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Geosynthetic Clay Liners (GCLs) are prefabricated geocomposite materials used as an
alternative to compacted clay liners in hydraulic barriers. They often offer hydraulic
performance equivalent to that of compacted clay liners with lower costs, easier constructability
and less space requirements. However, the internal and interface shear strength of GCLs is
known to be significantly lower than that of compacted clay liners, so their use in a landfill cap
or base liner system requires a careful shear strength assessment. Because of the significant time
and effort involved in GCL shear strength testing, clear understanding of shear strength data
collected for this material may provide insight that complements often limited project-specific
testing conducted for engineering design.

The internal and interface shear strength of GCLs were investigated by the previous
report by McCartney, Zornberg and Swan, Jr. (2002). This report contains additional data to
reinforce the understanding of the variability in internal and interface shear strength of needle-
punched and unreinforced GCLs. In addition, data is presented to link the variability in the shear
strength to the peel-strength of the GCLs.
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1 Introduction

All GCL and geomembrane name designations are the same as in McCartney et. al.
(2002). Additional data has been presented for the variability of the shear strength of the
interface between GCL A4 and an 80-mil GSE textured HDPE geomembrane as well as the
internal shear strength of unreinforced GCL F and needle-punched GCL A4 specimens. The new
data is presented in this report in addition to several modified figures from McCartney et. al.

(2002).

2 Update of Equivalent Friction Angle Analysis with Additional Data

Tables 1 and 2 show the updated equivalent friction angles for interface and internal GCL
shear strength, respectively. Recall that the upper and lower bounds are equal to the average plus
or minus two times the standard deviation. Standard deviations were developed for the
sensitivity analysis (to GCL type, geomembrane manufacturer and geomembrane thickness) for

the interface GCL shear strength.

3 Discussion of Variability of Internal and Interface Shear Strength of Unreinforced GCLs

Five new direct shear tests were run on the internal shear strength of a GCL F, which is
an unreinforced layer of sodium bentonite mixed with adhesives, bonded to a woven geotextile
and a nonwoven geotextile. Although there were few tests conducted on unreinforced GCLs as
part of the GCLSS database, the lower variability in shear strength of unreinforced GCLs than
that for reinforced GCL implies that fewer tests will adequately describe the variability. Table 3
shows all of the failure envelopes for GCL F, including a new set of 5 tests conducted on GCL F
tested at a normal stress of 9.6 kPa with a time of hydration of 24 hours, no consolidation and a
shear displacement rate of 1.0 mm/min. All three failure envelopes are shown in Figures 1(a)
and 1(b).

The five new tests conducted on the internal shear strength of GCL F provide an
excellent opportunity to assess the variability of unreinforced GCLs. Table 5 shows the results
of a statistical analysis on these five tests, along with statistical analyses for GCL 4 conducted
under similar conditions. Figure 2 shows a histogram of the peak and large displacement shear
strengths for these five tests. Although the average peak and large displacement shear strength

of this GCL are relatively low, the standard deviation values are comparatively high (i.e. COV



values between 15 and 19%). The correlation coefficient between the peak and large
displacement shear strengths is strongly positive, implying a non-linear increasing trend between
the peak shear strength and the amount of post-peak shear strength reduction. Figures 3(a) and
3(b) show probability density distributions built from these five data points. It is clear that these
distributions are incomplete due to the small sample size, but further tests may indicate a uniform
(constant probability for obtaining shear strength values between a certain range of shear
strength) or lognormal distribution.

In addition to the new variability tests for GCL F, a new test series for the shear strength
of the interface between GCL K and a 30-mil textured HDPE geomembrane with a time of
hydration of 24 hours, no consolidation and a shear displacement rate of 1.0 mm/min has been
obtained. This new failure envelope is shown in Figure 4 and Table 5. It is interesting that the
interface hydrated for 24 hours is significantly weaker than that hydrated for 48 hours. This may
indicate inadequate or unpredictable hydration conditions in the GCL K interfaces due to sodium

bentonite encapsulations between the geomembranes.

4 Discussion of Variability of Internal and Interface Shear Strength of Reinforced GCLs

A total of 22 new tests were run on the interface shear strength of GCL 4 and an 80-mil
GSE textured HDPE geomembrane, as well as 15 new tests run on the internal shear strength of
GCL 4. Tables 6 and 7 show the interface and internal shear strength values for all of the 41 and
34 test series, respectively, for GCL A and a textured HDPE geomembrane s hydrated for 168
hours, consolidated for 48 hours and sheared at a shear displacement rate of 0.1 mm/min. This
data was used to develop new failure envelopes, PDF plots, correlation analyses, and shear
strength parameters.

The large number of tests in the GCLSS database allows assessment of the variability of
GCL internal t, and 114. Considering that GCLs are composite materials, the variability analysis
presented herein allows identification of different potential sources of variability of shear
strength results. In addition, quantification of the variability of internal shear strength results
provides relevant information for reliability-based limit equilibrium analyses. Potential sources
of variability in GCL internal shear strength include: (i) differences in GCL reinforcement and

carrier geosynthetic types, (ii) differences in test equipment and procedures among different



laboratories, (iii) effect of o, and test conditions, (iv) inherent variability in reinforcements, (v)
inherent variability in the shear strength of sodium bentonite clay.

