 1 mM), exhibit low k (i.e., k 
< 2-3 × 10-11 m/s). However, at low ', GCL k generally increases 
with increasing ionic strength by up to five orders of magnitude 
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relative to tests with DW. A broad scatter is evident for a given 
concentration due to both the specific permeant solution chemistry 
(discussed subsequently), and the specific characteristics of the 
bentonite and GCL (granule size, fraction of montmorillonite in the 
bentonite, size of needle-punching fibers). Increased ' generally 
results in a lower k for a given ionic strength solution. Thus, the 
hydraulic performance of a GCL is fundamentally linked to both the 
concentration of the permeant solution, and the stress conditions. The 
data scatter supports the need for application specific k testing with 
representative permeant liquids and stress conditions. 

Data meeting the termination criteria listed for Figure 3 for tests 
at low ' are shown separated by permeant composition in Figure 4. 
Permeant liquids are separated into DW, solutions containing only 
monovalent cations (e.g., a solution containing potassium chloride, 
KCl dissolved in DW), solutions containing only divalent cations 
(e.g., a solution containing calcium chloride, CaCl2, dissolved in 
DW), solutions containing only trivalent cations (e.g., a solution 
containing aluminum chloride, AlCl3, dissolved in DW), solutions 
containing simple mixtures of salts (e.g., a solution containing a blend 
of KCl and CaCl2 dissolved in deionized water), solutions containing 
synthetic leachates prepared to mimic a real leachate chemistry (e.g., 
synthetic municipal solid waste leachate containing numerous cations 
and anions dissolved in DW), and real leachates (leachates collected 
from the field).  

 

 
 

Figure 4  Hydraulic conductivity under low effective stress                  
(16-24 kPa) as a function of the ionic strength of the permeant 

solution for GCLs permeated with deionized water (DW), 
monovalent cations only (1+ Cations), divalent cations only (2+ 

Cations), trivalent cations only (3+ Cations), simple salt solutions 
containing only monovalent and divalent cations (Simple Mix), 
synthetic leachate (S-Leachate), and real leachate (R-Leachate). 

Data from Jo et al. (2004), Kolstad et al. (2004), Jo et al. (2005), Lee 
and Shackelford (2005a, 2005b), Lee et al. (2005), Benson et al. 

(2014), Bradshaw and Benson (2014), Bradshaw et al. (2016). Tests 
with deionized water are plotted at an ionic strength = 1 mM. 

 
For a given solution ionic strength, the divalent-only solutions 

exhibit a relatively higher k than the monovalent-only solutions. This 
effect is discussed in detail by Kolstad et al. (2004), and quantified in 
terms of the ratio of monovalent-to-divalent cations (RMD). 
Permeation of GCLs with salt solutions containing simple mixtures 
also yields a lower k than permeation with a solution containing 
divalent-only cations due to the higher RMD (higher relative 
proportion of monovalent cations) in these solutions. Data for tests on 

synthetic and real leachates exhibit multiple orders-of-magnitude 
variation in k for a given ionic strength due to the variability in real 
leachate chemistries, and the specific GCL tested. All else being 
equal, a GCL will perform better containing an aqueous solution with 
a higher preponderance of monovalent cations than a solution that 
contains primarily divalent cations. Ongoing research at Colorado 
State University is aimed at understanding the performance 
thresholds of GCLs with real leachates from energy and mining 
wastes. 
 
3.2 Swell Index 

Swelling of the bentonite component of GCLs is used as an indicator 
parameter of both the potential for hydraulic incompatibility (i.e., 
potential for high k with a specific permeant solution) and as an 
indicator of bentonite quality (i.e. is the bentonite sufficiently high-
swelling Na-bentonite for use in a GCL). Swell index tests are 
performed in accordance with ASTM D5890, and consist of adding 
two grams of finely ground bentonite into a 100-mL graduate cylinder 
in a sufficiently slow manner so to allow the bentonite to fully slack, 
hydrate, and freely swell.  The settled volume of swollen bentonite 
then is recorded as mL of swell per two grams of dry bentonite. 

The swell index of bentonite from GCLs in a variety of hydration 
solutions is shown in Figure 5. Hydrating solutions are separated into 
the categories used in Figure 4.  
 

 
 

Figure 5  Swell index as a function of the ionic strength of the 
hydrating solution for GCLs permeated with deionized water (DW), 

monovalent cations only (1+ Cations), divalent cations only (2+ 
Cations), trivalent cations only (3+ Cations), simple salt solutions 
containing only monovalent and divalent cations (Simple Mix), 
synthetic leachate (S-Leachate), and real leachate (R-Leachate). 

