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Abstract Geosynthetic clay liners (GCLs) have been

widely used as a hydraulic barrier along with HDPE geo-

membrane (GM) in landfills. Both the internal and interface

strengths of GCLs are very important for evaluating landfill

stability. An improved simple shear apparatus used in this

study does not force the shear failure to occur along a pre-

determined plane. The composite specimens can fail along

any interface or through shearing of the GCL internally.

The displacement of each component of the specimen can

also be measured during the tests. When non-woven geo-

textile side contacts textured GM (NWGT/GMX) and

woven geotextile side contacts compacted clay layer

(WGT/CCL) for a dry GCL, the failure interface can

change from NWGT/GMX interface to WGT/CCL inter-

face with the increases of the normal stresses. Conversely,

when woven geotextile side contacts textured GM (WGT/

GMX) and non-woven geotextile side contacts compacted

clay layer (NWGT/CCL) for a dry GCL, the failure always

occurs at the WGT/GMX interface for all applied normal

stresses. The internal failure of the GCL did not occur

when the normal stress increased up to 1,500 kPa for the

GCL in dry condition.

Keywords Simple shear � GCL � Displacement �
Interface strength � Peak strength

Introduction

Geosynthetic clay liners (GCLs) are thin hydraulic barriers

containing approximately 5 kg/m2 of bentonite, sandwiched

between two geotextiles or attached, with an adhesive, to a

geomembrane (Bouazza 2002). As a hydraulic barrier, a

GCL is an alternative to a compacted clay liner (CCL) and is

widely used in the composite liner and cover systems of

municipal solid waste (MSW) landfills (Qian et al. 2002).

Considering the very low shear strength of the hydrated

sodium bentonite, a large number of tests have been con-

ducted to investigate the internal and interface shear strength

properties of GCLs (Gilbert et al. 1996; Fox et al. 1998;

Triplett and Fox 2001; Fox and Stark 2004; Zornberg et al.

2005; McCartney et al. 2009). Laboratory direct shear test

results show a post-peak strength reduction for GCL inter-

faces and reinforced GCL internal face. GCL is generally

laid dryly in the liner construction process, and then GCL can

absorb moisture from the subbase soil with time (Anderson

et al. 2012). Although full hydration represents the most

critical state of GCL in base liner, dry or partial hydration is

the most common state of GCL at work.

Translational failure along the liner system is a major

concern in the design or construction of MSW landfill

liners (Koerner and Soong 2000). For the multiple layered

geosynthetic liner systems, there may be two or more

critical potential sliding interfaces. For engineering appli-

cation, it is worthwhile to determine the shear strength of a

composite liner and the location of the failure surface

within the liner. A typical MSW landfill liner system in

China consists of a textured geomembrane (GM) underlain
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by a needle-punched GCL, which in turn is underlain by a

compacted soil layer (k \ 10-5 cm/s; CJJ 113-2007 2007).

Recently, shear strength of composite liner system attracted

the attention of scholars. Eid (2011) conducted torsional

ring shear tests of a GM/GCL/silty clay liner without

forcing failure to occur through a pre-determined plane.

The torsional ring shear tests showed that failure of the

composite liner system could be controlled by different

failure modes depending on the magnitude of normal stress

(rn) and the comparative values of the GCL interface and

internal shear strength (Eid 2011). The critical failure face

changed from the interface between needle-punched GCL

and silty clay (rn \ 75 kPa) to interface between GCL and

textured GM (rn = 100 * 250 kPa), and then to GCL

internal (rn = 300, 350 and 400 kPa) as normal stress

increases. Fox and Ross (2011) conducted large direct

shear tests for GM/GCL composite interfaces without

forcing failure plane. Large direct shear tests showed that

the failure face would change from the interface to GCL

internal as normal stress increases (Fox and Ross 2011). In

the tests of Eid (2011) and Fox and Ross (2011), GCL

internal displacement and interface displacement between

GCL and its adjacent materials could not be obtained

because the test machine was unable to measure the dis-

placement of GCL. This paper introduces an improved

simple shear apparatus and corresponding testing method

for a composite liner containing GCL. Through the testing

method, GCL internal displacement and interface dis-

placements between GCL and its adjacent materials can be

measured during shearing. Detailed analyses about shear

behavior of a composite liner containing GCL can then be

obtained.

