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1 INTRODUCTION

Geosynthetic clay liners (GCLs) with geomembranes (GMs) placed on slopes as part of composite
liner systems may be subject to a complex, time-dependent state of stresses. Stability is a major con-
cern for side slopes in bottom liner or cover systems that include GCLs and GMs because of the wide
range of commercially available GCL products, the change in behavior with exposure to water, varia-
bility in the quality of internal GCL reinforcement and GM texturing, and the low shear strength of
hydrated sodium bentonite. Accordingly, proper project- and product-specific shear strength characte-
rization is needed for the different materials and interfaces in composite liner systems.

A major concern when GCLs are placed in contact with GMs on steep slopes is the interface fric-
tion, which must be sufficiently high to transmit shear stresses generated during the lifetime of the fa-
cility. Shear stresses are typically generated in the field from static or seismic loads and waste de-
composition. The need for a careful design of GCL-GM interfaces has been stressed by the failures
generated by slip surfaces along liner interfaces, such as at the Kettleman Hills landfill (Byrne et al.
1992; Gilbert et al. 1998) and in the EPA test plots in Cincinnati, Ohio (Daniel et al. 1998). Another
concern is the possibility of internal failure of GCLs (i.e. failure through the bentonite core), although
failures have only been observed in unreinforced GCLs in the field, such as at the Mahoning landfill
(Stark et al. 1998). The internal shear strength of GCLs should be characterized due to variations in
shear strength due to moisture effects and manufacturing quality control. In addition, the use of
GCLs in high normal stress applications such as heap-leach pads requires the identification of the in-
ternal and interface shear strength of GCLs.

Several studies have focused on experimental investigations of the different factors affecting the
internal shear resistance of GCLs (Gilbert et al. 1996, 1997, Stark et al. 1996, Eid and Stark 1997,
Fox et al. 1998, Eid et al. 1999; Chiu and Fox 2005; Zornberg et al. 2005) and the shear resistance
of GCL-GM interfaces (Gilbert et al. 1996, 1997; Hewitt et al. 1997; Triplett and Fox 2001,
McCartney et al. 2009). Some of these studies were used to guide the development of an ASTM
standard for GCL internal and interface shear strength testing (ASTM D6243), which has been in ef-
fect since 1998. Several comprehensive reviews have already been compiled, including reviews on
GCL internal and GCL-GM interface shear strength testing methods and representative shear strength
values (Frobel 1996; Swan et al. 1999; Marr 2001; Bouazza et al. 2002; Fox and Stark 2004;
McCartney et al. 2009), as well as evaluations of databases including internal and interface GCL
shear strength results assembled from commercial testing laboratories (Chiu and Fox 2004; Zornberg
et al. 2005; Koerner and Narejo 2005, McCartney et al. 2009). Recent research has focused on the
shear strength of GCLs under dynamic loading (Fox and Olsta 2005). As a result of these studies,
significant progress has been made in understanding and measuring GCL internal strength and
GCL-GM interface strengths.

This chapter is geared toward providing practicing engineers a basic understanding of the variables
that affect the GCL internal and GCL-GM interface shear strength determined via laboratory testing
using a direct shear device with static loading. Specifically, the effects of GCL shear strength testing
equipment and procedures, GCL reinforcement type, GM texturing and polymer type, normal stress,
moisture conditioning, and shear displacement rate on the GCL internal and GCL-GM interface
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Figure 1: Composite liner system including a GCL: (a) Picture of GCL installation; (b) Components in a single composite
liner system

shear strength are discussed. This chapter also includes a discussion of GCL shear strength variabili-
ty, which may be significant compared with the variability in other engineering materials. Finally, a
discussion of the relationship between field and laboratory shear strength values is included. Shear
strength values from the literature and from a database of 414 GCL internal and 534 GCL-GM large-
scale direct shear tests presented by Zornberg et al. (2005, 2006) and McCartney et al. (2009) are
used to guide the discussion. The database was assembled from tests that were performed for com-
mercial purposes between 1992 and 2003 by the Soil-Geosynthetic Interaction Laboratory of Geo-
Syntec Consultants, currently operated by SGI Testing Services (SGI). Test conditions reported for
each series in the GCLSS database include specimen preparation and conditioning procedures, hydra-
tion time (t,), consolidation time (t;), normal stress during hydration (o), normal stress during shear-
ing (on), and shear displacement rate (SDR).

2 MATERIALS

2.1 GCL Reinforcement Types

Several unique GCL products have been proposed to offer a compromise between the hydraulic con-
ductivity and shear strength requirements of containment projects. These products can be broadly ca-
tegorized into unreinforced and reinforced GCLs. Unreinforced GCLs typically consist of a layer of
sodium bentonite that may be mixed with an adhesive and then affixed to geotextile or geomembrane
backing components with additional adhesives (Bouazza 2002). The geotextile or geomembrane
backing components of a GCL are typically referred to as the “carrier” geosynthetics. If hydrated, the
strength of unreinforced GCLs is similar to that of the bentonite component (Gilbert et al. 1996).
However, they are still useful for applications where slope stability is not a serious concern. For ap-
plications that require higher shear strength, reinforced GCLs transmit shear stresses to internal fiber
reinforcements as tensile forces. The two predominant methods of GCL reinforcement are stitch-
bonding and needle-punching (Bouazza 2002). Stitch-bonded GCLs consist of a layer of bentonite
between two carrier geotextiles, sewn together with continuous fibers in parallel rows. Needle-
punched GCLs consist of a layer of bentonite between two carrier geotextiles (woven or nonwoven),
reinforced by pulling fibers from the nonwoven geotextile through the bentonite and woven geotex-
tile using a needling board. The fiber reinforcements are typically left entangled on the surface of the
top carrier geotextile. Since pullout of the needle-punched fibers from the top carrier geotextile may
occur during shearing (Gilbert et al. 1996), some needle-punched GCL products are thermal-locked
to minimize fiber pullout. Thermal-locking involves heating the GCL surface to induce bonding be-
tween individual reinforcing fibers as well as between the fibers and the carrier geotextiles (Lake and
Rowe 2000). For simplicity, thermal-locked needle-punched GCLs are typically referred to simply
as thermal-locked GCLs.

Nonwoven or woven carrier geotextiles are used in fiber reinforced GCLs to achieve different pur-
poses. Nonwoven carrier geotextiles provide puncture protection to the bentonite layer of the GCL,
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allow in-plane drainage and filtration, and provide interlocking capabilities with internal fiber rein-
forcements and textured geomembrane interfaces (McCartney et al. 2005). Woven carrier geotextiles
provide tensile resistance to the GCL and allow bentonite migration, referred to as extrusion, which
leads to improved hydraulic contact (Stark and Eid 1996). However, bentonite extrusion may lead to
lubrication of interfaces between the GCL and the adjacent geomembrane, lowering the shear
strength (Triplett and Fox 2001; McCartney et al. 2009).

2.2 Geomembrane Texturing Types

Geomembranes are flexible, polymeric sheets that have low hydraulic conductivity and are typically
used as water or vapor barriers. Geomembranes come in a variety of polymer types, interface charac-
teristics and thicknesses. High Density Polyethylene (HDPE) is the polymer predominantly used in
geomembranes for landfill applications due to high chemical resistance and long-term durability.
However, HDPE is relatively rigid, so more flexible polymers such as Low-Linear Density Polyethy-
lene (LLDPE), Very-Low Density Polyethylene (VLDPE), and Polyvinyl Chloride (PVC) are often
used for situations in which differential deformations are expected. During shearing, the flexibility of
the geomembrane is related to the formation of ridges in the direction of shearing (plowing) which
may help to increase the shear strength of geomembrane interfaces (Dove and Frost, 1999).