Data from Jo et al. (2001), Jo et al. (2004), Kolstad et al. (2004), Jo 
et al. (2005), Lee and Shackelford (2005a, 2005b), Lee et al. (2005), 
Benson et al. (2014), Bradshaw and Benson (2014), Bradshaw et al. 

(2016). Tests with DW are plotted at an ionic strength = 1 mM. 
 
 
A minimum swell index of 24 mL/2 g in DW is a standard 

specification for the bentonite component of GCLs (e.g., refer to GRI-
GCL3; GRI 2016). Bentonite from GCLs (Figure 5) exceed the 
minimum swell index threshold of 24 mL/2 g with DW, and in dilute 
hydrating solutions. However, as the ionic strength of the hydrating 
solution increases, swell index decreases (Figure 5). At high ionic 
strengths (> 100 mM) bentonite exhibits a swell index less than 10 
mL/2 g, which is in the range typical for calcium bentonite (Ca-
bentonite). 
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Similar to data for k (Figure 4), swell index is relatively higher for 
a given ionic strength with monovalent-only hydrating solution, 
relatively lower for a divalent- or trivalent-only hydrating solution, 
and intermediate for hydrating solutions that are simple salt mixtures. 
Data shown in Figure 5 for synthetic leachates are primarily 
monovalent (refer to Benson et al. 2014), and mimic the results of 
tests with monovalent-only solutions. 

The relationship between k and swell index is shown in Figure 6 
for tests conducted with the same solution; hydrating and permeant 
solutions are separated into the categories used in Figure 4. Swell 
index tests are used as an indicator for the k of a GCL (at low ') when 
conducted with the same solution. For example, a swell index greater 
than 14 mL/2 g generally correlates to high k (> 10-10 m/s), and a swell 
index less than 20 mL/2 g generally correlates to low k (< 2-3 × 10-11 
m/s). However, for a given swell index, k may vary up to four orders 
of magnitude. Thus, swell index is a useful indicator for GCL k, but 
does not replace k tests conducted to hydraulic and chemical 
equilibrium. 
 

 
 

Figure 6  Hydraulic conductivity under low effective stress (16-24 
kPa) as a function of swell index in the same solution for GCLs 

permeated with deionized water (DW), monovalent cations only (1+ 
Cations), divalent cations only (2+ Cations), trivalent cations only 
(3+ Cations), simple salt solutions containing only monovalent and 
divalent cations (Simple Mix), synthetic leachate (S-Leachate), and 
real leachate (R-Leachate). Data from Jo et al. (2004), Kolstad et al. 
(2004), Jo et al. (2005), Lee and Shackelford (2005a, 2005b), Lee et 

al. (2005), Benson et al. (2014), Bradshaw and Benson (2014), 
Bradshaw et al. (2016). 

 
3.3 Enhanced Bentonites 

Recognition of the sensitivity of GCLs to adverse interactions in 
environmental containment systems has spurred the development of 
bentonites amended for enhanced performance in hydraulic barrier 
applications (Onikata and Kondo 1996, Flynn et al. 1998, Lin et al. 
2000, Onikata et al. 1999, Trauger and Darlington 2000, Katsumi et 
al. 2001, Schroeder et al. 2001, Ashmawy et al. 2002, Kolstad et al. 
2004, Katsumi et al. 2008, Di Emidio 2010, Di Emidio et al. 2010, 
Mazzieri et al. 2010, Di Emidio et al. 2011, Mazzieri and Pasqualin 
2011, Liu et al. 2012, Scalia et al. 2014, 2018). Enhanced bentonites 
are engineered to minimize transport processes by maintaining low k, 
membrane behavior, and sealing ability in solutions that are typically 
incompatible with unamended Na-bentonite, such as high ionic 
strength and multivalent-cation laden solutions (the incompatibility 
of GCLs containing unamended Na-bentonite in these solutions is 
illustrated in Figure 4). Bentonite amendments include: addition of 

15-45% propylene carbonate to form multi-swellable bentonite, MSB 
(Onikata and Kondo 1996, Onikata et al. 1999, Lin et al. 2000, 
Katsumi et al. 2008), addition of 2-16% Na-carboxymethylcellulose 
(Na-CMC) to form HYPER-clay, HC (Di Emidio et al. 2010, 2011); 
prehydrated to a water content of ~43% using a dilute aqueous 
solution containing Na-CMC and methanol followed by subsequent 
densification by calendaring to for a dense-prehydrated GCLs, DPH-
GCLs (Flynn et al. 1998, Kolstad et al. 2004, Mazzieri et al. 2010, 
Mazzieri and Pasqualin 2011); in situ polymerization of acrylic acid 
to form polyacrylate to form a bentonite-polyacrylate composite, 
BPC (Scalia et al. 2014, Benson et al. 2014); and multiple 
manufactured products with proprietary additives generally termed 
contaminant resistant clays, CRCs (Ashmawy et al. 2002).  

