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Abstract: A database of 414 large-scale direct shear test results was assembled to evaluate variables governing geosynthetic clay lin
(GCL) internal shear strength. The tests were conducted by a single independent laboratory over 12 years using procedures consistent w
current testing standards. A wide range of GCL types, normal stresses, and shear displacement rates allowed investigation of the effect
reinforcement, pore water pressure generation, and sources of shear strength variability. Reinforced GCLs showed higher strength th:
unreinforced GCLs, with needle-punched GCLs performing better than stitch-bonded GCLs. Thermal locking of needle-punched GCLs
was found to be effective at high normal stress, but hydration using low hydration normal stress was found to decrease the effectivenes
of thermal locking. Shear-induced pore water pressures were indirectly evaluated using shear strength results from tests conducted usi
normal stresses above and below that corresponding to the GCL swell pressure. The peak shear strength was found to increase w
decreasing shear displacement rates for high normal stresses, while the opposite trend was observed for low normal stresses. Shi
strength envelopes showed a bilinear response, with a break at normal stresses consistent with the GCL swell pressure. Good repeatabi
of test results was obtained using the same-manufacturing-lot GCL specimens, while comparatively high variability was obtained using
different-lot specimens. Peak shear strength variability was found to increase linearly with normal stress, but to be insensitive to specime
conditioning procedures. Evaluation of reinforced and unreinforced GCL test results indicates that, in addition to reinforcement variability,
bentonite variability contributes to the shear strength variability of reinforced GCLs. Peel strength was found not to be a good indicator
of the contribution of fibers to the GCL peak shear strength.
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Introduction face. The internal shear strength of GCLs is the focus of the study
presented in this paper.
Geosynthetic clay lineréGCLs) are prefabricated geocomposite Several investigators have evaluated the GCL internal shear

ftrength using direct shear and ring shear tebert et al.
1996, 1997; Stark et al. 1996; Eid and Stark 1997; Fox et al.
1998; Eid et al. 1999 These experimental studies have provided
invaluable insight into the significance of parameters that govern
. s . . ' the shear behavior of GCLs. However, available information on
good compliance with differential settlements of underlying soil GCL internal shear strength is still limited to specific ranges of
or waste, easy installation, and low cost. Stability is a major con- normal stresses, GCL types, and test conditions. There are three
cern for side slopes in bottom liner or cover systems that include primary reasons why a comprehensive evaluation of GCL internal
GCLs because of the very low shear strength of hydrated sodiumghear strength is still needed. First, the use of tests from different
bentonite(Mesri and Olson 1970 Proper shear strength charac- |aboratories may have masked sources of variability, as was the
terization is needed for the different materials and interfaces in case in a shear strength database assembled by Stoewahse et al.
hydraulic barriers. In particular, the failure surface of a liner sys- (2002 using results from European laboratories. Second, the cur-
tem may develop internallywithin the GCL), either through its rent standard for internal and interface GCL shear strength testing
bentonite core or along the bentonite/carrier geosynthetic inter- (ASTM D6243 has only been available since 1998STM
1998, so tests conducted before the approval of this standard may
IClyde E. Lee Assistant Professor, Dept. of Civil Engineering, Univ. Nave not been consistent with current procedures. Third, signifi-
of Texas at Austin, 1 University Stn., C1792, Austin TX 98712-0280.  cant costs(large-scale direct shear devices, long time for condi-
2Graduate Student, Dept. of Civil Engineering, Univ. of Texas at tioning and testing have limited the number of available test
Austin, 1 University Stn., C1792, Austin TX 98712-0280. results and precluded evaluations of variability.
*President and CEO, SGI Testing Services, Atlanta, GA. A database of 414 large-scale direct shear tests conducted by a
Note. Discussion open until August 1, 2005. Separate discussionsgingle laboratory was assembled and evaluated in this study to
must be submitted for individual papers. To extend the closing date by identify and quantify the variables governing the internal shear

one month, a written request must be filed with the ASCE Managing .
Editor. The manuscript for this paper was submitted for review and pos- strength of GCLs. This database, referred to as the GCL shear

sible publication on October 31, 2002; approved on April 23, 2004. This strength(GCLSS database, is !Jsed to define upp.er and lower
paper is part of thelournal of Geotechnical and Geoenvironmental bounds on peak and large-displacement GCL internal shear
Engineering Vol. 131, No. 3, March 1, 2005. ©ASCE, ISSN 1090-0241/ Strength. In addition, an analysis of the results in the GCLSS
2005/3-367-380/$25.00. database allows evaluation ofi) The performance of GCLs

materials used in hydraulic barriers as an alternative to compacte
clay liners. They consist of sodium bentonite clay bonded to one
or two layers of geosynthetic backing materiédarrier geosyn-
theticg. Advantages of GCLs include their limited thickness,
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Table 1. Summary of GCLs in the GCLSS Database

GCL label GCL product Descriptién No. of tests reaching, No. of tests reachingy
A Bentomat ST Needle-punched W-NW 270 203
B Claymax 500SP Stitch-bonded W-W 48 5
C Bentofix NS Thermal-locked, needle-punched W-NW 26 26
D Bentofix NW Thermal-locked, needle-punched NW-NW 16 13
E Bentofix NWL GCL D with lower mass of sodium bentonite per unit area 8 8

F Claymax 200R Unreinforced W-W 13 13
G Not Marketed GCL A with additives to the sodium bentonite 3 0

H Bentomat DN Needle-punched NW-NW 18 6

| Not Marketed GCL A with adhesive strengthened reinforcements 8 0

J Geobent Needle-punched W-NW 4 4
AW=Woven carrier geotextile, NWNonwoven carrier geotexile.

manufactured using different types of reinforceme(®), pore
water pressures during shearifigdirect evaluatiopy and(3) the
GCL internal shear strength variability.

andJ) consist of a bentonite layer between t@woven or non-
woven carrier geotextiles that is reinforced by pulling fibers
through using a needling board. The fiber reinforcements are typi-
cally left entangled on the surface of the top carrier geotextile.
Since pullout of the needle-punched fibers from the top carrier
geotextile may occur during sheari@ilbert et al. 1995 some
needle-punched GCL produdSCLsC, D, andE) were thermal
locked to minimize fiber pullout. Thermal locking involves heat-

_ ) ing the GCL surface to induce bonding between individual rein-
The large-scale direct shear tests in the GCLSS database wergyrcing fibers as well as between the fibers and the carrier geo-
performed between 1992 and 2003 by the Soil-Geosynthetic In-axtiles (Lake and Rowe 2000 For simplicity, thermal-locked
teraction laboratory of GeoSyntec Consultants, currently operatedneegle-punched GCLs will be referred to simply as thermal-
by SGI Testing Service(SGl). SGI is an accredited testing facil-  |5cked GCLs in this paper.

ity with significant consistency in its testing procedures. It should

be noted that procedures used for GCL direct shear tests con- ] .

ducted by SGI over the period 1992 to 2003 are consistent with 7€sting Equipment and Procedures

ASTM D6243(ASTM 1998, even though this standard was only The large-scale direct shear tests conducted in this study used

approved in 1998. M.OSt tests in the GCLSS database were C(.)n'large direct shear devices each containing a top and bottom shear
ducted for commercial purposes and, consequently, the testing

characteristics and scope was defined by project-specific require-box' Typically, the top shear box measured 305 mm by 305 mm in

ments. A few additional tests were conducted specifically for this Fr:?nnbangsfmrrrr]]r?nmlgr?gwd ;2;2?:;0(1 stt;e?:rotr)?ﬁerg%af liJr:teeO:ns;?s
investigation in order to complement tests conducted using differ- directyshear tests pthe bottom shear bopx Was sectioned down to
ent shear displacement rates and to incorporate peel strength re-I di . ’f 305 by 305 A tant SDR
sults in variability analyses. Test conditions reported for each se-P1an dimensions o mm by mm. A constan was

ries in the GCLSS database include specimen preparation anoapplied o the bottom shear box using a mechanical screw drive
conditioning procedures, hydration tinfs,), consolidation time system and the resultant shear load was measured on the top shear

