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1 INTRODUCTION 

Placing the municipal solid waste (MSW) in a landfill has 
become the common way of disposal. Landfills must be 
designed and constructed in a way preventing contamination of 
the  surrounding environment. As a result, specially designed 
liner and cover systems are usually placed at the base of landfill 
and over the waste top lift, respectively. As shown in Figure 1, a 
typical MSW landfill composite liner system consists of 
hydraulic barriers such as geomembrane and geosynthetic clay 
liner (GCL) sheets which are usually covered by a geocomposite 
layer or gravel sandwiched between two nonwoven geotextile 
layers for leachate collection. The hydraulic barriers are 
instrumental in preventing the infiltration of moisture or leachate 
to or from the waste, respectively. 

Figure 1.  Typical design of composite liner system for municipal solid 
waste landfills 

The liner system must withstand the possibly applied stresses 
without being affected in its function during and after 
construction phase. A careful estimation of these stresses as well 
as shear strengths of liner system serve as a basis for a safe 
landfill construction, operation, and closure. A study of 
interactive shear strength behavior of landfill liner system 
components is presented in this paper. This was done using a 
laboratory testing set up that provides simultaneous shearing for 
specimens of these components without forcing the shear failure 
to occur along a pre-determined plane. The effect of this 
behavior on the stability analyses of landfill slopes is also 
discussed. The interfaces and internal shear strengths of liner 
system components are project specific and product dependent. 
Therefore, the discussion of the test results and their applications 
focused on analyzing the shear behavior rather than determining 
the specific shear strength values required for the design of 
landfill liner systems. 

2 SPECIMEN PREPARATION AND TEST PROCEDURE 

A modified Bromhead ring shear apparatus that utilizes an 
annular specimen with an inside and outside diameter of 40 and 
100 mm, respectively, was used for the testing described herein 
(Fig. 2). For each test, a 1.5 mm (60 mil) thick textured high 
density polyethylene (HDPE) geomembrane was glued to the top 
platen. The textured geomembrane was manufactured by Gundle 
Lining Systems, Inc. of Houston, USA using a coextrusion 
process. The specimen container that could accommodate a 10-
mm-deep specimen was filled with compacted soil. Drainage 
through the soil is provided by annular bronze porous stone 
secured to the bottom of specimen container. The utilized soil 
has a liquid limit, plasticity index, and clay-size fraction 
(percentage of weight finer than 0.002 mm) of 39, 20, and 42%, 
respectively. The soil is classified as silty clay with medium 
plasticity (CL) according to the Unified Soil Classification 
System. Soils of these type and index properties exhibit the low 
permeability, low shrinkage potential, reasonable shear strength 
and workability that are needed for MSW landfill liners (Daniel 
& Wu 1993). The soil was mixed to its optimum moisture 
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into the specimen container. After soil compaction, the specimen 
container is installed in the ring-shear apparatus. To assemble a 
representative composite specimen, the soil surface was overlain 
by an annular GCL specimen which in turn overlain by the top 
platen with a secured textured geomembrane (Fig. 2). The GCL 
used in this study was manufactured by the National Seal 
Company, Illinois, USA and is referred to as Bentofix. The GCL 
consisted of powder bentonite between a woven and nonwoven 
geotextiles that are needle-punched together to provide internal 
reinforcement. The edges of GCL specimens were moistened 
using a spry bottle to reduce bentonite loss during specimen 
preparation and  placement. 
 Ring shear tests were conducted at normal stresses of 17, 25, 
50, 75, 100, 150, 200, 250, 300, 350, and 400 kPa to simulate a 
landfill liner system under various loading conditions. For each 
test, the composite specimen was hydrated under a normal stress 
of 17 kPa. Hydration usually required two weeks and was 
completed when the vertical deformation or swelling ceased. 
Hydration was assumed to be complete by the end of primary 
swell as defined by ASTM D 4546 (1999). Hydration at a 
normal stress of 17 kPa allows for more bentonite hydration 
before shearing which simulates a critical field condition in 
regards to slope stability. After hydration was complete, the 
specimen was loaded to the desired shearing normal stress in 
small increments to ensure little, if any, extrusion of bentonite. 
Shearing of the specimen was conducted after consolidation and 
was continued until the residual shear strength was reached.  All 
specimens were sheared at a displacement rate of 0.015 mm/min. 
This shear displacement rate was used to minimize the increase 
in mobilized internal peak shear strength of GCL (Eid et al. 
1999). This rate is slower than the standard rate of 1.0 mm/min 
recommended in the ASTM D 5321 (1993), and more closely 
simulates a drained condition. 