The k of enhanced bentonites as a function of ionic strength is 
compared to GCLs containing unamended Na-bentonite in Figure 7. 
At high ionic strengths (> 200 mM), relatively low k for a given ionic 
strength is exhibited by MSB-GCLs, DPH-GCLs, and BPC-GCLs. 
Data in Figure 7 illustrates that MSB-GCLs are less sensitive to 
higher ionic strength solutions (200 mM < ionic strength < 700 mM) 
than GCLs containing unamended bentonite, but still exhibit 
increased k at ionic strengths > 700 mM (Lin et al. 2000, Katsumi et 
al. 2008). 
 

 
 

Figure 7  Hydraulic conductivity as a function of the ionic strength 
of the permeant solution for GCLs (data from Jo et al. 2004, Kolstad 
et al. 2004, Jo et al. 2005, Lee and Shackelford 2005a, 2005b, Lee et 
al. 2005, Benson et al. 2014, Bradshaw and Benson 2014, Bradshaw 
et al. 2016) and GCLs containing multi-swellable bentonite (MSB; 
data from Lin et al. 2000, Katsumi et al. 2008), HYPER-clay (HC; 

data from Di Emidio et al. 2011), dense-prehydrated bentonite 
(DPH; data from Kolstad et al. 2004, Mazzieri et al. 2010, Mazzieri 
and Pasqualin 2011), bentonite-polyacrylate composite (BPC; data 
from Scalia et al. 2014), and contaminant resistant clay (CRC; data 
from Ashmawy et al. 2002). Tests with deionized water are plotted 

at an ionic strength = 1 mM. 
 

Both DPH-GCLs, and CRC-GCLs exhibit lower k when 
permeated with high ionic strength solutions (> 700 mM) than when 
permeated with DW (plotted at ionic strength = 1 mM). These data 
illustrate the potential functionality of GCLs containing enhanced 
bentonites for containment of high ionic strength solutions. However, 
as illustrated by data presented in Figure 7 for CRC-GCLs (containing 
proprietary additives), not all amended bentonites exhibit enhanced 
performance; CRC-GCLs shown in Figure 7 exhibit behavior typical 
of GCLs containing unamended bentonite. 

The relationship between swell index and the ionic strength of the 
hydrating solution is shown in Figure 8 and is compared to bentonite 
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from GCLs containing unamended bentonite. Both material from 
BPC-GCLs and HC-GCLs exhibit greater swelling in DW, and low 
ionic strength hydrating solutions, than unamended bentonite from a 
GCL. Materials from MSB-GCLs also exhibit enhanced swelling in 
mid-range ionic strength solutions (20 mM < ionic strength < 700 
mM); however, these data are only for tests conducted with 
homoionic monovalent (viz. NaCl) hydrating solutions. All materials 
exhibit similar decreases in swell with increased ionic strength 
hydrating solutions (Figure 8), such that all materials exhibit swell 
indices like Ca-bentonite when hydrated in solutions with ionic 
strength > 700 mM. 

 

 
 

Figure 8  Swell index as a function of the ionic strength of the 
hydrating solution for GCLs (data from Jo et al. 2004, Kolstad et al. 
2004, Jo et al. 2005, Lee and Shackelford 2005a, 2005b, Lee et al. 

2005, Benson et al. 2014, Bradshaw and Benson 2014, Bradshaw et 
al. 2016) and GCLs containing multi-swellable bentonite (MSB; 

data from Lin et al. 2000, Katsumi et al. 2008), HYPER-clay (HC; 
data from Di Emidio et al. 2011), dense-prehydrated bentonite 

(DPH; data from Kolstad et al. 2004, Mazzieri et al. 2010, Mazzieri 
and Pasqualin 2011), bentonite-polyacrylate composite (BPC; data 
from Scalia et al. 2014), and contaminant resistant clay (CRC; data 
from Ashmawy et al. 2002). Tests with deionized water are at an 

ionic strength = 1 mM. 
 