Geomembranes may have a smooth finish or textured finish. The textured features, typically re-
ferred to as asperities, are formed either by passing nitrogen gas through the polymer during forma-
tion (coextrusion), spraying of particles onto the geomembrane during formation (impingement), or
by a physical structuring process (Koerner 2005). Asperities allow greater connection between the
GM and GCL, which implies that the particular type of GCL fiber reinforcement can influence the in-
terface strength. For instance, the interface of a needle-punched GCL with entangled fibers on the
surface will likely have different behavior than a needle-punched GCL that has been thermal-locked.
The effect of GM thickness on the shear strength of a GCL interface has not been investigated in de-
tail, although McCartney et al. (2009) indicate that it may not be a significant factor.

3 GCL SHEAR STRENGTH TESTING EQUIPMENT

3.1 Shear Strength Testing Alternatives

Different aspects of shear testing conditions of GCLs must be thoroughly understood in order to
reproduce representative field conditions in the laboratory. A number of devices have been devel-
oped to investigate the variables affecting GCL internal and interface shear strength, including the
large-scale direct shear device, the ring shear device, and the tilt table (Marr 2001). The particular
mechanisms of normal and shear load application, specimen size, and specimen confining method for
a given device may have a significant impact on the GCL internal or GCL-GM interface shear
strength.

The large-scale direct shear device is the testing approach most often used in industry, and it is
recommended by the current testing standard for GCL internal and interface shear strength, ASTM
D6243. The large-scale direct shear box is conceptually similar to the conventional direct shear test
for soils (ASTM D3080) in that a horizontal, translational force is applied to a specimen to induce
failure on a horizontal plane. However, larger shear boxes are used for GCL testing (300 mm by 300
mm in plan view) to reduce boundary effects from specimen confinement and allow a representative
amount of internal reinforcements within the specimen. Figure 2 shows the picture of a direct shear
device. Frobel (1996), Swan et. al. (1999), and Marr (2001) provide comprehensive summaries of is-
sues pertinent to GCL internal and GCL-GM interface shear strength testing using a large-scale direct
shear device. These studies identify the practical nature of using direct shear devices regarding ease
of specimen preparation and availability.

Ring shear devices have been typically used for investigation of GCL shear strength at large dis-
placements. In this device, ring shaped specimens of GCL are cut, and the top and bottom carrier
geosynthetics are clamped onto ring-shaped platens. The top platen is then rotated about a central
axis with respect to the bottom platen, inducing a shear stress in the specimen. This device is capa-
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Figure 2: Large scale direct shear device

ble of applying large displacements in a single direction making it suitable for investigations of resi-
dual shear strength (Eid and Stark 1997). Additional benefits are that the contact area remains con-
stant during shearing and the normal load moves with the top rotating rigid substrate. However, the
rotational shearing mechanism may not be the same as that mobilized in the field. Ring shear devices
have limitations related to specimen confinement and edge effects, testing difficulty, as well as possi-
ble lateral bentonite migration during loading (Eid and Stark 1997).
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Figure 3: Effect of shear box size on GCL internal peak shear strength

The tilt table has been employed by some laboratories to test large specimens under field loading
conditions (Marr 2001). In this test, a dead weight is placed above the specimen, and the entire sys-
tem is tilted slowly from one side to induce a shear force. The angle of tilt and the displacements are
measured. This test is a stress controlled test (i.e., a constant shear force is applied throughout the
specimen due to the inclination of the specimen and normal load), so it is not capable of measuring a
post-peak shear strength loss. The tilt table can only be used for a limited range of normal stresses
due to safety reasons.

3.2 Specimen Size for the Direct Shear Device

The standard large-scale direct shear device for GCLs consists of separate upper and lower boxes (or
blocks) which have plan dimensions of at least 300 mm by 300 mm. This size has been selected as it
provides a balance between the limitations of small boxes and large boxes. Small boxes typically
give higher shear strength due to boundary effects from specimen confinement, and larger boxes have
problems with uneven stress distribution and specimen hydration (Pavlik 1997). The results in Figure
3 show that testing of a 305 mm square specimen result in substantially lower shear strength than
testing of a 102 mm square specimen.

Large-scale direct shear devices typically allow shear displacements of 50 to 75 mm, although the
area during shearing may not be constant with shear displacement. For interface testing, the bottom
box in the large-scale direct shear device is occasionally 50 to 60 mm longer (in the direction of
shearing) than the top box, which provides a constant area during shearing. A longer bottom shear
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Figure 4: Large-scale direct shear device: (a) GCL internal detail; (b) GCL-GM interface detail

box is not recommended when shearing GCLs internally, as previously undisturbed and unconsoli-
dated bentonite may enter the shear plane with further displacement. To further decrease the influence
of the boundaries and allow greater shear displacements, Fox et al. (1997b) developed a larger direct
shear device with dimensions of 405 mm by 1067 mm and maximum shear displacement of 203 mm.

3.3 GCL Specimen Confinement for the Direct Shear Device

The direct shear device configurations for internal GCL and GCL-GM interfaces are similar, differing
only in specimen confinement. Swan et al. (1999) provides a review of issues relevant to the impact
of specimen confinement on GCL internal and GCL-GM interface shear strength. Figure 4(a) shows
the schematic view of a GCL confined within a direct shear box for internal shearing, while Figure
4(b) shows a GCL and GM confined within a direct shear box for interface shearing.

According to ASTM D6243, the GCL specimen should be confined between two porous rigid sub-
strates (usually plywood, porous stone or porous metal) using textured steel gripping teeth, which are
placed between the upper and lower boxes. The steel gripping teeth allow the shear force applied to
the box to be transferred completely to the inner GCL interface. Slippage between the rigid substrate
and the GCL should be minimized during shearing, as this may cause shear stress concentrations or
tensile rupture of the carrier geosynthetics, which are not representative of field failure conditions.
Figure 5 shows the picture of a specimen being manually trimmed to the dimensions of the rigid sub-
strate. To speed the time of trimming GCL specimens for commercial testing, cutting dies have been
developed to trim the GCL to the correct dimensions with minimal loss of bentonite. The steel grip-
ping teeth shown in Figure 5 were constructed by adhering steel rasps (truss plates) to the rigid sub-
strate. More intense gripping surfaces have recently been proposed to eliminate slippage problems
under low confining pressures, which involve sharp teeth that enter into the carrier geotextile of the
GCLs. The Geosynthetics Research Institute (GRI) is developing a new standard (GRI GCL3) that
includes recommendations for GCL confinement.
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The top or bottom carrier geosynthetics may be clamped into position by wrapping a flap of the
GCL around the rigid substrate, and placing another rigid substrate onto the flap. Figure 6 shows a
picture of a GCL-geotextile interface in which the specimens are wrapped around the rigid substrates.
To provide confinement, a second rigid substrate is placed atop this assembly, which effectively
clamps the top portion of the GCL into place. Gluing should not be used, as it may affect the behavior
of the internal reinforcements.

f-.’_,,

Figure 6: Specimen confinement for GCL (top) and geotextile (bottom) interface testing

For GCL internal shear strength testing, the GCL is positioned in the direct shear device so that the
top box is attached to the top carrier geosynthetic, and the bottom box is attached to the bottom carri-
er geosynthetic. The confined GCL specimen and the rigid substrates are placed atop a foundation of
concrete sand, plywood or PVC plates in the bottom box, and the top box is placed so that it is in line
with the top rigid substrate. The width of the gap between the boxes is adjusted to the mid-plane of
the GCL.

For GCL-GM interface testing, the GCL is typically attached to the rigid substrate by wrapping ex-
tensions of the carrier geosynthetics around the textured rigid substrate in the direction of shear, then
placing another rigid substrate above this to provide a frictional connection. As a GM is stiffer than a
GCL and cannot be wrapped around the rigid substrate, it is typically placed atop a foundation of
concrete sand (flush with the top of the bottom box). The GM is connected with a frictional clamp to
the bottom box, on the opposite side to that of the shearing direction. As local slippage has been ob-
served between the sand and GM in low normal stress tests, rigid substrates with gripping teeth have
been proposed to enhance contact between the GM and the bottom box. The gap is then set to the
height of the GCL-GM interface. Although the grip system forces failure at the GCL-GM interface,
slack should remain in the carrier geosynthetics so that the initial shear stress distribution is not influ-
enced by the grips.

