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ABSTRACT: Torsional ring shear tests were performed to evaluate the effect of shear 
displacement rate on the internal shear strength of a needle-punched geosynthetic clay 
liner (GCL) under different normal stresses. The test results suggest that the internal 
shear strength of the needle-punched GCL depends on the following three factors: (i) 
resistance against reinforcement fibers pulling out and/or tearing; (ii) amount of posi­
tive pore-water pressure induced during shear; and (iii) bentonite water content at the 
time of shearing. The laboratory tests indicate that the net effect of these three factors 
result in the peak internal shear strength being less sensitive to shear displacement rate 
at normal stresses between 200 and 400 kPa than at normal stresses less than 200 kPa. 
Shear displacement rate appears to have little influence on the residual internal shear 
strength regardless of normal stress. The amount of shear displacement required to 
reach the peak and residual internal shear strengths is dependent on the shearing normal 
stress, shear displacement rate, and quantity of needie-punched fibers. 
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INTRODUCTION 

Since the mid-1980s, geosynthetic clay liners (GeLs) have been used as impervious 
barriers in composite liner and cover systems for waste containment facilities. Unrein­
forced GeLs consist of a thin layer (approximately 5 mm thick before hydration) of 
bentonite, bonded to a geomembrane, or sandwiched between two geotextiles. Hy­
drated bentonite exhibits extremely low shear strength and, thus, landfill liner and cover 
slopes constructed with an unreinforced GeL may be susceptible to static and seismic 
instability. As a result, the bentonite layer in a GeL can be reinforced by connecting 
the backing geotextiles with needle punching or stitch bonding to increase the internal 
shear strength of the GeL. The bentonite typically used in GeLs is Wyoming bentonite, 
which consists of 90 to 95% montmorillonite and 5 to 10% quartz and feldspar. Typical 
values of liquid limit and plasticity index are 600 to 650 and 560 to 610, respectively 
(Gleason et a1. 1997). 

There are two possible failure modes for reinforced GeLs: (i) sliding at the interface 
between the top or bottom of the GeL and the adjacent material (termed interface fail­
ure); and (ii) sliding through the bentonite that is between the backing geotextiles 
(termed internal failure). Internal failure is usually a concern when a textured geomem­
brane is placed in contact with a GGL because shear stresses can be transmitted to the 
GeL, especially if a nonwoven geotextile is in contact with the geomembrane. The 
needle-punch or stitch-bond reinforcement is used to reduce the potential for failure 
through the bentonite and, thus, shifts the failure surface to an interface that exhibits 
a shear strength lower than the internal shear strength. (It will be shown in Section 3.4 
that the internal failure surface usually corresponds to the upper geotextile-bentonite 
interface and not the mid-plane of the bentonite.) Some of the main questions in labora­
tory measurement of the internal shear strength of reinforced GeLs are shear displace­
ment rate, shearing normal stress, and hydration procedure that should be used. The 
selection of the shear displacement rate has important implications for the cost and 
scheduling of commercial testing and, thus, the acceptance or marketability of GeLs. 

The current paper concentrates on the effect of shear displacement rate on the inter­
nal shear strength of a hydrated needle-punched GeL under a range of normal stresses. 
Because the internal shear strength of a GeL is product and project specific, the discus­
sion herein concentrates on illustrating the factors that affect the internal shear behavior 
of a needle-punched GeL rather than providing values for project-specific design. 

2 BACKGROUND 

2.1 Introduction 

The American Society for Testing and Materials (ASTM) is developing a standard 
test method for GeL shear testing. In the interim, the ASTM D 5321 standard test meth­
od, which is for soil-geosynthetic and geosynthetic-geosynthetic interfaces, is being 
used for GeLs. ASTM D 5321 requires a shear displacement rate of 1.0 mm/minute; 
however, the limited data available on the effect of shear displacement rate on the mea­
sured internal shear strength of needle-punched GeLs suggests that shear displacement 
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rates slower than 1.0 mm/minute result in a lower measured shear strength (Stark and 
Eid 1996; Berard 1997; Fox et a1. 1998). 

Stark and Eid (1996) used the modified Bromhead torsional ring shear tests to deter­
mine the effect of shear displacement rate on a needle-punched GeL hydrated and 
sheared at a normal stress of 17 kPa. The needle-punched GeL was manufactured by 
the National Seal Company and is named Bentofix Thermal-Lock. Stark and Eid (1996) 
concluded that the peak internal shear strength of a needle-punched GeL depends on 
two factors: (i) the resistance against pullout and/or tearing of the reinforcing fibers; 
and (ii) the shear strength of the bentonite. Stark and Eid (1996) explained that the 
change in the measured peak shear strength with shear displacement rate of a needle­
punched GeL is a result of: (i) the increase in fiber strength and, thus, internal shear 
strength due to tearing of the reinforcing fibers instead of allowing a slow gradual pull­
out of the woven geotextile fibers; and (ii) the reduction in effective normal stress and, 
thus, internal shear strength due to the generation of positive, shear-induced pore-water 
pressure. These two factors were determined from comparisons between the shear be­
havior of the hydrated reinforced GeL with and without bentonite under different shear 
displacement rates. Stark and Eid (1996) found that the peak internal shear strength of 
the GeL without bentonite increases with increasing shear displacement rate. However, 
the peak internal shear strength of the GCL with bentonite starts decreasing at a shear 
displacement rate of approximately 1.5 mm/minute due to the increase in positive ex­
cess pore-water pressures in the bentonite. After shearing under a normal stress of 17 
kPa, the bentonite is usually saturated and has a water content ranging from 140 to 
160%; therefore, positive pore-water pressures can develop. Stark and Eid (1996) also 
conclude that the measured residual shear strength is insensitive to shear displacement 
rate at a normal stress of 17 kPa. 