The k of enhanced bentonites is shown against swell index in the 

same solution in Figure 9, and data for GCLs containing un-amended 
Na-bentonite are include for comparison. As discussed for Figure 6, 
GCLs show a correlation between k and swell index, whereby low 
swell index (< 20 mL/2 g) correlates to high k. Conversely, DPH-
GCLs, and BPC-GCLs exhibit a disconnect between k and swell 
index. These data illustrate that swell index is not an effective 
indicator for the k of DPH-GCLs or BPC-GCLs to chemical solutions, 
i.e., solutions with the potential to yield high k and reduced swell 
index (Scalia et al. 2014). Ongoing research at Colorado State 
University is aimed at understanding the disconnect of k and swelling 
in enhanced bentonites. 

 
4. SEMIPERMEABLE MEMBRANE BEHAVIOR 

4.1 Significance in GCLs 

The potential significance of membrane behavior in GCLs is 
illustrated by the results in Figure 10, where  is shown for GCL 
specimens as a function of the salt (KCl) concentration of the source 

solution circulated across the top boundary of the specimen, Cot (see 
Figure 2), for specimens of a GCL at different void ratios, e, as 
reported by Malusis and Shackelford (2002a) and Meier et al. (2014). 
Note that all the results shown in Figure 10 were based on circulating 
DW across the bottom of the specimen such that Cob = 0 (see                    
Figure 2).  
 

 
 

Figure 9  Hydraulic conductivity as a function of swell index in 
the same solution for GCLs (data from Jo et al. 2004, Kolstad et al. 
2004, Jo et al. 2005, Lee and Shackelford 2005a, 2005b, Lee et al. 

2005, Benson et al. 2014, Bradshaw and Benson 2014, Bradshaw et 
al. 2016) and GCLs containing multi-swellable bentonite (MSB; 

data from Lin et al. 2000, Katsumi et al. 2008), HYPER-clay (HC; 
data from Di Emidio et al. 2011), dense-prehydrated bentonite 

(DPH; data from Kolstad et al. 2004, Mazzieri et al. 2010, Mazzieri 
and Pasqualin 2011), bentonite-polyacrylate composite (BPC; data 
from Scalia et al. 2014), and contaminant resistant clay (CRC; data 

from Ashmawy et al. 2002). 
 

For the data in Figure 10 from Malusis and Shackelford (2002a), 
 decreased from a high value of 0.68 (68 %) for the lowest Cot of 3.9 
mM KCl and the lowest e of 2.85 to a low value of 0.07 (7 %) for the 
highest Cot of 47 mM KCl and the highest e of 3.76. Thus, substantial 
membrane behavior was observed for the GCL specimen exposed to 
a simple salt solution at relatively high void ratios, although the 
membrane efficiency decreased with increasing source salt 
concentration (Cot) and increasing e. Since none of the GCL 
specimens was a perfect membrane, some of the pores within the 
bentonite of the GCL were accessible to the invading Cl- and K+, such 
that the increase Cot resulted in an increase in pore-water 
concentrations of the salt ions leading to greater compression of the 
DDLs associated with individual bentonite particles, larger pore 
openings, and lesser solute restriction. Similarly, higher e correlated 
with larger and less restrictive pores and, therefore, lower . Finally, 
although the salt concentrations were relatively dilute (3.9 to 47 mM), 
such dilute concentrations can still be greater than regulatory 
compliance concentrations, such as the maximum contaminant levels 
(MCLs), by as much as several orders of magnitude depending on 
chemical species (Malusis et al. 2003). Thus, membrane behavior can 
still be relevant for many practical applications involving the use of 
GCLs as chemical containment barriers.  

The trends in  versus Cot shown in Figure 10 based on the data 
from Malusis and Shackelford (2002a) tend to be semi-logarithmic 
linear over the narrow range of KCl concentrations evaluated (i.e., 3.9 
to 47 mM). However, the results from Meier et al. (2014) shown in 

Ionic Strength (mM)

0.1 1 10 100 1000 10000

S
w

e
ll 

In
d
e
x 

(m
L
/2

 g
)

0

20

40

60

80

100

GCL
MSB-GCL
HC-GCL

DPH-GCL
BPC-GCL

Swell Index (mL/2 g)

0 20 40 60 80 100

H
yd

ra
u

lic
 C

o
n

d
u

ct
iv

it
y 

(m
/s

)

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

GCL
MSB-GCL
HC-GCL
DPH-GCL
BPC-GCL



Geotechnical Engineering Journal of the SEAGS & AGSSEA Vol. 49 No. 4 December 2018 ISSN 0046-5828 

 

 