The number of shear strength test results in the GCLSS database is large enough to
provide representative samples for assessment of several sources of variability. The first source
of variability listed above is avoided in this study by assessing the variability of individual GCL
types. The second source of variability can be assessed by considering data obtained from a
single laboratory using consistent testing procedures on specimens from a single manufactured
lot. Figure 5(a) shows shear stress-displacement curves for GCL 4 specimens obtained from the
same lot but different rolls. Although the 5, values are slightly different, the behavior is nearly
identical at each c,. Figure 5(b) shows the t, and 114 envelopes from the results of these curves.
It should be noted that the coefficient of variation (COV = Standard deviation divided by the
mean) value for each pair of tests are less than 0.03, which, as will be shown below, is
insignificant compared to the variability that arises when observing GCLs from different lots.
Figures 6(a) and 6(b) show the results of another set of tests on GCL A specimens taken from a
different lot and different shear displacement rate. The same consistency is noted.  The
remaining potential sources of variability are evaluated by evaluating the variability of multiple
GCLs tests conducted using the same o, and test conditions, evaluating the variability of GCL
peel strength, which has been considered an index of the reinforcement contribution, and

evaluating the variability in shear strength of unreinforced GCLs.

4.1 GCL-Geomembrane Interface Shear Strength

The new GCL-geomembrane interface peak and large displacement shear strength test
results are shown alone in Figure 7(a) and 7(b). These figures were compiled to check that the
new test data was relatively similar to the test data reported by McCartney et. al. (2002) for the
same GCLs and geomembranes tested under similar conditions. All 41 tests series are shown in
Figures 8(a) and 8(b), along with the probability density distributions for each normal stress. The
mean and standard deviations for the shear strength at each normal stress level are shown in
Table 8 (developed from the data in Table 6). The mean value for peak and large displacement
conditions did not change greatly from what was reported by McCartney et. al. (2002), but the
standard deviation values are slightly higher. The probability distributions for the shear strength



data at each normal stress level resemble lognormal distributions. This will prove important for

a reliability based design.

4.2 Internal GCL Shear Strength

The new peak and large displacement internal GCL shear strength test results are shown
alone in Figure 9(a) and 9(b). These figures were compiled to check that the new test data was
relatively similar to the test data reported by McCartney et. al. (2002) for the same GCLs and
geomembranes tested under similar conditions. All 34 tests series are shown in Figures 10(a)
and 10(b), along with the probability density distributions for each normal stress. The mean and
standard deviations for the shear strength at each normal stress level are shown in Table 9
(developed from the data in Table 7). Again, the mean value for peak and large displacement
conditions did not change greatly from what was reported by McCartney et. al. (2002), and the
standard deviation values are slightly higher. In addition, the probability distributions for the

shear strength data at each normal stress level again resemble lognormal distributions.

4.3 Correlation and Shear Strength Parameter Probability Distributions

The Mohr-Coulomb shear strength parameters (¢ and ¢) were calculated for each test
series presented in Tables 6 and 7 for the interface and internal GCL shear strength, respectively.
A statistical analysis was then conducted on these shear strength parameters, and the results are
presented in Table 9. This table shows that the intercept value is much more variable than the
friction angle value. In addition, it is interesting to view the correlation between the shear
strength parameters. Figures 11(a) and 11(b) show the correlation between the peak intercept
values and peak friction angle values for interface and internal GCL shear strength, respectively.
This figure shows that there is a slight negative trend in the interface shear strength and a slight
positive trend in the internal shear strength. These findings may have important effects on a
reliability based design. Figure 12(a) and 12(b) show the probability distributions for the peak
interface GCL shear strength parameters. These figures indicate that the intercept value follows
a lognormal distribution and the friction angle follows a normal distribution. Figures 13(a) and
13(b) show the same plots for the peak internal GCL shear strength parameters. Again, the
intercept value follows a lognormal distribution and the friction angle follows a normal

distribution.



Figures 14(a) and 14(b) show the updated reliability based design charts for the peak
interface GCL shear strength, while Figures 15(a) and 15(b) show the updated reliability based
design charts for the internal GCL shear strength. Only slight changes were observed in these
figures from those presented by McCartney et. al. (2002).

5 Effect of Peel Strength

Peel strength data has been reported to provide an index of the quality of needle-punching
in a GCL (Eid and Stark 1999, Bouazza 2002). The peel strength (4STM D6496) involves
placing the carrier geotextiles of a 100 mm wide dry GCL specimen between clamps, and
measuring the force required to separate the geotextiles. The force required to separate the
carrier geotextiles has been considered as a measure of the density of needle-punched fiber
reinforcements. However, it should be noted that the peel strength test mobilizes the fibers in a
manner that may not be representative of limitations the conditions in which the fibers are
mobilized during a direct shear test.

A total of 75 peel strength tests were conducted on GCL 4 specimens. Specifically, five
tests were conducted on 15 rolls of GCL 4 used in the testing program described in section 4, the
results of which are shown in Table 11. Figure 16 shows the probability density function
obtained from the 75 peel strength test results. Peel strength results varied significantly (43 to
225 N/100 mm). The specified values provided by the GCL 4 manufacturer is 65 N/100 mm.
The relationship between the peel strength and the internal 1, of GCL A specimens taken from
these 15 rolls is shown in Figure 17. Details for each normal stress are shown in Figures 18(a),
18(b) and 18(c). Consistent with results reported by Richardson (1997), this figure indicates that
T, 1s relatively insensitive to t,. A slight increasing trend between peel strength and 1, can be
observed, particularly at higher c,. Since the peel strength is found to be insensitive to t,, the
inherent variability in peel strength cannot be used to explain the variability of GCLs. In
addition, the relationship between the peel strength and t, of the interface between GCL A and
an 80-mil THDPE geomembrane s is shown in Figure 19. This figure shows the same behavior
as Figure 15, which implies that the peel strength is not a good indicator of interface shear

strength for needle-punched GCLs.