(t.), normal stress during hydratiofir,), normal stress during box using a load cell. The direct shear devices used in this study

shearing(c,), and shear displacement r4&DR). were capablg of applying qormal stresses from 2.4 to 3,000 kl?a
during shearing. Dead weights were placed above the GCL in

tests conducted under low normal stresses, while an air bladder or
a hydraulic cylinder were used to exert a normal force between
Direct shear tests in the GCLSS database were conducted usind€ GCL and a reaction frame in tests conducted under relatively
ten commercial GCL productgnine reinforced, one unrein- igh normal stress. A load cell was used to measure the normal
forced. Table 1 provides the designation of the GCLs used in this /0ad. The accuracy of the normal stress application device and
study (GCL A to J), the product name, and a short description of calibration of the load cells were verified at least every year as a
the reinforcement characteristics and carrier geotextiles. An im- part of a laboratory accreditation program.

portant objective of this study is the comparison of shear strength A detail of the specimen configuration for GCL internal shear
results among different types of GCLs. Unreinforced GCLs are strength testing is shown in Fig(d. A water bath may be used
used in applications where high shear strength is not required,for testing GCLs under submerged conditions, although most tests
while reinforced GCLs (e.g., stitch-bonded needle-punched in the GCLSS database were conducted without a water bath. For
GCLs) are used otherwise. The unreinforced GCL investigated in each test, a fresh GCL specimen was trimmed from the bulk GCL
this study (GCL F) consists of an adhesive-bonded bentonite sample. The internal strength testing of the GCL specimen in-
layer held between two woven polypropylene geotextiles. The volved constraining the GCL specimen so that shearing could
stitch-bonded GCL investigated in this studyCL B) consists of only occur within the bentonite component of the GCL. The
a bentonite layer stitched using synthetic yarns between two specimen was constrained by bonding the two carrier geotextiles
woven polypropylene carrier geotextiles. The needle-punchedto porous rigid substrates using textured steel gripping surfaces.
GCLs investigated in this stud{GCLs A, C, D, E, G, H, I, Extensions of each carrier geotextile were secured using a second

Database

Data Source

Materials
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water during the specifiegl. This assembly was then transferred
to the direct shear devicer,, was often specified to equal the
shearing normal stregs,). However, ifoy, was less thao-, (e.g.,
to simulate field conditions representative of bottom lihetise
normal stress was slowly ramped up dg, and pore pressures
were allowed to dissipate during a consolidation pefiQil

Shearing was conducted after GCL conditioning by applying
the shear load under a constant SDR. The shear force was re-

\/' corded for increasing shear displacement. The maximum shear
Vo stress was identified as the peak shear strepxgihand the shear
Shea Water Screw drive stress at the end of testing was identified as the large-
ear force reservoir mechanism for displacement shear strength). Table 1 shows the number of
] load cell (optional) shear force

tests used to defing, andy of each GCLq was reported only

when the post-peak shear stress reached an approximately con-
stant value within the maximum displacement of the test device
(75 mm). In some cases, shearing was discontinued after reaching
the peak value because the test, conducted for commercial pur-
poses, did not require post-peak assessment. In other cases, a peak

et +==1| | Shear shear strength value was reached, but partial separation of the
mhASAAL Y]'-!"!"]“"""—""-"]'-"ﬁ"’4 force reinforcements from the carrier geotextiles after reaching the peak
NRNN LRI N R N e L . ;

I F GC led to an unrealistically highy, especially at low normal stress.

[

As will be discussed below, the particular mode of shear failure of
stitch-bonded GCIB generally did not allow shearing beyond the
peak value.

SDR in the field is anticipated to occur slowly, which is con-
sistent with drained condition&Gilbert et al. 1997. The SDR
used for most tests in the GCLSS database is 1.0 mm/min. While

(b) relatively fast for guaranteeing drained conditions, a SDR of
1.0 mm/min is typically used in engineering practice because of
time and cost considerations. Additional tests were sheared using
slower rateqas low as 0.0015 mm/mjnShearing was typically
terminated when a displacement of 75 mm, or an approximately
. o constantry value, was reached. Consistent with observations re-
porous rigid substrate as shown in Figbjl The textured steel ported by Gilbert et al(1996 and Fox et al(1998, dismantling
gripping surfaces were employed to minimize slippage between ot the needle-punched thermal-bonded and unreinforced GCL
each carrier geotextile and the porous rigid substrate. Post-tesipecimens indicated that failure occurred typically through the
examination of the sheared GCLs indicated that slippage did nOtjneface between the bentonite and the carrier geotextile. The
occur between the GCL and the grips, suggesting a uniform shear g ier geotextiles were always found to contain extruded bento-

stress zgnsfgr on';o the GCL speicimens.. o nite. In the stitch-bonded GCR specimens, the continuous fibers
Conditioning of specimens plays an important role in GCL qaicheq during initial shearing. However, once the continuous

mternal shear strength tegtmg as'm0|stL.1re mteracuon;.sh.ouldﬁbers became fully stretched, continued shear displacement often
simulate correctly those anticipated in the field. GCL conditioning led to rupture of the fibers or tearing of the carrier geotextiles at

involves hydration andin some casg@ssubsequent consolidation the threaded connections. Despite the particular arrangement of

of the sodium bentonite. Pore water pressures in the sodium bengo, rointorcements in stitch-bonded GCLs, observation of the

.to.rt].'t? of the C.;CLS te;:ed in th(:lﬁ[_studyHa;e ?egat;v'[(; for tdy_p|cal specimens after testing did not show slippage of the woven geo-
initial (as receiveimoisture conditions. Hydration of the sodium textiles at the interface with the gripping System.

bentonite leads to reduction of the negative pore water pressures
and vertical swelling. Changes in pore pressures and vertical de-

formations were not measured during GCL conditioning or shear- ) ) )

ing. Although this is consistent with the current state of the prac- Analysis of Results from Different GCL Materials

tice and ASTM (1998, measurements of vertical deformation

during specimen conditioning and shearing would have allowed A total of 32 failure envelope§-E9 were defined considering the
assessment of bentonite hydration by using conventional methoddlifferent GCL types and test conditions used in this investigation.
to estimate the degree of consolidati@ilbert et al. 1997. Con- A total of 385 of the 414 test results were used, while 29 test
sequently, hydration of the bentonite was only assessed in thisresults did not have similar conditioning procedures to any of the
study by the reported hydration time. Although hydration times as 32 defined failure envelopes. Table 2 summarizes the test condi-
high as 250 hs may be required to reach full hydration, hydration tions, the approximate range of,, and the friction angle and
times beyond 72 hs have been reported not to significantly in- cohesion intercept defining thg, and 74 envelopes. In some
crease the GCL water content, especially under higtStark and cases, the internal shear strength was also characterized using a
Eid 1996. The hydration process used in this study involved bilinear FE. The square root of the mean-squared error of the
typically a two-stage procedure similar to that reported by Fox et linear regression, which is considered the standard deviation of
al. (1998. The specimen and rigid substrates were placed under athe linear regressiofHelsel and Hirsh 1991 was calculated as a
specifiedo, outside the direct shear device and soaked in tap measure of the spread of data around the best-fit lines:

Fig. 1. Direct shear device(a) Load application configuration; and
(b) specimen detalil
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Table 2. Summary of Failure Envelopes in the Geosynthetic Clay Liner Shear StréB@hSS Database