107 
 

Figure 10 illustrate that the semi-logarithmic trend becomes nonlinear 
at higher concentrations, which also has been illustrated elsewhere for 
bentonites (Kemper and Rollins 1966, Kemper and Quirk 1972) and 
a compacted sand-bentonite barrier (Meier and Shackelford 2017). 
For example, for the GCL evaluated by Meier et al. (2014),  
decreased from 0.096 (9.6 %) at 20 mM KCl to 0.000087 (0.00087 
%) at 400 mM KCl. Thus, these results indicate that the membrane 
behavior may persist at concentrations that would be far in excess of 
those based on a linear extrapolation of the semi-logarithmic trends 
in  versus Cot illustrated by Malusis and Shackelford (2002a) and 
others. This persistent may have important ramifications for the 
existence of membrane behavior in GCLs used for chemical 
containment barriers. However, more data are needed for lower e and 
other types of salts (e.g., CaCl2) and chemical solutions. 
 

 
 

Figure 10  Membrane efficiency of geosynthetic clay liner (GCL) 
specimens at different void ratios (e) as a function of the source 

potassium chloride concentration (KCl) circulated across the top of 
the specimen (data from Malusis and Shackelford 2002a and Meier 

et al. 2014) 
 

For example, Shackelford and Lee (2003) showed that a GCL 
specimen initially exhibited a membrane efficiency of 52 % ( = 
0.52) when exposed to a concentration difference of 5 mM CaCl2 
solution, but that the membrane efficiency degraded over time and 
eventually became virtually nil (i.e.,  = 0.016) after 35 d, which 
corresponded exactly with the time required to reach steady-state 
diffusion of Ca2+ through the GCL. They attributed the degradation 
of membrane behavior to exposure of the bentonite to Ca2+, which 
compressed the DDLs and expanded the pore space available for 
solute migration. However, the e of the specimen was relatively high 
(2.46) such that greater resistance to membrane degradation may have 
occurred with a more compressed specimen. 
 
4.2 Effect of Effective Stress 

As previously noted,  tends to increase with a decrease in e. Since a 
decrease in e is known to correlate with an increase in ', then the 

expectation is that  also should increase with increase in '.  
For example, consider the results shown in Figure 11 from Kang 

and Shackelford (2010a) and Kang and Shackelford (2011).  
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11  Effect of void ratio and effective stress on the m 

embrane efficiency of a geosynthetic clay liner (GCL): (a) void ratio 
versus effective stress (data from Kang and Shackelford 2010a); (b) 

membrane efficiency versus effective stress as a function of 
potassium chloride (KCl) concentration (data from Kang and 

Shackelford 2011); (c) membrane efficiency versus void ratio stress 
as a function of KCl concentration. 
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In Figure 11a, the consolidation behavior for two specimens of 
the same GCL based on the results of tests conducted in a triaxial cell 
under isotropic states of stress are shown. As noted by Kang and 
Shackelford (2010a), neither GCL specimen exhibited stress history, 
such that the consolidation behavior of the GCL was analogous to that 
of normally consolidated clay.  

In Figure 11b, the effect of ' on the measured  of the same GCL 
based on membrane tests conducted using a flexible-wall cell and 
subjected to different source concentrations of KCl (Cot) as reported 
by Kang and Shackelford (2011) is illustrated. At least three 
observations are readily apparent from the results shown in Figure 
11b. First, for a given Cot of KCl,  increased with increasing ', as 

expected. Second, the increase in  with increasing ' was more 
pronounced with decreasing Cot of KCl, because a decrease in Cot 
results in an increase in  (Figure 10). Third, the trends in  versus 
the logarithm of ' ( – log ') were approximately linear, with the 
linearity increasing with increasing Cot of KCl, because an increase 
in Cot tends to suppress membrane behavior, such that the range in  
with increasing Cot was reduced resulting in less scatter in the data 
and higher coefficients of determination (r2). 

Finally, the correlation between  and e based on the average of 
the results shown in Figure 11a and the results shown in Figure 11b 
is shown in Figure 11c. As expected,  tends to decrease with 
increase in e, with the decrease in  being more pronounced with 
decreasing source concentration (Cot) of KCl.  

Although the results shown in Figure 11 are limited in several 
ways (range of e, type and concentrations of salt, quality of bentonite 
comprising the GCL, etc.), the results suggest that the membrane 
behavior of GCLs under higher stresses (lower e) may be even more 
significant than that shown in Figure 10. In addition, since an increase 
in ' also is known to increase the resistance of GCLs to chemical 
attack (e.g., Shackelford et al. 2000), the adverse effect of higher salt 
concentrations on  also may be minimized or prevented in 
applications involving the use of GCLs under high '. 
  