2.2 Previous Studies 

Figure 1 shows typical test results presented by Berard (1997) using a 305 mm x 305 
mm direct shear box and a needle-punched GeL that was hydrated and sheared at the 
same normal stress used by Stark and Eid (1996), i.e. 17 kPa. Naue Fasertechnik GmbH 
& Co. provided the Bentofix heat-burnished fiber, needle-punched GeL used in the 
Berard (1997) study. Normal stresses of 25,50, and 100 kPa were used in the study. It 
can be seen in Figure 1 that for shear displacement rates between 0.01 and 1.0 mm/min­
ute, the peak internal shear strength increases with increasing shear rate. This increase 
in peak internal shear strength is more pronounced at higher normal stresses. 

Figure 1 also presents data from Fox et a1. (1998) in which a 406 mm x 1067 mm 
direct shear box was used for GeL shear testing. The needle-punched GeL specimens 
were hydrated using a four-day, two-stage procedure. The first stage involved hydration 
for two days in a pan with tap water without a normal stress to achieve the estimated 
final water content. The second hydration stage involved placing the GCL in the shear 
machine and hydrating for two days at the shearing normal stress. The GeL used in this 
study is called Bentomat ST and was manufactured by Colloid Environmental Technol­
ogies Company (CETCO). It can be seen that the peak internal shear strength increases 
with increasing shear displacement rate between 0.01 and 10 mm/minute. The residual 
shear strength appears to be independent of the shear displacement rate magnitude. 
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Figure 1. Effect of shear displacement rate on measured needle-punched GeL specimen 
internal shear strength at different shearing normal stresses. 

The data in the paper by Stark and Eid (1996) and Figure 1 suggest that shear dis­
placement rate influences the measured peak internal shear strength of hydrated needle­
punched GCLs. However, the available data was obtained at normal stresses equal to 
or less than 100 kPa and does not address normal stresses that correspond to landfill liner 
systems subjected to waste heights greater than approximately 9 m, i.e. a normal stress 
greater than 100 kPa. As a result, the effect of shear displacement rate on the measured 
internal shear strength of a hydrated, needle-punched GCL subjected to high normal 
stresses is the main focus of the current paper. 

2.3 Effect of Needle Punching 

The peel strength of a GCL is an indicator of the amount of needle punching and, 
thus, the internal shear strength of the GCL. The peel strength is the force necessary to 
separate or peel the two geotextiles of a 100 mm-wide GCL specimen. The peel tests 
are conducted using specimens at the as-received moisture content and in general ac­
cordance with ASTM D 4632 for grab strength of geotextiles. It can be seen from Figure 
1 that the peel strength varies considerably from 71 to 160 N/lOO mm width for these 
two needle-punched GCLs. In addition, the peel strength of the needle-punched GCL 
varies from 27 (in the current study) to 71 N/100 mm (Berard 1997). For comparison 
purposes, typical material specifications for needle-punched GCLs recommend a peel 
strength of 65 N/100 mm (Colloid Environmental Technologies Company 1998). 
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The differences in peel strengths noted above are caused by differences in the need­
ling boards. Needles are broken during the needling process and must be replaced per­
iodically. The longer the service life of a needling board the more needles that are 
broken. In summary, the peel strength and, thus, internal shear strength varies with the 
magnitude of needling. As a result, the magnitude of needle punching can vary from 
roll to roll. Clearly, shear testing conducted for design purposes should utilize the GCL 
that will be delivered to a specific site or a representative sample. This can be checked 
using a peel test; if the peel strength is significantly greater than the specified values, 
e.g. 65 NIlOO mm, it may not be representative of field conditions and probably should 
not be shear tested. 

The difference in the quantity of needle punching will significantly influence the in­
ternal shear test results. For example, Figure 1 shows peak shear strengths as a function 
of shear displacement rate at a normal stress of 72.2 kPa for both the Fox et a1. (1998) 
and Berard (1997) data sets. The peak shear strength relationship at a normal stress of 
72.2 kPa for the Berard (1997) data was interpolated from the data corresponding to 
shearing normal stresses of 50 and 100 kPa. Comparing these peak strength relation­
ships for the same shearing normal stress and noting the large difference in peel 
strengths between the data sets illustrates that differences in peel strength can translate 
to an increase in peak internal shear strength of approximately 100%. The increase 
shown in Figure 1 is even more impressive when the two different hydration procedures 
are considered. Berard (1997) hydrated the specimen at the shearing normal stress, 
while Fox et a1. (1998) hydrated the specimen primarily with no normal stress. There­
fore, the hydration process used by Fox et a1. (1998) was more severe than Berard (1997) 
and it would be expected that the internal shear strengths measured by Fox et a1. (1998) 
would be lower than those measured by Berard (1997). However, the internal shear 
strengths measured by Fox et a1. (1998) were larger by approximately 100%. Therefore, 
increasing the quantity of needle punching can reduce the effects of hydration and in­
crease the internal shear strength. It should be noted that the peel strength of 160 N/100 
mm reported by Fox et a1. (1998) is significantly greater than the typical material speci­
fication of 65 N/100 mm. 