6 Shear Displacement Rate

An additional test was conducted on the shear strength of GCL A at low normal stress
and a shear displacement rate of 0.01 mm/min. This test compliments data from McCartney et.
al. (2002) on the effect of the shear displacement rate at different normal stress levels. The
discussion based on this additional figure is presented below.

The effect of SDR on 7, and 114 has been reported by Gilbert et. al. 1997, Fox et. al. 1998
and Eid et. al. 1999. Although these studies focused only on the response of tests conducted
under comparatively low o,, an increasing trend in 1, was reported for increasing SDR. Causes
proposed to explain this trend include creep and rate-dependent fiber reinforcement pullout
behavior during shearing. The GCL internal residual shear strength was reported to be
essentially insensitive to SDR.

The GCLSS database allows a more comprehensive analysis of the effect of SDR on
internal shear strength, as it includes tests conducted at comparatively high o, values, which
have not been reported in previous studies. Figure 20(a) shows the results of tests on GCL A4
conducted under low o, (50 kPa) under the same test conditions (t, = 24 hs, t. = 0 hs), but
varying SDR (0.01, 0.5 and 1.0 mm/min). Consistent with the trend reported in past studies for
tests conducted under low G, the results show an increasing t, value with increasing SDR. The
results also show that residual shear strength was only reached at the end of the test for the fast
SDR (1.0 mm/min), while residual conditions have not been apparently reached for tests
conducted at lower SDR. Figure 20(b) shows the results of tests on GCL A4 conducted under
comparatively high o, (520 kPa) and the same test conditions (t, = 312 hs and t. = 48 hs), but
varying SDR (0.0015, 0.01, 0.1 and 1.0 mm/min). Unlike the trend shown in Figure 20(a) for
tests conducted under low o, the results in Figure 20(b) show a decreasing 1, with increasing
SDR. However, as observed in Figure 20(a), the GCL tested at the fastest SDR (1.0 mm/min)
reached residual shear strength while the other GCLs have not reached this condition at the end
of the test.

Figure 20(c) summarizes the shear strength results from the tests shown in Figures 20(a)
and 20(b), in addition to duplicate tests conducted to verify the repeatability of test results. T,
decreases at a rate of approximately 15 kPa per log cycle of SDR for tests conducted at ¢, = 520
kPa, while it increases at a rate of approximately 12 kPa per log cycle of SDR for tests conducted

at o, = 50 kPa
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Although creep and rate-dependent pullout of the fiber reinforcements have been
proposed in the literature to explain the effect of SDR on 7, (e.g. Eid and Stark 1997, Gilbert et.
al. 1997 for tests conducted under comparatively low G,), the availability in this study of test
results obtained under high o, suggests that the reason for the observed trends is the generation
of shear-induced pore water pressures. In the case of tests conducted under low o, (i.e. below
the swell pressure of GCLs), shear-induced pore water pressures are expected to be negative.
Consequently, increasing SDR will lead to higher (negative) pore water pressures and thus
higher t, values. On the other hand, tests conducted under high o, (i.e. above the swell pressure
of GCLs) shear-induced pore water pressures are expected to be positive. Increasing SDR will
lead to higher (positive) pore water pressures and thus lower 1, values.

Since no shear-induced pore water pressures are expected (positive or negative), under
residual (constant volume) conditions, the same residual shear strength is expected to be
achieved at sufficiently large 6. Even though residual shear strength was not achieved for tests
conducted using slow SDR, the tests conducted using a faster SDR reached residual shear
strength conditions for comparatively small 6. Indeed, Gilbert et. al. (1997) and Eid and Stark
(1999) have reported residual shear strength results that were insensitive to the SDR irrespective
of the SDR value. An important consequence of this response is that, if design is governed by
residual shear strength, direct shear tests conducted using high SDR should provide adequate

internal shear strength characterization.

7 Conclusions
The new data presented in this report leads to the following conclusions concerning the
variability of internal and interface GCL shear strength:

e The COV of unreinforced GCLs is similar to that of reinforced GCLs (COV of
approximately 0.2), suggesting that the main source of GCL variability is the inherent
variability of sodium bentonite.

e Variable hydration conditions exist in the interface between GCL K and a geomembrane
due to sodium bentonite encapsulation between the two geomembranes.

e Tests on a single lot were observed to be repeatable with a COV for the tests at different
normal stresses less than 0.05, which is lower than the COV observed for tests conducted

on GCLs taken from different rolls.
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The additional data for internal and interface GCL shear strength at constant test

conditions shows that the variability data presented by McCartney et. al. (2002) was

representative of a larger sample size.

For linear failure envelopes developed for internal and interface GCL A shear strength:

o The intercept value was typically more variable than the friction angle

o The intercept value for a follows a lognormal distribution, while the friction angle
follows a normal distribution.

o The intercept value was two to three times more variable than the friction angle of the
failure envelope for internal or interface GCL shear strength

The variability in shear strength, quantified by the COV, is not particularly sensitive to o,

or to sample conditioning.

Peel strength was observed to have a comparatively high variability. However, the

correlation between peel strength and t, for needle-punched GCLs was found not to be

strong. Consequently, conclusions regarding the effect of the variability in fiber

reinforcement density on the variability of 1, cannot be made.

Peak shear strength of reinforced GCLs increases with increasing SDR for low &,,. On the

other hand, the peak shear strength of reinforced GCLs decreases with increasing SDR

for high o,. This behavior is consistent with the generation of negative pore water

pressures under low o, (below the swell pressure) and of positive pore water pressures

under high o,. Consequently, if design is governed by 1, testing using sufficiently low

SDR should be specified.

Residual conditions were achieved at a lower & for tests conducted at a high SDR.