Figure 2.  Schematic of the torsional ring shear specimen container for 
composite specimen shear testing 
 Unlike small and large direct-shear box, the ring-shear 
apparatus using the testing set up described above does not force 
the shear failure to occur along a pre-determined plane. The  

composite specimen can fail along the textured 
geomembrane/GCL woven geotextile side interface or the 
soil/GCL nonwoven  geotextile side interface or through 
shearing the GCL internally. Simultaneous shearing of a 
composite specimen that contains several components affected 
by same testing conditions helps in simulating the field condition 
more than testing shear strength of each interface individually. 
Other advantage of the ring-shear apparatus is that unlimited 
continuous-shear displacement can be applied in one direction 
along the same and constant cross-sectional area to achieve a 
residual strength condition.  
 Woven geotextile side of the GCL mobilizes lower peak 
shear strength than that of the nonwoven geotextile side when 
both sheared against textured geomembrane (Triplett & Fox 
2001). In addition, soil/geosynthetic interface-shear strength 
directly proportioned to the soil friction angle (Koerner 1994). 
As a result, nonwoven geotextiles/textured geomembrane and 
granular soil/geotextile interfaces that appears in some designs 
of landfill liner systems were not utilized in the test specimens of 
this research. Test specimens only encompassed interfaces of 
woven geotextile/textured geomembrane and nonwoven 
geotextile/low plasticity soil that mobilize relatively low shear 
strengths and consequently influences the interactive shear 
strength behavior of the composite liner systems. 

3 TEST RESULTS 

3.1 Failure modes 

Visual inspection of test specimens during and after completion 
of each test showed that the location of shear failure surface 
depends on the magnitude of the applied normal stress. Failure 
occurred along the soil/GCL nonwoven geotextile side interface 
at normal stresses of 17, 25, 50, and 75 kPa. The failure surface 
moved to the textured geomembrane/GCL woven geotextile side 
interface in shearing at normal stresses of 100, 150, 200, and 250 
kPa. For specimens sheared at normal stress of 300 kPa or 
higher, failure occurred through shearing the GCL internally. 
 Extrusion of the GCL hydrated bentonite through the 
surrounded geotextiles was noticed on the failure interfaces. The 
quantity of extruded bentonite increased with increasing normal 
stress and was generally more for woven geotextile interfaces 
than for nonwoven geotextile interfaces. Similar extrusion on 
textured geomembrane/GCL woven geotextile side interface was 
observed by Stark & Eid (1996) and Gilbert et al. (1996) in 
laboratory testing, and by Daniel et al. (1998) in field testing. 
Bentonite extrusion on smooth and textured geomembrane/GCL 
woven and nonwoven geotextile sides interfaces was also 
reported by Triplett & Fox (2001). Removal of textured 
geomembrane asperities was not noticed on geomembrane/GCL 
failure interfaces. However, partial combing of filaments of the 
GCL nonwoven geotextile side, and pulling out and tearing of 
the reinforcement fibers of GCL were observed in soil/GCL 
interface and internal GCL shear failures, respectively. 
 The observations described above revealed that the shear 
strength of the composite liner system can be controlled by three 
failure modes. The first and second take place at relatively low 
normal stresses where failure occurs along the soil/GCL or 
geomembrane/GCL interface, while in the third the GCL is 
sheared internally at higher normal stresses. 