The specimens may also be gripped so that failure occurs along the weakest interface (e.g., either
internally within the GCL or at the GCL-GM interface), in which case the extension of the lower
GCL carrier geosynthetic is not wrapped around the rigid substrate. The gap setting should be wide
enough to allow failure on the weakest plane.
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GCL specimen sampling from different sections of the roll is not specifically addressed by ASTM
D6243, although it is stated that specimens should not be chosen from near the edge of the GCL roll
(a minimum distance of 1/10 the total width of the GCL roll). A specimen with a width of 305 mm
and a length of twice the shear box (610 mm) should be trimmed from a bulk GCL specimen.

3.4 Normal and Shear Load Application for the Direct Shear Device

Figure 7 shows a schematic view of the load application configuration for a large-scale direct shear
test. Direct shear devices can typically apply normal forces to the specimen ranging from 450 N (4.8
kPa for a 305 mm square specimen) to 140,000 N (1915 kPa for a 305 mm square specimen). Dead
weights can be placed over the specimen in tests conducted under normal forces less than 500 kg,
while an air bladder or hydraulic cylinder are used to apply higher forces between the specimen and a
reaction frame, as shown in Figure 7. Dead weights are typically discouraged due to rotation of the
top box during shear, which leads to an uneven normal stress distribution. The normal force is typi-
cally measured using a load cell placed under the cylinder, or using a system of load cells placed be-
tween a load distribution plate and the top rigid substrate. The latter option allows definition of the
stress distribution during shearing. Although the top box remains stationary during testing, rollers are
typically placed between the reaction frame and the load distribution plate to prevent moments in-
duced during shearing, which may affect the shear force reading on the load cell. Most direct shear
devices include an optional water bath for submerged testing. Uniform application of the normal
stress over the area of the GCL is critical, as lateral migration of hydrated bentonite may occur (Stark
1998).

Normal force load cell
Air bladder

Low-friction bearings
Reaction frame

\V/
Water Screw drive
Shear force reservoir mechanism for
|| load cell (optional) shear force

Figure 7: Load application configuration in the direct shear box (shearing occurs to the left)

For strain-controlled tests, a constant shear displacement rate is typically applied to the bottom
box. As the normal load is applied to the stationary top box, translating the bottom box prevents the
normal load from translating across the GCL specimen during shear. A guiding system of low fric-
tion bearings must be used to ensure that the movement between the boxes is in a single direction.
The industry standard large scale direct shear device uses a mechanical screw drive mechanism to ap-
ply the constant shear displacement. The screw drive mechanism permits shear displacement rates
ranging from 1.0 mm/min (time to failure of 75 minutes) to 0.0015 mm/min (time to failure of 35
days). The displacement rate is typically measured using linearly variable displacement transformers
(LVDTs). For stress-controlled tests, a constant shear force is applied to the bottom box, and the re-
sulting displacements are measured. The shear force is typically applied using a system of pulleys
connected to a dead weight, or using an electric screw drive mechanism with a feedback system that
regulates a constant pressure as displacement occurs. The shear force is increased incrementally to
reach failure.
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4 TESTING PROCEDURES

4.1 Moisture Conditioning

The bentonite clay in GCLs is initially in a powdered or granular form, with initial moisture content
of approximately 12%. Moisture conditioning of GCL specimens for shear strength testing involves
hydration and (in some cases) subsequent consolidation of the bentonite. During hydration, the ben-
tonite absorbs water and increases in volume. Daniel et al. (1993) indicated that GCLs are typically
expected to reach full hydration in the field unless encapsulated between two geomembranes. GCLs
should be hydrated with a liquid that is representative of liquids found in the field. GCLs used in
landfill liners may become hydrated before waste placement or after construction with waste leachate,
while landfill covers may become hydrated from percolation through the vegetated cover or moisture
in landfill gases (Gilbert et al. 1997; Bouazza 2002).

The hydration process typically used for GCLs is described by Fox et al. (1998). The specimen
and rigid substrates are placed under a specified hydration normal stress (o)) outside the direct shear
device and simultaneously submerged in a specified liquid, and allowed to hydrate during a specified
hydration time (t,). This assembly is then transferred to the direct shear device. Shearing com-
mences immediately for specimens hydrated under the normal stress used during shearing. To simu-
late hydration of the GCL before loading occurs (i.e., before waste placement or cover construction),
the GCL is allowed to hydrated under a lower normal stress than that used during shearing. After this
point, the GCL may or may not be consolidated before shearing. The GCL may not be consolidated
to simulate situations where normal stress increases quickly in the field and drainage doesn’t occur.
When consolidating GCLs, the normal stress is increased in stages during a specified consolidation
time (t), or until vertical displacement ceases.

Figure 8(a) shows the average moisture content of GCLs during hydration under different normal
stresses. For low normal stresses, a significant increase in moisture content is observed, with con-
stant moisture content observed after approximately 4 days. However, Gilbert et al. (1997) and Stark
and Eid (1996) indicate that complete hydration typically requires 2 weeks. A percentage change in
vertical swell of less than 5% can be obtained for unconfined GCLs in a period of 10 to 20 days, indi-
cating full hydration (Gilbert et al. 1997). As the hydration normal stress increases, the moisture con-
tent only increases to 70%, and does not change significantly in water content with time.

Figure 8(b) shows the spatial distribution in moisture content in a needle-punched GCL specimen
after different times of hydration. The specimen had an initial gravimetric moisture content of 12%
and was hydrated under a normal stress of 9.6 kPa. Significant hydration occurs during 24 hs (mois-
ture content change of 123%), although hydration continues after this time. The edge of the specimen
has a greater increase in moisture content than the center, likely due to a rigid substrate with poor
drainage. Pavlik (1997) and Fox et al. (1998) found that increased specimen size results in incom-
plete hydration at the center of GCL specimens as there is little lateral movement of water through the
bentonite and carrier geotextiles. ASTM D6243 recommends using rigid substrates that are porous or
have grooves to channel water during testing along with a time of hydration greater than 24 hs. Por-
ous, textured, rigid substrates allow even hydration and better dissipation of pore water pressures dur-
ing shear.

Figure 9(a) shows the vertical displacement during hydration for 4 needle-punched GCLs under
different hydration normal stresses. Swelling occurs for GCLs with low hydration normal stress, and
compression occurs during hydration for higher normal stress. The trend in vertical displacement
with hydration normal stress is indicative of the swell pressure of the bentonite, which is defined as
the hydration normal stress at which the GCL does not swell beyond its initial thickness. Petrov et al.
(1997) reported swell pressures ranging from 100 to 160 kPa for a thermal-locked GCL, while lower
values were reported by Stark (1997) for a needle-punched GCL. Zornberg et al. (2005) interpreted
the internal peak shear strength of GCLs with different normal stresses, and shear displacement rates
to infer that GCLs sheared internally will likely change in behavior above and below the swell pres-
sure.
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Figure 8: (a) Variation in bentonite moisture content with time during hydration under increasing oy,; (b) Spatial variation
in moisture content with time in a needle-punched GCL specimen

Figure 9(b) shows the vertical displacement of a GCL during hydration under a low normal stress
and subsequently consolidated to a normal stress of 1000 kPa in stages over nearly two years. The
specimen had an initial thickness of approximately 20 mm before hydration. Approximately 4 mm of
vertical displacement was observed due to swelling during hydration, followed by 15 mm of settle-
ment during consolidation. In practice, the normal load is applied in a single increment. This can
lead to significant lateral movement of bentonite within the GCL, as well as extrusion through the
carrier geotextiles. Lake and Rowe (2000) and Triplett and Fox (2001) observed extrusion of bento-
nite during moisture conditioning as well as during shearing. Bentonite extrusion may lead to lubri-
cation of the GCL-GM interface, and may prevent drainage of water through the carrier geotextiles.

