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ABSTRACT: This paper discusses the laboratory measurement of internal and
interface shear strengths of geosynthetic clay liners (GCLs). All relevant issues
are addressed, including test apparatus, gripping/clamping, hydration,
consolidation, shear displacement rate, and post-test measurements. The
standard 300 x 300 mm direct shear box is expected to remain the apparatus of
choice for GCL strength testing, although torsional ring shear and large-scale
direct shear devices have been used for research. A poor gripping/clamping
system may cause progressive failure of a GCL specimen, resulting in erroneous
peak and large displacement shear strengths. GCL specimens should be hydrated
and consolidated to match expected field hydration and loading conditions.
Consolidation stresses should be applied in small increments to minimize
bentonite extrusion. The appropriate displacement rate during shear is an issue
of continuing debate. Available data indicates that internal strengths of dry
GCLs and geomembrane/GCL interface shear strengths are essentially constant
for displacement rates of 1 mm/min. or less. Peak internal shear strengths of
hydrated GCLs generally increase with increasing displacement rate. Residual
internal shear strengths of hydrated GCLs may increase or remain constant with
increasing displacement rate. A maximum displacement rate of 0.1 mm/min. is
recommended for hydted GCL internal shear tests until this issue is resolved
Once a test is completed, the mode of failure should be recorded and GCL water
contents should be measured. Shear stress vs. displacement relationships should
be included as part of all GCL testing reports.
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Introduction

Geosynthetic clay liners (GCLs) are now widely used as hydraulic barriers in waste
containment facilities, ponds, canals, and other related engineering works. For facilities
involving slopes, GCL shear strength is often the primary factor governing design. A
stability analysis must consider the internal shear strength of the GCL and interface shear
strengths between the GCL and adjacent materials. Due to the variability of GCL
products and adjacent materials, each of these strength values must be obtained from
project-specific and product-specific tests under conditions that closely approximate those
expected in the field. New data on the variability of GCL shear test results is presented by
Chiu and Fox (2004).

The focus of this paper is the laboratory testing procedure used to measure shear
strengths of GCLs and GCL interfaces. This paper is preceded by many published works
on this topic, in particular Daniel et al. (1993), Frobel (1996), Gilbert et al. (1996), Stark
and Eid (1996), Eid and Stark (1997), Fox et al. (1997), Gilbert et al. (1997), Fox et al.
(1998), Koerner (1998), Eid et al. (1999), Marr (2001), Olsta and Swan (2001), Triplett
and Fox (2001), and Fox and Stark (2004). Discussions in the current paper have
benefited greatly from insights provided in these publications and summarize some of the
latest thinking on the measurement of GCL internal and interface shear strengths.

ASTM Standard Test Procedure

The current standard test procedure, ASTM Test Method for Determining the
Internal and Interface Shear Resistance of Geosynthetic Clay Liner by the Direct Shear
Method (D 6243), requires that GCLs be tested in direct shear with a minimum specimen
dimension of 300 mm. The test specimen is sheared between two shearing blocks, each of
which is covered with a gripping system (i.e., rough surface) that transfers shear stress to
the specimen. End clamping of geosynthetics at the edges of the shearing blocks is
permitted to facilitate shearing at the desired location within the specimen. The
gripping/clamping system should securely hold the test specimen to the shearing blocks
and not interfere with the measured shear strength. The gripping system should also be
rigid and permit free water flow into and out of the specimen (if necessary). Specimen
conditioning procedures are specified by the user, including test configuration, soil
compaction criteria (if applicable), hydration/consolidation procedures, normal stress
level(s), and method of shearing. Specimens should be sheared to a minimum
displacement (D) of 50 mm using displacement-controlled (i.e., constant rate of
displacement) or stress-controlled methods, the latter of which includes constant stress
rate, incremental stress, and constant stress creep. Displacement control is needed to
measure post-peak response. Test data must be corrected for any machine friction that is
included in the measured shear force. For displacement-controlled tests, ASTM D 6243
recommends the following maximum shear displacement rate R,

R= )



where:
D, = estimated displacement at peak or large displacement shear strength as

requested by the user,
t., = time required for the specimen to reach 50 percent consolidation (double-

drained) under similar normal stress conditions, and
h =1 for internal GCL shear with drainage at both boundaries

= 4 for shear of the interface between a GCL and an impermeable material
= 0.002 for shear of the interface between a GCL and a pervious material

If excess pore pressures are not expected to develop on the failure surface for a GCL
interface shear test, ASTM D 6243 allows a maximum displacement rate of 1 mm/min.
At the end of the test, the failed specimen is inspected and the mode of failure is
recorded. Discussions in the following sections are presented within the context of ASTM
D 6243.