Test conditions Peak Large-displacem(?nt

SDR Oh th tc o, range Cp d)p S Cq d)Id S
Failure envelopt ~ GCL label Number of tests  (mm/min) (kPg° (hg hs (kPa (kPa (Degrees R2 (kPa (kPa (Degrees R2 (kPa
FE 1 A 27 1.0 on 24 0 3.4-72 13.5 46.6 0.987 3.11 2.1 8.6 0.842 1.25
FE 2 A 2 1.0 4.8 24 0 14-24 10.7 37.1 1.000 N/A 3.3 4.0 1.000 N/A
FE 3 A 12 0.5 on 24 0 48-386 42.8 24.6 0.975 11.00 9.4 9.8 0.968 4.78
FE 4 A 40 1.0 on 48 0 2.4-2759 42.4 14.0 0.966 25.36 16.2 6.3 0.983 12.49
FE 4 (Low o,) A 31 1.0 o, 48 0 2.4-97 14.4 35.4 0.948 13.04 N/A N/A N/A N/A
FE 4 (High o) A 9 1.0 on 48 0 97-2759 102.4 11.9 0.987 52.78 N/A N/A N/A N/A
FES5 A 5 1.0 4.8 48 0 14-276 35.9 29.9 0.991 6.79 2.0 4.4 0.996 N/A
FE 6 A 8 1.0 on 72 0 2.4-103 17.4 34.7 0.840 10.80 2.8 8.5 0.943 1.93
FE7 A 141 0.1 20.7 168 48 35-310 20.6 25.2 0.999 23.88 15.5 9.4 0.999 10.65
FE 8a A 1 0.0015 8.0 144 1,476 248
FE 8b A 1 0.0015 63.0 48 540 520 74.3 21.9 0.988 23.38 35.0 5.8 0.991 5.22
FE 8¢ A 1 0.0015 8.0 144 2,328 993
FE 9 A 3 1.0 68.9 24 12 138-552 37.9 22.7 0.998 5.53 2.8 11.2 0.918 17.69
FE 10 A 3 1.0 6.9 60 24 4.8-29 12.4 50.1 0.991 1.98 N/A N/A N/A N/A
FE 11 A 7 1.0 0.0 0 0 2.4-35 12.9 60.1 0.921 4.64 N/A N/A N/A N/A
FE 12 B 7 1.0 on 24 0 24-690 53.4 7.3 0.818 16.93 N/A N/A N/A N/A
FE 13 B 25 1.0 4.8 48 0 2.4-982 24.3 4.4 0.949 3.87 N/A N/A N/A N/A
FE 14 B 10 1.0 7.2 96 0 10-1000 24.1 4.6 0.976 5.21 N/A N/A N/A N/A
FE 15 B 3 0.1 20.7 168 48 35-310 32.4 7.3 0.994 1.95 N/A N/A N/A N/A
FE 16 c 13 0.5 o, 24 0 7.2-575 23.3 23.8 0.959 13.08 12.3 9.8 0.951 11.12
FE 16 (Low o) c 6 0.5 on 24 0 7.2-103 17.2 28.3 0.999 12.07 N/A N/A N/A N/A
FE 16 (High o) c 7 0.5 o, 24 0 103-575 9.7 14.9 0.950 14.41 N/A N/A N/A N/A
FE 17 c 10 0.2 55.2 24 0 10-290 22.0 29.3 0.993 5.17 8.0 12.0 0.975 3.86
FE 18 c 3 0.1 20.7 168 48 35-310 22.3 16.6 1.000 0.21 0.9 8.3 0.974 4.67
FE 19 D 6 1.0 on 72 0 6.9-552 5.7 18.6 1.000 5.28 0.1 8.4 0.985 5.21
FE 20 D 3 0.5 on 24 0 98-380 75.3 25.1 0.997 0.20 21.3 9.6 0.982 5.43
FE 21 D 6 0.1 3.4 24 24 6.9-690 40.9 27.1 0.972 27.40 15.5 8.0 1.000 0.18
FE 21 (Low o) D 3 0.1 3.4 24 24 6.9-28 22.4 38.9 0.972 2.03 N/A N/A N/A N/A
FE 21 (High o) D 3 0.1 3.4 24 24 172-690 101.0 21.6 1.000 2.03 N/A N/A N/A N/A
FE 22 E 4 1.0 on 336 0 14-58 32.7 31.8 0.993 1.20 7.3 11.3 0.994 0.37
FE 23 E 4 1.0 on 48 0 14-58 30.6 38.9 0.993 1.57 6.8 13.7 0.993 0.46
FE 24 F 3 1.0 on 168 0 14-55 1.7 12.3 0.999 0.18 2.1 8.5 1.000 0.00
FE 25 F 3 1.0 0.0 0 0 69-483 16.1 37 1.000 0.28 10.1 4.0 1.000 113
FE 26 G 4 1.0 on 24 0 2.4-19 4.8 30.4 1.000 0.11 N/A N/A N/A N/A
FE 27 H 6 1.0 o, 24 0 4.8-483 19.7 33.8 0.997 8.29 23.8 5.3 0.997 1.56
FE 27 (Low o) H 4 1.0 on 24 0 4.8-48 5.3 47.0 0.998 1.60 N/A N/A N/A N/A
FE 27 (High o) H 2 1.0 o, 24 0 241-483 8.5 31.7 1.000 N/A N/A N/A N/A N/A
FE 28 H 6 1.0 3.4 24 24 6.9-690 33.0 32.1 0.988 21.12 29.9 8.5 0.996 3.46
FE 28 (Low o) H 3 1.0 3.4 24 24 6.9-28 16.5 45.0 0.971 2.58 N/A N/A N/A N/A
FE 28 (High o) H 3 1.0 3.4 24 24 172-690 78.9 28.4 1.000 3.13 N/A N/A N/A N/A
FE 29 H 6 0.25 0.0 96 24 4.8-10 12.1 46.3 1.000 1.63 N/A N/A N/A N/A
FE 30 I 4 1.0 0.0 0 0 2.4-24 19.3 58.2 0.988 5.01 N/A N/A N/A N/A
FE 31 I 4 1.0 2.4 72 0 2.4-24 21.9 51.1 0.932 1.56 N/A N/A N/A N/A
FE 32 J 4 1.0 on 24 0 24-193 5.5 9.1 1.000 0.31 0.4 6.9 0.982 1.51

°FE 4, 16, 21, 27, and 28 represented using both linear and bilinear envelopes.

PNI/A=Not applicable.

‘o,=0, means that the normal stress used during hydration is the same as the normal stress used during shearing.
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Fig. 3. Displacement at peak shear strength as a functiom,dbr
GCLsA,B, andC

displacement at peak for GCR is significantly larger than that
observed for GCIA. The post-peak behavior of G could not

be evaluated since this GCL did not reach a steady large-
displacement strength value at the maximum displacement of the
device. Thermal-locked GCLC shows a behavior similar to that

of needle-punched GCB, although ther, value is below that
obtained for GCLA. GCLsA andC were reinforced using similar
needle-punching techniques and have the same specified peel
strength(6.5 N/m). Consequently, differences in their behavior
are attributed to the effect of thermal locking. Comparison of the
response of the two GCLs, tested under identical conditions, sug-
gests that thermal locking did not lead to the expected increase in
shear strength.

Fig. 2(b) shows shear stress-displacement curves for GCL
(unreinforcedl tested under hydrated and unhydrated conditions.
Although a direct comparison af, is not possible as the speci-
mens were tested using differemf, the results indicate that the
hydrated GCL has lower, and 4 than the unhydrated GCL.
Both specimens, however, show a significantly lomgthan that
obtained for reinforced GCLs. The displacement at peak of unre-
inforced GCLs is consistent with displacement at the yield stress
observed for GCIB. However, the displacement at peak of unre-

e =difference between the shear strength value and the value oninforced GCLs is significantly lower than the one obtained for the

the best-fit line at the same normal stress; anghumber of data

reinforced GCLs. While both hydrated and unhydrated unrein-

points in the regression. Since the data summarized in Table 2forced GCLs show post-peak shear strength loss, the hydrated

follow approximately a normal distribution around the FEs, a

GCL appears to reach residual conditions at lower shear displace-

bound of one standard deviation contains 84% of the likely shear ment than the unhydrated GCL.

strength valuegHelsel and Hirsh 1991

Fig. 3 summarizes the displacement at peak for the three tests

The effect on the GCL internal shear strength of the type of shown in Fig. 2a) along with results from additional tests con-
internal reinforcements is investigated in this section in order to ducted under two additional,, values (34.5 and 137.9 kPa

provide: (1) An evaluation of the shear stress-displacement be-

havior of the different GCL type<2) a preliminary overview of
GCL internal shear strength, af®) a comparison of GCLs tested
under similar conditioning procedures.