4.3 Effect of Solute Diffusion 

The effect of membrane behavior of a GCL on the steady-state 
diffusion of KCl through a GCL based on the results of Malusis et al. 
(2015) is illustrated in Figure 12. The results in Figure 12 pertain to 
the effective diffusion coefficient, D*, of KCl as a function of  for 
specimens of a GCL at different '.  For a given ', D* tended towards 

zero as  approached unity (i.e., D*  0 as   1) as required on the 
basis that solutes cannot pass through a perfect membrane (see                 
Table 1). Since solute mass flux via diffusion is a function of D*, a 
decrease in D* correlates with a decrease in the steady-state solute 
mass flux, all other factors being equal (e.g., Shackelford and Daniel 
1991; Malusis et al. 2013, Shackelford and Moore 2013; Shackelford 
2014). In addition, an increase in ´ also reduces D*.  Thus, 
membrane behavior not only restricts solutes from migrating through 
GCLs, but also reduces the steady-state diffusive mass flux of solutes 
(e.g., contaminants) through the GCL, and the reduction in steady-
state diffusive solute mass flux increases with increasing load 
(applied stress) on the GCL.  

Finally, in open systems such as typically encountered in 
chemical containment applications, chemico-osmotic counter flow of 
liquid will occur from a zone of lower solute concentration to a zone 
of higher solute concentration, or in the direction opposite to that of 
diffusion, which also can enhance containment of chemicals (Malusis 
et al. 2003, Whitworth and Ghazifard 2009, Malusis et al. 2017). 
However, the effect of chemico-osmotic counter flow can vary widely 
depending on the relative roles of diffusive transport to advective 
transport and chemico-osmosis to diffusion (Malusis et al. 2017). 
 
 
 

 
 

 
 
 
 
 
 
 
 

 
 

 
 

 
 
 
 
 
 
 
 
 

 Figure 12  Correlation of effective salt diffusion coefficient form 
potassium chloride (KCl) with the membrane efficiency of a 

geosynthetic clay liner as a function of effective stress, ´ (replotted 
after Malusis et al. 2015) 

 
Table 1  Limiting values of membrane efficiency coefficient, , 

corresponding to an effective diffusion coefficient, D*, of zero for 
chloride diffusion through a GCL as a function of the effective 

stress based on linear regressions shown in Figure 12 
 

Effective Stress, ´ (kPa)  @ D* = 0 

34.5 1.00 

103 0.92 

172 1.05 

241 1.09 

 
4.4 Polymerized Bentonites 

Within the past several years, consideration of the use of chemically 
modified bentonites as substitutes for traditional Na-bentonite has 
gained momentum due to the potential for improved chemical 
resistance (compatibility) and, therefore, improved containment 
performance (e.g., Bohnhoff et al. 2013, Bohnhoff and Shackelford 
2014, Shackelford and Scalia 2016). In particular, a variety of 
polymerized bentonites has been evaluated for improved containment 
performance (Di Emidio 2010, Bohnhoff 2012, Scalia 2012). For 
example, Bohnhoff (2012) and Scalia (2012) evaluated the use of a 
polymer treated bentonite referred to as a bentonite-polymer 
composite, BPC (Scalia et al. 2011, 2014), or a bentonite-polymer 
nanocomposite, BPN (Bohnhoff and Shackelford 2013), for use in 
GCLs in terms of hydraulic conductivity, diffusion and membrane 
behavior. The polymerized bentonite exhibited improved hydraulic 
resistance (Scalia et al. 2014), improved membrane behavior 
(Bohnhoff et al. 2014), and improved diffusion behavior (Bohnhoff 
and Shackelford 2015) relative to that for traditional bentonites, but 
the improved behaviors varied depending on testing conditions and 
were not necessarily unlimited. The potential use of chemically 
modified bentonites, in general, and polymerized bentonites, in 
particular, as substitutes for traditional bentonites in a variety of 
bentonite-based containment barriers, including GCLs, remains an 
active area of research and should be of interest for practical 
containment applications for the foreseeable future. 
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5. SHEAR STRENGTH 

5.1 Effect of Temperature 

Elevated temperatures have been shown to affect the mechanical and 
chemical properties of polymeric materials (e.g., polypropylene, 
polyethylene, and polyester) commonly used in GCLs (e.g., Farrag 
1998, Karademir and Frost 2014).  These studies have documented 
reduced tensile strength, increased elongation at failure, and increased 
rate and magnitude of creep deformation, which were linked to 
changes in physical and chemical properties of the polymeric 
materials. GCLs may experience reduced shear strength in high 
temperature environments due to degradation of polymeric fibers, and 
a stress-controlled direct shear apparatus was developed to evaluate 
the internal shear behavior of GCLs subjected to elevated 
temperatures.  