Consequently if design is governed by 14, testing using sufficiently high SDR should be

specified.
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Table 1: Updated Equivalent Friction Angles for the Shear Strength of the Interface between a

GCL and a Geomembrane

Peak Large Displacement
Standard Upper Lower Standard Upper Lower
Interface Equivalent | Deviation Bound Bound | Equivalent | Deviation Bound Bound
Set Set Description Friction | Equivalent | Equivalent | Equivalent | Friction | Equivalent| Equivalent | Equivalent
Angle Friction Friction Friction Angle Friction Friction Friction
(Degrees) Angle Angle Angle (Degrees) Angle Angle Angle
(Degrees) | (Degrees) | (Degrees) (Degrees) | (Degrees) | (Degrees)
1 Textured Geomembrane Interfaces 21.0 2.6 26.3 15.8 12.8 2.9 18.6 7.1
2 Smooth Geomembrane Interfaces 10.0 2.2 14.4 5.5 9.4 2.2 13.8 4.9
3 PVC Geomembrane Interfaces 18.9 2.0 22.9 14.9 18.9 2.0 22.9 14.9
4 TVLDPE Geomembrane Interfaces 31.7 6.5 44.7 18.7 25.1 6.3 37.7 12.5
5 TLLDPE Geomembrane Interfaces 29.8 2.1 34.0 25.6 22.6 1.5 25.7 19.5
6 All THDPE Geomembrane Interfaces 21.0 1.7 24.4 17.6 12.8 1.9 16.6 9.1
7 A 21.5 1.0 23.4 19.5 12.7 1.2 14.8 10.1
8 GCL B 13.2 5.0 23.1 3.2 9.9 4.5 18.8 1.0
9 C 214 1.2 22.2 17.5 12.4 1.0 154 11.4
10 K 25.8 0.7 27.6 25.0 16.6 1.0 18.1 14.2
11 s 20.9 1.1 22.9 18.6 13.2 1.2 153 10.6
12 Ge(—)r:e?nl:)l?ane THDPE t 16.8 4.3 25.5 8.1 10.6 4.3 19.2 2.1
13 Interfaces Geomembrane u 26.1 0.8 27.6 24.6 16.7 1.3 19.2 14.2
14 Manufacturer N 21.3 0.5 22.3 20.2 11.9 0.8 13.6 10.2
15 w 20.8 0.6 21.9 19.6 10.4 0.5 114 9.5
16 Geomembrane 40mil 23.0 2.9 28.9 17.2 11.3 3.0 17.4 5.2
17 - 60mil 20.4 2.4 25.2 15.7 12.3 2.7 17.7 6.9
—_— Thickness -
18 80mil 21.6 0.9 233 19.8 13.6 0.9 15.2 11.6

Note: Equivalent friction angle defined for the normal stress range 0-700 kPa for each interface set

Table 2: Updated Equivalent Friction Angles for Internal GCL Shear Strength

Peak Large Displacement
. Number of Number of
ggrlr‘lbse: GCL set description results in (DjEQ deou 9eoi results in 9o drou bros
cach set grees)  (Degrees)  (Degrees) cach set (Degrees)  (Degrees) (Degrees)
1 All GCLs 354 28.0 47.6 8.4 221 10.7 14.2 7.2
2 All reinforced GCLs 331 28.6 48.6 8.7 208 10.9 14.3 7.6
3 Unreinforced GCLs 13 6.6 14.6 0.0 13 5.9 11.5 0.3
4 All needle-punched GCLs 251 30.9 49.8 12.1 161 11.1 14.5 7.8
5 Stitch-bonded GCLs 44 12.5 46.1 0.0 4 6.3 7.2 5.5
6 All thermal-bonded GCLs 46 27.9 40.0 15.8 43 11.4 16.1 6.8
7 Needle-punched W-NW 234 30.6 49.2 11.9 156 11.2 14.5 7.9
8 Thermal-bonded GCLs W-NW 25 28.9 38.7 19.1 25 12.9 18.1 7.7
9 Needle-punched NW-NW 17 37.1 58.4 15.8 5 10.8 14.3 7.2
10 Thermal-bonded GCLs NW-NW 21 26.8 42.0 11.6 18 9.9 13.7 6.0
11 GCL A 219 30.6 47.9 13.4 152 11.2 14.4 8.0

Note: Only tests with 6, below 550 kPa were used to define ¢gq values. Not all tests reported for T, reach 14
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Table 3: Failure Envelopes for GCL F

Normal |Peak Shear| . Large Hydration Consolidation Shear Final
. Displacement ty Normal tc . Water
Series Name Stress Strength Shear St th /Ty b St b Normal Stress | Displacement Content
(kPa) (kPa) car Streng (hrs) ress | (hrs) (kPa)  [Rate (mm/min)| ~oon
(kPa) (kPa) (%)
13.8 4.8 4.1 0.9 168 13.8 0 0.0 1.0 252.5
1 27.6 7.6 6.2 0.8 168 27.6 0 0.0 1.0 252.5
55.2 13.8 10.3 0.8 168 55.2 0 0.0 1.0 252.5
2a 275.8 38.6 35.2 0.9 0 0.0 14 275.8 0.1 34.0
68.9 20.7 14.5 0.7 0 0.0 0 0.0 1.0 84.0
2b 275.8 33.8 30.3 0.9 0 0.0 0 0.0 1.0 84.0
482.6 47.6 43.4 0.9 0 0.0 0 0.0 1.0 84.0
9.6 3.3 2.3 0.70 24 9.58 0 0 1 #N/A
9.6 3.4 2.7 0.80 24 9.58 0 0 1 #N/A
3 9.6 3.7 3.3 0.88 24 9.58 0 0 1 #N/A
9.6 4.6 3.3 0.71 24 9.58 0 0 1 #N/A
9.6 3.4 3.0 0.88 24 9.58 0 0 1 #N/A
9.6 5.1 3.5 0.70 24 9.58 0 0 1 #N/A
Table 4: Shear Strength Variability Analysis for Different GCLs
Test conditions Peak Large-displacement
Analysis  GCL t, te SDR G, Number  E(t)) s(tp) cov E(tyg) s(T1) cov
number name (hs) (hs)  (mm/min)  (kPa) of tests (kPa) (kPa) (kPa) (kPa)
1 A 168 48 0.1 34.5 34 38.8 10.3 0.26 20.4 6.90 0.34
2 A 168 48 0.1 137.9 34 94.5 22.0 0.23 37.5 8.45 0.23
3 A 168 48 0.1 310.3 34 176.3 33.6 0.19 63.1 11.78 0.19
4 A 48 0 1.0 9.6 19 30.5 6.1 0.20 #N/A #N/A #N/A
5 F 24 0 1.0 9.6 6 3.9 0.7 0.19 3.0 0.5 0.15
6 A 24 0 1.0 9.6 5 25.1 1.1 0.05 #N/A #N/A #N/A
7 B 48 0 1.0 9.6 5 26.4 33 0.12 #N/A #N/A #N/A
8 A 0 0 1.0 517.1 5 404.4 41.4 0.10 232.1 26.83 0.12