Shear Stress-Displacement Behavior

Fig. 2(a) shows shear stress-displacement curves for GBLs
(needle punchedB (stitch bondegl andC (thermal lockedl The
three GCL types were tested using the samé310.3 kP& same

t, (168 h, samet; (48 h), and same SDRO.1 mm/min). GCLA
shows a well-defined, and a marked post-peak shear strength
loss. Unlike GCLA, GCL B shows a rapid initial mobilization of

GCLs A and B show increasing displacement at peak with in-
creasingo,,, while the displacement at peak for GCLis appar-
ently insensitive tar,. GCL B shows significantly larger displace-
ment at peak than the other GCL types, which may be particularly
relevant for displacement-based stability analy@eg., for seis-
mic design. For example, if the design criterion requires a maxi-
mum shear displacement of 50 mm folg=310.3 kPa, the re-
sults in Fig. 2a) indicate thatr, would govern the design if GCL

B is selected, but,; would need to be considered if GClAsor C

are used.

Overall Internal Strength Assessment

shear strength until reaching a “yield” stress level, beyond which Fig. 4@ shows ther, data for all GCLs in the GCLSS database,

a less pronounced hardening takes place until reachinghe

illustrating the wide range of normal stresses at which the GCLs
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Fig. 4. Shear strength results for all geosynthetic clay linGaspeak
shear strength valuesgbh) large-displacement shear strength values;
(c) peak shear strengttscaled; and (d) large-displacement shear
strength(scaled

were tested and the significant scatter in the data. Similarly, Fig.
4(b) shows thery data for all GCLs in the GCLSS database,
illustrating that the range ofyy values is significantly narrower
than the range of, values. As most data points shown in Figs.
4(a and b correspond to comparatively low,, Figs. 4c and d
show a detail forr,, values below 100 kPa. The results shown in
Fig. 4(c) reflect the relevance of using a cohesion intercept to
characterizer, at low o,. Inspection of the standard deviatisn
values in Table 2 indicates that tiser,) for unreinforced GCLs
(FE 24 and 2bis less than that for reinforced GCLs. Figd#
shows that the trend ingy for low o, is consistent with the trend

observed for highes,. Inspection of the results in Figs(btand

d), as well as the information presented in Table 2 indicates that

large-displacement shear strength is approximately independent

of the GCL type. Reinforced GCLs tend to show a higher large-

displacement shear strength value than the unreinforced GCLs,
with stitch-bonded GCLs having the lowest large-displacement

shear strength among all reinforced GCLs.

The test results for all GCLs were grouped into ten data sets
based on reinforcement type. Table 3 summarizes the information
for each data set, and provides the parameters for the shear
strength envelope&, $) of each data set. The GCL data sets are
used only for preliminary database analysis, as they do not ac-
count for the effect of specimen conditioning on shear strength.
Comparisons of, values among the ten GCL data sets is aided
by defining the shear strength values calculated using the GCL
data set envelopes at given reference normal stresses. Table 3
includes the values af;, and T, for each data set, which are the
average shear strength valuesgt 50 and 300 kPa, respectively.
These reference normal stresses are representative of normal
stress values for landfill cover and liner systems, respectively. In
order to quantify the variability of the shear strength for each
GCL data set, the range of shear strength values was defined for
each reference normal stress. Specifically, the lowest and highest
shear strength values were defined using the individual failure
envelopesFE in Table 2 of each data set. Additional information
is provided by McCartney et a(2002. Inspection of thers, and
Ta00 Values shown in Table 3, leads to the following observations
regarding the internal peak shear strength of GCLs under low and
high normal stresses:

e The peak internal shear strength of all GCLs in the database
(Set SS1 can be characterized by a cohesion intercept of
38.9 kPa and a friction angle of 18.0°. However, there is a
significant scatter in the results both under comparatively low
normal stressegrs, ranges from 13 to 71 kBPand compara-
tively high normal stresse@sy, ranges from 36 to 241 kpa
The most frequently tested GCL in the GCLSS database is
GCL A (Set SS2, 270 testswhich has peak internal shear
strength that can be characterized by a cohesion intercept of
46.6 kPa and a friction angle of 18.7°. Less scatter is observed
in the shear strength of GCA than that observed for all GCLs
both under comparatively low normal stresseg, ranges
from 48 to 66 kPa and high normal stressessy, ranges
from 117 to 195 kPa

¢ As expected, the peak internal shear strength of reinforced
GCLs (Set SS3 in consistently higher than that of unrein-
forced GCLs (Set SS# both under low normal stresses
[T50(Set SS3=57 kPa and T75¢(Set SS4=10kPd and
high normal  stresses [T304Set SS3=139 kPa  and
T3oo(set 884: 35 kpd

* The peak internal shear strength of needle-punched GEéis
SSH is consistently higher than that of stitch-bonded GCLs
(Set SS§ both under low normal stressdssy(Set SSH
=58 kPa andrsy(Set SS6=33 kP4 and high normal stresses
[T300(Set SSH=149 kPa ancr;,(Set SS6=58 kP4. The dif-
ference is less significant under low normal stresses because
stitch-bonded GCLs show some cohes(cg:28.5 kPa, but
is more significant under high normal stresses due to the low
friction angle($,=5.6°).

e The peak internal shear strength of needle-punched GCLs with
woven-nonwoven(W-NW) carrier geotextile configurations
(Set SSY is similar to that of needle-punched GCLs with
NW-NW carrier geotextiles(Set SS8 under low normal
stresses [15(Set SST=58 kPa and T54(Set SS8=58 kP4d.
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Table 3. Geosynthetic Clay Line(GCL) Data Sets for Overall Shear Strength Assessment

Large-displacement envelope

300 kPa

Peak strength at,

Peak strengthogat=50 kPa

Peak envelope

by
(Degrees

Cg
(kPa

730({rang@b'°
(kPa

(kpa)

s rangd®®
5EL3(FE24) to 7UFE23]

dp
(Degrees

Cp
(kpa)

GCL label

GCL set descriptidn

GCL data set

SS1
S

7.8

7.6
7.8

5.3

7.2

1

13736(FE25 to 241FE28]

38.9 18.0

A-J

All GCLs
GCLA

17.2
1

144117(FE4) to 195FES]

6BAS(FE7) to 66FED)]
5PLAFE32 to 71(FE23]

18.7

46.6

S2

8.2

13948(FE13 to 241FE28]

40.9 18.0

A-E,G-J

All reinforced GCLs
Unreinforced GCLs

SS3
SS4
SS5
SS6
SS7
SS8
SS9

35
18.3

3536(FE25 to 36(FE25]
149107(FE19 to 241FE28]

[1IB(FE24 to 13FE24)]
5RLAFE32 to 71(FE23]

5.7
39.7

5.0
19.9

7.9
N/A

A,C-E,G-J

Needle-punched GCLs
Stitch-bonded GCLs

N/A
19.1

5g48(FE13 to 92AFE12)]
149111(FE18 to 195FE8)]

3R28(FE14) to 60FE12)]

5.6

28.5

7.8
8.7

7.7
9.0

5RL4FE32 to 66FED]
5R3(FE19 to 7AFE23]

40.9

19.1

A,C,G,1,J

W-NW needle-punched GCLs

11.3

174107(FEL9 to 241FE28]

35.0 24.5

D,E,H

NW-NW needle-punched GCLs

19.7

149117FE4) to 195FES8)]

6IL14(FE32 to 66FED]
SE3(FEL9 to 7UFE23]

19.5

40.5

Needle-punched GCLs without thermal-locking A,G-J

Needle-punched GCLs with thermal-locking

3GCL sets do not consider the effect of specimen conditioning or SDR.

11.8

159 107(FE19 to 220FE21)]

33.2 22.7

C-E

SS10

®The range includes the lowest shear strength and corresponding FE as well as the highest shear strength and corresponding FE.
“Upper and lower FE envelopes at the reference normal stresses were defined using the parameters presented in Table 2.

However, needle-punched GCLs with W-NW carrier geotex-
tiles showed a lower peak shear strength than those with
NW-NW carrier geotextile configurations under high normal
stresse$ryg Set SST=145 kPa and ;o Set SS8=172 kP4.

* Needle-punched GCLs that were not thermal-lock®et SS9
showed higher peak internal shear strength under low normal
stresses than those that were thermal-lock&at SS1D
[T50(Set SS9=58 kPa andrso(Set SS1p=54 kPd. However,
the opposite trend is observed under high normal stress
[T300(Set SSP=146 kPa andrzy(Set SS1P=159 kPa. This
finding suggests that thermal locking of the fiber reinforce-
ments is more effective under high normal stresses.