3.2 Shear strength envelopes 

Figure 3 showed the peak and residual shear strength failure 
envelopes for the tested specimens. It can be noticed that the 
difference in failure modes described in Section 3.1 resulted in a 
trilinear failure envelope representing the lowest peak shear 
strengths that can be mobilized along the tested composite 
specimen under different normal stresses. Intersections of shear 
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Figure 3.  Peak and residual shear strength failure envelopes for composite specimens 

strength failure envelopes that correspond to the three failure 
modes created the trilinear peak strength envelope. At their  
failure normal stress range, both soil/GCL nonwoven geotextile 
side interface and internally sheared GCL showed linear peak 
shear strength failure envelopes with apparent cohesions and 
friction angles of 0 kPa and 25.5 degrees, and 43 kPa and 13 
degrees,  respectively (Fig. 3). On the other hand, the secant 
peak friction angle of textured geomembrane/GCL woven 
geotextile side  interface reduces from 25 degrees at normal 
stress of 100 kPa to 22 degrees at normal stress of 250 kPa. This 
nonlinearity may be attributed to the increase in the GCL 
hydrated bentonite  extrusion to the interface with increasing 
normal stress. 
 It is clear that the values of normal stresses at which the 
transition in failure mode occurs and consequently the shape of 
shear strength failure envelopes depend on the comparative 
values of GCL interfaces and internal shear strengths. As shown 
in Figure 3, the transition in failure mode was assumed to occur 
at normal stresses of 95 and 260 kPa creating a trilinear peak 
shear strength failure envelope. This transition in failure mode 
dramatically affected the shape of failure envelope representing 
the lowest  residual shear strengths that can be mobilized along 
the tested composite specimen at different normal stresses. As 
shown in Figure 3, the lowest mobilized residual friction angle 
dropped from about 20 degrees at normal stresses between 0 and 
95 kPa to an average value of 14 degrees at normal stresses 
between 95 and 260 kPa and then to approximately 7 degrees at 
normal stresses higher than 260 kPa. This resulted in a stepped 
residual shear strength failure envelope.     

3.3 Mechanisms of post-peak strength reduction 

Figures 4 shows representative GCL interface and internal shear 
stress-shear displacement relationships obtained from this study. 
It can be seen that the internal shear strength of GCL showed the 
most significant drop from the peak to residual values. The post-
peak GCL internal shear strength loss is approximately 65%. 
This high strength loss is primarily attributed to pulling-out 
and/or tearing of the reinforcing fibers, and consequently 
orientation of these fibers along with the bentonite particles in 
the direction of shear. High post-peak reinforced GCL internal 
shear strength reduction was also reported by other researchers 
(e.g., Gilbert et al. 1996, Stark & Eid 1996, Fox et al. 1998 and 
Eid et al. 1999). The average shear displacements required to 
reach the peak and residual GCL internal shear strengths were 16 
and 67 mm, respectively. 
 Textured geomembrane/GCL woven geotextile side interface 
showed a post-peak shear strength loss of about 38 to 48%. The 

strength loss increases with increasing normal stress. This can be 
attributed to the increase of bentonite extrusion to the interface 
and consequently enhancing the bentonite effect on the post-
peak shear strength behavior. Plastic soils usually exhibit 
significant drop from peak to residual strength (Stark & Eid 
1997). Peak and residual shear strengths were mobilized at 
average displacement of 10 and 50 mm, respectively. Similar 
values of shear strength loss and shear displacements were 
reported by Triplett & Fox (2001) in testing similar interface 
using large direct shear box. 
 Failure along soil/GCL nonwoven geotextile side interface 
exhibited an average post-peak shear strength loss of only 20%. 
This low value may be attributed to the relatively low plasticity 
of soil and low efficiency of such relatively smooth soil surface 
in combing or orienting the nonwoven geotextile fibers parallel 
to the direction of shear. Contrarily, geosynthetics with rough 
surfaces such as textured geomembranes can tear, pullout, and 
fully orient the nonwoven geotextile filaments to the direction of 
shear (Stark et al. 1996, Li & Gilbert 1999). 
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Figure 4. Shear stress-displacement relationships for composite 
specimens and municipal solid waste 