Apparatus and test materials

Simple shear tests were performed for various GCL com-

posite liner systems by using a large improved simple shear

apparatus in this research (Fig. 1). The diameter of the

specimens is 300 mm. The normal stress is applied by a

hydraulic oil cylinder and controlled by a computer. The

specimens can be sheared under a large range of the normal

stresses. The maximum normal stress can be up to

2.8 MPa. The shearing system is powered by two stepper

motors that rotate two lead screws and pull the lower shear

box forward at a constant displacement rate. The force

sensors are installed at the vertical axial direction and the

lateral shear direction of the apparatus, respectively. The

shearing displacement can be measured by the displace-

ment sensors. The values of the forces and displacements

can be automatically recorded by a computer during the

tests. Two rows of free-rolling, stainless-steel balls were

installed between the lower shear box and the bottom plane

to minimize the friction resistance due to the applied nor-

mal stress.

Several thin steel rings were made with a thickness of 1

or 2 mm and an inside diameter of 300 mm. These rings

are attached to the upper and lower sides of the GCLs

geotextiles to measure the internal and interface displace-

ments of the GCL during the tests. The maximum shearing

displacement can occur at any weakest interface or internal

face in the composite liner system by using this simple

shear apparatus. In order to investigate the peak shear stress

for different layers of the composite liner system, a hori-

zontal displacement of 35 mm was selected to be used in

the tests.

Resistance type 
displacement sensor

Normal force 
sensor inside

Shear force sensor

Shearing direction

Fig. 1 Large direct shear

apparatus (photo courtesy of the

writers)
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The smooth side of the GM was glued to a rigid steel

block placed in the lower shear box. From top to bottom, a

set of the testing specimens consists of the compacted clay

layer, GCL, and GM. Two thin stainless-steel rings with an

inside diameter of 300 mm and the same outside dimen-

sions as the upper and lower shear boxes were glued to the

upper and lower geotextiles of the GCL, respectively, by

using epoxy resin, as shown in Fig. 2. The internal and

interface displacements of the GCL can be obtained by

measuring the lateral movements of the lower shear box

and the two thin rings.

The friction forces may be mobilized by the interface

between the frame of the upper shear box and upper thin

ring, the interface between the upper geotextile of the GCL

and the lower thin ring, and the interface between the lower

geotextile of the GCL and the frame of the lower shear box,

which may affect the testing results. However, the calibration

test results show that the maximum friction forces mobilized

by these interfaces will not exceed 0.2 kN under the weight

of the upper shear box. Comparing with the measured peak

shear force, the experimental errors caused by the friction

forces will be \5 % at rn = 100 kPa and \2 % at

rn = 300 kPa, respectively. The errors will decrease with

the increase of the normal stress. In that case, the influence of

the friction forces for the testing results can be ignored.

The GCL used in tests was supplied by a GCL company

of China and consists of approximate 5 kg/m2 of sodium

bentonite encapsulated between a woven silt-film polypro-

pylene geotextile and a non-woven, needle-punched poly-

propylene geotextile, which are needle-punched together.

The liquid limit of the bentonite in the GCL is 240 % and the

swell index is 25 ml/2 g. Other geotechnical parameters of

the GCL are listed in Table 1. A 1.5-mm one-side textured

HDPE geomembrane was used in the tests. Local clay was

used in the tests with the optimum water content of 16 % and

the maximum dry density of 17.7 kN/m3.

Unlike the direct shear apparatus, the large improved

simple shear apparatus used in this study does not force the

shear failure to occur along a pre-determined plane. The

composite specimens can fail along the GCL woven or non-

woven geotextile side/textured geomembrane interface, the

GCL non-woven or woven geotextile side/compacted clay

interface, or through shearing of the GCL internally.