4.2 Shearing Procedures

Shearing is conducted after GCL conditioning by applying the shear load under a constant shear dis-
placement rate. ASTM D6243 recommends using a shear displacement rate (SDR) consistent with
the conditions expected in the field application. As it is not likely for pore pressures to be generated
in the field for drained conditions such as those during staged construction of landfills (Gilbert et al.
1997; Marr 2001), an adequately low shear displacement rate should be used to allow dissipation of

shear-induced pore water pressure. The approach used by Gibson and Henkel (1954) is typically
used to define the shear displacement rate, as follows:
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Figure 9: Conditioning of needle-punched GCLs: (a) Effect of hydration normal stress on vertical displacement during hy-
dration; (b) Vertical displacement during hydration and consolidation

where d is the estimated horizontal displacement, ts, is the time required to reach 50% consolidation
assuming drainage from the top and bottom of the specimen, and 7 is a factor used to account for
drainage conditions. An appropriate value of ts, can be obtained using the vertical displacement mea-
surements during hydration and consolidation for the GCL, shown in Figure 9(a). However, the de-
termination of tso may take several days, which may be prohibitive for commercial testing programs.
In practice, engineers typically prescribe faster shear displacement rates to prevent long testing times
and increased costs, despite the possible effects of shear-induced pore water pressure generation on
the shear strength results. While relatively fast for guaranteeing drained conditions anticipated in the
field, a SDR of 1.0 mm/min is typically used in engineering practice because of time and cost consid-
erations. For d;, ASTM D6243 requires a minimum of 50 mm of displacement when reporting the
large-displacement shear strength of a GCL. ASTM D6243 defines the possible values of 7 to be 1
for internal shearing, 4 for shearing between the GCL and an impermeable interface, and 0.002 for
shearing between the GCL and a permeable interface.

The shear displacement is typically measured using an LVDT or dial gauge, and the shear force
measured using a load cell, are used to define the shear stress-displacement curve. Peak shear
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strength is reported as the maximum shear stress experienced by the interface. The large-
displacement shear strength is reported as the shear stress when there is constant deformation with no
further change in shear stress, or the shear stress at a displacement of 50 to 70 mm. The large-
displacement shear strength is the shear stress that remains after all fiber reinforcements (if any) in
the failure plane rupture and the soil particles in the shear zone align into the direction of shear.
Large-displacement shear strength is typically reported instead of residual shear strength because the
shear displacement capability of the direct shear device is often not sufficient to mobilize GCL resi-
dual shear strength. The residual shear strength of a GCL may not be reached until displacements as
large as 700 mm (Fox et al. 1998), although some testing facilities have observed residual conditions
after approximately 300 mm.

5 GCL INTERNAL SHEAR STRENGTH

5.1 Shear Stress-Displacement Behavior

Figure 10(a) shows a typical set of shear stress-displacement curves for a needle-punched GCL tested
under a wide range of normal stresses. A prominent peak value is observed at a shear displacement
less than 25 mm, followed by a post-peak drop in shear strength. As normal stress increases, the se-
cant modulus at 10 mm of displacement increases significantly, and the displacement at peak increas-
es. For similar normal stress and conditioning procedures, Hewitt et al. (1997), Fox et al. (1998) and
Zornberg et al. (2005) found that the needle-punched and thermal-locked GCLs have similar shaped
shear-stress displacement curves with peak strength occurring at shear displacements ranging from 10
to 30 mm, while stitch-bonded GCLs have lower peak shear strength values occurring at a shear dis-
placement ranging from 40 to 70 mm. Due to the greater amount of reinforcement in needle-punched
GCLs than in stitch-bonded GCLs, needle-punched GCLs act in a more brittle manner than stitch-
bonded.

Figure 10(b) shows typical vertical displacement vs. shear displacement curves for GCLs sheared
internally under the same normal stress and conditioning procedures, but different shear displacement
rates. The data in this figure indicate compressive deformations during shearing, which indicate con-
solidation of the GCL. Consolidation is likely occurring in these tests due to ongoing dissipation of
excess pore water pressures from the increase in normal stress from 500 to 520 kPa, as well as due to
dissipation of shear-induced positive pore water pressures. It should be noted that vertical displace-
ment measurements in direct shear tests only measure the overall vertical displacement of the top box,
which may be caused by GCL expansion/contraction during shear, continued consolidation of the
GCL, and tilting of the top box from moments caused by the increase in horizontal stress. These
changes may not be the same as those on the failure surface.

Inspection of the shear displacement curves may indicate the quality of the test. For example, test-
ing problems such as slippage between the gripping system and GCL or plowing of the grip system
into the GCL may manifest in the shear displacement curves. Slippage is typically indicated by a
very rough shear displacement curve with erratic changes in shear load with increased displacement.
Rapid application of the normal stress during consolidation may lead to excessive bentonite extrusion
from the GCL, which may in turn cause interaction between the upper and lower grips during shear.
Interaction between the grips is typically indicated by a constantly increasing shear stress, or a peak
shear strength value that occurs at a displacement greater than 25 mm. A quality shear strength test
will have a shear displacement curve with a peak occurring at less than 25 mm and a smooth post-
peak reduction to a large-displacement shear strength resulting in a large-displacement friction angle
of 8 to 13 degrees.

5.2 Preliminary Shear Strength Overview

Figure 11 shows GCL internal peak shear strength values t, reported in the literature. The wide
range in shear strength reported by the different studies can be explained by differences in GCL rein-
forcement types, moisture conditioning procedures, shear displacement rates, as well as testing pro-
cedures and equipment used in the various studies, although significant variability is still apparent.
Generally, reinforced GCLs show higher shear strength and greater variability than unreinforced
GCLs.
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Figure 10: (a) Shear stress — shear displacement curves for needle-punched GCL sheared internally under different
normal stresses; (b) Vertical displacement — Shear displacement curves

5.3 Variables Affecting GCL Internal Shear Strength

5.3.1 Effect of Normal Stress

GClLs are frictional materials, so their shear strength increases with normal stress. Also, the inter-
nal reinforcements give the GCL strength at low normal stress. Accordingly, the GCL internal peak
shear strength for a set of tests with the same conditioning procedures and shear displacement rate is
typically reported using the Mohr-Coulomb failure envelope, given by:

7,=C, +¢p tano, (2)

where 1, is the peak shear strength, c, is the cohesion intercept, oy is the normal stress and ¢, is the
interface friction angle. ASTM D6243 requires a minimum of three points [(z1, o), (%2, Tn2)s (%3,
on3)] to define the peak or residual failure envelope for the given interface. Chiu and Fox (2004) and
Zornberg et al. (2005) provide a range of internal peak shear strength parameters for different GCLs,
hydration procedures, ranges of normal stresses, and shear displacement rates. Zornberg et al. (2005)
also found that large-displacement shear strength was represented well by a linear failure envelope,
although the cohesion intercept was typically negligible.

Most previous studies on GCL shear strength (Gilbert et al. 1996; Daniel and Shan 1993; Stark and
Eid 1996; and Eid and Stark 1997, 1999) were for tests under low levels of normal stresses (typically
below 200 kPa). Fox et al. (1998), Chiu and Fox (2004), and Zornberg et al. (2005) report shear
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strength values for a wider range in normal stresses, and indicate that linear failure envelopes do not
represent the change in shear strength with normal stress. Accordingly, multi-linear or nonlinear fail-
ure envelopes are recommended. Gilbert et al. (1996) and Fox et al. (1998) used the model presented
by Duncan and Chang (1970) to represent nonlinear trends in shear strength with normal stress, as

follows:
T, =0, {% —Aglog [%H (3)

where P, is the atmospheric pressure, ¢ is the secant friction angle at atmospheric pressure, and Ag is
the change in secant friction angle with the log of the normal stress normalized by P,.