Shearing Devices

Shear strengths of GCLs and GCL interfaces have been measured primarily using
direct shear and torsional ring shear devices. The direct sle@edhas several
advantages, including shear that occurs in one direction, the capability to test relatively
large specimens with minimal edge effects, and shear displacement that is nominally
uniform across the width of the specimen. The primary disadgarof the standard 300
x 300 mm direct shear test device is that the maximum shear displacement (typically 50
to 100 mm) is not sufficient to measure the residual shear strengtf (nost GCLs and

GCL interfaces. Fox et al. (199dgeveloped a direct shear device capable of shearing
large GCL specimens (406 x 1067 mm). The maximum displacement of that device (203
mm) was sufficient to achieve residual internal shear conditions for GCLs (Fox et al.
1998) but was insufficient to aclvie residual shear conditions for textured geomembrane
(GMX)/GCL interfaces (Triplett and Fox 2001). Another disadvantage of the direct shear
device is that the area of the failure surface decreases during shear, which may increase
the shearing normal stegs, ) and require an area correction for data reduction. To

avoid this problem, many GCL direct shear devices have a top shearing block that moves
across a longer bottom shearing blotkowever, this results in the movement of
previously unconsolidated and unsheared material into the failure surface, which can also
potentially alter the measured shear stress-displacement (¢ -D) response.

The torsional ring shear device has the advantage that unlimited shear displacement
is possible, mang it ideal for the measurement of residual shear strength. Also, the
failure surface area is constant during shear. The disadvantages of ring shear are that
shear displacement does not occur in one direction (which may be important for
geosynthetics thalisplay inplane anisotropy), relatively small specimens are tested, and
shear displacement is not uniform across the width of the specimeruriform shear
displacement can cause different parts of the specimen to fail at different times during the
test (i.e., progressive failure). In the ring shear device, progressive failure theoretically
proceeds from the outer edge of the test specimen to the inner edge and thus affects the



measured value of peak shear strendth).(The measwment off, is not affected by
nonuniform displacement across the specimen. Values, aheasured from ring shear

tests are usually in agreement with those measured from direct shear tests if the ratio of
inside specimen diameter to outside specimen diameter exceeds 0.7 (Stark and Poeppel
1995). Comparative tests on dry bentonite/GMX and hydrated needle-punched (NP)
GCL/GMX interfaces using ring shear and direct shear devices yielded ¢, values,but not

t -Drelationshipsthat were in close agreement (Stark and Eid 1996, Eid and Stark 1997).
The modified Bromhead ring shear device used in these studies had an inside diameter to
outside diameter ratio equal to 0.4. Currently, ASTM D 6243 does not allow for the
substitution of torsional ring shear testing for direct shear testing. Direct shear is likely to
remain the preferred test method for GCLs because large specimens can be tested and
shear strengths are measured in one direction with nominally uniform shear displacement.

Specimen Gripping/Clamping System

One of the most important aspects of a GCL shearing device is the
gripping/clamping system that secures the test specimen to the shearing blocks. The
gripping system should provide high friction agsithe specimen and may contain short
sharp pins or teeth that W@Abited into the
slippage. The clamping system usually consists of a -arapnd mechanism or
mechanical compression clamps that securelgifagte ends of the geosynthetics to the
edges of the shearing blocks. Ideally, to obtain accurate -slisgdacement behavior, a
gripping/clamping system should enforce uniform shearing of the test specimen over the
entire failure surface at all levels displacement. To achieve such a condition, the
gripping system must prevent any slippage between the test specimen and the shearing
blocks. If slippage occurs, tensile forces will be generated in the geosynthetics and
progressive failure of the test spmein may result. Because many gripping systems used
for GCL testing are not sufficiently aggressive to shear strong materials (e.g., reinforced
GCLs) without assistance, clamping systems are used to facilitate shearing of GCL test
specimens in nearly allgéng laboratories. In addition to preventing slippage, a gripping
system should not interfere with the measured shear strength over a wide range of normal
stress and should provide excellent drainage for hydrated GCL tests.