Simultaneous shearing of a composite liner specimen that

contains several components affected by the same testing

conditions helps in simulating the field conditions more

rather than testing shear strength of each interface indi-

vidually. Another advantage of this simple shear apparatus

is that the displacement of each component of a composite

liner specimen can be measured during the tests, which is

impossible for the torsional ring shear apparatus.

Test procedure

Specimen preparation

ASTM D 6243-09 (2009) recommends that GCLs should

be tested in direct shear with a minimum specimen

dimension of 300 mm. First of all, GCL specimens were

Stainless steel block

Upper shear box
Rigid baffle

Lower shear box

Rigid block

Rigid block

HDPE texture geomembrane Woven/nonwoven 
goetextile

Nonwoven/woven 
geotextile

Displacement 
sensor

Normal force

Horizontal 
shear force

Stainless 
steel sheets

Compacted clay

Epoxy resin

Surface glued by 
organic PE glue

Fig. 2 Schematic diagram for set-up of the simple shear tests
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cut to 370 9 370 mm size. Except for the center 300-mm

diameter circle area, the needle-punched reinforced fibers

of the GCL specimen were cut and removed. Then, the

bentonite beyond the 300-mm diameter circle area was

removed carefully. Two thin stainless-steel rings with an

inside diameter of 300 mm were glued to the non-woven

geotextile side and to the woven geotextile side of GCL,

respectively, by using epoxy resin, as shown in Fig. 2. The

GCL specimen was maintained at least 24 h before testing

to allow the epoxy resin to gain adequate strength. The

smooth side of the GM was glued at a circle metal block by

using special organic PE glue and then set in the lower

shear box.

The steel blocks were placed under the GM in the lower

shear box to avoid vertical displacement. This also ensures

the textured surface of the GM to stay on the top of the

lower shear box under the high normal stresses during the

tests. The prepared GCL specimen was placed over the

textured side of the GM. The upper shear box with the

compacted clay was then placed over the GCL specimen.

Some Vaseline was smeared on the inside wall of the upper

shear box to reduce the friction between compacted clay

and the apparatus. Preparation of clay sample was

according to ISO/TS 17892-10-2004 (2004). The clay was

compacted to its maximum dry density (17.7 kN/m3) in the

upper shear box by two layers. The tests were divided into

two groups. Test Group A is the non-woven geotextile side

of the GCL that contacted the textured geomembrane

(NWGT/GMX) and the woven geotextile side of the GCL

contacted the compacted clay layer (WGT/CCL). Test

Group B is the woven geotextile side of the GCL that

contacted the textured geomembrane (WGT/GMX) and the

non-woven geotextile side of the GCL contacted the

compacted clay layer (NWGT/CCL). For Test Group A,

the specimens were sheared at the normal stresses of 50,

100, 200, 300, 400, 500, 800, 1,300, and 1,500 kPa,

respectively. For Test Group B, the specimens were

sheared at the normal stresses of 100, 300, 500, 800, and

1,300 kPa, respectively.

Vertical loading and shearing

Settlement stabilization for the compacted clay layer

placed in the upper shear box can be obtained in 6 h after

applying normal stress. The shearing displacement rate can

affect the test results of both the internal and interface

strengths of the GCL. However, the effect of the shearing

displacement rate can be neglected for dry GCLs when the

displacement rate (R) is less than 1 mm/sec (Eid and Stark

1997, 1999; Ross et al. 2011). In order to eliminate the

effect of the shearing displacement rate on the test results,

a shearing displacement rate of 0.3 mm/min was selected

in this research. A total of three shearing displacementsT
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was recorded by using the computer during the tests. They

are the displacement of the lower shear box where the GM

is fixed (d1), the displacement of the lower thin ring

attached on the lower geotextile of the GCL (d2), and the

displacement of the upper thin ring attached on the upper

geotextile of the GCL (d3). The value of d1 represents the

total shearing displacement of the composite liner system

used in the tests (D1), which is similar to the study of Fox

and Ross (2011). The interface displacement between the

textured geomembrane and the lower surface of the GCL

(D2) can be obtained from the difference of the displace-

ment of the lower shear box and the displacement of the

lower thin ring, i.e., d1 - d2. The internal displacement of

the GCL (D3) can be calculated from the difference of the

displacement of the lower thin ring and the displacement of

the upper thin ring, i.e., d2 - d3. The value of d3 represents

the interface displacement between the upper surface of the

GCL and the compacted clay layer (D4).