Unlike comparisons ofr, values, comparisons ofiy values
among the 10 data sets can be conducted by direct comparison of
the large-displacement friction angles. This is because the cohe-
sion intercept of large-displacement shear strength envelopes is
negligible (less than 20 kPalnspection ofdy values shown in
Table 3 leads to the following observations regarding the internal
large-displacement shear strength of GCLs:

e The large-displacement shear strength of unreinforced GCLs is
consistently lower than that of reinforced GCLs
[d),d(Set 584:5.30 and(b|d(Set SS$=78°]

e The range of large-displacement shear strength for the rein-
forced GCLs data sets in Table 3 is narréy ranging from
7.6° to 9.09. However, the wider range of large-displacement
shear strength observed for the individual failure envelopes of
reinforced GCLs in Table 24,4 ranging from 4.0° to 13.7°
indicates that the variability in large-displacement shear
strength should be considered.

Assessment of Shear Strength of GCLs Tested under
the Same Conditioning Procedures

The assessments using, and T3y, allow direct comparison
among the shear strength values of different GCL types under
representative normal stresses. However, shear strength character-
ization for design purposes requires the definition of shear
strength envelopes that account for the potential effect of GCL
conditioning. Comparisons between GCLs tested under similar
conditions are discussed below. Additional analyses are provided
by McCartney et al(2002.

Fig. 5@ shows ther, envelopes for GCLsA (needle-
punched, B (stitch-bondeyl andC (thermal-lockedl tested under
the samer, (34.5, 137.9, 310.3 kPat,, (168 hs, t. (24 hg, and
SDR (0.1 mm/min. Typical shear stress-displacement curves for
some of these tests are shown in Fi¢p)2Contrary to the obser-
vations made in the overall shear strength analysis, the needle-
punched GCLA shows higherr, than the thermal-locked needle-
punched GCLC for the full range of normal stress€84.5 to
310.3 kP& The thermal-locked GCIC appears to have been
detrimentally affected by the long hydration tinig,=168 hs
under the low hydration normal stress (of,=20.7 kPa. Pullout
of fibers may have occurred from the woven geotextile of GICL
during both hydration and shearing. The fibers in G&lare
typically left entangled on the surface of the woven geotextile, so
significant swelling or shear displacement is required for pullout
of the fibers from the carrier geotextile. On the other hand, the
fibers in GCLC are melted together at the surfaces of the carrier
geotextiles. This is consistent with the results reported by Lake
and Rowe(2000, who observed that the melted fibers still pull
out of the woven carrier geotextile despite thermal treatment dur-
ing hydration and shearing. Consistent with trends observed using
the overall shear strength assessment, the stitch-bondedB5CL
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230 M conditions Tor GCLs A B and C- of the commercial tests in the GCLSS database, some results

t,=168hrs  t.=48hrs GCL A-FE7 provide indirect insight into the shear-induced pore water pres-

200 16,=207kPa  SDR=0.1 mm/min sures. Such insight is provided by evaluation of direct shear tests

conducted using different SDRs and of shear strength envelopes

obtained for a wide range ef,,. Although the behavior of GCLs

under comparatively lowr,, has been reported in the technical

GCLB-FE15 literature, the response of GCLs under comparatively bighas

50 not been thoroughly investigated so far, probably due to experi-
M mental difficulties. Of particular interest in this study is the com-

0 parison between the behavior of GCLs tested ungdrelow and

0 S0 1000 150 200 250 300 350 400 450 300 above the swell pressure of the GCL. The swell pressure has been

GCLC-FE 18

(@) O, kPa defined as the normal stress at which the sodium bentonite in the
250 Test conditions for GCLs A and C: GCL does not swell beyond its initial thicknegBetrov et al.
200 | W 168hrs  to=d8hrs 1997. Petrov et al(1997) reported swell pressures ranging from
Gp=20.7kPa  SDR=0.1 mm/min 100 to 160 kPa for thermal-locked GCLs, while lower values
ézv 150 were reported by Stark1997 for one test conducted using a
5 needle-punched GCL. Pore water pressures generated during
& 100 | GeL F-FE 24 GCL A -FE7 shearing are indirectly investigated herein by comparing the re-
50 / o7 ::EGCLC-EE_IS___X sponse of tests conducted under comparatively low and digh
. _aé:;;::ﬂ-‘:::::—x-—_——_G-CLF-FEZ5
0 50 100 150 200 250 300 350 400 450 500 Evaluation of the Effect of Shear Displacement Rate
(b) o kPa The effect of SDR o, and 4 has been reported by Stark and

) ] ) Eid (1996, Gilbert et al.(1997), Eid and StarK1997), Fox et al.
Fig. 5. Co_mparlson of failure envelopes for needle-punched (1998, and Eid et al(1999. These studies, which primarily fo-
(GCI.‘ A, stltch-bonded(GCL. B), thermal-locked(GCL CF), and cused on the response of tests conducted under relatively lpw
unreinforced (GCL F) GCLs: (a) peak shear strength; angh) reported an increasing, with increasing SDR. The GCLSS da-
large-displacement shear strength. Note: When multiple shear ; : .

. . S tabase allows analysis of the effect of SDR on internal shear
strength results are available for a givep, the data points in the strength using tests conducted undervalues beyond those re-
figure correspond to the average shear strength value. A 9 . . Y

ported in previous studies. Fig(# shows the results of tests on
GCL A conducted under comparatively layy (50 kPa using the
) ] same test conditionst,=24 hs, o,,=0,, t.=0 h9, but varying
shows the lowest, among the different reinforced GCLS. Fur-  gpRrs(0.01, 0.5, 1.0 mm/min Consistent with the trend reported
ther, consistent with observations reported by Fox et1#98, in past studies for tests conducted under teythe results show

_the contin_uous fiber reinforcements in_G(BLd?d not break dur- an increasing, with increasing SDR. Fig. (®) shows the results
ing shearing. Instead, the continuous fiber stitches tore the WOVEN ¢ tasts on GCLA conducted under highr,, (520 kPa using the
n

carrier geotextile while reaching comparatively lafpest-peak same test conditiongt, =312 hs,o,=496.8 kPat,=48 h9, but

shear displacements. The relatively low reinforcement density varying SDRs(0.0015, 0.01, 0.1, 1.0 mm/mjinUnlike the trend

(only three lines of stitching in a 305 mm wide specimasa well T .
as the transfer of shear stress from the stitches to the carrierShOWn in Fig. ) for tests conducted under low, the results in

geotextile during shearing probably contributed to the hgvof .F'g' .G(b) show a decreasing, with increasing S.DR' The results
GCL B. Fig. 5b) shows thery envelopes for the same cases. in Figs. 6a and b suggest that the large-displacement shear

Similar to the observations far, the needle-punched GGA has strength appears to approach residual conditions toward the end
higherq than the thermal-loc’ﬁed GCC. of the test conducted with high SDR.0 mm/min test while the

Also included in Figs. & and b are ther, and,, envelopes tests conducted at lower SDRs have not reached this condition at
: p

for unreinforced GCLE. The hydration conditioning for tests con-  the end of testing. ,
ducted under comparatively low and high (below and above Fig. 6(c) summarizes the pgak shear strength results from Figs.
approximately 60 kPaare different. The GCL tested under low 6(a and t) and includes additional tests conducted to verify the
o, is hydrated, but shows a higher friction angle than the unhy- repeatability of results. The value ef, decreases at a rate of
drated GCL tested under highet,. Despite the differences in ~ approximately 15 kPa per log cycle of SDR for tests conducted at
GCL conditioning between the tests on unreinforced specimens,on=520 kPa, while it increases at a rate of approximately 12 kPa
both, and, for GCL F are significantly below those obtained ~Per log cycle of SDR for tests conductedagt=50 kPa. Varying

for reinforced GCLs. SDR appears to have a similar effect op for the o, values

shown in the figurde.g., 10 to 15 kPa per log cygleHowever, it

should be noted that this corresponds to significant changgs in
Indirect Evaluation of Pore Water Pressures for GCLs tested atr,=50 kPa(approximately 40% decrease per
Generated during Shearing log cycle of SDR while it corresponds to smaller changes, ifor