Figure 12 shows the trend in GCL internal peak shear strength with normal stress for different
needle-punched GCLs. The results within each data set were obtained from direct shear tests with the
same conditioning procedures and shear displacement rate. For tests under low normal stress (o, <
100 kPa), a significant increase in peak shear strength is observed with normal stress, while for tests
under high normal stress (o, > 100 kPa), a less prominent increase in peak shear strength is observed.
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Figure 11: Overview of GCL internal peak shear strength values
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Figure 12: Normal stress effects on needle-punched GCL internal shear strength
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The data in Figure 12 suggests that bilinear failure envelopes represent the data well for normal
stresses under low normal stresses (< 100 kPa) and high normal stresses (>100 kPa). Zornberg et al.
(2005) reported shear strength parameters for several bilinear failure envelopes. In addition, Chiu
and Fox (2004) reported shear strength parameters for nonlinear failure envelopes. Both approaches
tend to represent the shear strength of GCLs over a wide range in normal stress. The change in GCL
shear strength behavior with normal stress is important to consider when specifying normal stresses
to define a failure envelope, which should always be within the range expected in the application.

The normal stress applied to a GCL may affect the lateral transmissivity of the carrier geotextiles.
Depending on if the carrier geotextile is woven or nonwoven and the carrier geotextile compressibili-
ty, high normal stresses may lead to decreased lateral transmissivity of the carrier geotextiles. Com-
bined with bentonite extrusion, the carrier geotextiles may not aid the dissipation of shear-induced
pore water pressures under high normal stresses. The normal stress may also affect the strength of
GCL reinforcements. Gilbert et al. (1996) reported that the resistance of fiber reinforcements to pul-
lout from the carrier geotextiles increased with normal stress because of the frictional nature of the
connections.

5.3.2 GCL Reinforcement

Table 1 shows typical shear strength parameters for different sets of GCLs reported by Zornberg et
al. (2005). The peak shear strength calculated at a normal stress of 50 kPa, tso, is also shown in Table
1 for comparison purposes. The peak internal shear strength of reinforced GCLs is significantly
higher than that of unreinforced GCLs. The reinforced GCLs have a substantial intercept, while the
unreinforced GCLs have a relatively low cohesion intercept and friction angle. The data in Table 1
indicates that needle-punched GCLs and thermally-locked GCLs have similar shear strength, while
stitch-bonded GCLs have lower shear strength.

The difference between the needle-punched and thermal-locked GCLs may be explained by the
pullout of reinforcements from the woven geotextile of the thermal-locked GCL during hydration and
shearing (Lake and Rowe 2000). The fiber reinforcements in needle-punched GCLs are typically left
entangled on the surface of the woven carrier geotextile, so significant swelling or shear displacement
is required for pullout of the fibers from the carrier geotextile. On the other hand, the fibers in ther-
mal-locked GCLs are melted together at the surfaces of the woven carrier geotextile. Stitch-bonded
GCLs have less fiber reinforcement per unit area (stitches are typically at a 3-inch spacing), but the
fiber reinforcements are continuous throughout the length of the GCL. Fox et al. (1998) and Zorn-
berg et al. (2005) observed that the continuous fiber reinforcements in GCL B did not break during
shearing, but instead the woven carrier geotextile ruptured at large shear displacements. The lower
reinforcement density and mechanism of failure influences in the direct shear device leads to the low
shear strength of these GCLs. Stitch-bonded GCLs are typically not used in practice. Table 1 also
indicates that GCLs with nonwoven carrier geotextiles have similar shear strength at a normal stress
of 50 kPa to woven carrier geotextiles. However, the greater friction angle of GCLs with woven car-
rier geotextiles leads to higher shear strength at high normal stresses for these GCLS.

Fox et al. (1998) found that the type of fiber reinforcement used in GCLs (needle-punched or
stitch-bonded) has minor effect on the residual shear strength of GCL, although Zornberg et al.
(2005) found that the type of fiber reinforcement still has an effect on the shear strength at a dis-
placement of 75 mm.

Many studies have been conducted to investigate whether the internal shear strength of a needle-
punched GCLs vary with the amount of needle punching per unit area of the GCL. Needle-punched
GCLs are manufactured using a production line assembly which employs several threaded needles
connected to a board (von Maubeuge and Ehrenberg 2000). As the lifetime of the needle-punching
boards increases, more needles break and a lower density of fiber reinforcements may be apparent in
the GCL with wear of the needle-punching board. The peel strength test (ASTM D6496) has been
used as a manufacturing quality control test, as well as an index of the density (and possibly the con-
tribution) of fiber reinforcements in needle-punched GCLs (Heerten et al. 1995, Eid and Stark 1999).
Several studies have correlated the peak internal shear strength of needle-punched GCLs with peel
strength (Berard 1997; Richardson 1997; Fox et al. 1998; Eid et al. 1999; Olsta and Crosson 1999;
von Maubeuge and Lucas 2002; Zornberg et al. 2005). Figure 13 shows a comparison of the trends
in peak shear strength of needle-punched GCLs with peel strength from several of these studies. An
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increase in peak shear strength is apparent in some of these data sets, although only Zornberg et al.
(2005) used the same GCL, same conditioning procedures, and shear displacement rate. Overall, no
trend is observed in this data.

Stark and Eid (1996) performed shear strength tests on reinforced GCLs with and without a sodium
bentonite component (filled and unfilled, respectively) to find the effect of the reinforcement of the
shear strength of reinforced GCLs. They found that the peak shear strength of unfilled GCLs was
higher than that of filled GCLs, which indicates that the shear resistances of the sodium bentonite and
the reinforcements are not additive. This trend may be due to pullout of the fiber reinforcements due
to swelling of the bentonite during hydration. The presence of reinforcement may cause an adhesive
component in the shear strength failure envelope of the GCL, because the fiber reinforcements pro-
vide tensile resistance to the bentonite clay. The tensile strength of the fiber reinforcements provides
confinement of the sodium bentonite portion of the GCL. Lake and Rowe (2000) found that rein-
forced GCLs provide additional confinement to the bentonite, which may prevent swelling of the
bentonite during hydration.

Table 1: Shear strength parameters for GCL internal peak shear strength

Peak envelope

P Ts0

GClLdescription Cp dp (kPa)

(kPa) (Degrees)

Reinforced GCLs 40.9 18.0 57
Unreinforced GCLs 5.0 5.7 10
Needle-punched GCLs 40.5 19.5 61
Stitch-bonded GCLs 28.5 5.6 33
Thermal-locked GCLs 33.2 22.7 54
W-NW needle-punched GCLs 19.1 40.9 58
NW-NW needle-punched GCLs 35.0 24.5 58

5.3.3 Moisture Conditioning

Hydration of the bentonite layer has been reported to result in a decrease in shear strength (Gilbert
et al. 1997; McCartney et al. 2004). Figure 13 shows a comparison between the internal peak shear
strength at a normal stress of 50 kPa for a needle-punched GCL. Hydration of the GCL under the
normal stress used during shearing during 48 hs led to a decrease in shear strength of about 40% from
unhydrated conditions. Hydration of the GCL under a normal stress less than that used during shear-
ing without allowing time for consolidation led to an even greater decrease in shear strength. Con-
versely, GCLs that were consolidated after hydration have shear strength closer to that of unhydrated
GCLs.

Stark and Eid (1996) found that hydration of GCLs from a water content of approximately 10 to
20% to a water content of approximately 150 to 200% during 250 hours led to a reduction in the peak
and residual friction angles by about 40%. However, GCLs do not lose shear strength at a rate pro-
portional to the increase in specimen water content. Daniel and Shan (1993) found that partially hy-
drated GCL specimens have similar shear strength as fully hydrated GCL specimens for normal stress
below 100 kPa. Their analysis showed that GCLs with a water contents between 50 and 80% (t, < 24
hours) have similar shear strength to GCLs with water contents between 180 and 200% (t, > 24
hours).