Test results

The shear stress and the displacement of each internal face

and interface in the liner system were recorded during the

tests. Table 2 provides a summary of the test results. The

detailed analysis is provided as follows.

Displacement behavior

The relationships between displacements and time for each

internal face and interface of the tested liner systems for

Test Groups A and B are shown in Figs. 3 and 4,

respectively. The curves of the total displacement (D1)

versus time appear linear under all normal stresses as

shown in both Figs. 3 and 4. It can be found in Figs. 3 and

4 that if the displacement of an interface in the liner system

can continuously increase with time under a certain normal

stress during the test, this interface must be the critical

failure interface (i.e., the weakest interface) of the liner

system under this normal stress.

For Test Group A, it can be seen in Fig. 3 that the

critical failure face changes from the interface of NWGT/

GMX to the interface of WGT/CCL with increase of the

normal stress. The critical failure face is located at the

interface of NWGT/GMX for rn = 50, 100, 200, 300, and

500 kPa. The critical failure face is located at the interface

of WGT/CCL for rn = 400, 800, 1,300, and 1,500 kPa.

Note that the critical failure face shifts from the interface of

NWGT/GMX to the interface of WGT/CCL for

rn = 400 kPa, as shown in Fig. 3e; and then the critical

failure face shifts back from the interface of NWGT/GMX

again for rn = 500 kPa, shown in Fig. 3f. The critical

failure face is stably located at the interface of WGT/CCL

when the normal stress is greater than 500 kPa. This phe-

nomenon was confirmed by repeated tests. The strength

variability of the interfaces of multilayer geosynthetic liner

systems may cause such phenomena (Dixon et al. 2006). It

also indicates that the shear strengths of the interfaces of

NWGT/GMX and WGT/CCL are very close when the

normal stress changes between 400 and 500 kPa. Thus,

there is a critical range of the normal stress for Test Group

A (i.e., rn = 400 * 500 kPa) in which the failure may

occur at the interface of either NWGT/GMX or WGT/

CCL.

Table 2 Summary of test results

Test

group

Normal

stress (kPa)

Peak strength

(kPa)

Total horizontal

displacement at tp (mm)

Failure

surface

Displacement of critical

failure surface at tp (mm)

A 50 45.3 2.5–2.8 NWGT/GMX 1.6–2.5

A 100 60.8 7–9 NWGT/GMX 3.5–4.5

A 200 117.4 14–15 NWGT/GMX 4.5–5.5

A 300 169.8 14–15 NWGT/GMX 4.5–5.5

A 400 236.3 – WGT/CCL –

A 500 287.2 17–19 NWGT/GMX 5.5–6.5

A 800 377.7 – WGT/CCL –

A 1,300 592.8 – WGT/CCL –

A 1,500 611.2 – WGT/CCL –

B 100 60.8 3–4 WGT/GMX 1.5–2.0

B 300 144.30 4–5 WGT/GMX 1.8–2.6

B 500 241.92 10.7–10.9 WGT/GMX 5.9–6.2

B 800 349.43 10.1–10.3 WGT/GMX 5.8–5.9

B 1,300 615.40 13.9 WGT/GMX 6.5

Series A refers to tests when GCL non-woven side contacts textured GM, and series B refers to tests when GCL woven side contacts textured

GM. tp is the moment peak strength is reached
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Figure 4 shows that the transition of the failure interface

does not occur for Test Group B. The critical failure face is

always located at the interface of WGT/GMX for all of the

applied normal stresses used in the tests. No internal failure

in the GCL was observed for either of the test groups in this

research. This observation indicates that the internal failure

will not occur when the geotextile-encased, needle-pun-

ched GCL used in the composite liner system is in dry

condition.