GCLs tested ato,=520 kPa (approximately 10% increase in
Direct measurement of pore water pressures generated duringhear strength per log cycle of SRRBased on these observa-
shearing poses significant experimental challenges and has notions, if design is governed by, test specification involving
been successfully accomplished to défex et al. 1998 While comparatively high are acceptable if thgof interest is relatively
direct measurement of pore water pressures was beyond the scopleigh, as the test will lead to conservativee., lowe) shear
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80 500
SDR = 0.5 mm/min SDR=10mm/min  Lestconditions: FE 8 (SDR = 0.0015 mm/min, t, >
70 e :n:;"h‘:"a 400 4 48 hs, ,, < 63 kPa, t, > 540 hs)
60 6, =0, < FE 4 (SDR = 1.0 mm/min,
t.=0hs @300' t, =48 hs, o, = 6, t, =0 hs)
< 50 1 b}
§ 40 - P“ZOO 9
¥30 ¢ i S
. _ ) 100 1 Y Y Liale
20 SDR =0.01 mm/min et 1 arge-displacement
0 —
10 0 100 200 300 400 500 600 700 800 900 1000 1100
0 T T T T T T Ghs kPa
0 10 20 30 40 50 60 70 . .
(a) Displacement, mm Fig. 7. Effect of shear displacement rate on the peak and large-
400 displacement shear strength of needle-punched GCL
SDR = 0.1 mm/min SDR = 0.0015 mm/min Test conditions:
350 - 6,=520kPa
300 - SDR =0.01 mm/min ¢, =312hs
Gy = 500 kPa GCLs(Gilbert et al. 1997. On the other hand, shear-induced pore
250 | t.=48hs W P -
« ater pressures are expected to be positive in tests conducted
ono - under higho, (i.e., above the swell pressure of GGL# this
® 150 case, increasing SDR will lead to increasingly positive pore water
100 pressures and thus lowey,.
SDR = 1.0 mm/min Since no shear-induced pore water pressures are expected
50 (positive or negativefor constant volume conditions, the same
0+ T T T T T T r Y residual shear strength is anticipated for different SDRs. Eid and
0 10 20 30 40 50 60 70 80 90 Stark (1999 reported that residual shear strength results were
(b) Displacement, mm insensitive to SDRs, while Fox et al1998 found a slightly
400 increasing strength with increasing SDR for a normal stress of
150 | er R i 72.2 kPa. Although residual shear strength was not achieved for
300 | o=520kPa - the tests reported in Figs(&and B, the tests conducted using
t,=312hs higher SDR showed post-peak shear strength loss at compara-
o 250 °h==4‘;9:;3”’“ 1 tively smaller shear displacement values. A consequence of this
ﬁﬁ 200 | © ] observation is that, if design is governed by large-displacement
"'leo Stests shear strength, direct shear tests conducted using high SDR
6,=50kPa 4tests should be adequate for preliminary internal shear strength char-
100 th=24hs N\, N acterization.
50 Gy =Gy _>
t=0hs O
0 T ™ Indirect Evaluation of Pore Water Pressures from
0.001 0.01 0.1 1

{c)

Shear displacement rate, mm/min

Shear Strength Envelopes
Fig. 7 shows FE 8, which includes three tests that were hydrated

Fig. 6. Effect of shear displacement rat&DR) on peak shear
strength of needle-punched GCA: (a) shear stress-displacement
curves for tests under low, (50 kPa; (b) shear stress-displacement
curves for tests under high, (520 kPa; and(c) summary trends of
peak shear strength as a function of SDR

under a constant low,, for more than 48 hs. The normal stress
was subsequently increased in stages frgnto o, during a pe-
riod of over 540 hs. The specimens were finally sheared using a
SDR of 0.0015 mm/min. Determination of the three data points
for FE 8 required approximately one year of direct shear testing.
For comparison, Fig. 7 also includes data from tests conducted
using a SDR of 1.0 mm/midFE 4). The results in this figure
strength values. However, tests should still be specified with suf- allow investigation of the cumulative effect of conditioning and
ficiently low SDR(e.g., 0.1 mm/mihif the o, of interest is rela- SDR on the internal shear strength of GBLFor instance, de-
tively low. spite the different hydration and consolidation procedures of the
Explanations proposed to justify the trend of increasing three tests in FE 8, a well-defined linear failure envelope was
with increasing SDR observed in previous studies, conducted obtained (R?=0.988. Also, for the range ofo,, shown in this
under relatively lows,, have included shear-induced pore water figure (above the swell pressure of GOl she trends are consis-
pressures, secondary creep, undrained frictional resistance of bentent with those observed in Fig. 6. That is, the differences in
tonite at low water content, and SDR-dependent pullout behaviort, between FE 4 (SDR=1.0 mm/mih and FE 8
of fibers during shearing. However, the results obtained from tests(SDR=0.0015 mm/min are more significant at higher, be-
conducted under both low and high, suggest that the observed cause of higher positive pore water pressures induced in FE 4.
trends are consistent with the generation of shear-induced poreThe direct shear tests corresponding to FE 4 and FE 8 appear to
water pressures. Shear-induced pore water pressures are expectée approaching residual conditions toward the end of the test. The
to be negative in tests conducted under low(i.e., below the Tiq €nvelopes suggest that the residual shear strength is approxi-
swell pressure of GCl)sConsequently, increasing SDR will lead mately insensitive to the different conditioning procedures and
to increasingly negative pore water pressures and thus higher  different SDRs.
This trend was also observed for tests conducted on unreinforced Additional insight on shear-induced pore water pressures can
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may prove relevant for reliability-based limit equilibrium analy-
ses(McCartney et al. 2004 Potential sources of GCL internal
shear strength variability includgl) Differences in material
types (type of GCL reinforcement, carrier geosynthgti€2)
variation in test results from the same laborat@mgpeatability,
250 P and (3) overall material variability. In turn, the overall material
variability includes more specific sources such@sa) Inherent
variability of fiber reinforcements, an@-b) inherent variability
of sodium bentonite. The source of variabilit}) listed above is
Oy, kPa not addressed in this study since only the variability of individual
GCL types is evaluated. The sources of variabily and(3) are
Fig. 8. Typical shear strength envelopes for needle-punched BCL  assessed in this study using data presented in Table 4. This table
obtained using a wide range of, presents a total of seven sets identified for assessment of shear
strength variability. Each data set includes tests conducted using
the same GCL type, same conditioning procedures, and sagme
be obtained from evaluating shear strength envelopes in the
GCLSS database that include tests conducted usjpganging
from values below to values above the swell pressure of GCLs
Fig. 8 showsr, and 4 results for tests on GCA (FE 4 con-
ducted using,,=48 hs,o,=0, t.=0 hs, and SDR=1.0 mm/min.  The source of variability2) can be assessed by evaluating Sets
The internal shear strength envelope shown in the figure wasV1 and V2 in Table 4, which includes the results of tests con-
defined using 40 direct shear tests. Some tests were conducteducted by a single laboratory using specimens collected from a
using o, as high as 2,759 kPa, which corresponds to stressessingle manufacturing lot tested with the same conditioning proce-
expected in bottom liners of high landfills or heap leach pads. dures and same,. Although the size of manufacturing lots is not
Tests on GCLs under such high, have not been reported in  standardized, it typically involves a set of rolls produced in a
previous investigations. A linear envelope does not provide a shift, day, or even week. Fig. 9 shows shear stress-displacement
good representation af, over the wide range af, encompassing  curves for GCLA specimens obtained from rolls of the same lot,
the swell pressure of the GCL, which is consistent with nonlinear which were tested by the same laboratory using the same
envelopes reported for GCL&Gilbert et al. 1996; Fox et al.  Although the number of tests is small, these results illustrate that
1998, and for sodium montmorillonit€Mesri and Olson 1970 good repeatability can be achieved in the stress-strain-strength
The GCL and unreinforced sodium bentonite are expected to beresponse when tests are conducted in the same laboratory using
influenced by the same mechanisms when tested at normalsame-lot specimens. As indicated by Table 4, the maximum rela-
stresses above and below the swell pressure. As shown in theive difference between these tests is less than 6%, which is sig-
figure, a bilinear FE provides a good representation offdata. nificantly smaller than the relative difference associated with
Linear envelopes fit the, data well foro,, below approximately different-lot GCLs presented in the next section.
100 kPa(c=14.4 kPag$=35.49 and foro, above approximately
200 kPa(c=102.4 kPa,p=11.99. A transition zone appears to
take place foro,, ranging from 100 to 200 kPa, which is within
the reported range of GCL swell pressure. The bilinear trend is The source of variability3) may be assessed by evaluating Sets
not caused by a change in fiber failure mechaniginesn pullout V3 through V7 in Table 4. Unlike the results for Sets V1 and V2
to breakagg as the normal stress needed to induce breakage ofshown in Fig. 9, the GCL specimens in Sets V3 through V7 were
the polypropylene fibers is well above that of typical geotechnical obtained from different manufacturing lots. For each set, Table 4
projects(Zornberg 2002 TheTy envelope is well represented by  indicates the mean values fog and 4 [E(t,) and E(7g)], their
a linear envelope characterized by a friction angle of 6.3° and standard deviatiors(t,) ands(t,)], their coefficient of variation
negligible cohesion intercefit,=16.2 kPa. Other GCLs in the  c.o.v. valueg[s(t)/E(t)], and the maximum relative difference.
database, tested under a wide rangerpfe.g., FE 16 and 21 Subsets of data sets V3, V4, and \($3a though V3,V4a
show a similar bilinear, response. through V4, and V5 through V), in Table 4 include the shear
Consistent with the results obtained for varying SDR, the strength variability data corresponding to the manufacturing year
break in the bilinear trend im, is in agreement with the genera-  of each of the GCL specimens. The maximum relative differences
tion of negative and positive excess pore water pressures in testor Sets V3 through V7(approximately 55% are significantly
conducted using, below and above the swell pressure of GCLs, higher than those obtained for tests using same-lot GCL speci-