Hydration of GCLs under low hydration normal stresses leads to swelling of the sodium bentonite,
which leads to an increase in the bentonite void ratio. Further, bentonite swelling leads to stretching
or pullout of the fiber reinforcements. Conversely, high hydration normal stresses do not allow swel-
ling of the bentonite. As consolidation occurs, the void ratio decreases during consolidation, leading
to an increase in bentonite shear strength. However, consolidation does not lead to shear strength re-
covery in the case that fiber reinforcement pullout occurs during hydration. Further, the effective
stress in the partially hydrated GCLs is higher due to negative pore pressures present before shearing
occurs, while the effective stress in the GCLs hydrated under low normal stress and sheared at a
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higher stress without allowing consolidation is higher due to positive pore pressures before shearing
occeurs.
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Figure 13: Relationship between GCL internal peak shear strength and GCL peel strength
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Figure 14: Effects of moisture conditioning on GCL internal peak shear strength

The liquid used in hydrating GCL test specimens may also yield varying shear strength results.
Daniel and Shan (1993) tested the shear strength of GCLs with several different hydration liquids, in-
cluding simulated leachate, and found that the use of distilled water leads to the lowest shear strength.
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Gilbert et al. (1997) reported that the magnitude of sodium bentonite swell also depends on the hy-
dration fluid, where distilled water induces the largest amount of swell, and inorganic and organic
fluids cause the least. The data shown in Figure 13 is for GCLs hydrated with tap water, which has
similar cation content to groundwater. Tap water provides a compromise between the effects of lea-
chate and distilled water.

5.3.4 Shear Displacement Rate

The effect of SDR on the peak and large-displacement shear strength has been reported by Stark and
Eid (1996), Gilbert et al. (1997), Eid and Stark (1997), Fox et al. (1998) and Eid et al. (1999). These
studies, which primarily focused on the response of tests conducted under relatively low o, reported
increasing peak shear strength with increasing shear displacement rate. Gilbert et al. (1997) con-
ducted direct shear tests at shear displacement rates ranging between 0.0005 and 1.0 mm/min on un-
reinforced GCLs with normal stresses of 17 kPa and 170 kPa. Eid et al. (1999) conducted ring shear
tests at shear displacement rates ranging between 0.015 mm/min and 36.5 mm/min for needle-
punched GCLs sheared at normal stresses between 17 and 400 kPa. Figure 15 shows the effect of
shear displacement rate on the internal peak shear strength of reinforced and unreinforced GCLs
sheared under a range of normal stresses. The data reported by Zornberg et al. (2005) and McCart-
ney et al. (2002) included specimens that were trimmed from the center of the same roll to prevent
variations in reinforcement density that may occur with the width. The data in Figure 15 follows an
increasing trend in peak shear strength with shear displacement rate for tests conducted under low
normal stresses (< 100 kPa), and a decrease in shear strength for tests conducted under high normal
stresses (> 100 kPa).

Explanations proposed to justify the trend of increasing peak shear strength with increasing SDR
observed in other studies, conducted under relatively low o,, have included shear-induced pore water
pressures, secondary creep, undrained frictional resistance of bentonite at low water content, and rate-
dependent pullout of fiber reinforcements during shearing. However, the results obtained from tests
conducted under both low and high o, suggest that the observed trends are consistent with generation
of shear-induced pore water pressures. Further, longer tests allow additional time for hydration and
consolidation of the GCL, which may have an additional effect on the shear strength of the GCL.
The GCLs tested under low normal stress may tend to swell during hydration, so longer testing times
may lead to lower shear strength. Conversely, the GCLs tested under high normal stress may tend to
consolidate during hydration, so longer testing times will lead to specimens with lower void ratio and
higher shear strength.
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Figure 15: Effects of shear displacement rate on GCL internal peak shear strength
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The shear-induced pore pressure response of the sodium bentonite may indicate its positive or neg-
ative contribution to the shear strength of the GCL. Shear-induced pore water pressures are expected
to be negative in tests conducted under low o, (i.e., below the swell pressure of GCLs). Consequent-
ly, increasing the shear displacement rate will lead to increasingly negative pore water pressures and
higher peak shear strength. On the other hand, shear-induced pore water pressures are expected to be
positive in tests conducted under high o, (i.e., above the swell pressure of GCLS). In this case, in-
creasing SDR will lead to increasingly positive pore water pressures and thus lower peak shear
strength.

Gilbert et al. (1997) reported a pore water pressure dissipation time analysis using a model pro-
posed by Gibson and Henkel (1954). This model predicts that shear displacement rates less than
0.001 mm/min result in constant peak shear strength for unreinforced GCLs. Gilbert et al. (1997)
suggested that slow shear displacement rates could result in creep, as it is a rate-dependent mechan-
ism. This may explain the decreasing trend in shear strength with decreasing shear displacement rate.

Kovacevic Zelic et al. (2002) reported that the peak and large-displacement shear strength of an
unreinforced GCLs increase with increasing shear displacement rates for normal stresses of between
50 and 200 kPa. This was postulated to be a result of changing effective stress (i.e., generation of
positive pore water pressure) on the failure plane or rate effects such as creep. However, when the
vertical displacement during shearing was measured, inconsistent findings were apparent. Swelling
occurred during shearing for slow shear displacement rates, and settlement occurred during shearing
for fast shear displacement rates. Swelling is associated to negative pore water pressure generation,
which should yield higher shear strength, which was the opposite observed. The authors were incon-
clusive with respect to the effect of the shear displacement rate on pore water pressure generation.
Vertical displacements measured in the direct shear box are typically not representative of the dis-
placements along the shear plane due to principal stress rotation during shear, tilting of the top platen,
and uneven distribution of pore water pressures (or strains) throughout the bentonite thickness.

Stark and Eid (1996) observed that the peak shear strength increased with increasing shear dis-
placement rates for GCLs with the sodium bentonite component removed (i.e., the interface between
two geotextiles, needle-punched together). This phenomenon was postulated to arise from tensile
rupture of the fiber reinforcements at high shear displacement rates, and gradual pullout of the fiber
reinforcements at slow shear displacement rates. For filled GCLs, the peak shear strength was con-
stant below 0.4 mm/min, then increased with increasing shear rate up to about 1.5 mm/min, and then
decreased for greater shear displacement rates. Stark and Eid (1996) hypothesized several mechan-
isms that explained these phenomena. Although pore water pressures may have been generated in the
GCL at shear displacement rates between 0.4 mm/min and 1.5 mm/min, the increased shear strength
was associated with rapid rupture of the fiber reinforcements. The decrease in strength associated
with excess pore water pressures in the sodium bentonite dominated at shear displacement rates
above 1.5 mm/min. At shear displacement rates below 0.4 mm/min, no excess pore water pressures
generated, and gradual pullout failure of the fiber reinforcements may have led to the minimum peak
shear strength. Stark and Eid (1996) recommended that shear displacement rates less that 0.4
mm/min be used for shearing of needle-punched GCLs. Eid and Stark (1999) reported a decrease in
final water content at high normal stresses as a result of consolidation during shear.

Stark and Eid (1996) and McCartney et al. (2002) found that the large-displacement shear strength
of reinforced GCLs remains constant with decreasing shear rate. The shear-induced pore pressures
are expected to fully dissipate upon reaching residual shear strength.

5.4 GCL Internal Shear Strength Variability

The data shown in Figure 11 indicate that GCL internal shear strength is an inherently variable
property. Zornberg et al. (2005) indicated that potential sources of GCL internal shear strength va-
riability include: (i) differences in material types (type of GCL reinforcement, carrier geosynthetic),
(ii) variation in test results from the same laboratory (repeatability), and (iii) overall material variabil-
ity. In turn, the overall material variability includes more specific sources such as: (iii-a) inherent va-
riability of fiber reinforcements, and (iii-b) inherent variability of the shear strength of sodium bento-
nite. This study found that the most significant source of shear strength variability was due to
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inherent material variability. Figure 16 shows the peak shear strength of GCLs with the same condi-
tioning procedures and shear displacement rate. The spread in peak shear strength values about the
mean trend line, represented by the probability density functions, increases with normal stress. In
particular, a mean shear strength of 177 kPa is observed at a normal stress of 310 kPa, but the shear
strength varies from approximately 115 kPa to 230 kPa. Chiu and Fox (2004) also provide measures
of shear strength variability, and McCartney et al. (2004) presented an application of GCL shear
strength variability in stability design.
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Figure 16: Variability in GCL internal peak shear strength for constant moisture conditioning (t, = 168 hs, o, = 20.7 kPa, t,
=48 hs, SDR = 1.0 mm/min) with mean failure envelope

6 GCL-GM INTERFACE SHEAR STRENGTH

6.1 Shear Stress-Displacement Behavior

Figure 17 shows typical shear stress-displacement curves for interfaces between the woven carrier
geotextile side of a needle-punched GCL-textured HDPE GM with the same conditioning procedures
and sheared under a slow shear displacement rate under different normal stresses. Similar to the GCL
curves, the secant modulus tends to increase with normal stress, but the displacement at peak tends to
increase with normal stress from 10 to 20 mm.