3 TESTING PROGRAM 

3.1 Material 

The reinforced GCL used in the current study was manufactured by the National 
Seal Company and is referred to as Bentofix Thermal-Lock. The same GCL was used 
to develop the test results presented by Stark and Eid (1996), which will be used in Sec­
tion 4.1 for comparison purposes. Three test specimens (100 mm x 200 mm) were used 
to estimate the peel strength, which ranged from 25 to 29 Nil 00 mm or an average of 
27 N/lOOmm, using the test procedure described in Section 2.3. 

3.2 Apparatus and Test Specimen 

The internal shear strength of the reinforced GCL was measured using the modified 
Bromhead torsional ring shear apparatus described by Stark and Eid (1996) at shearing 
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normal stresses less than 100 kPa. It will be shown in Section 3.2 that for shearing 
stresses greater than 100 kPa, the sample preparation procedure had to be modified to 
ensure failure through the reinforcing fibers instead of external failure at an interface 
with the GeL. The specimen container consists of a top platen, upper plastic ring, lower 
plastic ring, and bottom platen (Figure 2). To prepare the test specimen, the GeL was 
cut in a circle with a diameter of approximately 160 mm. A circular hole with a diameter 
of 40 mm was cut in the center of the circular specimen. The diameter of the GeL, not 
including the woven geotextile, was then reduced to 100 mm, which is the outside diam­
eter of the ring shear specimen container. The woven geotextile, now extending beyond 
the edge of the nonwoven geotextile, was cut to yield eight extended wedges or flaps. 
In order to reduce bentonite loss during trimming, the edges of the GeL were moistened 
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Figure 2. Schematic of ring shear specimen container for GeL internal she~r strength 
testing. 
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using a spray bottle. The upper plastic ring with inside and outside diameters of 40 and 
100 mm, respectively, was then centered over the woven geotextile. The eight woven 
geotextile wedges were then folded over and adhered to the reverse side of the upper 
plastic ring using an adhesive. This reverse side of the plastic ring (with the specimen 
attached to it) was then glued to the top platen of the ring shear apparatus. 

It should be noted that the woven geotexti1e overlying the annular specimen was not 
glued directly to the lower face of the upper plastic ring. This was done to prevent bond­
ing the GCL reinforcing fibers and/or slit-film fibers of the woven geotextile to the up­
per plastic ring. This allowed the reinforcing and geotextile fibers to pullout if 
necessary. The upper plastic ring and the top platen were also connected through a 
tongue and groove joint to prevent shearing at the glue-geotextile interface. The non­
woven geotextile face of the specimen was glued to the lower plastic ring that attaches 
to the bottom platen of the ring shear apparatus via four screws. 

The above design was successful for shearing the GCL at normal stresses less than 
100 kPa (Stark and Eid 1996). For shearing at a normal stress of 100 kPa, a shear failure 
occurred at the glue-nonwoven geotextile interface at the lower platen before internal 
shearing took place within the GCL. This was caused by high shear stresses exceeding 
the shear strength of the glue-geotextile interface. This problem was overcome by in­
creasing the area of nonwoven geotextile that was glued to the lower plastic ring and 
bottom platen. As seen in Figure 2, this was accomplished by extending the nonwoven 
geotextile to the edge of the bottom platen and securing it to the platen with glue. In 
addition, four screws were used to secure the nonwoven geotextile to the bottom platen. 
This modification increased the glue-nonwoven geotextile interface shear strength to 
a level that resisted the high shear stresses required to cause an internal failure at the 
high shearing normal stresses and rapid shear displacement rates. The testing program 
was successfully completed with the modified specimen preparation procedures. 

3.3 Specimen Anisotropy 

One possible limitation of using a ring shear device is specimen anisotropy. This lim­
itation has not been found to be significant in testing needle-punched GCLs because 
most needle punching appears to be isotropic. In addition, the ring shear results are 
compared to at least one large-scale direct shear test performed in accordance with 
ASTM D 5321. For example, Stark and Eid (1996) show excellent agreement between 
peak internal shear strengths using the ring shear and large-scale direct shear (ASTM 
D 5321) tests. However, the large continuous shear displacement allowed in the ring 
shear device usually results in the ring shear apparatus yielding a lower shear strength 
at the end of the test than the large-scale direct shear apparatus. 