For a composite liner system that contains two or more

potential failure faces, the interface or internal displace-

ment in the liner system occurs not only at the critical

failure interface (Figs. 3 and 4). The displacement mobi-

lized at each internal and interface in the liner system

mainly depends on the shear stress-displacement relation-

ship of each interface. It can be seen from both Figs. 3 and

4 that the displacements can be mobilized at each interface

of GCL/GM and GCL/CCL and the internal face of the

GCL at the beginning of shearing. The value of the

displacement at the non-critical failure face will maintain

constancy after it increases to a certain ‘‘stable’’ value.

However, the value of the displacement at the critical

failure face will continuously increase with time. The

‘‘stable’’ value of the internal displacement in the GCL for

both Test Groups A and B demonstrates approximate

hyperbolic growth with increase of the normal stress

(Fig. 5). Similarly, the ‘‘stable’’ values of the displace-

ments at the interface of WGT/CCL for Test Group A

(Fig. 3) and at the interface of NWGT/CCL for Test group

B (Fig. 4) also increase with increase of the normal stress.

They are approximately equal to 11.4 mm at rn = 500 kPa

for Test Group A and 7.2 mm at rn = 1,300 kPa for Test

Group B.

Stress-displacement behavior

The relationships between the shear stress and the total

displacement for the tested composite liners are shown in
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Fig. 3 Displacement-time relationships for simple shear tests (Test Group A)
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Fig. 6. For Test Group A, the shapes of the shear stress-

total displacement curves are similar to the stress-dis-

placement curves of the interface of NWGT/GMX for

rn = 50, 100, 200, 300, and 500 kPa, (see Fig. 7a for

rn = 200 kPa). These curves have peak strength (sp) and

display a strain-softening (i.e., post-peak strength loss)

behavior. The displacement corresponding to the peak

strength (dp) increases with increase of the normal stress.

Because of the limitation of the shearing displacement for

the apparatus, the residual shear strength cannot be

obtained in this study. Thus, the investigation regarding the

post-peak strength behavior is not included in this study.

The shear stress-total displacement curves do not display

the strain-softening behavior for rn = 400, 800, 1,300 and

1,500 kPa. The critical failure interface has changed from

the interface of NWGT/GMX to the interface of WGT/

CCL under these normal stresses. The shear stress-total

displacement curves under these normal stresses are similar

to the results of the interface of WGT/CCL from the direct

shear tests conducted by Lee and Manjunath (2000). It can

be seen in Fig. 6a that an extra small peak strength appears

at the displacement of 3 mm for the curve of

rn = 1,300 kPa. It may be caused by some movement of
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relationships for simple shear
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the steel block in the lower shear box at the beginning of

the test due to the set-up problem of the device (Fox and

Kim 2008). The shear stress-total displacement curves are

also similar to the stress-displacement curves of the inter-

face of WGT/CCL for rn = 400, 800, 1,300, and

1,500 kPa (see Fig. 7b for rn = 400 kPa).

For Test Group B, the shapes of all of the shear stress-

total displacement curves are similar to the stress-dis-

placement curves of the interface of WGT/GMX for all

normal stresses (see Fig. 7c for rn = 500 kPa). All of

these curves have peak strength (sp) and demonstrate

strain-softening behavior. The displacement corresponding

to the peak strength (dp) increases with increase of the

normal stress. Failure always occurs at the interface of

WGT/GMX for rn = 100, 300, 500, 800 and 1,300 kPa.