Table 5: Failure Envelopes for the Interface between GCL K and a THDPE Geomembrane

Normal Peak Large Hydration Hydration | Final GCL
Series GCL | Geomembrane Shear Displacement . Normal Water
Stress Time
Name Name Name (kPa) Strength | Shear Strength (hrs) Stress Content
(kPa) (kPa) (kPa) (%)
K 60-mil s 68.9 58.6 54.5 0 0 15.3
1 K 60-mil s 206.8 115.8 111.0 0 0 15.1
K 60-mil s 344.7 187.5 111.0 0 0 15
K 60-mil s 96.5 36.5 19.3 24 96.5 #N/A
2 K 60-mil s 193.1 64.1 42.1 24 193.1 #N/A
K 60-mil s 386.1 134.4 82.7 24 386.1 #N/A
K 60-mil s 482.6 157.2 97.9 24 482.6 #N/A
K 60-mil u 241.3 120.0 71.7 48 241.3 131.6
3 K 60-mil u 482.6 245.5 148.2 48 482.6 131.6
K 60-mil u 723.9 386.1 242.0 48 723.9 131.6
K 60-mil u 965.3 483.3 288.2 48 965.3 131.6
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Table 6: Shear Strength of the Interface between GCL A and an 80-mil Textured HDPE
Geomembrane s (ty = 168 hours, tc = 48 hours, SDR = 0.1 mm/min)

Shear Strength Data Peak Failure Envelope | Large Displacement Failure
Large Large Targe
Series Number | Normal | Peak Shear | Displacement ; Peak r"f““" . Peak | pyisplacement | Displacement
Stress (kPa Strength (kPa) | Shear Strength we Lo LT Angle ntercept | priction Angle t
(Degrees) | (kPa)
(kPa (Degrees)
345 200 i 9
1379 538 3 6 20.70 492 13.47 236
3103 1234 ik 4
345 172
2 1379 50.3 2099 148 12.37 492
3103 1220 4
345 20.0
3 1379 2.7 16.12 729 1168 236
3103 986
345 193
4 1379 51.7 64 18.32 7.19 11.04 6.30
3103 110.3 1
345 17.2 1 54
5 1379 441 4 56 16.83 512 9.63 374
3103 100.0 7. 7
345 16.5 1.0
6 1379 034 3 2045 6589 1224 739
3103 1207 7.
345 193 97
7 1379 772 7. 26.03 532 14.27 138
3103 155.1 0.0 0
345 2.
8 1379 7 15.83 15.07 1261 561
3103 4
345 4 9.7
9 1379 16.50 12.12 12.01 3.94
3103
345 E
10 1379 21.77 5.61 9.78 7.19
3103 1324 0
345 18.6
1" 1379 462 E 2009 207 10,07 384
3103 1179
345 18.6
12 1379 60.0 9 1 16.38 12.71 10.05 10.34
3103 101.4 4.1
345 16.5 24
13 137.9 49.6 1 64 2086 0.98 1252 335
3103 120.7 3 3
345 27.6 15. A 5.
14 1379 827 37. 2 4 2720 10,64 1428 5.02
3103 1696 84, E 5
345 255 1 7
15 1379 76.5 A 23.85 12.31 15.86 6.70
3103 1482 9: 0 64
345 31.7 I
16 1379 848 4 5 2289 2078 14.69 1044
3103 1296 91
345 214 13.
17 1379 579 34 2324 355 13.05 453
3103 1386 7.
345 172 4 S
18 1379 69.6 7. 23.04 581 13.68 542
3103 1358 4
345 186 7] E
19 1379 593 3 3 2023 6589 13.10 1.87
1207 39 4
193 1 56 0
20 1379 46.9 28 34 21 6 20.76 177 10.34 5.81
3103 122.0 5 39 20 B
3447 15.44 8.4 5
2 137.90 6715 4178 9 0 24.56 1.40 1423 246
310.26 142.17 79.50 6
34.47 1531 7.93 4
2 137.90 5957 20,89 2042 469 14.02 2,06
310.26 118.87 7791 6¢
3447 15.72 8.00 5
23 137.90 59.50 38.40 6: 20.38 497 12712 293
310.26 119.00 71.36 6
3447 1813 9 B
24 137.90 72.46 45.78 6: 26.89 1.37 14.16 498
310.26 158.30 81.01 5 5
34.47 13.24 3 6!
25 137.90 64.33 3 I} o 2062 495 1197 454
31026 118.87 5
3447 2096 7
2 137.90 6984 5 18.28 15.24 10.75 10.68
310.26 114.32 6
3447 159 8
27 137.90 573 4 7 18.86 647 1251 733
310.26 111.07 7
3447 16.5: 1 A 9
28 137.90 617 41 3 19.60 748 10.06 1173
31026 116,04 4
3447 18.06 3
29 137.90 57.92 6.54 21.40 429 10.22 9.20
126.04 4. 1
1503 1.5 34
30 6095 7 m 7 3 2098 42 1262 474
121.76 3
16.55 1
31 6047 39.44 3 2201 342 13.18 5.12
2838 7
18.00 E
32 64.19 1 2278 458 11.96 10.28
134.24 74.2¢
2006 1 3 4
33 64.19 454 2 6 19.01 11.46 1295 9.14
116.3 9.08 s
14.8 0.14 9
34 49.7: 7. 7 17.79 449 10.04 7.59
1036 4 9
1401 5
35 59.0; 3 19.98 431 1438 6.18
115.4: 7
13.9: 4
36 60.2 2021 441 1235 593
116.73
1434
37 6191 4 20.75 451 12.51 8.32
120.11 7s.
13.72 10. 0
38 6247 44 2 2051 469 11.03 8.89
118.45 66. 1 S
13.38 931 7 7
39 53.99 3454 o4 18.04 482 1138 4.07
10425 6550 7] 3
15.6: 9.72 .6
40 59.3¢ 40.82 6 2240 1.86 13.64 3.66
129.4: 77.57 6(
18.4¢ 13.79 5 4 .
41 657 254 3 3 19.61 10.19 15.03 491
11831 87.98 0.38 0.28 0.74
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Table 7: Internal Shear Strength of GCL A (ti = 168 hours, tc = 48 hours, SDR = 0.1 mm/min)