Test conditions:
= 48 hs, O = Oy
t. =0 hs, SDR = 1.0 mm/min

0 500 1000 1500 2000 2500 3000

Repeatability of Test Results Obtained from the Same
" Laboratory

Overall Material Variability

respectively. The linear trend obtained fgf a wide range ofr, mens(6%). Sets V3, V4, and V5 include data from 141 internal
is also in agreement with the negligible pore water pressures ex-shear strength tests on GCA conducted using the same test
pected under large-displacement conditions. conditions (t,=168 hs,t,=48 hs, SDR=0.1 mm/mjnand three

different normal stressdgs,,=34.5, 137.9, 310.3 kPaEvaluation

of statistical information on the, results for these three sets
Variability shows an increasing(t,) and a relatively constant c.o.v. with

increasingo,, which indicates that peak shear strength variability
The number of test results in the GCLSS database is large enouglincreases linearly witler,,. The c.0.v. and maximum relative dif-
to provide a basis for assessment of internal shear strength variference values are approximately 0.25 and 55%, which are sig-
ability. Considering the composite nature of GCLs, the analyses nificantly high values for engineering materials. Fig(alGhows
presented herein allow both identification and quantification of the 7, envelope defined using the mean values of the 141 direct
different sources of shear strength variability. This information shear test resultéSets V3, V4, and V5 in Table)4 This figure
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Table 4. Geosynthetic Clay LineGCL) Data Sets for Assessment of Shear Strength Variability

Test conditions

Peak shear strength

Large-displacement shear strength

Max. rel. Max. rel.
GCL GCL ty t. SDR on Year GCL Number E(7p) s(tp) differencé E(tiq) S(T9) differencé
data set label (hy (hy (mm/min) (kPa manufactured of tests (kPa (kPa C.0.V. (%) (kPa (kPa C.0.V. (%)
V1 A 24 0 0.5 48.3 1998 3 63.2 2.1 0.03 6 20.7 2.5 0.12 21
V2 A 24 0 0.5 386.1 1998 3 210.7 6.4 0.03 6 79.3 4.8 0.06 11
V3 A 168 48 0.1 34.5 1997-2003 47 35.6 10.4 0.29 64 20.6 6.27 0.30 79
V3a A 168 48 0.1 34.5 1997 2 52.1 4.4 0.08 11 8.3 0.0 0.00 0
V3b A 168 48 0.1 34.5 1998 8 44.6 3.6 0.08 24 16.5 3.1 0.19 45
V3c A 168 48 0.1 34.5 1999 9 47.9 6.1 0.13 33 26.0 9.9 0.38 75
vad A 168 48 0.1 34.5 2002 15 28.5 2.9 0.10 32 19.9 2.9 0.15 41
V3e A 168 48 0.1 34.5 2003 13 27.3 5.1 0.19 42 21.2 4.5 0.21 54
V4 A 168 48 0.1 137.9 1997-2003 a7 87.4 22.2 0.25 57 39.3 8.09 0.21 75
Vda A 168 48 0.1 137.9 1997 2 114.1 32.7 0.29 34 13.8 0.00 0.00 0
V4b A 168 48 0.1 137.9 1998 8 106.8 14.9 0.14 40 34.4 6.43 0.19 43
V4c A 168 48 0.1 137.9 1999 9 112.7 15.8 0.14 34 43.6 9.16 0.21 48
Vad A 168 48 0.1 137.9 2002 15 74.5 5.3 0.07 27 37.2 4.98 0.13 33
Vde A 168 48 0.1 137.9 2003 13 68.7 6.0 0.09 25 43.9 4.82 0.11 29
V5 A 168 48 0.1 310.3 1997-2003 a7 166.0 33.4 0.20 51 66.6 11.75 0.18 56
V5a A 168 48 0.1 310.3 1997 2 198.9 60.0 0.30 35 39.3 0.00 0.00 0
V5hb A 168 48 0.1 310.3 1998 8 203.0 21.0 0.10 27 63.9 10.06 0.16 43
V5¢ A 168 48 0.1 310.3 1999 9 197.2 23.2 0.12 33 67.8 15.94 0.24 53
V5d A 168 48 0.1 310.3 2002 15 146.5 12.8 0.09 29 61.5 7.99 0.13 34
V5e A 168 48 0.1 310.3 2003 13 138.9 8.8 0.06 23 75.3 5.70 0.08 18
V6 A 48 0 1.0 9.6 1997 18 311 5.8 0.19 55 N/A N/A N/A N/A
V7 F 24 0 1.0 9.6 1999 6 3.9 0.7 0.19 35 3.0 0.5 0.15 35

FMaximum relative differenceEmax Tp—Min 7p)/maxt,] X 100%.
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Fig. 11. Peak shear strength of GGA for different manufacturing
years

Fig. 9. Repeatability of test results on needle-punched GEL
specimens from rolls taken from the same lot

illustrates the significant scatter of results from tests conducted

using the same GCL type and test conditions, but using specimens Set V6 in Table 4 includes variability data from a set of 19
from different GCLA lots. Fig. 1@b) shows idealized normal  direct shear tests conducted using the same GCL tested in Sets V3
probability density distributions for,, at eacho, obtained using through V5 (GCL A, manufactured in 1997 but different test

the mean and standard deviation for the shear strength data otonditions(t,=48 hs,t.=0 hs, SDR=1.0 mm/miny,=9.6 kPa.

Sets V3, V4, and V5. These probability distributions quantify The c.o.v. and maximum relative difference for Set V6 are similar
statistical information om,,, which is useful for reliability-based  to those for Sets V3 through V5 despite the shorter time allowed
design. Table 4 also includes statistical information regarding for conditioning (t,=24 h9. This suggests that specimen condi-
Although T4 may not be fully representative of the residual shear tioning is not a major source of inherent material variability.
strength, the c.o.v. ofy is relatively high(up to 0.30, which
indicates that the variability in large-displacement shear strength
is not less significant than that of peak shear strength.