4 SHEAR STRENGTH OF COMPOSTE LINERS FOR 
SLOPE-STABILITY ANALYSES OF LANDFILLS 

Slopes of landfills can experience different types of failure 
modes, some of which involve sliding along the composite liner 
system (Mitchell et al. 1995). Figure 5 shows two of these modes 
in which failure surface passes entirely along the liner system or 
through the waste at a steep inclination and then to the  
underlying liner system. To account for shear strength reduction 
due to progressive failure through surfaces passes entirely along 
the liner system, Byrne (1994) and Filz et al. (2001) 
recommended using a combination of, or strength between, peak 
and residual shear strengths, respectively. For shear surfaces 
passes through the waste and then along the liner system, 
incompatibility in shear strains between MSW and the 
underlying liner components reduces the shear strength of liner 
system mobilized at the global failure. Strain incompatibility 
between MSW and the composite liner components tested in this 
study is also shown in Figure 4. It can be seen that the liner 
component internal and interfaces shear strengths reach the peak 
values at shear displacements of less than 20 mm and then 
undergo a significant post-peak loss. On the other hand, the peak 
shear strength of the waste is achieved at a displacement of about
40 mm, and remains approximately constant for larger 
displacement. As a result, the shear strength mobilized in MSW 
and the underlying liner at the global failure may correspond to 
the peak and residual conditions, respectively. Similar 
conclusion was reached for geosynthetic interfaces (Byrne 1994,
Mitchell et al. 1995) and foundation soils (Eid et al. 2000) 
because of their strain incompatibility with MSW. 

Figure 5. Landfill failure modes involving sliding along the liner system 

The normal stress acting on the liner components changes 
with changing the waste depth. As a result, shear strength failure 
envelopes that reflect the liner components interactive behavior 
as illustrated in Section 3.2 should be considered in landfill slope 
stability analyses. Consequently, bilinear or trilinear peak shear 
strength envelope and the corresponding stepped residual shear 
strength envelope for composite liner system can be used to 
account for shear strength reduction due to strain incompatibility 
with MSW and progressive failure as well as for the effect of 
changing the normal stress acting on the liner surface.  

5 CONCLUSIONS 

The purpose of this study was to illustrate the interactive shear 
strength behavior of landfill composite liner system components 
using torsional ring shear laboratory testing. To simulate the 
field alignment of the components, each test specimen consisted 
of a textured geomembrane underlain by a needle-punched GCL 
which in turn underlain by a compacted soil. Testing set up 
allowed for simultaneous shearing of the composite specimen 
without forcing the shear failure to occur along a pre-determined 
plane. The following conclusions are based on the data and 
interpretations presented in this paper: 

a- In composite liner system, location of the shear failure 
surface depends on the magnitude of the applied normal 

stress. Shear strength of the system can be controlled by 
three failure modes. The first and second take place at 
relatively low normal stresses where failure occurs along 
the soil/GCL or geomembrane/GCL interface while in 
the third the GCL is sheared internally at high normal 
stresses. 

b- Failure following different modes may result in a 
bilinear or trilinear peak shear strength envelope and a 
corresponding stepped residual shear strength envelope 
for composite liner system. Values of normal stresses at 
which the transition in failure mode occurs depend on 
the comparative values of the GCL interfaces and 
internal shear strengths. 

c- Peak and residual shear strength failure envelopes that 
reflect the interactive behavior of liner components 
should be used to account for the effect of changing the 
normal stress acting on the liner surface as well as for 
shear strength reduction due to strain incompatibility 
with MSW and progressive failure. 
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