Shear Strength Data Peak Failure Envelope] Large Displacement Failure
Large Peak peak Large Large
Series Name | Normal | Peak Shear | Displacement e e s Friction | |+ ot | Displacement [ Displacement
Stress (kPa)| Strength (kPa) | Shear Strength v o 10" Angle (kpu)‘ Friction Angle |  Intercept
(kPa) (Degrees) (Degrees) (kPa)
345 37.9 138 11 04 04
1 137.9 75.8 248 0.6 02 03 25.84 16.55 6.14 10.05
3103 169.6 434 0.5 0.1 03
345 469 186 14 0.5 04
2 137.9 107.6 372 0.8 03 0.3 29.75 27.78 9.17 13.79
3103 2048 63.4 0.7 0.2 0.3
345 42.1 17.9 1.2 0.5 0.4
3 137.9 96.5 324 0.7 0.2 0.3 26.12 26.59 9.90 10.54
3103 1779 65.5 0.6 0.2 0.4
345 50.3 338 1.5 1.0 0.7
4 137.9 135.1 47.6 1.0 03 0.4 30.73 38.81 7.99 28.66
3103 2179 724 0.7 0.2 0.3
345 414 317 1.2 0.9 0.8
5 137.9 1138 558 4 34.79 17.63 11.78 25.51
3103 2330 89.6 3
345 46.2 24.1 . .7 B
6 137.9 1138 517 . 4 E 3116 | 27.28 12.54 18.22
3103 2137 86.2 . 3
345 46.2 186 3 .5 )
7 137.9 109.6 37.9 .8 3 3 2899 | 29.45 9.00 14.28
3103 199.9 62.7 0.6 0.2 03
345 49.6 14.5 14 04 03
8 137.9 1262 434 09 03 03 3302 | 30.63 1221 9.55
3103 231.0 752 0.7 0.2 03
345 46.2 38.6 1.3 1.1 0.8
9 137.9 89.6 49.0 0.7 0.4 0.5 25.19 27.97 4.96 36.15
3103 175.1 62.7 0.6 0.2 0.4
345 393 17.2 11 0.5 0.4
10 137.9 94.5 393 0.7 03 0.4 29.44 18.62 11.99 9.95
3103 194.4 758 0.6 0.2 0.4
345 46.2 159 1.3 0.5 0.3
11 137.9 111.0 29.6 0.8 0.2 0.3 29.30 29.45 10.22 778
3103 202.0 64.8 0.7 0.2 0.3
345 55.2 #N/A 6 #N/A H#N/A
12 137.9 1372 #N/A 0 HNJA ANIA 3373 | 3713 #N/A #N/A
3103 2413 AN/A .8 HN/A AN/A
345 49.0 83 4 .2 .
13 137.9 91.0 13.8 7 1 . 2126 | 3625 6.62 1.77
3103 156.5 39.3 5 .1
345 44.1 152 3 4 .
14 137.9 108.9 303 0.8 0.2 03 2164 | 39.60 5.40 13.99
3103 1572 42.1 0.5 0.1 03
345 53.1 31.0 15 0.9 0.6
15 137.9 1358 448 1.0 0.3 03 28.01 4541 7.84 26.10
3103 204.1 68.9 0.7 0.2 0.3
345 434 1.7 13 03 03
16 137.9 1138 29.0 0.8 0.2 0.3 32.84 22.56 9.95 532
3103 222.0 60.0 07 02 03
345 58.6 324 17 09 0.6
17 137.9 1179 44.8 0.9 03 0.4 26.24 44.82 6.84 28.27
3103 1958 65.5 0.6 0.2 0.3
345 517 9.7 1.5 03 0.2
18 137.9 104.8 29.0 0.8 0.2 0.3 25.42 36.84 7.51 729
3103 1834 46.9 0.6 0.2 0.3
345 44.1 214 13 0.6 05
19 137.9 1138 40.7 0.8 0.3 04 3188 | 2472 11.21 14.09
310.3 216.5 758 07 02 0.4
3447 30.34 19.99 0.88 058 0.66
20 137.90 73.36 36.68 0.53 027 0.50 23.05 15.29 8.51 1531
310.26 147.55 61.43 0.48 020 042
34.47 3034 19.99 0.88 058 0.66
21 137.90 73.08 40.20 053 029 0.55 23.03 1521 9.18 15.77
310.26 147.41 65.09 0.48 0.21 0.44
3447 22.20 15.24 0.64 0.44 0.69
22 137.90 62.60 31.92 0.45 0.23 0.51 21.59 8.35 8.13 11.04
310.26 131.28 54.95 0.42 0.18 042
3447 27.37 15.24 .79 .44 .56
23 137.90 74.19 3137 54 23 42 24.74 11.17 8.57 10.25
31026 154.30 56.88 50 .18 37
34.47 28.13 2227 82 .65 .7
24 137.90 7791 3847 57 .28 .4¢ 23.05 15.68 7.48 18.75
31026 146.38 58.88 47 .19 4
3447 2737 19.24 79 56 .7
25 137.90 7157 32.89 0.52 024 0.46 23.11 12.69 8.16 13.84
31026 145.07 58.61 047 0.19
3447 3047 18.82 0.88 055
26 137.90 79.43 3116 058 023 25.77 13.45 7.64 13.61
310.26 163.47 5557 0.53 0.18
34.47 32.34 17.93 0.94 0.52
27 137.90 85.70 3599 0.62 0.26 042 2517 17.98 8.79 13.40
310.26 162.65 60.88 0.52 020 037
34.47 30.82 16.41 0.89 048 053
28 137.90 77.15 35.16 0.56 0.26 0.46 23.07 17.01 8.29 12.80
310.26 148.65 57.16 0.48 0.18 038
3447 32.82 21.10 0.95 0.61 0.64
29 137.90 69.77 33.65 0.51 0.24 0.48 16.90 24.47 6.30 17.73
310.26 117.49 5171 .38 .17 .44
34.47 29.85 20.96 87 61 .70
30 137.90 79.98 3551 58 26 44 26.39 12.29 7.40 16.91
310.26 166.51 56.95 54 .18 .34
34.47 27.58 25.86 30 .75 .94
31 137.90 7370 39.02 53 28 53 21.21 16.50 6.56 2238
31026 E 57.78 44 .19 .43
34.47 28.61 23.10 0.83 0.67 0.81
32 137.90 7198 46.61 052 034 0.65 23.27 13.36 10.72 18.08
31026 147.07 75.91 047 024 0.52
34.47 24.61 22.20 071 0.64 0.90
33 137.90 74.60 44.75 0.54 032 0.60 22.10 13.69 11.44 15.85
310.26 137.83 78.26 044 025 057
34.47 25.10 20.13 0.73 058 0.80
34 137.90 71.77 44.26 0.52 0.32 0.62 23.70 10.45 10.67 15.42
31026 146.38 72.81 047 023 0.50