Peak strength and failure mode

The peak shear strengths at the critical failure interface

under various normal stresses for both Test Groups A and

B are plotted in Fig. 8. The test results adopted from Chiu

and Fox (2004) and Triplett and Fox (2001) are also plotted

in Fig. 8 to make comparisons. Figure 8 shows that the

peak failure envelope for Test Group A is linear when the

critical failure interface is located at the interface of

NWGT/GMX for rn = 50, 100, 200, and 300 kPa. The

peak failure envelope for Test Group A becomes non-linear

when the critical failure interface is located at the interface

of WGT/CCL for rn = 800, 1,300, and 1,500 kPa. It

indicates that the friction angle at the failure interface

decreases with increase of the normal stress. For Test

Group B, the critical failure interface is always located at

the interface of WGT/CCL for all normal stresses. The

peak failure envelope for Test Group B is lower than that

for Test Group A when rn B 500 kPa (Fig. 8). The peak
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failure envelope for Test Group B can be well simulated by

a linear regression equation as follows:

sp ¼ 7:4 kPa þ rn tan 24:6� ð1Þ

It can be seen in Fig. 8 that the peak strength envelope for

Test Group B is slightly lower than the peak strengths at

the dry interface of WGT/GMX from the direct shear tests

conducted by Chiu and Fox (2004). The difference in the

results may be due to the testing materials (such as GCL

and GM) made by different manufacturers and the usage of

different testing devices (i.e., simple and direct shear

apparatuses). When the normal stress is low

(rn = 100 * 300 kPa), the peak strengths of the NWGT/

GMX interface from Test Groups A and the WGT/GMX

interface from Test Group B are close to that of the GCL

NWGT/GMX interface and the GCL WGT/GMX interface

tested by Triplett and Fox (2001), respectively. However,

the peak strength envelope of the WGT/GMX interface

from Test Group B is much higher than that of the WGT/

GMX interface as per Triplett and Fox (2001) when

rn [ 300 kPa. The GCL tested by Triplett and Fox (2001)

was fully hydrated by water. The mechanisms of the shear

strength of the GCL WGT/GM interface are complex

combinations of friction, hook and loop, and lubrication of

hydrated bentonite (Hebeler et al. 2005; Vukelić et al.

2008; Chen et al. 2010). Hydration may have little effect on

the peak strength of the GCL WGT/GM interface under

low normal stress. However, for a hydrated GCL, bentonite

extrusion will increase with the increases of the normal

stress, and the lubrication effect of bentonite at the GCL

interface may cause reduction of the interface strength.

Vukelić et al. (2008) reported that the bentonite extrusion

did not affect the peak strength of the GCL/GM interface in

dry condition. Vukelić et al. (2008) also found that the

bentonite extrusion was approximately zero when

rn \ 100 kPa and GCL hydration does not affect the

peak interface strength under low normal stress. This is

similar to the results presented above.

Eid (2011) used a torsional ring shear apparatus to

provide simultaneous shearing tests for a GCL composite

liner. The test results revealed that the critical failure

interfaces of a composite can change with the normal

stress. The test results also revealed three critical failure

interfaces for a composite liner consisting of textured

geomembrane, hydrated GCL, and compacted clay. In this

tested composite liner system, the location of the shear

failure surface depends on the magnitude of the applied

normal stress. There are three failure modes for this com-

posite liner system. The composite specimen fails along the

interface of NWGT/CCL when rn B 75 kPa, and along the

interface of WGT/GMX when rn = 100–250 kPa, and

through shearing of the GCL internally when

rn C 300 kPa. Fox and Ross (2011) also found that the

failure mode for the tested specimens consisting of the

textured geomembrane and hydrated needle-punched GCL

can change interface shear between NWGT side of the

GCL and Textured GM (i.e., NWGT/GMX) to internal

shear of the GCL as normal stress increases. Failure mode

transition occurred around the normal stress of 1,382 kPa.

Both the test results from Eid (2011) and Fox and Ross

(2011) show that a GCL composite specimen can fail

through shearing of the GCL internally as normal stress

increases. However, internal shear failure of the GCL was

not observed even when the normal stresses were increased

to 1,500 kPa for Test Group A and 1,300 kPa for Test

Group B in this study. That may be due to the difference in

GCLs used in each study. Hydrated GCLs were used by

Eid (2002) and Fox and Ross (2011) and dry GCL was used

in this study. Given that the hydrated bentonite has a very

low internal friction angle (e.g., 7� * 9�; Daniel et al.