The 141 GCL specimens in Sets V3 through V5 were received Peel strength results have been reported to provide an index of the
between January 1997 and May 2003. The c.o.v. and maximumdensity(and possibly the contributigrof fiber reinforcements in
relative difference for each of the subsets of Sets V3 to V5 are needle-punched GCL@#Heerten et al. 1995, Eid and Stark 1997
typically lower each year than for the overall multiyear data sets. Consequently, an assessment is made herein of the usefulness of
For example, the overall c.o.v. for Set V3 is 0.29 while the c.0.v. peel strength as an indicator of the fiber contribution to GCL
values for Subsets \&@through V3l range from 0.08 to 0.19. Fig.  internal shear strength. If useful, the peel strength variability
11 shows the shear strength variability for each manufacturing would be an indicator of the contribution of fibers to the variabil-
year. A slight decreasing trend in the mean value of the peak sheaiity of GCL shear strengtisource of variability(3-a)]. The peel
strength is observed with each subsequent GCL manufacturingstrength testASTM 1999 involves clamping the carrier geotex-
year. However, a decreasing trend in the standard deviation valudiles of a 100 mm wide unhydrated GCL specimen, and applying
of the peak shear strength is also observed with each subsequerd force normal to the GCL plane until separatiiog peeling the

Inherent Variability of Fiber Reinforcements

GCL manufacturing year for high normal stress@sg., o, geotextiles. It should be noted that the peel strength test mobilizes
=137.9 and 310.3 kBawhich may reflect an improvement over the fibers in a manner that may not be representative of the con-
time of manufacturing quality assurance programs. ditions in which the fibers are mobilized during shearing.
250 250
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Fig. 10. Variability of peak shear strength results obtained using needle-punchedAGsplecimens from different lots, tested using same
conditioning procedures ang},: (a) T, envelope; andb) normal distributions forr, at eacho,
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Conclusions

A database of 414 GCL internal shear strength tests was analyzed
in this study. The data were obtained from large-s¢a@ mm

by 305 mn) direct shear tests conducted by a single laboratory
over a period of 12 years using procedures consistent with current
testing standards. Shear strength parameters were defined to
evaluate the effect of GCL type, indirectly quantify the effect of
pore water pressures, and assess sources of internal shear strength
variability. The following conclusions can be drawn from this
study:

180
160 - A 4 aa w4 4 . 4
140 4 A:‘ AA‘A“ A A A‘A Lo
120 4 aaa 4 a 0'“=310.3 kPa
o]
§100 .
280 - LN AP
60 - 6,=137.9 kPa
40
ST GOEM;A :‘Moo R had
20 1 6, =34.5kPa
0 T T T T 1
0 5 10 15 20 25 '

Peel strength, N/m

Fig. 12. Relationship between peel strength ang for needle-
punched GCLA

A total of 75 peel strength tests were conducted using GCL
specimens manufactured in 2002. Specifically, five tests were
conducted using GCIA specimens from 15 rollgifferent lotg
manufactured in 2002 used for the test results presented in Fig. 10
(Sets V3 through V5 in Table)4The peel strength specified by
the GCLA manufacturer is 6.5 N/m. However, peel strength re-
sults varied significantlyfrom 4.3 to 22.5 N/m, with a mean of
12.5 N/m and a standard deviation of 5.51 N/m. The relationship

between peel strength ang obtained using GCL specimens col- 2.

lected from these 15 rolls is shown in Fig. 12. Although a slightly

increasing trend of peel strength with increasingcan be ob- 3.

served at highr,, the results suggest thagf is not very sensitive

to the peel strength. This is consistent with results reported by 4.

Richardson(1997. Consequently, no conclusion can be drawn
regarding the effect of the inherent variability of peel strength on
the variability of the fiber contribution to GCL internal shear

strengti source of variability3-a)]. Instead, these results suggest 5.

that mobilization of fiber reinforcement in peel strength tests may
not be representative of the mobilization of fibers in shear tests.
Accordingly, the peel strength appears not to be a good indicator
of the contribution of fibers ta,

Inherent Variability of Sodium Bentonite

The source of variability3-b) may be assessed by evaluating the
internal shear strength variability of unreinforced GCLs. Set V7
(Table 9 includes variability data from six direct shear tests con-
ducted using an unreinforced GGGCL F). The tests were con-
ducted using a relatively low, (9.6 kPa and the same test

conditions (t,=24 hs, t.=48 hs, SDR=1.0 mm/mjn The vari- 6.

ability of direct shear test results for unreinforced GCLs is useful
to assess the variability of the bentonite shear strength contribu-
tion to the shear strength of reinforced GCLs. It should be noted

that adhesives are mixed with the sodium bentonite, but they have’-

been reported to have little effect on the GCL internal shear
strength once hydratdéid and Stark 1997 The c.0.v. and maxi-
mum relative difference of the, obtained for Set V7 using un-

reinforced GCLs is similar to that obtained for Sets V3 through 8.

V6 using reinforced GCL$c.o0.v. of approximately 0.201In par-
ticular, the reinforced GCLEGCL A) in Set V6 were tested under
the sames, and similar conditioning procedures as the unrein-
forced GCLs in Set V7. Even though the internal shear strength
variability has been attributed mainly to the fibers, the similar
magnitude of variability observed in the unreinforced GCLs sug-

gests that the variability of the sodium bentorigeurce of vari- 9.

ability (3-b)] is also relevant.

Comparisons were made between shear strength values ob-
tained for normal stresses representative of cover and bottom
liners (50 and 300 kPa, respectivelyThis evaluation indi-
cates a high scatter in peak internal GCL shear strength. Re-
inforced GCLs were observed to have significantly higher
peak shear strength than unreinforced GCLs. Stitch-bonded
GCLs were observed to have lower peak shear strength than
needle-punched GCLs. Needle-punched GCLs with NW-NW
GCL carrier geotextile configurations were observed to have
higher peak shear strength than those with W-NW GCL car-
rier geotextiles. Needle-punched GCLs without thermal lock-
ing were observed to have higher peak shear strength at low
normal stresses than those with thermal locking, but the op-
posite trend was observed at high normal stresses.
Unreinforced GCLs were observed to have lower large-
displacement shear strength than reinforced GCLs.
Stitch-bonded GCLs showed a higher displacement at peak
than the other reinforced GCLs.

Thermal locking of needle-punched GCLs was detrimentally
affected by long hydration periods under low hydration nor-
mal stresses. Thermal locking was observed to be effective at
high normal stresses.

The peak shear strength of reinforced GCLs was observed to
increase with increasing SDR for tests conducted under low
o, While the opposite trend was observed under high
This behavior is consistent with the generation of negative
shear-induced pore water pressures underdgubelow the
swell pressureand of positive pore water pressures under
high o,. Consequently, if design is governed by, test
specification involving comparatively high SDR are accept-
able if theo,, of interest is relatively high, as the test will
lead to conservativé.e., lowe)p shear strength values. How-
ever, tests should still be specified with sufficiently low SDR
(e.g., 0.1 mm/minif the o, of interest is relatively low.
Large-displacement shear strength was achieved at smaller
shear displacements in tests conducted using comparatively
large SDRs. consequently, tests with high SDR should be
adequate if design is governed by.

Peak shear strength results obtained over a wide rangg of
(up to 2,759 kPrdefined bilinear failure envelopes in which

a break was defined for normal stresses consistent with the
swell pressure of GCLs.

Good repeatability of results was observed for tests con-
ducted by the same laboratory using GCL specimens from
the same manufacturing lot. However, significant variability
was observed for tests conducted using GCL specimens ob-
tained from different lots over a period of 7 years. Nonethe-
less, the variability among GCLs manufactured in a single
year is less than that observed over the 7 year period.

The shear strength variability, quantified by the c.o.v. and
maximum relative difference, was observed to increase lin-
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early with o,, but was found to be insensitive to specimen Eng, 12410), 933-944.

conditioning procedures. Heerten, G., Saathoff, F., Scheu, C., von Maubeuge, KL9R5 “On the
10. Peel strength results showed a relatively high variability. ~ ong-term shear behavior of geosynthetic clay lin@E<Ls) in cap-
However, ther, was found not to correlate well with the peel ping sealing systemsProc., Int. Symposium Geosynthetic Clay Lin-

strength. Consequently, no conclusions can be drawn regard- ~ ers 141-150. o _
ing the effect of the variability of peel strength on the vari- Helsel. D. R.L’J ?{‘dd g'trsth' 'Z 'V|'<199g- Statistical methods in water
ability of GCL internal shear strength. _resourcestinited States Leologic survey. .

11. The c.o.v. of unreinforced GCLs was observed to be similar G'I%?r;’ i‘irﬁ;rssén?:;ﬁh; '; gl%gg{ff}g&(fg;% gggi\;ggength
to that of reinforced GCLs, indicating that the inherent vari- ) - ' ) ’ :
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