Ghazi Zadeh and Bareither (2017) conducted stress-controlled 
direct shear tests at varying temperature on a needle-punched 
reinforced GCL.  Temporal relationships of horizontal deformation 
for shear tests conducted at an initial normal stress (σni) of 20 and 60 
kPa are shown in Figure 13 as a function of temperature. For a certain 
ni (e.g., ni = 20 kPa in Figure 13), an increase in temperature yielded 
more pronounced horizontal deformation under a given applied shear 
stress.  This behavior was attributed to reduced tensile strength of the 
needle-punched fibers with an increase in temperature.  The 
relationship between the ratio of shear stress to normal stress at failure 
versus test temperature for the six experiments in Figure 13 is shown 
in Figure 14.  Although the data set is limited and some scatter exists, 
an overall reduction in internal shear strength was observed with an 
increase in temperature from 20 °C to 80 °C for stress-controlled 
direct shear experiments conducted at both ni = 20 kPa and 60 kPa. 

 

 
 

 
 

Figure 13  Temporal relationships of horizontal deformation for a 
non-heat-treated, needle-punched geosynthetic clay liner conducted 

at (a) initial normal stress (ni) = 20 kPa and (b) ni = 60 kPa.  
Experiments were conducted in a stress-controlled direct shear box 
at temperatures of 20, 60, and 80 °C (Ghazi Zadeh and Bareither 

2017). 
 

 
 

Figure 14 Relationship between the shear-to-normal stress ratio at 
failure versus test temperature for stress-controlled direct shear 

experiments conducted at an initial normal stress (ni) = 20 kPa and 
60 kPa (Ghazi Zadeh and Bareither 2017). 

 
The experiments shown in Figure 13 agree with observations 

made by Müller et al. (2008) that temperature can reduce the internal 
shear resistance of internally-reinforced GCLs.  Failure was achieved 
in all experiments conducted by Ghazi Zadeh and Bareither (2017) 
due to use of DW as the hydration solution and ability to apply high 
shear stress relative to normal stress to induce failure. However, 
numerous questions remain pertaining to the mechanisms 
contributing to the loss of shear resistance, potential for similar 
strength reduction in other hydration solutions, and assessment of 
shear behavior as a function of temperature across a broad range of 
GCLs.  Research is ongoing at Colorado State University to address 
these aforementioned questions. 
 
5.2 Effect of Hydration Solution 

Preliminary stress-controlled direct shear tests were conducted to 
evaluate the effect of hydration solution on internal GCL shear 
strength.  Experiments were conducted following methods outlined in 
Ghazi Zadeh and Bareither (2017) on a non-heat-treated needle-
punched GCL (NHT GCL) and a heat-treated needle-punched GCL 
(HT GCL) with comparable peel strength. The stress-controlled direct 
shear experiments described herein were hydrated for 15 d in DW and 
a synthetic gold mine process solution (Au-PS).  The Au-PS was 
developed to represent an actual mine process solution (Ghazi Zadeh 
et al. 2017), and had a neutral pH, I = 0.049 M, and RMD = 0.4.  

Relationships between the ratio of shear to normal stress (/n) 
and horizontal deformation at the end of each shear load (h-EOL) for 
the NHT GCL and HT GCL are shown in Figure 15. Shear stress was 
applied incrementally in a controlled manner and the maximum 
applied  was limited to 92.9 kPa for all experiments.  The stress-
controlled direct shear experiments conducted in DW on both GCLs 
reached failure at  = 92.9 kPa. However, the experiments conducted 
in the Au-PS did not reach failure, but were terminated after reaching 
 = 92.9 kPa. The development of internal shear failure in DW and 
the absence of internal shear failure in a solution that included 
divalent cations and the potential for cation exchange was also 
observed by Müller et al. (2008).  Thus, increase in the internal shear 
strength of GCL specimens hydrated with Au-PS was hypothesized 
to result from cation exchange of divalent cations for monovalent 
cations in the bentonite. 