Table 8: Statistical Analysis of the Shear Strength of the Interface between GCL A and an 80-mil

Textured HDPE Geomembrane s Interface (ty = 168 hours, tc = 48 hours, SDR = 0.1

mm/min)
Shear Strength Data Failure Envelope
G =34.5kPa o =137.9 kPa o =310.3 kPa Peak Large Displacement
Statistical
austea Peak Shear . Large Peak Shear . Large Peak Shear . Large Friction Intercept Friction Intercept
Values Displacement Displacement Displacement
Strength Strength Strength Angle Value Angle Value
(kPa) Shear Strength (kPa) Shear Strength (kPa Shear Strength (Degrees) (kPa) (Degrees) (kPa)
(kPa) (kPa) (kPa) ¢ ¢
Average 18.03 12.33 60.77 37.81 122.86 73.44 20.66 6.40 12.40 5.79
St. Dev. 3.84 245 9.57 5.90 16.60 8.58 2.71 435 1.62 2.72
CcCov. 0.21 0.20 0.16 0.16 0.14 0.12 0.13 0.68 0.13 0.47

Table 9: Statistical Analysis of the Internal Shear Strength of GCL A (ty = 168 hours, tc = 48

hours, SDR = 0.1 mm/min)
Shear Strength Data Failure Envelope
o =34.5 kPa o =137.9 kPa o =310.3 kPa Peak Large Displacement
tatistical
Statistica Peak Shear| .. Large Peak Shear| . Large Peak Shear . Large Friction Intercept | Friction | Intercept
Values Displacement Displacement Displacement
Strength Strength Strength Angle Value Angle Value
(kPa) Shear Strength (kPa) Shear Strength (kPa) Shear Strength (Degrees) (kPa) (Degrees)|  (kPa)
a (kPa) a (kPa) a (kPa) egrees a egrees a
Average 38.81 20.39 94.51 37.54 176.29 63.13 26.22 23.40 8.76 15.53
St. Dev. 10.25 6.90 22.03 8.45 33.59 11.78 4.29 10.53 2.03 7.22
CoV. 0.26 0.34 0.23 0.23 0.19 0.19 0.16 0.45 0.23 0.46

Table 10: Summary of the Failure Envelope Data for the Shear Strength of the Interface between

GCL A and an 80-mil Textured HDPE Geomembrane s and the Internal Shear Strength
of GCL A (ty = 168 hours, tc = 48 hours, SDR = 0.1 mm/min)