The relatively short displacement required to reach peak shear strength, combined with the large
post-peak shear strength loss are important factors to consider when designing for static and dynamic
design loads. The displacement at peak shear strength for the GCL-textured GM interface is slightly
less than that measured for internal GCLs. The peak strength of textured GM interfaces is usually
developed at 7 to 20 mm when the interlocking connections between the GCL and the textured geo-
membrane rupture. However, the peak shear strength of smooth geomembranes is typically devel-
oped at shear displacements less than 3 mm (Triplett and Fox 2001; McCartney et al. 2009). Hewitt
et al. (1997) observed that the shear stress-displacement curves of different GCLs with different inter-
faces follow similar behavior to the GCL internal shear stress-displacement curves, especially for
stitch-bonded GCLs. Little post-peak shear strength loss is observed for smooth geomembrane inter-
faces.
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Figure 17: Shear stress — displacement curves for interface shearing of the woven carrier geotextile side of a needle-punche
GM under different normal stresses

Triplett and Fox (2001) and McCartney et al. (2009) observed that textured HDPE geomembrane
interfaces experience a greater post-peak shear strength loss than smooth HDPE geomembranes. In
fact, smooth GM interfaces rarely experience any post-peak shear strength reduction. Accordingly,
the difference between peak and residual shear strengths was greater for textured GM interfaces.
This is most likely due to the fact that at the peak shear strength, the interlocking capabilities of the
geotextile and fiber reinforcements with the geomembrane asperities rupture, resulting in a large loss
of strength.
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Figure 18: Overview of GCL-GM interface shear strength values

6.2 Preliminary GCL-GM Interface Shear Strength Overview

Figure 18 shows the range of peak shear strength values obtained from several studies on GCL-GM
interfaces. Good agreement is observed between the results from the different studies, although sig-
nificant variability is observed. The textured GM interfaces are significantly stronger than the
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smooth GM interfaces. In general, the nonwoven carrier geotextile side of the GCL has higher inter-
face shear strength than the woven carrier geotextile side. Different from the data for GCL internal
shear strength shown in Figure 11, the GCL-GM interface shear strength does not show a strong co-
hesion intercept.

6.3 Variables Affecting GCL Internal Shear Strength

6.3.1 Normal Stress Effects

The GCL-GM interface behaves in a frictional manner with an increase in shear strength, but it does
not have a significant cohesion intercept. Accordingly, the GCL-GM interface shear strength is well
represented using a Mohr-Coulomb failure envelope with a zero intercept, or a nonlinear envelope.
GCL-GM interface shear strength has less pronounced nonlinearity in shear strength with normal
stress than GCL internal shear strength, but the peak shear strength is best represented by the Duncan
and Chang (1970) model shown in Equation (3).

Eid and Stark (1997) found that for interface tests between a GM and an unreinforced GCL involv-
ing a layer of sodium bentonite adhered to a GM, an adhesive failure occurs between the two compo-
nents at high normal stresses. At lower normal stresses, the GCL failed at the expected sodium ben-
tonite-geomembrane interface. Eid and Stark (1997) also found that the peak shear strength failure
envelope for this interface is slightly non-linear.

The critical interface in a layered system may change with normal stress due to the difference in
the friction angles of the internal and interface GCL failure envelopes (Stark and Eid 1996). The
failure envelopes may cross at a certain normal stress, above which the interface shear strength may
be the critical interface (Gilbert et al. 1996). As the normal stress may vary along the length of a
slope (i.e., in a mounded layer of waste), the critical interface may change along the length of the
slope if the failure envelopes cross at the normal stress on the interface.

6.3.2 Effects of GCL Reinforcement Type and GM Polymer

Table 2 shows a summary of the shear strength parameters for different sets of GCL-GM shear
strength data using the Duncan and Chang (1970) approach shown in Equation (3). Consistent with
the data in Figure 18, the nonwoven carrier geotextiles interfaces of a GCL are typically stronger than
the woven carrier geotextiles interfaces, for both textured and smooth GMs.

Table 2: Shear strength parameters for GCL-GM interface peak shear strength
Peak envelope

Tso

Interface description dp Adp (kPa)
(degrees) (degrees)

Woven GCL - textured GM interfaces 238 7.7 25
Nonwoven GCL - textured GM interfaces 33.1 114 37
Woven GCL - smooth GM interfaces 115 71 12
Nonwoven GCL - smooth GM interfaces 137 5.0 14
GCL-textured HDPE GM interfaces 23.4 6.2 24
GCL-textured VLDPE GM interfaces 22.3 19.5 27
GCL-textured LLDPE GM interfaces 28.0 42 28
Needle-punched, woven GCL - textured HDPE GM interfaces 24.2 5.9 24
Stitch-bonded, woven GCL - textured HDPE GM interfaces 16.0 10.3 17
Thermal-locked, woven GCL - textured HDPE GM interfaces 23.0 5.2 23

The data in Table 2 also indicates that GMs with more flexible polymers may have higher peak
shear strength than stiffer GMs. The GMs with LLDPE and VLDPE polymers generally have higher
shear strength than HDPE GMs. For smooth GMs, McCartney et al. (2009) indicated that the flexi-
ble PVC GMs tended to have the highest interface shear strength of the smooth GM interfaces. The
data in Table 2 indicates that needle-punched GCL interfaces have slightly higher shear strength than
thermal-locked GCL interfaces and greater shear strength than stitch-bonded GCL interfaces.

Triplett and Fox (2001), Stark and Eid (1998), Gilbert et al. (1996) and Hewitt et al. (1997) identi-
fied that interface shear strength of GCL-textured GM interface shear strength arises from: (i) fric-
tional resistance to shearing between the un-textured portions of the GM and the woven carrier geo-
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textile of the GCL, (ii) interlocking between the woven carrier geotextile and the textured GM asperi-
ties, and (iii) interlocking between the fiber reinforcements of the GCL on the surface of the woven
carrier geotextile and the GM asperities. The difference between smooth and textured GM interface
shear strength shown in Table 2 indicate the impact of the first two mechanisms. The difference be-
tween the shear strength of the different GCL types shown in Table 2 indicates the effect of the third
mechanism. In needle-punched GCLs, the fiber reinforcements formed small bundles (not thermal-
locked) or asperities (thermal-locked) on the surface of the woven carrier geotextile, which generally
flattened during shearing (Gilbert et al. 1996).

The observations of Lake and Rowe (2000) indicate that the difference between the interface shear
strength of GCLs with different reinforcement types may be related to moisture conditioning Specif-
ically, during hydration of the bentonite, the needle-punched fiber reinforcements typically pullout
from the carrier geotextile while thermal-locked fiber reinforcements resist swelling of the bentonite.
This implies that more bentonite extrusion will occur from thermal-locked and stitch-bonded GCLs as
the bentonite is rigidly confined between the carrier geotextiles. Hewitt et al. (1997) confirmed that
the least amount of bentonite extrusion occurs in needle-punched GCLs. Triplett and Fox (2001)
found that less bentonite was extruded from the GCLs when a smooth geomembrane was used, likely
due to less interaction between the GCL and GM during shearing.