In general, the shear behaviors measured for specimens hydrated 
in DW and Au-PS were similar for both GCLs. However, the 
magnitude of h-EOL for a given  increment was greater in the NHT 
GCL compared to the HT GCL. This difference in h-EOL was 
attributed to GCL heat treatment, whereby greater shear deformation 
developed from a combination of tensile elongation and 
disentanglement of reinforcement fibers in the NHT GCL compared 
to tensile elongation of the reinforcement fibers in the heat-treated 
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GCL. The specimens hydrated in Au-PS yielded the highest /n 
ratios and did not experience internal failure. Although numerous 
questions remain to be answered regarding the effects of non-standard 
solution hydration on internal GCL shear strength, the observed 
influence of Au-PS on internal shear strength indicates the 
importance of additional research to understand mechanisms 
contributing to shear behavior of GCLs in non-standard hydration 
solutions. 
 

 
 

Figure 15 Relationship between the ratio of shear to normal stress 
(/σn) and horizontal deformation at the end of shear loading (h-EOL) 
for a non-heat-treated needle-punched GCL (NHT GCL) and heat-

treated needle-punched GCL (HT GCL) hydrated for 15 d in                           
de-ionized water (DW) and a synthetic gold solution (Au-PS).  

Experiments were performed with an initial normal stress (σni) =                 
20 kPa at a temperature (T) of 20 °C.  

 
6. SUMMARY AND CONCLUSIONS 

Geosynthetic clay liners (GCLs) exhibit low hydraulic conductivity, 
k (2-3×10-11 m/s), to dilute aqueous solutions. However, interactions 
with chemical solutions may yield significantly higher k, particularly 
under low effective stress conditions (16-24 kPa), due to reductions 
in the swelling of the bentonite component. The swell index test 
provides a useful indicator for GCL k, but does not replace the need 
for site-specific k tests to chemical equilibrium to verify GCL k. 
Enhanced bentonites, i.e., bentonites amended to maintain low k to 
aqueous chemical solutions that yield high k (>> 2-3 ×10-11 m/s) to 
unamended bentonites, are shown to exhibit improved k relative to 
unamended bentonites (although not all enhanced bentonites show 
improved k). However, while some enhanced bentonites rely on 
enhanced swelling for improved hydraulic performance, other 
enhanced bentonites exhibit a disconnect between low k and swelling, 
such that the swell index test does not appear to be a valid indicator 
of enhanced bentonite k. 

The bentonite component of GCLs has been shown to exhibit 
significant semipermeable membrane behavior when exposed to 
dilute concentrations of simple salt solutions (e.g., KCl). Such 
membrane behavior results from restriction of solute migration due to 
interaction of the electric fields associated with adjacent, negatively 
charged bentonite particles, which in turn leads to reduced diffusive 
solute mass flux and the coupled phenomenon of chemico-osmosis in 
open systems such as those typically encountered in chemical 
containment applications. Since all three of these mechanisms (i.e., 
solute restriction, reduced diffusive mass flux, chemico-osmosis) 
work in favor of enhancing chemical containment, membrane 
behavior of GCLs is beneficial to the containment function of GCLs. 

The magnitude of membrane behavior observed for GCLs has 
been shown to increase with decreasing concentration of inorganic 
chemicals and decreasing e or increasing ', and has been shown to 
persist at simplified salt concentrations as high as 400 mM KCl. Also, 
the substitution of chemically modified bentonites such as 

polymerized bentonites for traditional Na-bentonites used in GCLs 
has been shown to improve the membrane, diffusive, and hydraulic 
performance of the GCLs. However, because of the wide variety of 
possible chemically modified bentonites and testing conditions, 
additional research pertaining to the use of chemically modified 
bentonites in GCLs used for containment applications is needed 
before widespread commercial use of these materials can occur. 

Geosynthetic clay liners used in waste containment applications 
can be expected to experience variation in temperature and hydration 
solution relative to conditions typically imposed in laboratory 
experiments.  An increase in test temperature has been shown to 
reduce the internal shear strength of needle-punched GCLs.  This 
strength reduction is attributed to a decrease in tensile strength of the 
needle-punched fibers with an increase in temperature, and on-going 
research is focused on understanding the mechanisms of this observed 
strength reduction. Hydration of GCLs in non-standard chemical 
solutions also has been shown to influence the internal shear strength 
of needle-punched GCLs. An increase in internal strength was 
observed for GCL specimens hydrated in a synthetic gold mine 
process solution, which was attributed to cation exchange of divalent 
for monovalent cations in the bentonite that increased shear strength 
of the bentonite.  Additional research is on-going to understand 
mechanisms contributing to changes in the internal shear strength of 
GCLs hydrated in non-standard chemical solutions. 
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