3.4 Procedure 

To address the effect of shear displacement rate and shearing normal stress, ring 
shear tests were conducted at normal stresses of 100, 200, and 400 kPa to simulate a 
landfill liner system under various loading conditions. In each test series, seven differ­
ent specimens were sheared at displacement rates of 0.015,0.045,0.15,0.5, 1.5, 18.3, 
and 36.5 mm/minute. For each test, the specimen was hydrated under a normal st~ess 
of 17 kPa. Hydration usually required two weeks and was completed when the vertIcal 
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deformation or swelling ceased. Hydration was assumed to be complete by the end of 
primary swelling as defined by ASTM D 4546. Hydration at a normal stress of 17 kPa 
allows for more bentonite hydration before shearing, which simulates a critical field 
condition with regard 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. A new load increment was added to the specimen only after 
it completed primary consolidation induced by the previous load increment. A load in­
crement ratio, i.e. the increase in normal stress divided by the existing normal stress, 
of 0.1 was used to increase the normal stress. This consolidation stage was completed 
in 3 to 13 days depending on the magnitude of the shearing normal stress and the amount 
of bentonite in the GCL when the sample was prepared. The variance in the amount of 
bentonite among GCL samples can be caused by bentonite moving within the GCL dur­
ing transportation and handling. Care was taken to obtain GCL samples with similar 
quantities of bentonite so as to minimize the effect of bentonite variance on test results. 
Shearing of the specimen was conducted after consolidation at the shearing normal 
stress and was continued until the residual shear strength was reached. At that point, 
the test was stopped. Achievement of the residual strength condition was verified by 
plotting the data using the logarithm of horizontal displacement as suggested by La Gat­
ta (1970). This plotting technique accentuates the slope of the shear stress-horizontal 
displacement relationship at large displacements, allowing the horizontal portion of the 
relationship to be clearly defined. 

For all of the tests, the shear surface was located just below the woven geotextile at 
the top of the GCL. This was verified by visual inspection of each GeL specimen after 
the residual shear strength was reached. The internal failure was caused by the reinforc­
ing fibers pulling out of the woven geotextile or tearing and, thus, separating the woven 
geotextile from the remainder of the GeL. Figure 3 shows a typical shear surface of a 
needle-punched GeL specimen after failure. It can be seen that the reinforcing fibers 
that separated from the woven geotextile, which is still attached to the top platen, are 
protruding from the slickensided bentonite surface in the bottom platen and oriented 
parallel to the direction of shear. Gilbert et a1. (1996) and Fox et a1. (1998) have also 
reported the location of the failure plane at the woven geotextile-bentonite interface. 

4 RESULTS AND DISCUSSION 

4.1 Shear Behavior and Shear Displacement to Failure 

Figure 4 presents typical shear stress-displacement relationships for GeL specimens 
under normal stresses of 17, 100, 200, and 400 kPa and a shear displacement rate of 
0.015 mm/minute. The peak shear strength of the GeL is reached after a shear displace­
ment between 10 and 20 mm followed by a significant decrease until the specimen 
reaches the residual shear strength condition. Figure 5 shows the effect of normal stress 
on the amount of shear displacement required to reach the peak and residual shear 
strengths. Each data point in Figure 5 represents the average displacement for shear 
rates ranging from 0.015 to 36.5 mm/minute for a given shear normal stress. 

The amount of displacement required to reach the peak shear strength increases 
slightly with increasing normal stress. This is probably caused by the decreased GeL 
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Figure 3. Ring shear GeL specimen after internal shear strength testing. 

thickness that occurs with increasing normal stress (Figure 5). During hydration at a 
normal stress of 17 kPa, the GCL specimen swells to a certain thickness. An effect of 
this swelling is that the reinforcing fibers in the GeL stretch and tensile stresses develop 
along the length of the fibers. After hydration is complete, the specimen is consolidated 
to the shearing normal stress. As mentioned previously, the specimens were loaded slow 
enough to minimize bentonite extrusion through the specimen circumferences during 
the consolidation process. The GCL thickness decreases due to consolidation, and the 
reinforcing fibers relax. As the shearing normal stress increases, the reduction in bento­
nite thickness increases and, therefore, the amount of relaxation increases. When the 
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specimen is sheared, the fibers must be pulled tightly before they can tear or be pulled 
from the woven geotextile. At normal stresses less than 100 kPa, a small shearing dis­
placement, i.e. less than 14 mm, is required to reach the peak shear strength because 
the fibers are already tight or in tension. In contrast, the shear displacement needed be­
fore fiber damage occurs at high normal stresses, i.e. greater than 200 kPa, is greater 
because additional shear displacement is needed to re-tension the fibers. 

Figure 5 also shows that the shear displacement required to reach the residual condi­
tion decreases with increasing shearing normal stress. The residual condition is reached 
when all of the reinforcement fibers are torn or pulled from the woven geotextile and 
oriented, along with the bentonite particles, parallel to the direction of shearing. Higher 
shearing normal stresses and the corresponding shear stresses facilitate the fiber and par­
ticle orientation process, which allows the GeL to reach the residual shear strength at 
a smaller shear displacement. Therefore, the shearing displacement required for the re­
sidual condition decreases as the shearing normal stress increases. It should be noted that 
the values in Figure 5 are to be considered approximate. This is caused by the dependen­
cy of the amount of displacement required to reach peak and residual shear strengths on 
the shear displacement rate. The values shown in Figure 5 are average values over the 
range of shear displacement rates, 0.015 to 36.5 mm/minute, used in the current study. 