A few studies have reported tlevelopment of effective gripping systems for the
shear of GCLs and GCL interfaces. The third author has had good success using a
Atextured steel gripo that consists of
attached to the shearing blocks (Traugeal. 1997, Olsta and Swan 2001). Fox et al.
(1997) used modified metal connector plates (i.e., joint connector plates for wood truss
construction), which have the advantage of providing a well drained surface in addition to
a large number of sharp tedttat uniformly grip a GCL specimen. These plates provided
a sufficiently aggressive gripping system that even very strong NP GCLs could be sheared
internally without the use of end clamps (Fox et al. 1998). Triplett and Fox (2001) glued
singlesided GMX spcimens to the top shearing block for GMX/NP GCL interface
strength tests. This method prevented slippage of the GMX but was limited to lower
normal stresses by the shear strength of the glye<( approx. 280 kPa). Gluing is not
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recomnended for GCL specimens because of possible interference with the failure

mechanism (e.g., pullout of fibers, rupture of stitches). Gluing has been used for NP
GCLs tested in ring shear (Eid et al. 1999), however careful steps were followed to ensure
thatthe glue was not applied to materials near the failure surface.

The type of gripping system can have a large impact on the quality of shear test
results. Figure 1 presentsvs. Drelationships for internal shear of hydrated NP GCLs
obtained using three different gripping/clamping systems. Figures 1(a) and 1(b) present
data for a woven (W)/nonwoven (NW) NP GCL product and Figure 1(c) presents data for
a NW/NW NP GCL product. The figures correspond to different GCL lots, rolls, and
products and are thus probably not suitable for direct quantitative comparison. Instead,
the shapes and similarity of the curves are important for the current discussion. Figure
1(a) shows the results of four shear tests conducted using the modified meéaita@onn
plate gripping system without end clamps. Inspection of the failed specimens indicated no
discernable slippage between the gripping surfaces and the carrier geotextiles during
these tests. The relationships display similar smooth shapes and shavp peaks at
low displacements. The -Drelationships in Figure 1(a) are probably an accurate
representation of actual material shear behavior. Figure 1(b) shows relationships obtained
using the textured steel gripping system with end clamps. These curves display slightly
wider peaks with smhbbktress undulations but still have good overall similarity. Figure
1(c) shows relationships that suggest problems occurred during Bhearrelationships
display double peaks, unusually wide peaks, poor similarity, an absence of post-peak
strength reduction (s, ;= 96 kPa), and undulations that are non-physical. The erroneous

relationshipsin Figure 1(c) were probably caused by slippage due to a poor specimen
gripping system. The resulting progressive failure effects will produce an inaccurate
(likely conservative) peakfailure envelope and an inaccurate (likely unconservative) large
displacement failure envelope. Machine friction problems are another possible cause of
erroneous shear stress-displacement relationships and can result in unconservative peak
and large displacement failure envelopes.

Examination of shear stress-displacement relationships is an easy way to make a
preliminary assessment of the quality of GCL shear test results. Currently, some
production testing laboratories provide shear stress-displacement relationships along with
peak and large displacement shear strengths, while other laboratories do not. It is
recommended that shear stress-displacement relationships be routinely included as part of
the test results package for a GCL shear testing program.

Hydration Stage

GCLs and GCL interfaces should be sheared under hydrated conditions when
hydration is expected in the field. Full hydration should always be expected in the field
unless the bentonite is encapsulatedvbenh two geomembranes (GMs). Encapsulated
GCLs are constructed by placing a second GM over an unreinforcesu@pbrted GCL.
Reinforced GCLs have also been placed between two textured geomembranes in some
applications. It is currently unknown how much lmerite hydration occurs within an
encapsulated GCL over the design life of a waste disposal facility. Thiel et al. (2001) and
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FIG. 1—Examples of stress-displacement relationships for internal shear of NP GCLs:
(a) curves obtained using modified metal connector plates without end clamps (Fox et al.
1998), (b) curves obtained using a textured steel grip with end clamps, and (c) curves that

suggest problems occurred during shear.