1993), the internal shear strength for a hydrated needle-

punched reinforced GCL is mainly contributed by the

needle-punched fibers in the GCL. However, the internal

friction angle for dry bentonite can be up to 27�–36�
(Daniel et al. 1993). The internal shear strength for a dry

needle-punched reinforced GCL should be the combination

of the shear strengths of both dry bentonite and needle-

punched fibers in the GCL. It is much greater than the

internal strength of hydrated GCL and the interface

strength between the GCL and textured geomembrane or

compacted clay. This may be the reason why internal

failure did not occur for a dry GCL composite specimen at

a high normal stress.

Conclusions

With respect to the issue of investigation of shearing

behavior of GCL composite liner systems by using a large

improved simple shear apparatus, the following conclu-

sions are offered:
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1. The large improved simple shear apparatus used in this

study does not force the shear failure to occur along a

pre-determined plane. The composite specimens can fail

along the GM/GCL interface, GCL/CCL interface, or

through shearing of the GCL internally. Simultaneous

shearing of a composite liner specimen that contains

several components affected by the same testing condi-

tions helps in simulating the field condition more than

testing the shear strength of each interface individually.

Another advantage of this apparatus is that the displace-

ment of each component of a composite liner specimen

can be measured during the tests.

2. When the non-woven geotextile side of the GCL

comes in contact with the textured geomembrane

(NWGT/GMX) and the woven geotextile side of the

GCL comes in contact with the compacted clay layer

(WGT/CCL) (i.e., Test Group A), failure occurs at the

interface of NWGT/GMX when the normal stress is

\400 kPa. The critical failure face shifts to the

interface of WGT/CCL interface when the normal

stress is greater than 500 kPa. When the normal stress

changes between 400 and 500 kPa, failure may occur

at the interface of either NWGT/GMX or WGT/CCL.

Conversely, when the woven geotextile side of GCL

comes in contact with textured GM (WGT/GMX) and

the non-woven geotextile side of GCL comes in

contact with the compacted clay layer (NWGT/CCL)

(i.e., Test Group B), failure always occurs at the

interface of WGT/GMX even when the normal stress

is up to 1,300 kPa.

3. Internal shear failure of the GCL for a dry GCL

composite specimen did not occur even when the

normal stresses were increased up to 1,500 kPa for

Test Group A and 1,300 kPa for Test Group B in this

study. It indicates that the internal shear strength for a

dry needle-punched reinforced GCL is much greater

that the interface strength between the GCL and

textured geomembrane or compacted clay.

4. For a composite liner system that may contain two or

more potential failure faces, the displacement in the

liner system does not occur only at the failure face.

The simple test results showed that displacement can

be mobilized at each interface and internal face of the

GCL. The mobilized displacement mainly depends on

the shear stress-displacement relationship of each face

in the liner. The values of the normal stress corre-

sponding to the transition of the failure face can be

determined from the displacement behavior for each

interface in the liner system. The internal displacement

of the GCL increases non-linearly as the normal stress

increases. The internal displacement of the GCL

maintains a small value (\10 mm) under the entire

normal stresses used in this research.

5. The peak failure envelope for Test Group B is linear

for the entire stress range and the tangential friction

angle is 24.6�. The peak failure envelope for Test

Group A is non-linear and indicates that the friction

angle decreases with the increase of the normal stress.

When the normal stress is less than 500 kPa, the peak

strength obtained from Test Group A is greater than

that obtained from Test Group B.

A hydrated GCL will be used in future research. In

addition, a composite specimen such as the portion of a

double composite liner system, which consists of textured

geomembrane (i.e., primary geomembrane), reinforced

GCL (i.e., primary clay liner), and geocomposite drainage

layer (i.e., leak detection layer), will also be selected in

future research.
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