The displacements required to reach the peak internal shear strength shown in Figure 
5 are similar to those reported by Gilbert et al. (1996). However, Fox et al. (1998) re­
ported higher displacements required to reach peak and residual strength conditions. 
Fox et al. (1998) report that between 20 and 30 mm of shear displacement was required 
to reach the peak shear strength, while between 80 and 130 mm of displacement was 
required to reach a shear stress 10% greater than the residual shear strength. These dif­
ferences may be caused by the difference in the test equipment, specimen size, and 
quantity of needle-punched fibers. In particular, the significantly greater peel strength 
(160 N/100 mm) reported by Fox et a1. (1998) indicates that more needle-punched fi­
bers have to be tensioned or mobilized before the peak shear strength is achieved. Al­
though Gilbert et al. (1996) did not report a peel strength value, it is anticipated that it 
was lower than 160 NIlOO mm because their peak internal shear strengths are two to 
three times lower than those reported by Fox et al. (1998) for similar shearing normal 
stresses. Therefore, the shear displacement required to reach the peak internal shear 
strength is lower for Gilbert et al. (1996) than Fox et al. (1998) and in agreement with 
the values reported herein. 

Figure 5 also can be used to evaluate direct shear test results for design purposes. 
For example, the normal stress in a direct shear test, e.g. ASTM D 5321, can be used 
to estimate the displacement required to achieve a residual strength condition. If the 
direct shear test did not achieve the shear displacement estimated from Figure 5, the 
test may not have reached a true residual strength condition. This type of comparison 
might be useful for shear testing using a 0.3 m by 0.3 m direct shear box that is usually 
stopped before a true residual strength, i.e. a constant minimum strength, is obtained. 

4.2 Effect of Shear Displacement Rate on Shear Displacement to Failure 

Figure 6 shows the effect of shear displacement rate on the amount of shear displace­
ment required to reach the peak and residual internal strengths. Each data point on Fig­
ure 6 is an average displacement for shearing normal stresses ranging from 17 to 400 
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Figure 6. Effect of shear displacement rate on the shear displacement required to reach 
peak and residual internal shear strengths of needle-punched GeL specimens for shearing 
normal stresses of 17 to 400 kPa. 

kPa at a given shear displacement rate. The amount of displacement required to reach 
the peak shear strength is relatively constant with respect to shear displacement rate. 
As discussed by Stark and Eid (1996), at low shear displacement rates the failure plane 
is formed as reinforcing threads gradually pull out of the woven geotextile. In contrast, 
at higher shear displacement rates, tearing of the reinforcing fibers leads to failure plane 
formation. It therefore appears that shear displacement rate and amount of displacement 
needed to reach the peak shear strength are independent of the mode of failure. 

Figure 6 also shows that the displacement required to reach the residual shear 
strength increases with shear displacement rate. This is likely caused by the increase 
in positive shear-induced pore-water pressures with increasing shear displacement rate. 
This increase in pore-water pressure likely increases the amount of displacement re­
quired to reach the residual shear stress. 

In summary, a shear displacement of 10 to 20 mm appears large enough to initiate 
tearing or pulling out of the reinforcing fibers from the woven geotextile, while between 
50 and 90 mm of displacement is needed to reach a residual condition. Both of these 
values are dependent on the shearing normal stress, shear displacement rate, and the 
amount of needle-punching. 

The small shear displacement needed to reach a peak strength condition, and the fact 
that it is dependent on the shearing normal stress and shear displacement rate, has im­
portant implications for the shear strength that should be used for the static and seismic 
design of GeL-lined slopes. In addition, the relatively small shear displacement needed 
for a reinforced GeL to reach the peak and residual shear strength compared to those 
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of municipal solid waste enhances the possibility of progressive failure in reinforced 
GCL slopes (Mitchell et al. 1995; Stark et al. 1998). 

The shear displacement data in Figures 5 and 6 also can be used to assess the impact 
of earthquake-induced permanent deformation on the internal shear strength of a 
needle-punched GCL. The calculated permanent deformation and the average normal 
stress acting on the shear surface can be used to estimate whether or not a peak or residu­
al internal shear strength will be mobilized. For example, if the average normal stress 
acting on the failure surface is 300 kPa, the approximate shear displacement required 
to reach the peak and residual internal shear strengths are 16 and 68 mm, respectively 
(Figure 5). If the calculated permanent deformation is 150 mm, a residual internal shear 
strength should be considered. 

It should be noted that the displacement values in Figures 5 and 6 depend on the fix­
ity of the geotextiles with respect to the testing apparatus. For the test procedure de­
scribed herein, the entire nonwoven geotextile was fixed to the bottom platen and no 
distortion of the GCL occurred during shear. This includes no stretching of the non­
woven geotextile at the screw locations. The portion of the woven geotextile overlying 
the annular specimen was not rigidly attached to the upper ring and movement was al­
lowed between the geotextile and the ring. As mentioned earlier, this was done to allow 
the needle-punched fibers to pullout if necessary. Caution should be used when using 
these values if conditions at the GCL interfaces with adjacent material in the field or 
laboratory are different than those described herein. However, it is anticipated that Fig­
ures 5 and 6 can be used to obtain a general estimate of the shear displacement required 
to reach peak and residual internal shear strengths of needle-punched GCLs. 