Interface Failure Envelope Internal Failure Envelope
Peak Large Displacement Peak Large Displacement
Statistical Values Friction Angle Intercept Friction Angle | Intercept Value Friction | Intercept | Friction | Intercept
(Degrees) Value (Degrees) (kPa) Angle Value Angle Value
(kPa) (Degrees) (kPa) (Degrees) (kPa)
Average 20.66 6.40 12.40 5.79 26.22 23.40 8.76 15.53
St. Dev. 2.71 4.35 1.62 2.72 4.29 10.53 2.03 7.22
Cov 0.13 0.68 0.13 0.47 0.16 0.45 0.23 0.46
Correlation -0.259 -0.344 0.316 -0.230
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Table 11: Peel Strength for GCL A; Included are the Series Number in Which the GCL was

Tested for Internal or Interface Shear Strength in Tables 6 and 7

Average | Standard fnternal Interface Standard
Internal Shear |Interface Shear] . Peel L Shear Shear . Average L
Sample . .| Specimen Peel Deviation Sample Specimen Peel Deviation
Number Strength SeriesfStrength Series Number Strength Strength Peel Number Strex}gth Strer}gth Number | Strength (N) Peel Peel
Number Number N) ™) Strength (N) Series Series Strength (N) Strength (N)
Number Number
1 382 1 132.7
2 122.1 2 144.4
GCL 02-01 20 39/41 3 41.8 72.7 352 GCL 02-11 29 27 3 95.3 1154 21.8
4 69.5 4 105.1
5 91.8 5 99.4
1 37.1 1 121.8
2 44.9 2 149.9
GCL 02-02 21 38 3 443 46.1 6.7 GCL 02-12 28 26 3 106.2 115.1 224
4 553 4 904
5 49 5 107.1
1 166.6 1 133.6
2 198.5 2 141.1
GCL 02-03 22 37 3 164.7 185.6 19.5 GCL 02-13 27 25 3 144.7 127.4 17.9
4 189.3 4 102.7
5 208.8 5 115.1
1 111.8 1 139.9
2 344 2 199.7
GCL 02-06 34 34/40 3 83.1 79.5 315 GCL 02-14 26 24 3 144.5 148.2 30.1
4 104.5 4 121.2
5 63.8 5 135.9
1 147 1 89.6
2 75.8 2 62.2
GCL 02-07 33 31/33 3 132.2 137.0 37.1 GCL 02-15 25 23 3 89.8 89.4 18.3
4 159.6 4 113.7
5 170.5 5 91.7
1 135 1 95.4
2 158 2 186.6
GCL 02-08 32 30 3 167.9 168.4 23.8 GCL 02-16 24 22 3 2244 183.7 514
4 195.6 4 198.6
5 185.7 5 2134
1 65.7 1 198
2 56.1 2 198
GCL 02-09 31 29 3 31.3 48.4 13.9 GCL 02-17 23 21/32 3 184.4 199.8 11.9
4 51 4 217.6
5 37.7 5 201.1
1 88.8
2 143.1
GCL 02-10 30 28 3 159.8 159.4 49.5
4 222.7
5 182.6
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Figure 1: Internal Shear Strength Failure Envelopes for GCL F (a) Peak, (b) Large Displacement
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Stress of 9.6 kPa
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Figure 4: Failure Envelopes for the Interface between GCL K and a Textured HDPE
Geomembrane, Effect of the Time of Hydration (a) Peak, (b) Large Displacement

21



250

Solid: o, = 48.3 kPa
Dashed: 6, =213.7 kPa

200 \ Dotted: o, = 386.1 kPa
' RN Test Conditions:
P 3 _ l
g 150 VN AN, t, = 24 hs
v // ,':" ></~‘«\\\ \‘\‘ . tc =0hs
& ty PN N N SDR = 0. 5 mm/min

100 | -

O 5 10 15 20 25 30 35 40 45 50 55 60
O, mm
(a)
250
Test Conditions:
t,=24h
200 { ¢ o =

SDR = 0.5 mm/min
<150 | Max COV =0.03

£100 /

/ -
50 o
.-
0
0 100 200 300 400 500
c,, kPa
(b)

Figure 5: Repeatability of Shear Strength Tests on GCL A, t, = 24 hs, t. = 0 hs, SDR = 0.5 (Note:
COV for each normal stress level is 0.01 to 0.03)
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Figure 6: Repeatability of Shear Strength Tests on GCL A, t, = 24 hs, t. = 0 hs, SDR = 1.0 (Note:
COV for each normal stress level is 0.02 to 0.05)
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Figure 7: New Shear Strength Data for the Interface between GCL A and an 80-mil Textured
HDPE Geomembrane s (tg = 168 hours, tc = 48 hours, SDR = 1.0 mm/min)
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Figure 8: New Shear Strength Data Combined with Existing Data for the Interface between GCL A
and an 80-mil Textured HDPE Geomembrane s (tg = 168 hours, tc = 48 hours, SDR = 1.0

mm/min)
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Figure 9: New Internal Shear Strength Data for GCL A (tg = 168 hours, tc = 48 hours, SDR = 1.0

mm/min)
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Figure 10: New Internal Shear Strength Data Combined with Existing Data for GCL A (tg = 168
hours, tc = 48 hours, SDR = 1.0 mm/min)
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Figure 11: Correlation Plots for the Intercept Value and Friction Angle for the Peak and Large

Displacement Shear Strength Failure Envelopes, (a) GCL A Interface with a Textured
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Figure 12: Probability Density Functions for the Peak Failure Envelope for the Interface between

GCL A and a Textured HDPE Geomembrane s; (a) Intercept Value, (b) Friction Angle
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Figure 20: Effect of shear displacement rate on peak shear strength of GCL A for low o, (50 kPa)
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