Giroud et al. (2002) presented theoretical analyses oftknng bentonite hydration due
to water migration through overlaps and defective seams fors@Morted GCLs.
However, test data on this issue is uniabde.

Tap water is almost always used for the hydration of GCL test specimens. GCL
specimens should be initially hydrated under the normal stress expected in the field at the
time of hydration. This hydration normal stress, () will often be a low value. Ideally, a

GCL specimen should be hydrated to equilibrium (i.e., until volume change ceases), a
procedure that may require a hydration timyg @s long as several weeks. As a practical

alternative, Gilbert et al1997) suggested that a GCL can be considered fully hydrated
when the change in thickness is less than 5 percent over a 12 h period. However, using
this criterion will typically still requiret, = 10 to 20 days. Most production testin

facilities currently hydrate GCLs for 1 to 2 days.

Hydration to equilibrium may not be practical for production testing in which GCL
specimens are hydrated in the shearing device. There are two ways to circumvent this
problem. First, sme direct shear devices have separate shearing frame and shear box
assemblies so that multiple GCL specimens can be hydrated simultaneously outside of the
shearing frame. As a result, shear tests are not delayed by the lengthy time required to
hydrate each specimen. Second, an accelerated hydration procedure can be used to reduce
the in-device hydration time (Fox et al. 1998). According to this method, a GCL
specimen is hydrated outside of the shearing device for two days under a very low normal
stress by adding just enouglater to reach the expected final hydration water content
(estimated from previous tests). The specimen is then placed in the shearing device and
hydrated with free access to water for two additional days under the dssired/lost

GCL specimens attain equilibrium in less than 24 h using this procedure (Fox et al. 1998,
Triplett and Fox 2001). Figure 2 illustrates the performance of the accelerated hydration
procedure for two specimens of a W/NW NP GCL product. One specimen was piaced d
in the shearing device and hydrated with free access to water gapger38 kPa. A

second specimen was hydrated using the accelerated procedure. In this case, the GCL
specimen was placed in a shallow pan, brought to a water comt286 gercent, and

cured for two days under a 1 kPa normal stress (applied using dead weights). The GCL
specimen was then placed in the shearing device and hydrated with free access to water
unders .= 38 kPa for an additional two daydeasurements of internal pore pressure

and vertical displacement (i.e., volume change) during hydration indicate that the GCL
specimen hydrated using the accelerated procedure reached equilibrium within 10 h.

Consolidation Stage

If the shear strengthf@ GCL or GCL interface is desired at the hydration normal
stress, then shearing can begin once the GCL is fully hydrated. However, normal stress
often increases on a GCL after hydration in the field and shear strength values are needed
at higher normal teess levels. The best test procedure to obtain these strengths is to
consolidate GCL test specimens fras, to various shearing normal stresses. It is

important to follow the same normal stress sequence for hydration/consoliddtien in
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FIG. 2—Effect of accelerated hydration procedure for a W/NW NP GCL (Fox et al.
1998).

laboratory as expected in the field because this sequence affects the shear strength of
hydrated bentonite (Eid and Stark 1997). Figurem@® 4 show this effect for shear tests
conducted on a hydrated GMX/GMupported GCL (i.e., bentonite) interface. Specimens
hydrated ats,, = 17 kPa and then consolidated 4q, (Figure 4) showed 25 to 30

percent lowe shear strengths than corresponding specimens that were hydrated under the
shearing normal stress, i.&.,, = S, (Figure 3).Hydration at low normal stress results
in more water being adsorbed into the double-layers of the bentonite particles, apparently
not all of which is expelled during subsequent consolidation. Hydration stress history has
also been shown to affect the peak and large displacement shear strengths of GMX
interfaces with needipunched and stitehonded GCLs (Hewitt et al. 1997).

Little data is currently available on the optimal consolidation procedure for GCL
specimens in the laboratory. A single rapid normal stress change from s, to S, is not

appropriate | . .
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