4.3 Peak and Residual Failure Envelopes 

Figure 7 shows peak and residual shear strength envelopes for the GCL sheared at 
a displacement rate of 0.015 mm/minute. It can be seen that the peak and residual failure 
envelopes are stress dependent. The nonlinearity of the failure envelopes is probably 
caused by the ability of high normal stresses to enhance the orientation of the bentonite 
particles and the reinforced fibers in a direction parallel to shear. Stark and Eid (1994, 
1997) show that a similar mechanism causes the nonlinear shear strength behavior of 
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Figure 7. Peak and residual shear strength failure envelopes for needle-punched GeL 
specimens (shear displacement rate = 0.015 mm/minute). 
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cohesive soils. Figure 7 also shows that the peak failure envelope exhibits a shear 
strength intercept. This intercept is due to the fibers providing some shear strength even 
at zero shearing normal stress. It should be noted that the average residual friction angle 
for the needle-punched GeL, r, shown in Figure 7 is higher than the value of 2 0 re­
ported for pure bentonite or montmorillonite (Mesri and Cepeda-Diaz 1986) for the 
same range of normal stress used in the ring shear testing. It is thought that this is caused 
by the tom GCL fibers being immersed in the hydrated bentonite and the bentonite not 
consisting of pure montmorillonite, both of which increase the residual friction angle 
of the mixture. It is also thought that the increase in the residual friction angle could 
be caused by the failure plane being located at the woven geotextile-bentonite interface 
and not entirely within bentonite as is the case for the Mesri and Cepeda-Diaz (1986) 
data. The residual friction angle of r measured herein is higher than the residual fric­
tion angle of 4 and 5° reported by Fox et al. (1998). The difference may be caused by 
differences in test procedure, test conditions, and GeL specimens. 

4.4 Effect of Final Water Content 

Figure 8 shows a decrease in the final water content of the GCL specimen with in­
creasing shearing normal stress applied to the specimen. The water content decreases 
from an average of approximately 145 to less than 70% for normal stresses ranging from 
17 to 400 kPa, respectively. The final water content values were measured immediately 
after the internal residual shear strength was reached and shearing of the specimen was 
stopped. The material directly on the shear plane and some material below the shear 
plane was sampled with a thin spatula and used to measure the final water content. Ma­
terial from underneath the shear plane was included in the water content sample because 
the thickness of the bentonite after shearing was small. The water contents reported are, 
therefore, not those at the failure surface but represent an average water content for the 
GeL. Because the shear plane was located directly below the woven geotextile, remo­
val of the top platen, which was still attached to the woven geotextile, provided easy 
access to the shear plane material (Figure 3). It is thought that the decrease in final water 
content with increasing shearing normal stress was caused by the increased consolida­
tion and, therefore, decreased water content that occurred at higher shearing normal 
stresses. Comparing Figures 7 and 8, it is anticipated that the high water content values 
at low normal stresses affected the measured value of peak and residual internal shear 
strength of needle-punched GeL and contributed to the nonlinearity in the failure enve­
lopes. This is caused by the high water content reducing the bentonite shear strength 
and/or facilitating pulling out of the reinforcing fibers from the woven geotextile. 

Fox et al. (1998) showed that reinforcement type does not affect the measured resid­
ual shear strength of needle-punched or stitch-bonded GCLs. As a result, the relation­
ship shown in Figure 8 can be useful in estimating the true residual shear strength as 
a function of normal stress or water content for design purposes. In addition, Figure 8 
can be used to estimate the hydrated water content as a function of normal stress. This 
may be beneficial in determining if complete hydration occurred in the laboratory test­
ing procedure or forensic investigations. The peak shear strength data was not included 
in Figure 8 because water content samples could not be taken at the peak strength condi­
tion during the test, different peak strengths are mobilized for each type of GeL rein­
forcement, and the amount of needle punching varied. Figure 8 should be used in field 
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Figure 8. Water contents after shearing and measured residual internal shear strength of 
needle-punched GeL specimens for displacement rates of 0.015 to 36.5 mm/minute. 

situations where the stress history is similar to the laboratory testing of the current study 
because the final GeL water content is dependent on stress history, 

4.5 Effect of Shear Displacement Rate on Peak Internal Shear Strength 

Figure 9 presents the peak internal shear strength of GeL specimens tested at shear 
displacement rates ranging from 0.015 to 36.5 mm/minute and shearing normal stresses 
ranging from 17 to 400 kPa. Stark and Eid (1996) discussed the GeL behavior at a 
shearing normal stress of 17 kPa. They concluded that for shear displacement rates less 
than 0.04 mm/minute, the internal peak shear strength is approximately constant. For 
shear rates greater than 0.04 mm/minute, the measured peak internal shear strength in­
creases due to the rapid tearing or pulling-out of the reinforcement fibers. The rapid 
tearing of the reinforcement fibers was noticed by a tearing noise as the GeL ap-
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Figure 9. Effect of shear displacement rate on the measured GeL specimens peak 
internal shear strength at different shearing normal stresses. 

proached the peak shear strength. However, the effect of positive excess pore-water 
pressures in reducing the effective normal stress is pronounced at shear displacement 
rates greater than 1.5 mm/minute, which leads to a decrease in the measured peak inter­
nal strength (Figure 9). 