6.3.3 Effect of GM Texturing

GM texturing is often used to increase the peak shear strength of GCL-GM interfaces, and recent stu-
dies have found that it leads to an increase in the shear interaction between the GCL and the GM us-
ing asperity heights (Ivy 2003; McCartney et al. 2005) and post-failure examination (Triplett and Fox
2001). Triplett and Fox (2001) and McCartney et al. (2005) found that GM texturing leads to an im-
provement in the peak and large-displacement shear strength of GCL-GM interfaces. Different tex-
turing approaches have not been shown to influence GCL-GM interface shear strength. lvy (2003)
and McCartney et al. (2005) found that GM asperity heights, despite being highly variable, were a
good indicator of the peak shear strength of GCL-GM interfaces and clay-GM interfaces. McCart-
ney et al. (2005) found that GM asperity height is an inconsistent indicator of GCL-GM large-
displacement shear strength, most likely due to rupture of asperities-GCL connections during shear-

ing.

6.3.4 Moisture Conditioning

Hydration of the GCL has been reported to result in extrusion of bentonite from the GCL, and im-
pregnation of the carrier geotextiles with sodium bentonite. Figure 18 shows a comparison between
the interface peak shear strength of the woven and nonwoven carrier geotextiles of a needle-punched
GCL and a textured HDPE GM at a normal stress of 50 kPa. Hydration of the woven GCL interfac-
es under the normal stress used during shearing led to a decrease in shear strength of about 30% from
unhydrated conditions, but little impact is observed for nonwoven GCL interfaces, except for a hy-
dration time longer than 72 hs. Hydration of the nonwoven and woven GCL interfaces under a nor-
mal stress less than that used during shearing without allowing time for consolidation led to similar to
slightly lower shear strength. Unlike the trend observed for GCL interfaces, both woven and nonwo-
ven GCL interfaces consolidated after hydration under low normal stress have the lowest shear
strength.

As mentioned, the sodium bentonite component of GCLs swells during hydration, which leads to
extrusion and impregnation of bentonite in the carrier geotextiles. The extruded bentonite lubricates
the connections between the fiber reinforcements and the woven or nonwoven carrier geotextiles.
The nonwoven carrier geotextile of needle-punched GCLs is generally thicker than the woven carrier
geotextile, so more extrusion is expected from the woven carrier geotextiles. The data shown in Fig-
ure 19 indicates that moisture conditioning does not have a significant impact on the shear strength of
nonwoven GCL carrier geotextile interfaces. However, moisture conditioning has a greater effect on
the woven GCL carrier geotextile interface. Consolidation of the interface after hydration does not
remove the lubrication effect of the hydrated bentonite. Impregnation of woven carrier geotextiles
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with sodium bentonite has been shown to lead to lower shear strength than clean woven geotextile-
GM interfaces (Lake and Rowe 2000).
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Figure 19: Effects of moisture conditioning on GCL-GM interface peak shear strength

6.3.5 Shear Displacement Rate

The available literature on GCL-GM interface shear strength indicates that there is not a significant
effect of SDR on the peak shear strength value (Triplett and Fox 2001; McCartney et al. 2009). Eid
et. al. (1999) found that the shear displacement required to reach peak strength conditions does not
vary with shear displacement rate. This finding is consistent with results for geotextile-GM interfac-
es (Stark et al. 1996). The lack of a trend indicates that shear displacement effects for GCL internal
shear strength are likely due to the contribution of the fiber reinforcements and bentonite. The lack
of trend also implies that faster shear displacement rates may be used in practice to replicate field
conditions.

6.4 GCL Internal Shear Strength Variability

The spread in the data shown in Figure 18 indicates that GCL-GM interface shear strength is as vari-
able as GCL internal shear strength. The variability in GCL internal and GCL-GM interface shear
strength values may have implications on the weakest plane in a liner system. Figure 20 shows a
comparison between the variability in GCL internal and GCL-GM interface shear strength for tests
with the same conditioning procedures and shear displacement rate. The mean failure envelopes for
the sets of data indicate that the GCL internal shear strength is significantly above the GCL-GM in-
terface shear strength. However, due to variability, a zone of overlap is observed. In this zone, the
GCL internal shear strength may be less than the GCL-GM interface shear strength. The data shown
in Figure 20 indicate that design of composite liner systems on a slope will be governed by GCL-GM
interface shear strength except in the overlap zone delineated by the two failure envelopes. In this
zone, either the GCL internal or GCL-GM interface shear strength may be the lower strength.

The GCL and GM specimens with shear strength shown in Figure 20 were obtained from the cen-
ter of different manufacturing lots (i.e., a set of rolls manufactured in a given batch). Zornberg et al.
(2005) found that the variability in peak shear strength of GCLs sampled from the same manufactur-
ing lot is less than the variability within different rolls due to manufacturing differences over time.
Because the direct shear test provides the shear strength of a relatively small specimen with respect to
the area of the roll, the variability in shear strength within a given roll is expected to average out over
the length of a slope. However, McCartney et al. (2005) observed that variability in shear strength
between rolls from different lots used at a given job site may not average out over the area of the
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landfill, leading to zones that have lower shear strength than others. This observation emphasizes the
need to conduct project-specific and product-specific shear strength testing.
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Figure 20: Internal and interface shear strength for tests with the same conditioning procedures

7 LABORATORY AND FIELD SHEAR STRENGTH COMPARISONS

Although analyses of slope failures involving GCLs are not widely published, the slope failures at the
Mahoning landfill site (Stark et al. 1998) and the US Environmental Protection Agency (EPA) GCL
test section in Cincinnati, Ohio (Daniel et al. 1998; Stark and Eid 1996) provide excellent opportuni-
ties to verify the results of different test devices for GCLs. Stark et al. (1998) observed that failure of
the Mahoning landfill occurred along an unreinforced, geomembrane-backed GCL located in the
landfill base liner. Further, settlement of the overlying waste caused down-drag on the liner system,
resulting in large shear displacements. To simulate field conditions, the investigation included a
study of the loading procedures and the hydration process for the GCL. The results of ring shear tests
on hydrated GCL internal and GCL-GM interfaces were consistent with the shear strength of the soil
back-calculated using two-dimensional limit equilibrium analysis.

Stark and Eid (1996) present a comparison of the results of a three-dimensional back-analysis of
failures at the EPA GCL test sections with direct shear and a ring shear test results on the same GCLs
and GMs. Daniel et al. (1998) observed failure at the interfaces between the woven geotextiles of a
needle-punched GCL and a textured HDPE GM, as well as between a stitch-bonded GCL and a tex-
tured HDPE geomembrane lying on a slope of about 23.5° (Daniel et al. 1998). The failures occurred
20 and 50 days after construction, respectively. For the interface failures between the GCLs and
GMs, the mobilized interface friction angle was approximately 21.5°. Ring and direct shear tests
were conducted on the same materials under fully hydrated conditions, and it was found that the ring
shear test obtained a peak friction angle of 22.5°, and the direct shear test obtained a peak friction an-
gle of 23.8°. Both test methods obtained friction angles slightly above the actual back-calculated
three dimensional friction angles, so the difference in actual and experimental friction angles may be
attributed to three dimensional effects, such as the strength contribution of the vertical failure surfac-
es at the edges of the veneer failure or differences in scale. In addition, further differences in the
shear strength measured in the laboratory and the shear strength back-calculated from forensic studies
may arise from the tensile forces that may develop in the carrier geotextiles of the GCL. This phe-
nomenon may increase the back-calculated shear strength of the GCL as the tensile forces provide
additional resistance to down-slope deformations.
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8 CONCLUSIONS

This chapter uses shear strength data from the literature and commercial databases to indicate the
basic concepts behind geosynthetic clay liner (GCL) internal and interface shear strength values ob-
tained from laboratory testing. The information in this chapter can be used guide the design of a site-
specific shear strength testing program. The effects of different variables on the GCL and GCL-
geomembrane interface shear strength are quantified. Specifically, the effects of normal stress, GCL
reinforcement, geomembrane texturing and polymer type, moisture conditioning, shear displacement
rate, and normal stress are assessed.
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