Unsuccessful attempts were made to measure the excess pore-water pressures in the 
bentonite. The attempts were unsuccessful likely due to the bentonite not being com­
pletely saturated, compliance of the pore-water pressure measuring system, and the 
small thickness of the bentonite in relation to the probe/needle size. It is believed that 
positive excess pore-water pressures developed at or below the woven geotextile-ben­
tonite interface. This is caused by bentonite migrating into the woven geotextile and 
the drainage holes in the top platen during hydration. Bentonite migration reduced the 
permeability at the woven geotextile-bentonite interface and may have allowed excess 
pore-water pressures to develop. The bentonite migration was observed in all tests be­
cause hydration occurred at a normal stress of only 17 kPa. Additional bentonite extru­
sion occurred due to high shear displacement rates. In summary, it is anticipated that 
failure at the woven geotextile-bentonite interface is not completely drained and posi­
tive shear-induced pore-water pressures can influence shear behavior. 

Using triaxial compression tests on Drammen plastic clay, Bjerrum (1972) reported 
that undrained shear strength increases with increasing shear displacement rate. How­
ever, careful review of this data shows that the maximum axial strain rate of 20%/hour 
corresponds to a shear displacement rate of only 0.2 mm/minute. This is significantly 
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lower than the displacement rates shown in Figure 9 and it is possible that the undrained 
shear strength of Drammen clay would decrease at higher shear displacement rates. In 
addition, the water content of the GCL bentonite at low shearing normal stresses was 
much higher than the water content of the Drammen clay. The average water content 
of the GeL sheared under a shearing normal stress of 17 kPa was 144% at the end of 
shearing, while the water content of the Drammen clay ranged between 50 and 60% 
(Terzaghi et al. 1996). This increase in water content may cause a relative increase in 
positive excess pore-water pressure and negate any effect of increasing shear rate on 
the undrained shear strength that was reported by Bjerrum (1972). 

Figure 9 also shows that behavior at a shearing normal stress of 17 kPa differs from 
that at higher normal stresses. For a shearing normal stress of 100 kPa, it appears that 
the effect of positive excess pore-water pressure becomes greater than the effect of the 
rapid tearing or pulling-out of reinforcement at a shear displacement rate of approxi­
mately 0.15 mm/minute. This is probably caused by the increase in positive, shear-in­
duced pore-water pressure with increasing normal stress. The increase in positive 
excess pore-water pressure with increasing normal stress was confirmed for normally 
consolidated clays by Mesri and Ali (1998) using triaxial compression tests on Boston 
blue clay specimens. This can be used to explain GCL behavior because both the GeL 
and Boston blue clay have soil on both sides of the failure plane. This occurred in the 
GeL because of bentonite migration. 

Figure 9 also shows that the apex point that is present in the peak shear strength-shear 
displacement rate relationship for shearing at normal stresses of 17 and 100 kPa does 
not exist for shearing at normal stresses of 200 and 400 kPa. If the relationships were 
similar, regardless of shearing normal stress, the apex point for the shearing normal 
stresses of 200 and 400 kPa would occur between shear displacement rates of 0.015 and 
0.1 mm/minute. Figure 9 shows that this is not the case. It is anticipated that a third 
mechanism, in addition to the rapid tearing and/or pulling-out of fibers and the excess 
pore-water pressures, starts to significantly affect the shear behavior at normal stresses 
of 200 and 400 kPa. This mechanism is the undrained frictional resistance of bentonite 
at a relatively low water content. A significant drop in water content of the bentonite 
occurs due to consolidation under high normal stresses. As a result, the bentonite starts 
to mobilize a greater undrained frictional resistance with increasing shear rate (Eid and 
Stark 1997). The undrained frictional resistance corresponds to the friction generated 
by clay particles sliding against each other at rapid displacement rates (Lemos et al. 
1985). In addition, the decrease in water content causes a relative decrease in positive 
excess pore-water pressure in the bentonite. The effect of rapid tearing and/or pulling­
out of the fibers and the undrained shear strength and frictional resistance of bentonite 
in increasing the peak strength seem to counteract the effect of positive, shear-induced 
pore-water pressures in decreasing the peak strength. This continues until the effect of 
the increasing undrained shear strength of bentonite and rapid tearing of fibers domi­
nates the behavior at a shear rate of approximately 15 and 1.0 mm/minute for normal 
stresses of 200 and 400 kPa, respectively (Figure 9). 

In summary, it is suspected that the peak internal shear strength of this needle­
punched GeL is dependent on shear displacement rate and normal stress. Three mecha­
nisms appear to result in this complex shear behavior: (i) shear resistance provided by 
the reinforcing fibers increases as shearing rate increases because rapid shear rates tear 
the fibers as opposed to allowing a slow pullout of the fibers from the woven geotextile; 
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(ii) effective normal stress decreases as the shear rate increases due to the development 
of positive excess pore-water pressures; and (iii) undrained frictional resistance of ben­
tonite increases with increasing shear displacement rate especially for shearing at high 
normal stresses and the corresponding lower water content of bentonite. The net result 
of these mechanisms makes the measured GCL peak internal shear strength at normal 
stresses ranging between 200 and 400 kPa less sensitive to shear displacement rate. 

4.6 Effect of Shear Displacement Rate on Residual Internal Shear Strength 

Figure 10 shows the effect of shear displacement rate and shearing normal stress on 
the internal residual shear strength of the reinforced GeL. For all of the shearing normal 
stresses, the residual shear strength appears to be independent of shear displacement 
rate. This is attributed to the reinforcing fibers being already torn or pulled out and, 
along with the hydrated bentonite particles, oriented parallel to the direction of shear. 
This condition appears to be unaffected by the shear rate or the normal stress level. 

The results in Figures 9 and 10 can be used to suggest that laboratory shear tests be 
conducted at a slow shear displacement rate (i.e. less than 0.04 mm/minute) until the 
peak shear strength is achieved and the post-peak decrease in strength has initiated. This 
is usually completed after approximately 50 mm of shear displacement. At this point, 
the shear displacement rate could be increased until the residual or end of test shear 
strength is measured. This may accelerate commercial testing of GCLs and, thus, de­
crease testing costs. The resulting shear stress-displacement relationship may need to 
be smoothed for presentation purposes but the peak and residual internal shear strength 
values should be useful for plotting the peak and residual failure envelopes. 
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Figure 10. Effect of shear displacement rate on the measured GeL specimen internal 
residual shear strength at different shearing normal stresses. 
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CONCLUSIONS 

The purpose of the current study was to illustrate the effect of shear displacement 
rate on the internal shear behavior of a hydrated needle-punched GeL sheared at differ­
ent normal stresses. Using a torsional ring shear apparatus, different specimens of the 
reinforced GeL were hydrated at a normal stress of 17 kPa and then consolidated and 
sheared internally at normal stresses of 17, 100,200, and 400 kPa with shear displace­
ment rates ranging from 0.015 to 36.5 mm/minute. The following conclusions are based 
on the data and interpretations presented in this paper: 

1. 	 Peak internal shear strength is dependent on shear displacement rate and normal 
stress applied to the needle-punched GeL. It is hypothesized that three mechanisms 
cause this complex shear behavior: (i) shear resistance provided by the reinforcing 
fibers increases as the shearing rate increases because rapid shear rates tear the fibers 
as opposed to allowing a slow pullout of the fibers from the woven geotextile; (ii) 
effective normal stress decreases as shear rate increases due to the development of 
positive excess pore-water pressures; and (iii) undrained frictional resistance of ben­
tonite increases with increasing shear rate especially for shearing at high normal 
stresses. The net effect of these mechanisms is that the measured GeL peak internal 
shear strength at normal stresses ranging between 200 and 400 kPa is less sensitive 
to shear displacement rate than internal shear strength at normal stresses less than 
200 kPa. It is suspected that bentonite migration through the woven geotextile dur­
ing hydration and shearing allows positive shear-induced pore-water pressures to 
develop in the failure zone. 

2. 	 The shear failure plane was located between the woven geotextile and the underly­
ing bentonite filling. The internal failure was caused by tearing and/or pulling-out 
of the reinforcing fibers from the woven geotextile, thereby separating the woven 
geotextile from the remainder of the GeL. This finding is in agreement with the fail­
ure plane location reported by Gilbert et al. (1996) and Fox et al. (1998). 

3. Shear displacement rate has little influence on the residual internal shear strength 
of this needle-punched GeL regardless of the shearing normal stress level. This is 
attributed to the reinforcing fibers being already tom and/or pulled-out and oriented 
along with the hydrated bentonite particles parallel to the direction of shear. 

4. 	 The amount of shear displacement required to achieve the internal peak and residual 
shear strength depends on the shearing normal stress and shear displacement rate. 
The shear displacement required to reach the peak internal shear strength increases 
with increasing shearing normal stress and is relatively constant with increasing 
shear displacement rate. The shear displacement required to reach the residual shear 
strength decreases with an increase in the shearing normal stress and increases with 
an increase in shear displacement rate. 

S. 	 The peak and residual internal shear strengths for the needle-punched GeL are stress 
dependent. This is due to the ability of high normal stresses to enhance orientation 
of the bentonite particles (Stark and Eid 1994, 1997) and the reinforcing fibers paral­
lel to the direction of shear. Shear testing should be conducted on GeLs that exhibit 
a peel strength representative of field conditions, e.g. 65 N/IOO mm, otherwise the 
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testing will yield nonrepresentative values of peak internal shear strength and shear 
displacement required to reach a peak shear strength. 

6. 	 The final water content of the hydrated GeL decreases with increasing shearing nor­
mal stress. The final water content data presented herein may be used to indicate the 
shear displacement required to reach a residual strength condition and the value of 
residual internal shear strength for design purposes provided that the field stress his­
tory is similar to that experienced by the test specimen. It may also be used to esti­
mate the hydrated water content as a function of normal stress. 
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